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L.1. ORIGEN Y OCURRENCIA GEOLOGICA.

DEFINICION HIDROCARBUROS.
SON COMPUESTOS FORMADOS UNICAMENTE POR HIDROGENO Y CARBONO.,

CARBONO.
EL CARBONO SE LOCALIZA EN EL GRUPO IVA DE LA TABLA PERIODICA.

LOS ATOMOS DE CARBONO PUEDEN UNIRSE MEDIANTE ENLACES.
SENCILLOS, DOBLES O TRIPLES.

EL ENLACE ES SATURADO CUANDO LA UNION ES SENCILLA Y NO SATURADO
CUANDO ES DOBLE O TRIPLE.

|| |1
5 e

Ligadura sencilla Doble ligadura Tripla ligadura

< 7 P>

LA CONCATENACION (CADENAS) PUEDEN SER ABIERTAS (EN FORMA LINEAL
O TENER RAMIFICACIONES).
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EN GENERAL, LO5 HIDROCARBUROS S5E PUEDEN CLASIFICAR COMO 5E
- INDICA EN LA TABLA.

Ligadura eencilla | Normalee o linenles
Saturar -
a o3 { {(Alcann=) Arharescentes

ﬁlck'!icm Doble ligadura ] Normales o lineales
(Caena ablerta) (Alquenos) | Arborescentes

No salurados

.
THelrocarhuros

Triple ligaclura Normales o lineates
(Alquinos) Arborescenles

Salurados { Cilelanos o aliciclicons
Ciclicns
(Unadena cerrada) .

No saturados { Bencénicos o aromélicos

ALCANOS O 'ARAFINAS.

NQO SON ACTIVOS QUIMICAMENTE Y POﬁ FLLO SE 1LES L1, AMA PARAFINAS,
DEL LATIN PARUM (POCA). AFFINIS (AFINIDAD), POCA AFINIDAD.
EJEMPLOS: METANO, ETANO, PROPANO, n BUTANO, ETC.

PROPIEDADES FISICAS.
SON INCOLOROS. TIENEN OLOR CARACTERISTICO. SU DENSIDAD. PUNTO DE

FUSION Y FL DE EBULLICION AUMENTA CONFORME SE INCREMENTA EL
NUMERO DE ATOMOS DE CARBON.

PROPIEDADES QUIMICAS.
SON BASTANTE INERTES, BAJO COMBUSTION PRODUCEN CO2 Y H20,
LIBERAN GRAN CANTIDAD DE ENERGIA TERMICA Y LUMINOSA.

ALQUENOS O OLEFINAS (ASPECTO ACIETOSO )

LOS ALQUENOS SON HIDROCARBUROS NO SATURADOS CON DOBLE
LIGADURA, SU TERMINACION ES "ENO", ETENO, PROPENO, BUTENO, ETC.

LA FORMULA GENERAL DL LOS ALQUENOS ES Cnli2n, DONDE a ES EL
NUMERO DE ATOMOS DE CARBONO.



PROFPIEDADES FISICAS.

LOS PRIMEROS TRES COMPUESTOS SON GASEOSOS A PRESION Y
TEMPERATURA AMBIENTE, LOS SIGUIENTES SON LIQUIDOS, LOS ALQUENOS
CON MAS DE 16 ATOMOS DE CARBON? EN S5U MOLECULA. SON SoLibO.

SON INSOLUBLES EN AGUA, SU DENSIDAD, PUNTC DE FUSION Y DE |
EBULLICION SE ELEVAN CONFORME AUMENTA SU PESO MOLECULAR.

PROPIEDADES QUIMICAS.

LOS ALQUENOS PRESENTAN REACCIONES DE ADICION RELATIVAMENTE
SENCILLAS.

CON HIDROGEN®, EN PRESENCIA DE CATALIZADORES, FORMAN ALCANOS.

ALQUINOS O ACETILENICOS.

SON HIDROCARBUROS NO SATURADOS CON TRIPLE LIGADURA, SU.
TERMINACION ES "INO".
LA FORMULA GENEPAL DE LOS ALQUINOS ES CnH2n-2.

PROPIEDADES FISICAS. .

LOS TRES PRIMEROS GON GASEOSOS IEN CONDICIONLLES NORMALES, TL
CUARTO AL DECIMO SON LIQUIDOS Y SOLIDOS A PARTIR QUE TIENE 16
ATOMOS DE CARBONO,

PROPIEDADLS QUIMICAS.
PRESENTAN REACIONES DE ADICION.CON HIDROGENO Y SEQUN LAS
CONDICIONES DE LA RFACCION, FORMAN ALQUFNOS O ATCANOS,

DEFINICION-DE PETROL.EQO.

LA PALABRA "PETROLLO" SIGNIFICA ACIETE DE FPIEDRA, 5US RAICES
ETIMOLOGICAS SON PETRA ( PIEDRA ) Y OLEUM (-ACEITE ).

EL PETROLEO ES UUN MEZCLA DE HIDROCARBUROS Y OTROS COMPUESTOS
(AZUFRE, NITROGENO, ETC.) '

LA PALABRA "CHAPOPOTE" PROVIENE DEL NAHUALT CHAPOPOC'H._I, QUE SE
DERIVA DE CHIARUATL { GRASA ) Y POCTLI ( HUIMO ).

EL PETROLEO AMERICANO APROXIMADAMENTE EN UN 90 %% SON ALCANOS,
EN EL CASO EUROPEO, PREDOMINA LOS CICLANOS ( CICLOPENTANO,
CICLOHEXANO, ETC).

=



CLASIFICACION DE LAS ROCAS.
LAS ROCAS PUEDEN DIVIDIPSE EN TRES GRANDES GRU'POS DE ACUERDOQ A
SU ORIGEN

A) ROCAS IGNEAS.
B) ROCAS SEDIMENTARIAS.
C) ROCAS METAMORTICAS,

LA FIGURA SIGUIENTE MUESTRA EL CICLO EVOLUTIVO DE LAS ROCAS.

CEMENTACION"
PRESION

EROSION

A) ROCAS IGNFEAS.
CUANDO OCURRE UNA ERUPCION, EL MAGMA LANZADO A LA SUPERFICIE,
AL SER ENFRIADO FORMA LAS ROCAS IGNTAS.

B) ROCAS SEDIMENTARIAS.

COMO PRODUCCION DE LOS PROCESOS FROSIVOS, Y POR 1.A ACCION DE
AGENTES DE TRANSPORTE COMO VIENTOS, RIOS Y MARES, ASI COMO LA
PROPIA ACCION DE LA VIDA GENERADORA DE SEDIMENTOS ORGANICOS, DA
ORIGEN A LAS ROCAS SEDIMENTAPRIAS.

PARA LA INDUSTRIA DEL PETROLEO, ESTAS ROCAS SON LAS MAS
IMPORTANTES, YA QUE DE EN ELLAS OCURRE EL ORIGEN, MIGRACION Y
ACUMULACION DE DEPOSITOS DE HIDROCARBUROS.

ESTAS ROCAS SE CLASIFICAN A Sl VEZ FN: '

ASN
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* CLASTICAS..
- * QUIMICAS.
* ORGANICAS.

1AS ROCAS SEDIMENTARJAS CTASTICAS SON AQUELLAS FORMADAS A
PARIIR DE LUS FRAGMENLOS DE OIRAS ROUCAS. QUE YA EXISIHAN O
COMPUESTGS DE MINERALES.

LAS ROCAS SEDIMENTARIAS QUIMICAS. SON LAS QUE SE FORMAN POPR 1A
PRECIPITACION, EVAPORIZACION DE AGUAS SALOBRES Y REACCIONES
QUIMICAS DE SALES DISUELTAS.

LAS ROCAS SEDIMENTARIAS ORGANICAS. SON LAS QUE SE FORMAN POR
DESECHQOS ORGANICOS DF, PLANTAS ¥ ANIMALES.

ESTAS ROCAS POSEEN DOS PROPIEDADES DMPORTANES QUE SON:

POROSIDAD
PERMEARILIDAD.

POROSIDAD.

LOS ESPACIOS ENTRE LAS PARTICULAS DE UNA ROCA SE DENOMINAN
POROQS, ESTOS PUEDEN OCUPAPRSE POR FLUIDOS COMO AGUA, ACETTE O GAS.
EN ALGUNAS ROCAS ESTOS ESPACHOS PUEDEN O NO ESTAR COMUNICADOS,
LO CUAL ES MUY IMPORTANTE, YA OUE DE ESTO DEPENDE VUE PUEDA
EXISTIR FLUJO A TRAVES DE LA ROCA.

PERMEABILIDAD.
LA PERMEABILIDAD DE UNA ROCA., ES LA MEDIDA DE S5U CAPACIDAD
ESPECIFICA PARA QUE EXISTA FLUJO A TRAVES DE ELLA.

POROS GRANOS



C) ROCAS METAMORFICAS.

CUANDO LAS ROCAS DE LA CORTEZA TERRESTRE, SE EINCULNTRAN BAJO LA
INFLUENCIA DE PRESION POP. COLUMNAS DE SEDIMENTOS, TPACCION POP.
MOVIMIENTOS  TFLURICOS,  FLEVACION DFE TEMPERATIIRA  POR
ACTIVIDADES IGNEAS., ETC. LLEGAN A TRANSFORMARSE EN ROCAS
METAMORFICAS, Y COMO S5E APRECIA EN EL CILO DL LA ROCAS, LSTAS
PUEDEN FUNDIRSE Y VOLVERSE MAGMA.

TEORIAS SOBRE EL ORIGEN DEL PETROLEO.

BASICAMENTE SE  MANEIAN DOS TEORIAS: LA INORGANICA Y LA
ORGANICA.

TEORIA INORGANICA. :
ESTA TEORIA ESTABLECE QUE ElL ACEIIE SE FORMUO. Al REACCIONAR FEL

- AGUA, CON CARBUROS METALICOS INCRUSTADOS EN EL MAGMA,

DESPLAZANDOSE POSTERIORMENTE A TRAVES DE LAS ROCAS POROZAS,
HASTA ACUMULARSE EN TRAMPAS NATURATES.

TEORIA ORGANICA.

ES LA MAS ACEPTADA POR LOS CIENTIFICOS, AFIRMA QUE EL CARBONC E
HIDROGENO QUE FORMAN EL PETROLEQ, PROVIENEN DE RESTOS DE
PLANTAS Y ANIMALES ACUMULADOS A TRAVES DEL TIEMPO
GEOLOGICO.{CRETACICO, JURASICO, TRIASICO, CAMBRICO, SILURICO, ETC.).

A MEDIDA QUE SE ACOMODARON LOS SEDIMENTOS, LA ACCION DE LAS
BACTERIAS. JUNTO CON LAS CONDICIONES DE PRESION Y TEMPERATURA
DIERON LUGAR A LA FORMACION DE HIDROCARBUROS.

ra

~ MIGRACION DEL PETROLEO.

POR MIGRACION SE ENTIENDE EL MOVIMIENTO DE LIQUIDOS O GASES DEL
ARFA DONDE SFE FORMARON (ROCA MADRF) Y QUE VAN HACTA T.A ROCA
DONDE SE PUEDEN ACUMULAR (ROCA ALMACEN, LA MIGRACION ES UN
PROCESO CONTINUO.
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LOS ESQUEMAS QUE A CONTINUACION SE PRESENTAN MUESTRAN EL
MOVIMIENTO DE ELLOS. '

ETAPA i. SE MUESTRA LA ESTRATIFICACION DEL GAS. ACEITE Y AGUA
ARRIBA DEL PUNTO DE REBOSE DE LA TRAMPA.

ETAPA 2. SE MUESTRA COMO LOS HIDROCARBUROS LLENAN LA TRAMPA
HASTA EL PUNTO DE REBOSE. CAUSANDO QUE FL ACIETE MIGRE.

ETAPA 3. SE SENALA QUE LA TRAMPA ESTA LLENA DE GAS, ESTE SE MUEVE
DESDE ABAJO, ENTRANDD A LA TRAMPA PFRO UN VOLUMEN IGUAL SE
REBASA AL MISMO TIEMPO Y EL ACEITE SE DESVIA COMPLETAMENTE DE LA
TRAMPA.

DE LA INTERPRETACION ANTERIOR, SE DEDUCE QUE DEBERA EXISTIR, I'NA
BARRERA NECESARIA PARA IMPEDIR UNA MIGRACION. CON OBJETO DE
TENER UNA ACUMULACION DE HIDROCARBUROS.

/' PUNTO

ETAPA | oL AEROSE

N1

PUNTO
oK REHONE

6AS

//'w—b —_ — — —> '—-tpuuro
Pl bR REnoOCE
ETAPA 3

AIL.MACENAMIENTO DE HIDROCARBUROS.
LAS ROCAS DE DEPOSITO (ARENISCAS Y CALIZAS SON LAS COMUNES) SON

ROCAS POROSAS CAPACES DE ALMACENAR GAS, ACEITE Y AGUA.
LA FIGURA SIGUIENTE MUESTRA UN YACIMIENTO TTPICO.



aas

C ST > ACEITE

== ==z - AGUA
. . ! SALADA

8IMAOLON DE LAS ROCAS

CALIZA ARENISCA LUTITA

AL TENER LOS TRES FLUIDOS (GAS. ACEITE Y AGUA) DIFERENTES
DENSIDADES, OCUPAN DETERMINADOS ESPACIOS EN LA TRAMPA

DE ESTA FORMA LOS HIDROCARBURCS MIGRAN HACIA ARPIBA A TRAVES
DE LA ROCAS Y A LO LARGO DE VARIOS KILOMETROS.

FSTRUCTURAS GEOLOGICAS (CAPACFES DF. CONTENFR H.)

A) ANTICLINAL.

B) TRAMPAS POR FALLAS.
C) ESTRATIGRAFICA

D) ESTRUCTURA SALINAS.

¥
+ + Hpe
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Tee 30,0 A5 %700
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-+ ACEITE \
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ESTRATIGRAFICA.

ESTRUCTURA O TRAMPA QUE TIENE UN ACUNAMIENTO DE UNA ARENA
PRODUCTIVA, ATRAPADA  POR  CAPAS  IMPERMEABLES.  ESTAS
DISCORDANCIAS © PERIODOS DE EROSION SEGUIDOS DE DEPOSITACION.
LLEGAN A FORMAR TRAMPAS RICAS EN HIDROCARBURGOGS.

ESTRUCTURA SALINAS.
EN ESTE TIPO DE ESTRUCTURAS, EL NUCLEQ O TAPON SALINO, SALIO POR

- ENTRE SEDIMENTOS SUPRAYACENTES.

CLASIFICACION DE YACIMIENTOS.

POR EL TIPO DE EMPUIE.
EMPUJE HIDRAULICO.
EMPUJE VOLUMETRICO POR EXPANSION DE GAS.
EMPUJE MIXTO.
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1.4, CONPOSICION DEL GAS NATURAL.

Table 2 3 Consttoents of Wellhiead Natueal Gas

Clins Comyponent Fonmli Shotthand
Hy o bons Methane CH, (o
Falane I, 2
Propune .H, 3
1 Burane 1C4H w4
n Hutane n( L, ol
b Peone W Hy, s
n Pentane n(,, nC’'s
Cydopentane LM | PPN
flexanes amd Ch
heavict ’
Inert Giases Nittopen N, N2
Helhum e
Argon A
Hydiogen ", b2
Oxygen 0, 02
Acid Gases Hydrogen Sutnde 1,8 H2S
Cathon Dioxide iy 02
Sultor Componds  Mercaptans R-SH
Sultidis k-5 R’
) Insulfides S-SR
Water Vapor H,0
T owpnd Shags Free water or
hring
Corrosion
whihitors
Methannl CiHLOH
Sulids Millscale and rust
Lion sublide feS

Reservoir fines

Talle 2-5  Typical Gas Analyses (Mol Percent)

Natural Natural Condensate Separator
Component Gas Gas Fluid Gas
N2 0 5t 4.85 — .
€02 067 0.24 047 -
Cl 91.94 8374 8213 VAR
C2 3.1 5.68 6.17 1 42
C) 1.26 3 a7 44 15112
1-C4 0.37 0.30 0 50 2.39
n-C4 034 .ol 1.85 7.33
i-CS 018 0.18 055 2.00
n-C5 0.11 0.19 0 67 112
Co 0.16 0.9 103 VIR
C1+ _1.3s _0.12s 2.34 __O 80
100,00 10000 106000 HEARTL)
C7 + Mol Wt. 172 115 114 —
C7t Sp Gr. (y 803 00,744 (765 —-
C21 (PM 25 3.2 55 123

Source, Kaasa (1978 Kaasa (1978) Allen (1%52) Unknown
a tsed properties of o C8 for C7 4 10 caleulate GPM C2 4
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Flgure 2-3. Basic chromatography system (Leisey et af.
1977).

COLUMM - SILICONE 200/$00, 30FT
T{MPERATYRE-90C

INLET PRESSURE - 30 PS4G
SAMPLE SITE- 5 ML

PROPANE

n=PERTANE
ISCPINTANE
s BUTAKE

1SOBYTANE
WEEHANE

LTHANE
CANBON DIOXIDE

REAYIER

HEXARES AND

——
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UL Ul

{’j[i’(ﬂi[ FLow

T T )

0 s 20 ) 0 5 0
TIME WINUTES

F]gure 2-4. Chromatogram of natural gas (Sificone 200/
500) (GPA, 1986, Std 2261-86).
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DEFINICIONES.

GAS NATURAL. GAS QUE PROVIENE DE YACTMIENTO Y MO L\ TENIDO
ALGEUN PROCESO DFE SFPARACION, COMPUFSTO PRINCTPA| MENTE. DF,
METANO Y ETANO ( COMPUESTOS NO LICUABLE A BAJAS PRESIONES Y
TEMPERATURA AMBIENTE ).

b

GAS LICUABLE DEL TETROLLOC (LI'): COMPUESTO DE TROPANO,
PROPHENO, BUTANO (INSOBUTANO) ¥ BUTLENOS, LICUARLE A BAJAS
PRESIONES Y TEMPERATURA. A PRESION ATMOSFERICA Y A
TEMPERATURA AMBIENTE, SE EVAPORA Y FUEDE SER USADO COMO GAS
(PLANTAS DE ESTABILIZADORAS DE GASOLINA).

GAS AMARGO. ES EL QUE CONTIENE HIS (ACIDO SULFHIDRICO) EN MAS
DE 14 PPM Y CO2Z (DIOXIDO DF. CARRONO} KN MAS DE 4 PPM,

GAS PITCFR. GAS AMARGO TRATADO CON SOLUCTON ACTUOSA DFE
DIETANOL AMINA PARA DISMINUIR AL MINIMO EL H25 ( ACIDO ) Y CO2.

GAS HUMEDO. GAS QUE CONTIENE HIDROCARBUROS MAS PESADOS QUE
EL METANO Y ETANO.

GAS SECO. GAS QUE SE ENCUENTRA EN UNA FASE Y LAS CANTIDADES DE
LIQUIDO QUE LLEVA SON DESPRECIABLES Y PARA SU USO NO REQUIERE
SEPARACION,

PUNTO CRITICO. ESTADO DONDE LA FASKE VAPOR PURA, TIENE
IDENTICAS PROPIEDADES DE LA FASE DE LIQUIDO PURO A LA MIiSMA
PRESION Y TEMPERATURA.

TUNTO TRIPLE. ESTADO EN EL CUAL ES POSIBLE MANTENER UNA
MEZCLA DE LAS TRES FASE EN EQUILIBRIO,

TEMPERATURA CRITICA, TEMPERATURA SOBRE LA CUAL ES IMPOSIBLE
LICUAR UN GAS MEDIANTE LA APLICACION DE PRESION.
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1.2. RESERVAS Y PRODUCCION DE GAS NATURAL.

RESFRVAS PROBADAS DE GAS NATURAL A NIVEL. MUNDIAL SON DE 1075
BILLONES DE METROS CUBICOS.

MUNDO
AESERVAS PROBADAS DE GAS NATURAL / 1987

" owe

s PAISES ECON CENTR

e weoo omenre | -
s+ AMERICA DEL NORTE - -}

bC] AFRICA - I

84 AMERICA LATINA - 7

s'"LEJANOQ OTE OCEANIA . 5

ez EUROPA OCCIDENTAL . 5

Fuente BP Statiscal Review 1988

LOS DIEZ PRIMEROS SON:

LOS DIEZ PRIMEROS .
RESERVAS PROBADAS GAS NATURAL 1987 10 MC

ran 1N -
vsa [ 5o
asu oHan [ 52
artarn [ «+

anaBia savoita [ ¢
norueca i 2
araeLia i 5
venezueLa ] 28
canaoa i 20

Fuente, BP Statiscal Review 1988
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CONCEPTOS BASICOS DE MEDICION

1. IHTRODUCCION

La medicién es una actividad bésica para 1la ciencia y 1la
ingenieria, as{ como para la vida diaria de las personas. Para
poder decir algo concreto acerca de una cosa e9 indispensable poder
describir cuantitativamente sus propiedades, lo cual se logra sdlo
a través de la medicién de las mismas.

Fodemos pensar en la medicidén como el proceso de agsignar numeros.
en forma empfirica y objetiva, a las propiedades de objetos o
fendmaencs en el mundo real, con el propéSsito de describirles. 1La
accidn de madir implica la comparacidn de una cantidad ffsica con

un patrén de referencia apropiado, a fin de cuantificarla con un
mimero.

En la pré&ctica la medicién es de primordial importancia en el mundo
moderno, ya que es fundamental en toda transaccién comercial, y es
la bagse para poder ejercer un control real en cualquier proceso u
organizacién, estando Intimamente ligada a los sistemas de control
Yy aseguramiento de calidad.

A continuacién se presentan algunos conceptos bdsicos relacionados
con la medicidn.

2. ERROR DE MEDRICION

El error absoluto de medicién o simplemente error de medicidén es,
por definicién, la diferencia entre el valor medido, q,, y el valer
real, q,, de la cantidad considerada:

£ =G - q ‘1)

En esta definicidn, el valor medido, qp, es simplemente el valor
inditado por el instrumento de medicién. Por otro lado, el valor
real o verdadero, q,, esto es, el nimero que corresponde a esa -
cantidad suponiendo una medicion perfecta, es un concepto -
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idealizado que no puede ser determinado empiricamente. Sin embargo,

el valor verdadero puede ser estimado, generalmente por medio de
métodos estadi{sticos.

En ocasiones en 1la prictica se utiliza un wvalor verdadero
convencional, que es una aproximacién del valor verdadere lo
suficientemente cercana para que la diferencia entre ambos valores
purda ser despreciada, segin la aplicacién de que se trate. Es
comin que s2 use como valor verdadero convencional la indicacidén de
un instrumento de alta exactitud. '

A veces es mas itil considerar el error relativo de medicidn, que
se define como el error absoluto dividido entre el valor real:

qﬂ -qf
E,ul¥) = ———— % 100 (2)
q,

El error de medicién puede ser gistemdtico, aleatorio o una
combinacidén de ambos. El error sistemdtico es el que no cambia con
el tiempo, o sea, e8 constante al realizar varias mediciones
sucegivas. Por otro lado, el error es aleatorio cuando cambia con
el tiempo en forma aleatoria.

3. EXACTITUD

Exactitud eg la habilidad de indicar valores muy cercanocs al valor
real de la variable medida. Se debe considerar como un concepto
cualitativo asocliado al instrumento o procedimiento de medicidn.
Mientras m&s exacto saa un lnstrumento, menor seri el error de las
mediciones efectuadas con él. -

Sin embargo, en la pré&ctica es frecuente encontrar la palabra
exactitud en lugar de incertidumbre. La incertidumbre, uno de los
términos m4s importantes en metrologia como veremos mis adelante,
nos da un intervalo dentro del cual es probable que se encuentre el
valor real; es un concepto cuantitativo que acompaila siempre al
resultado de toda medicién y normalmente forma parte de las
especificaciones.-de los instrumentos de medicién.
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4. INCERTIDUMBRE

4.1 DEFINICION DEI, CONCEPTO DE INCERTIDUMBRE

Cada vez <que realizamos una medicién estamos haciendo una
estimacidén del valor real de/ alguna cantidad ffsica que no
conocemos Yy nos interesa conocer. NAtege que aundue se presupone la
existencia de un valor real, al mismo tiempo se acepta cque égte
nunca podrd ser determinado empiricamente con total certeza y se
trata de un concepto idealizado.“Al reportar el resgsultado de la
medicidén, no es suficiente con proporcionar el valor medideo o
estimado, se requiere contar con alguna indicacién de =su
confiabilidad o de la calidad de la estimacién hecha. Para ello =g
necesario establecer un intervalo de incertidumbre, que es un
intervalo de valores dentro del cual existe una probabilidad
determinada de que esté contenido el valor real” A la probabilidad
de que el intervalo de incertidumbre contenga al valor real se leo
llama nivel de confianza (gimbolizado por a). y -normalmente es de al

menog 95%. Al intervalo de incertidumbre también se le 1llama
intervalo de confianza. .

La manera usual de reportar el regsultado de una medicidn por medio
de un intervalo de confianza es como sigue:

"Cantidad" = q, + 8§ , a=95%

lo anterior nos dice que hay una probabilidad de 95% de que el
intervalo (g,-6,q,+8) contenga al valor real de la cantidad medida,
q- 1

En la préctica, generalmente se expresa la Incertidumbre de la
medicidén diciendo simplemente que es igual a 6. De acuerdo con
2gto, podrfamos decir que la incertidumbre de medicién es igual a
la mitad de la magnitud del intervalo de incertidumbre. Por otro
lado, vale la pena eeilalar .también que cuando hablamos de la
incertidumbre de algiin instrumento, en tealidad nos egtamos
refiriendo a la incertidumbre de las mediciones realizadas con
dicho instrumento. '

Cuando se reallza una medicién directa, utilizando un solo
instrumento de medicién, g, estard dado la indicacién o lectura del
instrumento, mientras que & y a estardn dadas por las
especificaciones del instrumento {(proporcionadas por el
Fabricanta} .

Cuando se realiza una medicidn indirecta, en 1la cual el valor
medido q, se calcula por medic de alguna expresion matematica
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partir de la. medicién de otras cantidades, es necesario cbtener 1la
incertidumbre total de la medicién combinando las incertidumbres
asociadas a las diferentes mediciones directas involucradas. A
continuacién presentaremos las distintas formas de combinar la

incertidumbre para encontrar la incertidumbre total de una medicidn
indirecta.

4.2 COMBINACION DE INCERTIDUMBRES

El primer requisitoc para poder combinar correctamente las
incertidumbres es que todas tengan el mismo nivel de confianza o.
En caso contrarioc es necesario aplicar técnicas de la teoria de
probabilidad y esgtadfstica a fin de ajustar los intervalos de
confianza de modo que todos tengan el mismo nivel de confianza.

4.2.1 METODQ DE LA RAIZ CUADRADA DE LA SUMA DE LOS CUADRADOS. {(RSC)

Supongamos que tenemos una cantidad z que es funcidén de x y y:

z = fix,y) .
Si x y y son esgstadigsticamente independientes, como ocurre
usualmente en la préctica, la incertidumbre de z se puede obtener

a partir de las de x y y por medio de la siguiente expresidn
general:

o= (- (5o

Esta expresidén es para una funcién de dos variables (x vy y!, pero
se puede* aplicar a funciones de un nﬁqero mayor de variables,
simplemente aumentando el nimero de términog en la rafz cuadrada.

Desarrollando 1la ecuacion 3 (o sea, efectuando el proceso de
diférenciacidn parcial de la funcidn) podemos llegar a fdrmulas
particulares aplicables a diferentes casos especificos, algunas
de las cuales se muestran a continuacion,
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a) suma o resta de variables, z=x+y, z=x-y:

bz = J(3x)T + (8y)? (4)

b) Producto o cociente de variables, z=x-y, z=x:y:

Sz J(Eﬁ *, (8 (5)
: <) (59)

c) Caso general de potencias y productos, z=x"-j’:

‘ o ([ (B2 .

4.2.2 METODO DE LA SUMA_ARITMETICA

En los casos en que no es posible asegurar que las cantidades que
intervienen en la medicidn indirecta de la cantidad z=f(x,y) sean
independientes, se deben combinar las incértidumbres por medio de

la guma aritmética de las mismas, de acuerdo con l1la sgiguiente
expresidn: .

- |92 dz (7
8z Iaxbxl + Ej—,byl

Igual que con el método RSC, a partir de la ecuacién 7 podemos
degsarrollar f6rmulas particulares para los casos mi&s comunes, como
las que se muestran a continuacién.

a) Suma o resta de varliables, z=x+y, zex-y:

$z = 8x + 8y (8)
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b} Producto o cociente de variables, ZaX 'y, Z=Xty:

3 &x
_{.. = —_— _6._y {9)
z X v
<) Caso general de potencias y productos, z=x' ).
8z . L8x, Ly {10)
z X ¥ .

A diferencia de lo que occurre con el méktodo RSC, la incertidumbre
obtenida con el método de la suma aritmética ya no se apega al
concepto probabilistico de incertidumbre presentado en la seccidn
4.1, en el sentido de que ya no es posible decir cuil es la
probabilidad de que el intervalo (z-§z,2+862z) contenga al valor
verdadero z,. Este método es m&s conservador que el RSC en la
2valuacidn de la incertidumbre combinada y proporciona los limites
dentro de los cuales podrfa estar el valor real en "el peor de los
casos", esto es, guponiendo que 1los errores de medicién
involucrados fueran miximos y en el mismo sentido.

5. PRECISION Y RESQLUCION

La precigién es una caracterfstica de los instrumentos de medicién
que indica el grado de variacién en el resultado proporcionado por
2]l ingtrumento al realizar varias mediclones de una misma cantidad.
En otras palabras, se relaciona con la repetibilidad del
ingtrumento.

Aqui cabe sgeflalar que un instrumento puede ser muy preciso, en el
sentido de que el resultado de sus mediciones suceslvas de una
misma cantidad no varia mucho, y al mismo tiempo ser inexacto, vya
que no sabemos s8i los resultados obtenidos, a pesar de presentar
poca variacién, son cercanos al valor real. O sea, exactitud
implica precisién pero precisién no implica exactitud.

La resolucidon de un instrumento es el minimo cambio en la vafiat
ble medida que éste es capaz de detectar. En instrumentos de indi
cacién analogica, la resolucidn es igual a la magnitud de la di -
visicn minima de la escala, y en instrumentos digitales esta qe—
terminada por el digito menos significativoe. Aqui tambien un ins-
trumento
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puede tener una muy alta resolucién mas no por ello ser& exacto.

Se2 debe tratar de evitar confundir los términos precisidn vy
resolucidn con exactitud, ya que cada uno tiene un significado
propio diferente y bien definido.

6. ALCANCE E INTERVALOS DE MEDICION

El alcance de un instrumento nos da toda la gama de valores que es

pogible medir con &1, y va desde el valor minimo (normalmente cero)
al miaximo.

El alcance total del instrumento puede estar dividido en varios
intervalog de mediclén, cada uno con sus propias egpecificaciones
de exactitud, regolucidn, etcétera. Cabe aquf sefilalar la fracuante
@ incorrecta utilizacién de la palabra rango (que en castellano
significa jerarqufa social o grado militar) en lugar de alcance o
intervalo; esta practica comin deriva de la incorrecta traduccién
del vocablo inglés "range".

7. CALIBRACION

La calibracién es el proceso de determindr o estimar el error de
medicién de un instrumento con el fin de sgsaber si se encuentra
dentro de 1limites aceptables, normalmente dados por las
egpecificaciones del fabricante o por alguna norma técnica.

Dependiendo del Iinstrumento, el proceso de calibracién puede
terminar con la determinacién del error o puede incluir ajustes al
equipo para disminuir dicho error, o la determinaciédn de factores
de correccidn para compensarlo.

Todos los instrumentos de medicién deben ser calibrados, al momento
de ser fabricados y después a intervalos regulares para asegurar la
exactitud y confiabilidad de sus mediciones.

La calibracion es un proceso especial y altamepte refinado.poy
medio del cual se establece la relacidn entre los valores indi-
cados por un instrumento o sistema de medic%on Y los valoges -
correspondientes proporcionados por un-patron de ngerencxa de
incertidumbre conocida. La incertidumbre del patrdn debe ser -
mucho menor que la del instrumento que se calibra.
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No se puede exagerar la importancia, dentro de cualquier ampre:a,
de un adecuado programa de calibracidén, ya que es la unica garantia
de la integridad y validez de la medicién. Por otra parte, contar
con plan establecido de calibracién es un requisito importante en
cualquier gistema de aseguramiento de calidad y es una exigencia de
las nuevas normas de la serie 150-9000.

8. “TRAZABILIDAD" O RASTREABILIDAD

La definicidén formal de "trazabilidad" o rastreabilidad dada en el
Vocabulario de Términos Bisicos y Generales en Metrologfia de la I50.
ag "La propiedad del resultado de una medicién por la cual puede
ser relacionado con log patrones apropiados, generalmente patrones
internacionales o nacionaleg, a través de una cadena ininterrumpida
de comparaciones". La palabra "trazabilidad” es una traduccion
incorrecta del término en inglés "traceability" y una traduccién
mAg apropiada serfa rastreabilidad, 9in embargo dado que
"trazabilidad"” es ampliamente usada, serd la  que emplearemos aqul
para evitar confusiones.

La cadena ininterrumpida de comparaciones consiste, por lo general,
en una serie de -calibraciones que comienzan con el instrumento
usado en la medicién y 1llegan hasta el patrdn nacional o
internacional correspondiente. Por lo tanto, la evidencia de la
trazabilidad de la medicién esti en los certificados de calibracidn
de los instrumentos vy patrones Iinvolucrados, emitidos por
laboratorios acreditados por el organismo nacional rector
correspondiente. )

La existencia de trazabilidad en las mediciones esg también, al
igual que el plan de calibracién, un requisito para cumplir con las
normas gobre sistemas de aseguramiento dew calidad como las de la
gerie 1S0O-9000.

9. NORMALIZACION

con el fin de establecer criterios y procedimientos de medicion
uniformes que favorezcan la armonia en las med%ciones efectuadas
por diferentes personas y sirvan para evitar dlscyepgncias en .-
las transacciones comerciales, las distintas asociaciones grofe-
sionales y los organismos de normalizacién elaboran y publican
normas para la medicién de las cantidades mas diversas.
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En lo que se refilere a la industria petrolera en particular, =}
American Petroleum Institute (API) publica su "Manual of Petroleum
Measurement Standards”, que contiene los métodos y pautas de

medicidn recomendados para efectuar las mediciones que se requieren
en esta industria.

Otras organizaciones que publican normas de medicién aplicables en
la industria petrolera son:

- American Fetroleum Institute {(APIL)

- American Gas Association (AGA)

- Gags Processors Association {(GPA)

- Instrument Society of America (ISA) -
- American Society of Mechanical Englineers (ASME)

- American Society for Testing and Materials (ASTM) -
- Institute of Petroleum (IP)

- British Standards Institute (BSI)
International Organisation for Standardization (1350)

Por otra parte, como ge menciond en la seccién 7, la calibracié4n es
un aspecto fundamental en cualquier msistema de medicidn, y exigten
distintas normas, publicadas por organizacicnes competentes, que

establecen los requisitos que debe cumplir un sistcema de
calibracidn.
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Chapter 13—Statistical Aspects of Measuring and Sampling

SECTION 1—STATISTICAL CONCEPTS AND PROCEDURES IN MEASUREMENT

13.1.0

The nature of physical measurements makes 1t impos-
sible 1o measure a physical variable without error. Abso-
lute accuracy is only achievable when it s possible to
count the objects or events: even then. when farge num-
hers are involved. it may be necessary {0 approximate.
With the best equipment and directions. the potential
for errors in Auid volume measurements involving large
amounts of matertal is largé.

Minimizing errors. estimating the remaining efrors.
and keeping ail parties informed of errors 15 increasingly
- important o the petroleum industry. Equally impartant
is an understanding of the size and significance of errors.
Providing estimates of errors and statements concerning
errors 1 a standard form can help avoid disputes and
dispel delusions of accuracy 1n statements of quantity.

Chapter 13 of the Manual of Petroleum Measurement
Standards 1s designed to help those who make measure-
ments of bulk oil quantities improve the value of their
result statement by making proper estimates of the un-
certainty or probable error involved in measurements.
During the development of Chapter 13 1. reference was
made to Part X1V, Section | {Tentative) of the Perroleum
Medasurement Muanual published by the institute of Pe-
troleumn. London. England.

Introduction

13.1.1 Scope

This chapter covers the basic concepts involved in es-
timating errors by statistical techmigques and ensuring
that results are quoted in the most meaningful way. The
staustical procedures that should be followed in estimat-
ing u true quantity from one or more measurements and
in deriving the range of uncertainty of the results are drs-
cussed. Sources of error are examined and examples are
provided showing how a statement of the overall uncer-
tainty in completed measurements 1s derved.

The subsequent sections (in preparation at the tme
this section was published} of Chapter 3 will deal with
the apphcation of the concepts discussed in Section | to
various methods for bulk oit measurement widely used
i the petroleum industry. Chapter 13.1 1s a reference
document explaining theory and the application of sia-
tisucal procedures whereas subsequent sections will pro-
wide statistical equations and  typical examples for
various types of measurement,

13.1.2 Definitions

The following terms are used throughout Chapter 13,

Accuracy s the ability to indicate values closely ap-
proximating the true value of the measured variable

Bius is any influence on a result that produces an in-
correct approximation of the true value of the vanable
being measured. Bias is the result of a predictable sys-
tematic error.

Confidence interval or range of uncerimnty, C, is the
range or interval within which the true value is expected
1o lie with a stated degree of confidence.

Confidence level is the degree of confidence that may
be placed on an estimated range of uncertainty.

Degrees of freedom is the number of independent re-
sults used in estimating the standard deviation.

Direct measurement is a measurement that produces a
final result directly from the scale on an instrument,

Error is 1the difference between true and observed
values,

Indirect measurement is a measurement that produces
a final result by calculation using results from one or
more direct measurements.

Mean. ¥, is the average of (wo or more observed
values.

Measurement is a procedure for determining a value
for a physical variable.

Normal {Gaussian) distribution (see Appendix A).

The observed vualue is the result obtained from a
measurement.

An outher is a result that differs considerably from the
matn body of results in a set.

Purumeters are the values that characterize and sum-
marize the essential features of measurements.

Preciston is the degree 10 which data within a set clus-
ler logether.

A random error 1s an error that varies in an unpredict-
able manner when a large number of measurements of
the same vanable are made under effectively idenucal
conditions.

Runge, w, is the region between the limits within
which a quantity is measured.

Repeatability, r. 1s a measure of the agreement be-
tween the results of successive measurements of the
same variable carned out hy the same method, with the
same instrument, at the same location, and within i
short period of tme.
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Reprodiucinliny 1s o measure of the agreement between
the resulis of measargments of the same variable where
mdiidual measurements are carrned out by the sume
methods with the same tvpe of instruments. but by dif-
lerent observers, at different locauons, and after a long
pernod of ome

A residr s the observed value of a vinable deternmined
by a ~ingle measurement

A sparious error (s @ gross error in procedure (for ex-
ample. human errors or machine malfunctions).

Stundard deviation, s, is the root mean square d:via-
tion of the observed value from the average.

Standard normal deviate (see Appendix A).

Studen:’s 115 a stausucal function that varies in mag-
nitude with degrees of freedom.

A systematic error. €, 15 one that, in the course of a
number of measurements made under the same condr-
tions. on material having the same true value of a var:-
able, either remains constant in absolute value and sign
or varies 1n a predictable manner, Systematic errors re-
sult 1n a bias

True value, X, is the correct value of a vanable.

Variance, 1" or v, 1s the measure of the dispersion or
scatter of the values of the random variable about the
mean y.

13.1.3 Nomenclature

The following algebraic symbols are used throughout
Chapter 13.

A True limut of range of uncertainty for
random errors.
Estimate of 4.
True limit of range of uncertainty for
systematic errors.

Estimate of 8.

True total limit of range of uncertainty.
Estimate of C.

Conversion factor (used to derive 5 from w).
Estimate of sysiematic error.

Number of repeated measurements.
Number of quantities incorporated in a final
indirect quantity measurement.

Number of independent sources of
systematic error. ~
Constants

Estumate ol repeatability.

True value of standard deviation .
Estimate of standard deviation.

Value of Student’s ¢ distribution

True vanance, $°.

Estimate of variance. §°.

Range of a set of data.

v

o
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True value of a vanable.

Observed mean value of a set of daty

Observed value of a vanable,

Observed mean value corrected for buas.

v Ohserved value of a variable corrected for
bras.

4 Mean of Gausstan normal distnibution.

o Standard deviation of a Gaussian normal
distribution.

¢ Degrees of freedom.

) B

13.1.4

Proper use of statistical techniques requires that the
measurement process be in a state of staustical control.
Unless this is achieved. any statement concerning the es-
umate of the true value of the quantity being measured.
and the statistical uncertainty associated with 1. 1s not
stnictly valid and may even be meaningless. A measure-
ment process that s under statistical controt will; of
measurements on the same quantity are repeated by the
same method and under essentially the same conditions,
show stability of the mean value and regular scatter of
individual results (see also 13.1.7).

Repeatabtlity and reproducibility, when properly es-
tablished, can be used to monitor statistical control on a
routine basis (see 13.1.7.1 and 13.1.7.2).

Strict statistical control is usually very difficult 1o en-
sure. An important step in establishing any measure-
ment procedure 15 1o decide which vanables should be
used to momtor statistical control and 1o establish target
values required 10 maintain an appropnate degree of
consistency. Some essential elements in statistical con-
trol are listed here.

Statistical Control

I The entire measurement procedure and instructions
must he clearly defined and closely followed.

2. Independent procedures for checking and maintaia-
Ing equipment must be available.

3 Meuns for detecting and eliminating equipment
malfunctions and human mistakes (leading 10 spurious
vrrors) should be incorporated (see 13.1.6.1).

These features of the measurement procedure must be
adhered to at all umes. Furthermore, control charts and
other records of equipment performance, maintenance,
and cahbration checks must be used as an integral part
of statistical control procedures.

13.1.5 Measurements
13.1.5.1 TRUE VALUE

One primary assumption is made: that is, an exact or
true value exists for any vanable. valid for the condi-
nons that exist at the moment when the result 15 deter-
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nuned  CGenerallv, the true value X cannot  be
determuned. but o vahd esumate ¥ can be obtamned by
rigorous appheaton of the appropriate method of meas-
urement using the specified instruments By statistical
analyvsis ol the vanous errors involved. it 1y possible to
use observed values to obtain an estimate of the true
value und to quantify the rehability of that estumate In
any set of measurements, the best esumate of X will be
the mean x aflter rejecting outliers and correcting for sys-
tematic errors.

13.1.5.2 UNCERTAINTY OF MEASUREMENT

seen at a glance. Results should be written as follows-
Vo (V) 950 n (95 percent confidence level. » measure-
ments} trom which the following relevant information
can he ohtmned:

b eoamean value of n measurements. is corrected for
dl kown svatematic errors, and (s the estimate of the
Lrue sabuee

2 There s 95 percent probabidity that the true value
lies between v = Civyand v + (D)

3 There s 95 percent probabihity that any further sin-
vl measurement will he within © == = ((Ty/n"

The usefulness of a result 15 greatly increased when it
t» accompunied by a statement of its reliabihity. The sta-
ustical caleulauons provided in this chapter give a range
or interval within which the true value of the variable
can be expected to lie with a stated degree of confidence
The staustical term for, such an interval is the confidence
inrerval (also referred 1o as the range of uncerrainty of the
measurement) The limits of a confidence interval about
an estimate X are expressed as x *C(x): the magnitude
of *((x) depends on the random variability of the
measurements, unknown systematic errors, and the con-
fidence level. As an example. consider the following
statement: {0° =1°C. In this statement. the estimate X
15 10° and the confidence nterval 15 = 1°.

13.1.5.3 CONFIDENCE LEVEL

Setuing absolute limits to a range of uncertainty is
rarelyv possibie. [t is more practical (o give an indication
of the degree of confidence that may be placed on an
estimated range of uncertainty. This degree of confi-
dence. or confidence level, indicates the probability that
the range quoted will include the true value of the quan-
tity being measured. The most common statistical prac-
tice is Lo use the 95 percent confidence level. This level
implies that there 1s a 95 percent probability (19 chances
1in 20} that the true value will Lie within the stated range.
The 95 percent level is recommended for all commercial
applhications in petroleum measurement and wili be used
throughout this chapter. In certain limited circum-
slances, a different degree of confidence may be
required,

NOTE Stnctly. a confidence level or confidence nterval can only be
used o account for Gaussian random errors or errors that may be so
treated, Systemanc errors must be accounted for before the confidence

level and interval are apphed. and substantial contnbutions 10 the to-
1al uncertainty should be separately recorded

13.1.5.4 REPORTING RESULTS

All results should be reported so that the estimate of
the true value, and the limits within which the true value
18 expected to lie with a given level of confidence. can be

Expanding on the example. assume that the following
lemperature measurements were taken for a delivery
batch of crude oil: 10. 8, 11. 9, and 12°C; and the confi-
dence mterval was determined to be = 2°C. Then j =
10, n = 5 and the result statement would be: 10° = 2°C
(95 percent confidence level, 5 measurements)

13.1.6 Types of Errors

The difference between the observed value of a vari-
able and its true value includes all errors associated with
the person actually taking and recording the resuits, in-
strument errors, procedure errors. and errors resulting
from sampling procedures or changes 1n conditions dur-
ing the period of measurement. There are three basic
types of errors that must be considered: spurious efrors,
systemauc errors, and random errors. ‘

13.1.6.1 SPURIOUS ERRORS

Spunious errors are gross errors, such as misapplica-
tion of rethod, incorrect reading or recording. and 1n-
strument malfunction. These errors cannot be incor-
porated into any statistical analysis and the results must
be Jdiscarded.

There are statistical methods of testing for outliers
{see Appendix B), but these methods should only be ap-
plied if there is good reason to believe that spurious er-
rors exist. Data should not be discarded lightly, and the
observer should record what information has been dis-
carded und state the reasons.

13.1.6.2 SYSTEMATIC ERRORS

A systemanic error 1s one that, o the course of a
number of measurements made under the same condi-
tions on the same variable, remains constant or vares
prediciably. Thus, systematic errors cause bias in the re-
sults, The bias can be positive or negatve, leadtng to
over- or underestimation of the true value of the vanable
being measured. In many liquid measurement applica-
tions. systematic errors may make a larger contribution
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to the overall uncertainty of a result than random errors
{see 13.1.6.3) Systemaltic errors must be identified and
cither ehiminated or compensated for before interpreuing
overail results statstically (see note in 13.1.5.3).

Ideally. bias could be considered as constant for all
measurements made by the same operator and equip-
ment. Unfortunately. assessment of bias is complicated
by the fact that some contributions to btas do vary with
ume. For example, knowledge and control of test condi-
tions may be inadequate or an instrument may wear pro-
gressively. Such factors will probably not change
significantly duning the course of one set of measure-
ments but could change both in magnitude and sign over
a longer period.

Assessment of systematic errors by expenmental
means is difficult, especially when variation with time is
involved. Errors introduced by the observer or by
changes in operating conditions are probably easiest to
identify. but any experimental evaluation of systematic
error may iavolve a complete change of eguipment,
which is often not feasible. The alternative to expenimen-
tauon is to make a subjective assessment on the basis of
experience and knowledge of the instruments involved.

In any event, if the conditions of measurement are un-
changed, increasing the number of measurements will
not reduce the effects of systematic error.

All conceivable sources of error must be identified, ex-
amined methodically. and assessed quantitatively to es-
tablish whether they make a significant contnibution to
bias.

13.1.6.3 RANDOM ERRORS

Random errors are caused by small independent influ-
ences that prevent a repeated measurement from giving
an identical result, aithough the true vaiue of the van-
able involved remains the same. Results that contain
only random errors are amenable to statistical analysis.
Random errors are assumed to follow a normal (Gaus-
sian) distribuuon, descnbed in Appendix A. Provided
that all systematic errors can be accounted for, the cor-
rected mean value y and the range of uncertainty =C(y)
can be calculated. Increasing the number of measure-
ments reduces the value of C{¥) and hence improves the
rehiability of the final estimate ¥,

13.1.7 Accuracy and Precision

A set of measurements subject (o the smallest system-
atic errors will be expected to have their mean closest to
the true value. and this is said 12 give the most accurate
set. It is also evident that the sct of measurements sub-
ject 10 the smallest random errors will be expected to be
clustered closest together, and so form the most precise

set Within these rather narrow statistical definitions,
precise measurements are not necessarily accurate, since
they could cluster about a point that 1s not the true
value. Conversely. 1t is possible to have a set of measure-
ments that are accurate taken as a group although
widely scattered and of doubtful reliability when taken
singly.

This distinction is important since any statement con-
cerning reliability must account for both systematic er-
rors and random errors, as staustically defined. In
pracltice, accuracy 1n measurement cannot exist wathout
precision, so every effort must be made to satisfy both
criteria of reliability.

The precision of a method of measurement can be de-
termined quantitatively and is conventionally expressed
as repeatability and reproducibility.

13.1.7.1 REPEATABILITY

The repeatability of a method of bulk measurement 15
a quantitative measure of the random error associated
with a single operator at a given location. obtaining suc-
cessive measurements on the same body of matenial over
a short time interval, with the same measuring devices,
and under constant operating conditions. Repeatability
is defined as the difference between two such measure-
ments that would be exceeded in the long run in I case
in 20 1n the normal and correct operation of the method
of measurement. Repeatability is the range of uncer-
tainty (95 percent confidence level) for the difference be-
tween two measurements oblained under the same
conditions.

The short time interval between measurements is es-
sential 10 ensure that external conditions are kept as
nearly constant as practicable. The time interval should
be of the same order of magnitude as the duration of a
single measurement. For example, if a measurement
takes 5 minutes to carry out. the interval before a second
measurement should not exceed 10 minutes.

13.1.7.2 REPRODUCIBILITY

The reproducibility of a bulk measurement method is
a quantitative expression of the random error associated
with different operators working in different locations
with different instruments, with each operator obtaining
single measurements on the same body of material by
using the same method and the same types of measuring
devices. It is defined as the difference between two such
single and independent measurements that would be ex-
ceeded in the long run in only 1 case in 20 in the normal
and correct operation of the method of measurement
Reproducibibity 1s the range of uncertainty (95 percent
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confidence level) for the difference between two meas-
urements obtained under the same conditions,

Good reproducibility indicates that random errors are
acceplably small (good repeatability) and that system-
atic errors other than those inherent in the method are
probably also very limited 1n size and number. Repro-
ducibility conditions as defined. can rarely be met in
quantitative bulk oil measurement because the identity
of a body of ol is almost invanably lost during its move-
ment from one place to another {the only possible excep-
tion being measurement by gage or weighing of a vehicle
or ship). However. a close approximation to reproduc-
tbility conditions could be achieved for measurements
such as gaging a storage tank if two operators each set
up their own apparatus {or the prescribed method of
measurement at the same location.

13.1.7.3 APPLICATION OF PRECISION TO A
SINGLE MEASUREMENT

As stated previously, reproducibility of a measure-
ment method. strictly defined. is not a concept that can
often be utilized. The application of repeatability is also
hmited in normal commercial transfer measurement,
stnce the second measurement required 10 establish a
difference beiween two resuits s not a practical proposi-
tion 1n everyday work using meters.

In practice il is necessary to conduct a special exercise
and obtain repeated determinations of the result with
the apparatus that 1s 10 be used at a given site and to use
these determinations to estimate“the random error of a
single measurement. This random error 15 expressed as
the range of uncertaimty about a single measurement
rather than the range for the difference between 1wo
measurements as would be the case for repeatability and
reproducibtlity. This estimate of the range of uncertainty
1s then used for all routine measurements until such time
as a complete re-check of the apparatus and method is
undertaken (usually at prescribed regular intervals).

The esumated range of uncertainty so obtained would
cover errors both from the instruments used and from
the calibration system employed. 1t should also be noted
that, without repeated measurements, it is impossible 1o
use the range of uncertainty as a means of monitoring
statistical control on a short-term basis. as was the case
with repeatability (see 13.1.7.1).

13.1.8 Statistical Procedures

True value and range of uncertainty are two impor-
tunt characterisucs deseribing the measurement of any
physical vanable There are characteristics that descnbe
other features ‘'of the results, such as random error, stan-
dard deviation. and bias. and these are called the param-

eters of the population of observed vanables Parameters
are all assumed to have true values. The procedures de-
scribed 1n this section are used (o denve esumates of the
parameters, known as statistics, from the set of measure-
ments obtained. Parameters will be represented algebrai-
cally either by Greek letters (for example, g and g) or
true values by capital Roman letters, and observed val-
ues will be represented by lowercase Roman letters.

In general. the result in question will be a function of -

one or more intermediate results, each of which could
contribute to both the final result estimate and its range
of uncertainty. The statistics for each intermediate result
should be established first. Intermediate results will be
combined to give the statistics that relate to the final
result.

13.1.8.1 STATISTICAL PROCEDURE FOR A
SINGLE SET OF DATA

Statistics are derived from a single set of n repeated
measurements A, for 1 = 1 1o n. Each measurement will
be an estimate of X, the true value of the variable but
will be subject to both systematic and random errors
tsee 13.1.6). All known sources of systematic error
should he accounted for before the true value and range
of uncertainty are estimated. In the interest of clarity. &t
1~ good practice 10 record the source and magnitude of
each error separately. .

Random. errors are assumed to follow the normal
(Gaussian) distnibution (see 13.1 6.3 and Appendix A).
which is fully determaned if its parameters g (mean) and
o (standard deviayon) are deterrmned, These two pa-
rameters are estimated from the measurements obtained.
The possible sources and magnitudes of the systematic
crrors to be found in measuring systems are given in de-
tl o 131811 through 13.1.8.1.7.

13.1.8.1.1 Number of Repeated Measurements

Required

There is no fixed value for the oplimum number of
measutements required to establish a true value and a
range of uncertainty. On the one hand. n, the number of
repeated measurements, has no bearing on the determi-
nanion of sysiemalic errors that are present to the same
extent in all measurements made under the same operat-
ing conditions (see 13.1.7.2). On the other hand, the sta-
tistics retating to random errors (for example. mean and
standard deviation) are not independent of n. since the
larger #r becomes. the closer estimates will approach
their true values and the smaller will be the range of un-
certamty {see 13.1.7.3).

Very often it is only practical to obtain from five to
ten measurements in the field. This is perfectly accepta-

s
.
[
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ble for the day-to-day esumate of a mean value, but
greater rehabihity 1s required for a statistic that 15 to be
used as a standard measure. This is the case for
repeatability (see 13 1 7 1} which should be esumated
from at least 20 and preferably 30 or more repeated
measurements. A similar argument appites when esu-
mating the range of uncertainty for single measurements
{see 13073

13.1.8.1.2 Qutlying Results

Results that are subject to spurious errors (see
13 1.6 1y may differ considerably from the remaining re-
sults in the set. These are called outlying results. If a re-
sult s suspected to be an outlier but is not easily
identsfiable, then the set of results should be tested for
outliers according to the procedures given in Appendix
B. The suspect result should be discarded «f the test
proves significant. It should be stressed. however. that a
good reason 15 required before a result 1s rejected, and
that reason should be clearly stated.

When the repeatability of the method of measurement
has been established. it 1s possible to make a preliminary
check for outliers by the range test ilustrated in
13.1.8.1.7. Note that constant systematic ¢rrors cannot
be detected 1n an outlier test because they are present to
the same extent in all results of the quantity in question
{vee 13.1.62)

13.1.8.1.3 Correcting for Bias

If a constant systematic error ¢ is known to exist, for
example, a depth gage is known to give a consistent bias
I mullimeter above the true reading due to faulty calibra-
tion, then each of the measurements x, should be ad-
justed accordingly. The adjusted results, y,. will then be
the most accurate available (see 13.1.7) and are given by
the expression:

yo=x —e ¢ty

Note that the systematic error could be level dependent,
that ts, a constant function (for example, percentage} of
the measurement itself:

e = {) (2)

An example of this would be a direct reading meter
known from experience to give a consistent bias | per-
cent above the true value. In that case, Equation |
becomes:

yo=x = fix) (3)
There are umes, however, when the systematic error is

unknown in magnitude and/or sign, usually due to vari-
auons 1n operating conditions over a long interval (see

13.1.6 2y [n that case. the average sysiematic error e
should be estimated, 1aking tnto account the conditions
that atfect the measurcments at the tme. Very often the
only way to estimate the average 1s 1o calculate the mean
range i which the erors couid lie. If the errors were
estimated 10 range from ¢, to . the average sysiemanc
error would be:

¢ = (e + €)/2 L))

Individual measurements should then be adjusted by the
mean value e as in Equation 5:

¥.o=x — ¢ (5)

Note that when the systematic error takes positive or

. negative values up to the same maxtmum (¢, = —e.) no

correction will be made, Note also that unknown sys-
temauc errors will contribute to the range of uncertainty
for the true value estimate (see 13.1.8.1.6.3).

13.1.8.1.4 Estimating True Value

The results y, (x, corrected for bias) are now subject to
random errors and unknown systematic errors. As previ-
ously stated, the measurements y, are assumed to follow
the normal distribution with mean u and standard devia-
uon a. The estimate of the mean that 1s most likely to be
correct, or the “maximum likelihood” estimate of p, is
the average ¥ of the set of corrected measurements:

n
1
y = l(}n +p.+ . +y)= - Z y (8
" =1
{( only one result is available, the result is the estimate of
the true value,

13.1.8.1.5 Estimating Standard Deviation

The standard deviation ¢ (1) describes the random er-
ror of a single measurement.

The maximum likelihood estimate s(1) of the standard
deveation 1s caleulited from the set of corrected results
(.} as Tollows:

| n
) = Y S (v, = FF
\/71 ! . H;‘l 7
Wiy o= _ _2 yi= T {7

n—1

A less complicated bul more approximate estimale 18!
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() = = &) Tabte 1—Range Conversion Factor
Din} Number of Cunversion Number of Conversion
Wher Measurements, Factor, Measurements Factor
ere n D(n}) n D{nj
w = the range of the set of measurements (for - 1128 8 2 daz
< 17 3 1693 9 2970
< . 4 2.059 10 1078
Diny = a canversion fuctor (see Tahle 1), 5 1326 1 3173
6 2,534 12 3258
7 1704
A turther approximation can be made by replacing D{n) g:é'?dﬁ;lild"f:;lgm;‘; Slggf"mr Methods in Research and Production.
by (n)°". It should be stressed. however, that Equation 8 ' '
15 approximate since 1t should theoretically apply to the
average range w of a number of sets of # measurements, 13.1.8.1.6.1 Uncertainty Due to Random Errors

A more reliable estimate would be obtained from the av-
erage range of six pairs of results than from the range of
a single set of twelve repeated results. For this reason.
the equation should only be used as a quick check to
monitor staustical control and not for data mnterpreta-
uon (see 13 1.4y,

The standard deviaton of the average of n repeated
results can be calculated as:

aly) (9)

o(1) =
,Ih »

In terms of estimates, the standard deviation. or as it
1s more commonly called. the standard error. of the aver-
age becomes:

— 5
sy = >k

As the number ol measurements increases, the stan-
dard error of the average will decrease. Therefore, an av-
erage based on a large number of measurements would
in this sense be more reliable than one based on a small
number of measurements (sec 13.1.8.1.1). Furthermore,
since the distribution of any average tends toward the
normal as n becomes larger. Equation 10 would still hold
true if the distnbution of individual results deviated
from the normal distribution.

13.1.8.1.6 Estimating Range of Uncertainty

For a measurement function. here calied G, the imnt
C(Gy of the range of uncertainty tsee 131 5.2) conaists of
two parts, the fimit A(G) due to random errors and the
limit 8(G)y due to unknown systematic errors (see
13.1.8 1 3). The esumation of A, B, and C depends 10 a
large extent on the nature of G, be it a single measure-
ment or an average. and on the nature of the errors pre-
sent. (In this section. the expression “limt of the range
of uncertainty” will often be referred to in shortened
form as “limit of uncertainty™ or “uncertainty limit.”)

The linnt A(y) of the range of uncertatnty due to ran-
dom errors about a single measurement y is simply the
product of the standard deviation of ¥) and the standard
normal deviate (see Appendix A). For 95 percent
probability, the standard normal deviate has a value of
I 96. that 1s.

AG) = 196 a(y) L
.

fn general. the standard deviation will be estimated
from Equatton 7 as s(y). To take this mto account, the
thmit of random uncertainty calculated from s(y) should
be based not on the standard normal deviate, but on'a
value known as Student's 1, which varies in magnitude
with the degree of freedom. For the purpose of this doc-
ument. degrees of freedom may be reparded as the
number of independent measurements used 1n estimat-
ing the slandard deviauon, which for n measurements
will be n — 1 {1 degree of freedom having been used in
calculating the average). The limit of the range of uncer-
tainty lor single measurements {se¢ 13.1.7.3% will, in this
case. be estimated as:

a(y) = (t. ...} sy} (12)

Where.

f.. ., = the value of the (-distnbuuon for (n—1)
degrees of freedom and for a two-sided
probability of 95 percent {two-sided since
the range of uncertainty covers both sides
of the true quantity estimate).

Values of the (-function are given in Table 2. Once
again. by using Equation 10, the hmit for an average will
become:

(L, .0 X o0

(.., 0 X — (13

al vy

L]
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Table 2—t-Distribution Values for 95 Percent
Probability (Double-Sided)

Degrees Degrees
of Freedom of Freedom
¢ Lod ¢ Lo¢
i 12 706 18 2.101
2 4303 % 2093
3 3182 20 2.086
4 2776 2 2.080
5 2.57 22 2074
& 2.447 23 2.06%
7 2365 24 2064
B 2306 25 2.060
9 2262 26 2056
HY 2228 21 2052
11 2201 28 2048
2 2179 29 2045
13 2160 30 2.042
14 2.145 40 2021
5 2131 60 2000
113 2120 120 1980
17 2110 - 1.960

SOURCE. Fisher and Yates. Statistical Tables for Brological Agricul-
tural, and Medical Research.

Thus, combining Equations 12 and 13:
a
) (14)

ay) = oy

It is worth noting that as n becomes very large. so the
t-value approaches the standard normat deviate, and the
standard deviation estimate s(y) approaches the true
value g (). '

13.1.8.1.6.2 Uncertainty Due to Systematic Errors

Systematic errors can affect results by creating a bias,
an uncertainty, or both (see 13.1.6.2). When the errors
are known, be they level dependent or not. the bias can
be removed according to 13.1.8.1.3 and no uncertainty
will exist. On the other hand. when the errors are un-
known tn sign and/or magnitude and even though bias
can be allowed for according to Equation 4, there will
still be an uncertainty as to the true value of the varnable.
Nor is it theoretically possible, due to the very nature of
systematic errors, to express the true limit B in terms of
the measurements obtained. [t 1s necessary. therefore, to
estimate the limit for each source of systematic error by
calculating the absolute value by which the corrected re-
sults could deviate from their true value with 95 percent
confidence. Assuming that systematic errors are uni-
formly distributed and using the symbols defined in
13.1.8.1.3, this means that:

) = 0_951 (e, — e)

3 (15)

Note that Av) 1s the hmit of a range of uncertainty. and
should not be confused with the maximum value (e, or
¢.) that a systematic crror couid take [f the error takes
positive or negalive values up to the same maximum (e,
= ¢,) then

M) = 095]e | = 095]e,] {16)

Note abso that since svstematic errors are present (o the
same eatent for all measurements made under the same
conditions {see 13 1.6.2). the et of (he range of uncer-
Lunty about an average result ¥ will be identical. that i

HV) = b)) (17)

Although 1t 15 difficult 10 handle systematic errors
with theoretical jusufication, this should not detract
from their importance 1n measuring systems. In many
cases, syslematic errors create grealer uncertainty than
random errors, and for this reason, great care should be
taken in their 1dentification and estimation.

13.1.8.1.6.3 Combining Random and Systematic
Uncertainties

in attempting to allow for systematic uncertaintres,
difficulties will arise because systematic errors are often
vaniable with time and cannot be identified from a single
set of measurements obtained under constant operating
conditions (see 13.1.6.2). This is not to say that system-
atic errors cannot be estimated at all since good est-
mates can be derived from czlibration exercises or from
experience with and knowledge of the measuring system
involved. A combination of uncertainties is required be-
cause it is of great value to state the range 1n which a
true value is expected to lie.

There are iwo schools of thought on how uncertainty
limits should be combined: (1) by simple adduion or (2)
by a method called root sum square. The latter method
15 theoretically correct if only random uncertainty limits
are to be combined (see 13.1.8.2.2), but gives a narrower
range and, therefore, a more opumistic view than the
former method. In choosing between the two methods.
consideration must be given not onty to theoretical ym-
plications. but also 1o the manner in which errors are
found 1o behave in practice.

Consider first a set of measurements of the same
quantity subject to p independent sources of systematic
error. all of which are unknown but have heen estimated
aceording o 13,1 8 1.3, Since the errory affect the same
measurement, they tend 1o cancel each other out, at least
to a certaun extent. With this 1in mund. it would be senwi-
hie 1o tuke the more optimistic view and combine the
systematic uncertamnty imits by the root sum square
method. Assuming that systiematic errors follow a uni-
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form distribution—that there is an equal probahlity that
the error lies anywhere throughout its full range—there
would be a theoreucal jusuficanion for this choice. As a
general rule. the total timut of the range of uncertainty
due to systematie errors should be calculated as.

M) = VBEy) + B0 + + By (18)

In this equation. the ~systematuc uncertainties have
heen combined tn exactly the same manner as random
uncertainties (see 13.1.8.2.2). On a theoretical basis, sys-
tematic and random uncertainties should be combined
tn the same fashion. There 15 further justification for this
approach n practical terms. since systematic and ran-
dom errors would be expected to average each other out
to a certain extent This leads to the root sum square
method for combining systematic and random uncer-
taintes, which, 1n terms of averuge measurements. 1s:

o) = VaTH T (19

Nate that «f v) becomes smaller as n# becomes larger
(see 13.18.1.1). whereas h{v) will remain unchanged
The total hmet (V) will approach the limit H¥) as n 1n-
creases. This shows the need for care in estimating svs-
temaue errors, regardless of the number of repeated
measurements obtained (see 13.1.6.2). Note also that by
using Equations 14 and 17. the limit of the range of un-

certainty for any further single measurement (see
13.1.5.4) becomes: ’

o p) = Vnul(y) + b(v) (20)

12.1.8.1.7 Estimating Repeatability

Stnce repeatability 1s defined "as the range of uncer-
tainty due o random errors for the difference between
two measurements (see 13.1.7.1). it can be estimated di-
rectly from Equation 12. In this case. the standard devia-
tnon relates to the absoclute difference between two
repeated measurements. v, and y,, and for a normal dis-
tnibution of errors this s:

otlv, = 3|} = VZatv) = V2olr) = V2 (21)
In terms of esumates this becomes:
v, = v = Vis (v (22)
Substituung Equation 22 into Equation 2. the estimate
r of repeatability will be given by
ro= {0 [V2s0) (23)

f.. .., 18 described in 13.1.8.1 6. This esumate can be
compared with a predetermined repeatability value for
control purposes. If r were excessively great, it would
imply that measurements were subject 1o unusually large
errors. Nole that a repeatability estimate that 15 10 be
used as a standard measure should be based on as many

results as possible, at least 20 and preferably 30 or more
{see 13.1.8.1.1) and would normally be calculated at the
end of a carefully controtled study,

Repeatability 1s most commonly used as a range test
of the difference between two repeated measurements
(see 13.14 and 13 1.7.1). It can also be used to construct
a test on the range of three or more measurements. By
combining Equations 23 and 8, the range can be repre-
sented by;

\

w = 7% (24)

By substituting a previously determined repeatability
value into this expression, a critical value can be calcu-
lated for the range of a set of n measurements. However,
it is advisable not to use this as a formal outlier test.
Because the range represents only a part of the informa-
tion on the vanability within a set of measurements (that
is. the smallest and largest values), the test will only be
approximate. Nevertheless, it can be used to monmitor
statistical control within a set of measurements (see
1314 and 13.1.6.2) and flag the need for rigorous
analysis. : .

13.1.8.2. STATISTICAL PROCEDURE FOR TWO
OR MORE SETS OF DATA

In some cases, the quantity in question 1s obtained 1n-
directly from m intermediate and independent results,
each of which will have been estimated from a separaie
set of data according 10 the procedures in 13.1.8.1. In
this section. procedures are given 1n which the estimates
for the intermediate quantities are combined to give
those relating to the final quantity.

13.1.8.2.1 Estimating True_VaIue

The value X of the final result 1s assumed (o be a func-

tion F of the m intermediate quantities X,. X, ... X.,
Algebraically, this can be represented by-
X =F(X. X, ... Xn) (25)

The maximum estumate of X is obtained simply by
subsututing into Equation 25 the appropriate estimates
for X,. X..... X, In terms of measurements corrected
for hias (see 13 1.8 1.3), the estimate ¥ of the true van-
able will become:

Vo= F(p. v . V) (26)

Asan esample. consider a relationship between guan-
ntes of the form

V= PULL o+ QA {27y
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P and Q are Anown constants The estrmate of the final
quantits aceording to Fquaton 26, 1~ then

y=Pv 7y + Qy (28)

Note that the calcutation resulting from such an equa-
ton could gie nse to a further source of systematic er-
ror (see 13182 3) This would be the case. for example,
e extimatng the volume of a tank from tables of hquid
depth The intermediate results would nciude assumed
values tor tank dimensions. with further assumptions on
environmental conditions, and these could alf contnbute
W unknown systemalic errors

13.1.8.2.2 Combining Random Uncertainties

Random error s represented statistically by the stan-
dard deviation (sometimes called standard crror) associ-
ated with a particular measuremeni {unction (see
13.1.8.1.5). 1t 15 useful when combining random errors to
consider another parameter called vanance. Standard
deviation o 15 simply the square root of the vanance V.

Xy = oi(X) (29)

I terms of estimates corrected for bras.

W) = si(y) (30)

Ay ol the expressions dealing with standard devia-
uon may he converted to the corresponding expressions
for vanance by substituting Equation 2% or 30.

Now consider the random errors associated with the
m intermediate quantives. The varance of the indirect
medsurements of the final quanuty 18- given approxi-
mately by the expression:

LX) =(o%)' MX,) + (‘g) V(X.)

oF \*
+ .+ (cX,,,) V(X.) (31

afF/a X, represents the partiat differential coeflicient of F
with respect 10 X, and Fis Equation 25, oF/0X, may be
regarded us the change 1in F brought about by unit
change 1 X|. Equation 31 only holds true, however,
the quanuues X,. X, ... X,, are independent of each
other. Furthermore, the equauion leads to the root sum
square method of combining random uncertainty limits
{see 131 8.1.6.3). for by substituting into 1t Equations 1 |
and 29, it becomes:

F F T of .
ACX) = \/[:_\ m.\ﬂ + [:—\ A(,\’EI - o+ [;2— A(.\’.“)]

(32)

The corresponding equation 1 terms of estimates will
he

- I I I _ 7
v} = \/‘rf\i ”l“ﬂ +[Ul\_, H(\q + +[% .J(\‘_ﬂ

R

13.1.8.2.3 Combining Systematic Uncertainties

As previously stated, there are theoretical difficulties
when attempting to combtne systematic uncertainties
(see 131 B [.6). The choce ts between the anthmetic and
100t sum square methods of combiming and should take
into account the manner in which the errors behave in
practice. This is sometimes difficuit to judge. particularly
for the muluplicative terms in a relationship (see Equa-
tion 27). Assurmung a uniform distribution of systematic
errors, however, 1t is theoretically correct to combine the

“systemnatic errors in a multiplicative function by the root

sum square method This, coupled with the fact that sys-
tematic errars combined in an additive fashion are ex-
pected to cancel each other out to a certain extent. leads
to the choice of the root sum square method as applica-
ble 1n the general case. The appropnate formula s iden-
tical in form to Equation 33 but with random
uncertainty hmits replaced by the corresponding system-
atic himuts:

wi = VI W] < (] v [
(34)

The point to remember when combining systematic
uncertainties is that the refationship between quantities
(see Equation 25) may only be approximate (see
13.1 8.2.1). In that case, a further unknown systematic
error could be present. and the corresponding uncer-
tainty limit should be estimated according to Equation
15. This should be included as another squared term n
the uncertainty expression (Equation 34).

13.1.8.2.4 Estimating Totat Uncertainty

For the reasons already explained in 13 1.8.1.6.3. the
random and systematic components of the total uncer-
tasnty should be combined by quadrature according to
Equation 19. [n this case. however, a(y) will be est-
mated from Equation 33 and &) from Equation 34.

13.1.8.3 ROUNDING STATISTICAL ESTIMATES

When applying the procedures of 13.1.8.1 and
13.1.8.2, 1t 15 important to consider the effect of round-
ing on the siaustical estimates derived. Rounding that (s
too coarse will become a significant source of error. Any
particular result will be reported to the smallest urut of
measure of the instrument 1nvolved, and the statistics
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that relate to that result should reflect this level of accu-
racy and should be rounded accordingiv For example, a
gage reading would be reported to the nearest milimeter
tf that was the scale unnt of the 1ape micasure Esttmates
of the mean gage. standard deviation. and the limit of
the range of unéertanty should also be rounded to the
nearest mithimeter, and the calculations leading up 1o
those estimates should include a sufficient number of
Jdigits to achieve this.

Particular care should be taken when considening
more complicated functions. such as would be found in
the madirect estimation of a parameter from a number of
tntermediate calculations. [t is useful to relate the calcu-
latons to the units 1n which the final estimalte is to be
reported. In a root sum square estumate, {or example,
which s to be reported 1o two decimal places, the
squared terms should be calculated to at least four deci-
mal places to achieve the required level of accuracy.
From the opposite viewpoini, in terms of a root sum
square estimate, if one or more of the squared terms
were calculated to only two decimal places, 1t would be
ncorrect to report the final estimate to any greater accu-
racy than one decimal place.

All estimates. except repeatability: should be rounded
up or down to the smallest.unit of measure (rounding
unil). As a result of its definitton (see 13.1.7.1), a
repeatability estimate should always be rounded up to
the nearest rounding unit.

13.1.8.4 EXAMPLE

Consider the indirect measurement-of the volume at
standard temperature of liquid in a tank. This is to be
esttmated from a set of repeated gage readings, a calibra-
uon table. a set of repeated temperature measurements,
and a temperature correction formula. Each set of direct
measurements (gage readings and temperatures) will be
considered separately according to 13 1.8.1, and the ap-
propriate staustics wtil be derived. These will then be
combined to give estimaltes in terms of the liquid volume
corrected for expansion in the tank resuliing from non-
standard temperature.

For the purpose of this example, the procedures of
13.1.8.1 will only be described n detail with respect to
the sel of gage readings. Statustics {or the set of tempera-
ture data witl be given. Note that staustics that are 10 be
used at a later stage in the calculations will be stated to a
greater level ol accuracy (one or two more decimal
places) than that achieved in the corresponding meas-
urements This ts to ensure that the final estimate of voi-
ume includes no rounding errors. Note also that the
figures used in the'example were chosen sinetly for illus-
trattve purposes, and are not necessarily typical of those
to be found i practice.

13.1.8.4.1 Direct Measurements

In this secuion, the procedures of 131 8.1 will be ap-
plied to the single set of tank gage measurements. Thus
can be considered as separate steps as follows.

Step 1-—Information avallable.

Six gage measurements v, for1 = To6ee 1318 1)
were recorded to the nearest mublimeter 6534, 6544,
6542, 6540. 6543, and 6544, Unknown systemalic errors
were expected as a result of sludge at the bottom of the
tank and inaccuracy in the tank gage tape. These errors
(>ce 13,18 1.3 recorded i millimeters as:

Source of Maximum Range of Error
Systematic Error e e
Sludge -4
Tape -1 +1

It 1s also known from an independent study that the
repeatabiluy for tank gaging was 7 mallimeters.
Step 2—Outiying results. . :

The first gage read;ng differs from the others by what
appears to be an apprecitable amount. As a quick check
on its validity, the critical range fos the set of measure-

ments, rounded to the nearest mulhimeter, 1s calculated
from Equation 24 as:

W o= —Dr
\/} x “--'-. n-l) *

Where:
n = 6
D(?) 2.543 (see Table 1).

r 1.
fu.. 2.571 (see Table 2).

il

Therefore:

_ Dy
IRV
2534 x 7

1 x 2571

5 millimeters

U

The observed range of 10 exceeds this value. so Dixon's
outlier test was applied (see Appendix B). The appropn-
ate Divon ratio for six measurements and for testing a
low value is:

R - 6590 — 6534
" = §544 — 6534
=06

which exceeds the crnitical ratio at the 95 percent
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probability level. The first measurement was rejected as
a faulty reading (outlier), and all following calculations
disregard. 1.

Step 3—Correcting for bilas.

According to Equation 4, the average systemalic error
due 1o tape inaccuracy ts zero, but that for studge is
given by.

: = (e, -;- €.}
-4 + 0
2
=2 millimeters

Il

The resuits x, must be adjusted according to Equation
| to give the corrected measurements Y, fori = 1 to 3:
6546, 6544, 6542, 6545, and 6546.

Step 4—Estimating true gage reading.

This will be the average ¥ of the results corrected for
bias (Equation 3), that is:

5= 6546 + 6544 + .. + 6546
5
= 6544.6 mtllimeters

Step S—Estimating standard deviation.

The standard deviation of corrected measurements
vuan be estimated both from Equation 7 as:

W) = W18 F 06° + 26 + 0.4 + 1.4
= 167

and from Equation 8 as:

4
T 2326
= 172

Statistics derived from the second and more approxi-
mate estimate wiil be given in parentheses for compara-
tive purposes.

Step 6—Estimating range of uncertainty.

By substituting the standard deviation estimates into
Equation 13, the imit of the range of uncertainty due to
random errors becomes:

L] [st r!]

U(_\') = \,fs

_ 2776 x 1.67
V5

2.07 (2.14) millimeters

Since there are two unknown sources of systematic er-
ror, the corresponding limits of uncertainty will be esti-
mated for each according to Equations 15 and 16,
respectively, as:

il

0.95 x'L“‘Z—"O!‘

limit due to sludge b,(»)

1.9 millimeters
0.95 x|-1}
0.95 millimeter

limit due to tape b.(y)

Combining the systematic limits by the root sum
square method (Equation 18) gives the total limit for
systematic errors:

Ay) = 1.9 + 0.95¢

= 2.12 millimeters

The limuts for systematic and random uncertainties
should be combined in a similar manner (Equation 19)
to give:

Ay = Ve + ()
V30T = 2.12°

2.96 (3.01) millimeters

]

Step 7-—Estimating repeatability.

To compare the variability within the set of measure-
ments to that expected in practice, the repeatability can
be estimated from Equation 23 as:

ro= (L) X V2 X s(y)
= 2776 x /2 x 1.67
= 6.6 (6.7) millimeters

Rounding up to the nearest unit of measure of 1 milli-
meter (see 13.1.8.3), the repeatability estimates would
become 7 millimeters. This is identical to the value de-
rived from the independent study.

Slep 8--Stating the resuit

The estimate of the true gage reading shouid be stated
after rounding to the nearest unit of measure (see
13.1 5.4y

C(y)y = 296 ~ 13

The result statement thus becomes: ‘

True gage reading = 6545 = 3 millimeters (93

percent confidence level, 5
measurements)

NOTE. One further result 1s rejected as a faulty reading (outber).
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Table 3—Derived Statistics for Example

Grage Reading, Thermometer
Value miHumeters Reading, *C
n 5 9
I 6544.6 2338
a(y) 207 1.362
Aly) 292 0 500

Table 4—Symbols for Example
Estimate

Measurement True Value Corrected {or Bias
Depth X, "
Absoiute volume X, ™
Temperature X, ¥
Correcled volume X, Y.

13.1.8.4.2 Measuring Volume

Next, the staustics derived from the two sets of direct
measurements are combined according to the proce-
dures of 13.1.8.2 as follows:

Step 1—Information avallable.

The information corresponding to the direct measure-
ments can be summarized in the form of derived statis-
tics as 1n Table 3. Let us also assume that the symbols
allocated to each quantity are as listed in Table 4.

The calibration table, by which a gage reading 1n mil-
limeters can be converted 10 a volume in liters. was ob-
tained from an unknown function of tank dimensions.
No random error is created in the use of such a table,
but an unknown systemauc error is expected resulting
from the appraximate nature of the function. This was
assumed to be level dependent, and the corresponding
limit of uncertainty is estimated to be:

MYy = 02% X,

Finally. the function (see Equanon 25) used to correct
the volume for temperature and expansion in the tank
Iy

X,

FIX.. X))
(X)X, [1 + 0.000022 (X, — 15}

Table 5—Volume Measurement Statistics for

Exampie
Guge Reading. Volume Measuremenl,
Value alliliters liters
i ﬂ S
v 6344 6 17016
) 207 5

hiv) 12 6

Where:

f(X,} = a factor {read from tables) corresponding
to a temperature X,

Step 2—Estimating absolute volume.

The calibration table may be regarded as a means of
converting a hiquid depth measurement (gage reading) in
millimeters Lo a liqud volume measurement in liters and
may be represented by the function’

X, = PX,

P is nearly constant tn this example. The statistics that
relate to volume results should. therefore, be read di-
rectly from the table. In thus case, they are assumed to be
those in Table 5.

The systematic error brought about by inaccuracies 1n

the table should be considered at this pownt. In terms of

results corrected for bias, the corresponding limit of un-
certainty will be estimated as:

b.'(,-‘-'.') = 0.2% ;.'
= 0.002 x 17016 "l
= 34 liters

The two limits for systematic errors that affect volume
results are then combined by the root sum square
method (Equation 18) to give:

My, = \/b? (ya) + 6.2 ()
= VEF3F
= 35 liters

Step 3—-Estimating corrected volume.

According to Equation 26. the estimate of correct vol-
ume will be obtained by substituting estimates directly
into the appropriate equation. If we assume that the
temperature factor f(x.) is read from tables as:

f(y¥) = £(23.38)
= (.98 (given)

Then the true corrected volume 15 estimated to be:

¥. = 098 x 17016 [t + 0.000022(23.38 — i3)] -
= 16678.9 liters

Step 4—Estimating random uncertainty limit.

The random errors for volume and temperature mea-
surements are combined according to Equation 33 In
our case, the derivatives of the function are:

:YF = 0.98 {1 + 0000022 (X, — 15)]

and
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£ = /34 3036 + 0 1833}?
22~ og x X, x 0000022 V34303
al = 34 3 liters
Substituting the estimated values.

I

23 38¢(Table 3)
17016 (Table 3)

v
v

I

For X and X.. respectively, gives

af _
ax. = 098018
af _
X " 0 36638

The total imut of random uncertainty will then be given
by.

\/(0.58018 x 5 + (0.36686 x 1.362%
4.9 liters

a(y!)

Step 5—Estimating systematic uncertainty limit.

Systematic uncertainty limits should be combined in a
fashion simular to random uncertainty limits according
to Equation 34. The total limit of systematc uncertainty
will be:

b{y,) = V(098018 x 35)° + (0.36636 x 0.5)°

Note that the systematic error in temperature mea-
surements makes only a small contnbution compared
with that created by inaccuracies in the calibration table

Step 6~—Stating the result.

Combimuing the random and systematic components of
uncertainty by quadrature (Equauon 19), the total un-
certainty limit becomes:

dv) = Ve () + P
VA + T
= 346 liters

Rounding to the nearest umit of measurement, which
from the calibration table was 1 liter, the final statement
will he:

True corrected volume = 16,679 %= 35 liters (95
percent confidence level,
5 gage measurements,
9 temperature
measurements).

NOTE One further gage reading ts rejected as a faully reading.
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APPENDIX A
NORMAL (GAUSSIAN) DISTRIBUTION

Consider a set of 7 repeated measurements x,, lving 1n
the range o to b so thata < v, < b If the 10tal range 1s
spht into p equal subranges of length dx = (b ~ a)/p. a
lrequency histogram can be drawn. The histogram (see
tigure A-1) consists of a seres of p contiguous rectan-
gles, with hase equal to the subrange dx and height pro-
purtional to the number of measurements falling in that
range

The height of cach rectangle could just as easily repre-
sent the proportion of the total number falling in the
subrange or the relative frequency. The total area of the
histogram would then be |, and the area in each rectan-
gle would become the probability of a measurement fall-
ting in the subrange.

Now consider the number of measurements n becom-
ing very large, and the length dx of each subrange be-
coming very small. A continuous line drawn through the
medpont of the tops of each rectangle, which represents
the relauve frequency of measurements. would give a
bell-shaped curve similar to Figure A-2.

For the normal distribution, the curve 1s symmetrical

Where

o = standard deviation.

The arca under the curve once agam represents
probability. Each of the shaded regions shown has an

_area of:
n—t + 0
P = f f(x)dx = f f{x) dx
— p+c
Whenr ¢ = 1.96a. the probability P (one shaded area)

will be 0025, or 2V, percent of the total area under the
curve, '

Now If measurements x, follow the normal distribu-
tion with mean g and standard deviation o, then values
g, will follow a normal distribution with zero mean and
unit standard deviation where: )

o =y
about the mean and has the formula: ol o
f(x) = ! exp (X —p) Thé value p, 15 termed the standard normal deviate. and
aVin V2a has been tabulated for different probabilities P. For a
]
o Wl
Z3
Wz —
o=2g
[7¥] gt
o o =
w W
mp @
b
zsa
A RANGE OF MEASUREMENTS B

Frgure A-1—Frequency Histogram

15
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P =0025 P = 0025

T ;‘:5:;
XL

Figure A-2—Bell-Shaped Curve

probability P = (.05, however, the standard normal de- includes all values of x which differ from the mean p by

viale has a value 1.96. This probability is represented by more than }.960.
both shaded areas in the distribution (Figure A-2) and
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APPENDIX B CoC
DIXON’S TEST FOR OUTLIERS
The following steps should be followed (see Table B-1—Dixon’s Test for Outliers
Table B-1 se Dixon's test for outliers.
¢ Jtou Number of Critrcal Values Test Cntenon
t.  Arrange the set of measurements x, in ascending or- Values.n P =095 P =099 Low Values High Values
der of magniwude x,, x,. .. x,. 3 0941 0.988 :
2. Choose the appropriate test criterion, depending on ‘; g'zg; gggg R = LT o Zom
the value of # and whether the measurement in question 6 0 560 0.698 " A L
15 low or high, 7 0507 0637
3. Calculate the Dixon R ratio. If this exceeds the criti- 3 0554 0683 o xo—x
cal ratio at the 5 percent probability level (P = 0.95), 13) gi;g g‘g’g?’ Ri = =2 o =%
then the measurement in question is highly suspect and 0 0576 0679
could possibly be rejected. 17 9 546 0642 R, = f.k::af;. or %
If the critical ratio at the | percent probability level (P i3 0.521 0.615 M i
= 0.99) is exceeded, then the measurement in question :g . g-g‘z‘g g-g‘:;
should be discarded. . 6 0.507 0.595
o . ) 17 0.490 0.577
When a measurement is rejected, the outlier test 18 0475 0.561
should be repeated. 19 0.462 0 547 R. = KaTi o XX
20 " 0.450 0.535 “ Xn— X, Xp =Xy
21 0.440 0.524 .
22 (.430 0.514
23 0.421 0505
24 0.413 0.497
. 0.489
NOTE' The two suffixes in the Divon rauo refer o the differences in 2 0.406
the npumerator and denomunator respecuvely SOURCE' Bromerrics, Vol. 9, p. 89, 1953,
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Phase Behavior of Natural Gas

INTRODUCTION

Obviously, field processing of natural gas depends strongly
on the behavior, charactenstics, or properties of the well
stream nvolved. it 18 important to know and predict the
amount, composition, and density of any phases present
In any process situation. Accordingly, hydrocarbon phase
behwvior is discussed, first for pure components and then
for mixtures. The more commonly used phase diagrams
are presented. Phase-equilibrium caleulations are reviewed
next, including both hand and computer methods. Phuse
equithbrium calcutations require component K-values and
densities. Two sources of these important data are reviewed:
charts and equations of state.

Plase behavior in the presence of water is important
alsu, since il water condenses a second ligquid phase will
be present. Water/hydrocarbon phase behavior is discussed
n Chapter 4. At low cmperatures, carbon-dioxide/
hydiocarbon phase behavior is important, and this topic is
sunmainized in Chapter 4 also.

PURE-SUBSTANCE PHASE DIAGRAMS

A siniple or one-component system is defined as one that
undergoes no changes in composition; in practice, this means
eiher u pure substance or a homogeneous mixture.
Frequently, air can be considered a pure substance even
though 1t is a mixture of nitrogen, oxygen, carbon dioxide,
and water vapor, plus minor amounts of other gases. In
the compression or heat exchange of air, the air can be
tcated as homogeneous, Of course air must be considered
acomplex mixture when separated into oxygen and nitrogen,
or when partially condensed into liguid and vapor phases
having ditferent composuitions, or when one component
toxygeny reacts during combustion.

Everyday experience tebls us the number of independent
thermodyuumic vartables that can be assigned arbitrary

B.OE . T '
P PR N S

T kil B v, Ui L, e -

values betore the siere or condition of a pure substance is
known. For example, if we choose pure H,0 as the system
and specify the temperature to be 20°C (68°F) and the
pressure 1o be | atm (101.3 kPu, 14.696 psia), we know
that the H-O is ligud. In addwion, all other properties
{v.h, s, p, 1, ete) are completely tixed also. Two vanubles
huve determined the state of the system.

We also know that, at one atmosphere, water bouls at
212°F (100°C), Thermodynamics explains this experimental
fuct as follows: If the pressure is fixed at | atm, then the
temperature must be 212°F for equilibrium to exist between
liguid water and water vapor (steam). Again we have made
two specifications: First, there are two phases (liquid and
vapor) in equilibrium and, second, the pressure is | oatn.
Again two statements fix all the properties of the two phases
(Vi vy, hy, hy,osios,, etel). Infact, everything is known
about both the hguid and the vapor phases except how
much of each phase 1s present.

The ubove tacts can be described from another viewpoiat.
We speaty the liquid and vapor phases to be an equilibrium
two-phase system Then only one additional thermodynamic
property or variable can be chosen before the system is
fixed

The number of choices required to specify or fix a system
completely s called the degrees of freedom or variunce
(). Gibbs' phase rule (Van Wylen and Sonntag, p. 534)
is a conventent way of remembering the number of degrees
of freedom:

f+d=C+2 (3-1)

where { = number of degrees of freedom (the number of
independent, intensive thermodynamic
variables)
¢ = number of equilibrium phases
C = number of components in system (by definition
I for a pure substance).

Using the phase rule for a pure substance we find:

19
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when & = |, there are 2 degrees of freedom
& = 2, there is | degree of freedom
& = 3, there are no degrees of freedom.

In addition, for a pure substance it is impossible to have
four different phases coexisting in equilibrium.

The phase behavior of pure substances can be described
using diagrams. One example is the pressure-temperature
(P-Ty diagram (Fig. 3-1) which shows vapor. liguid. and
sohd phases In many cases, pure substances exhibit several
different solid phases: c.g.. there arc at least six different
phases for ice (Van Wylen and Sonntag. p. 42). Note Figure
3-1 also summarizes our previous ‘‘phase-rule™
conclusions, Single-phase loct (b =1} are arcas (I =
Two-phase loci (b= 2) are lines (f = 1). The three-phase
locus, or triple point, (db = 3) is a point {f = ().

Because a pure substance has. at most, two degrees of
freedom, we can use any pair of independent thermodynamic
properties for the axes of our phase diagram. Some of the
more popular diagiams are the pressue-volume (P-v),
temperature-entropy (T-s), pressure-enthalpy (P-h, or log
{P-h]), and Moilier or enthalpy- -entropy (h-s) diagrams,
Figure 3-2 shows examples of these diagrams.

The liquid phase ahove (higher P) and left (lower 'T) of
the vapor- preqsurc curve, such as point A in Figure 3-1,
is called ‘‘sub-cooled™” “compressed”’ liquid  Vapor
betow {lower P and/or highcr T the vapor-pressure curve,
e g . B.is “‘superheated™” vapor. The vapor pressure curve
ends at the critical point, C. Above this critical temperature
it is no longer possible for a changc in phase to occur as
the pressure is increased.

Consider a supetheated vapor at state B in Figure 3-1.

3 A® <- 19E Dense
1 ' Fluid region

Liquid region 1 Ci
1

AU
T

Pressure

Solid region

Fusion cyrve

3 Triple point

N Sublimation curve

Temperature

Figure 3-1. Pressure-temperature diagram.

If the vapor is compressed at constant temperature
(isothermally), as in a variable-volume cell in a constant-
temperature bath, the path followed is the vertical dotted
line shown. At first, the vapor is simply compressed until
the vapor pressure curve is reached. Then further attemipts
at compression result in condensation. Note the pressure
remains consteanrt unhil all of the vapor is condensed to
tiquid. Only then does the pressure begin to nise again,
and then very rapidly.

Let the process described above start at B, but now occur
in three steps (B to D, D to E. and E to A) as shown hy
the dashed lines in Figure 3-1. Now a continuous path is
followed with no visible phase change because we chose
a temperature higher than the critical for the compression
step. At such a temperature, we call the fluid a “‘gas”
rather than a “‘vapor.’’ the distinction being that a vapor
is condensible and a gas is not.

To the right of and above the critical point (higher T
and/or P) on the P-T diagram, the fluid is called a
“supercritical fluid,” or more simply, a “*dense fluid.™

Vapor-pressure curves (VP-T diagrams) can be plotted
in various ways. One popular method is to plot log vapor
pressure versus reciprocal absolute temperature because the
resulting plot is very nearly a straight line. The abscissa
is often plotted backwards and labeled as temperature rather
than reciprocal absolute temperature, for convenicnce, in
use. The resulting temperature scale is highly nonlinear
as shown in Figure 3-3. Another popular method is to
plot log vapor pressure versus 1/(T°F + 382), which is
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Figure 3-2a. P-V diagram for pure substances that contract
on freezing (Lee and Sears, 1963, p. 40).
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Figure 3-2d. Pressure-enthalpy (1n P-h) diagram for a
single-component system {Smith and van Ness, 1973, p.
214}
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Figure 3—2c. Temperature-entropy (T-s) diagram for a
single-component system {Smith and van Ness, 1975, p.
213)

ENTROPY, BTU/LEM-°R

Figure 3-2e. The Mollier (h-s) diagram for water {(Lee and
Sears, 1963, p. 259).

Figure 3-2. Thermodynamic diagrams for pure substances.
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Fig. 3-3
High-Temperature Vapor Pressurss for Light Hydrocarbons

10060 6 GPSA Engineering Data Book, p. 23-41
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Figure 3-3. High-temperature vapor pressures for light hydrocarbons (GPSA, 1987, p. 23—41),
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equivalent to the so-catled Cox chart (Hougen et al., 1962,
p. 83),

TWO-COMPONENT SYSTEMS

Addition ot a second pure component complicates the
P-T dusgram, although the P-v plot remains much the same.
Figure 3— shows that the onc-component, vapor-pressure
tine “'becomes’ an envelope. For 4 two-component, two-
phuse mixture the phase rule yields = 2. Thus both P
and T must be specificd 1o define the state of the system;
the two-phase locus 15 an arca rather than a line, as Figure
3 also shows.

The locution of this phase envelope depends on the vapor-
pressure curves of the pure components and the composition
of the mixture. Vapor pressure curves for the two pure
components are shown also, The more volatile component,
A, has its vapor-pressure line to the left (lower T) of the
mixture phase envetope. The vapor-pressure curve for less-
volatile pure B lies to the right (higher T) of the phase
envelupe. Notice that the critical pressure of the mixture,
located at C, is much higher than the critical pressure of
either pure component.

“The bubble-point line is the locus at which vaporization
begins. It the overall binary-mixture composition 1s given
(une variable, since the sccond composition is found by
diference), then f = 1 and the locus is a hine, as shown.
The dew-point line 1s the locus at which condensation begins
for the given binary mixture. Again, this locus is a line.
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Figure 3-4. Phase envelope tor a mixture of two
components
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The dew-point and bubble-point lines meet each other at
the cnitical point, C. Any particular P-T diagram corresponds
to a fixed composition for the overall mixture.

In addihon to the bubble- and dew-point lines, Figure
3-4 shows a constant percent-vaponization line for 90 percent
vaporized. This line converges o the critical point, as do
all constant-percentage vaporization lines.

In Figure 3-4, A is a point in the subcooled liquid region.
Suppose we heat this liquid at constant pressure. Point B
is,the bubhle point of the mixture. As vaporization continues
at constant pressure, the temperature tises. When the last
drop of liquid vaporizes, the dew-pont curve is reached
{point D). In gowng at constant pressure from the bubble
point 10 the dew point, the nuxture undergoes a rise in
temperature; it has a boiling range, not a builing point.
Further heating produces a superheated vapor, as at E.

Another new type of behavior arises with two-component
mixtures. Line FG in Figure 3-4 shows a constant-
temperature, of isothermal, compression a1 a temperature
less than the critical. The dew point 1s first reached, then
progressive condensation oceurs until the muxture is all
liquid at the bubble point (point G). This behavior is regurded
as “normal.”’ ’

Line HJ shows the new possibility. Start with vapor at
a temperature higher than the crtical (point H). If we
compress isothermally, we reach the dew point and
condensution results, as expected. Further increase in
pressure at first results in more condensation, but a point
is reached at which condensate begins to decrease in amount.
With conuinued pressure increase, the dew point is again
reached at point ) This phenomenaon is known as retrograde
vaporizalion. N

Line K. depicts a second type of retrograde vaponzation.
In this case a decrease i temperature at constant pressure
from point X at first yields hguid formation in increasing
amount, but at some point the liguid begins to evaporate
and the dew point is once again reuched at point L, This
is a bit contusing, because the Huid at point L is perhaps
more liguid-like than vapor-like. Nevertheless, it is the
fluid remaining above the liquid phuse at dew-point L.
One might term it a dense phase.

The highest pressare at which hquid and vapor can coexist
in @ mixture can be greater than the critical pressure. This
pressure, shown in Figure 3—4, 15 referred 10 as the
cricomdenbar. Similarly, the highest temperature at which
liquid and vapor can coexist for the mixture is called the
cricondentherm.

MULTICOMPONENT SYSTEMS

The basic phase behavior of multicomponent systems is
the samme as for binary mixtures. This is because

s Tk TR e e R
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compositions for all but one component, or C-1 variables,
must be specified to define the mixture. Only two degrees

of freedom remain—exactly the same as for a binary’

mixture. The P-T diagram for a muiticomponent mixture
of given composition has a shape very similar to that of a
binary mixture Phase envelopes for most naturally-

occurring hydrocarbon mixtures are very broad because

the components have a wide boiling range. Phase diagrams
of typical full wellstreams are shown as examples.

Full Wellstreams :

Figure 3-5 shows the general shape of the phase diagram
for a reservarr fiuid The type of reservoir and fluid produced
from it depend upon the location of the reservoir temperature
and pressure relative to the phase diagram.

Line A-A’ shows the situation for a low-GOR crude
oil, one in which the amount of gas evolved from the oil
is quite low. Point A represents the reservoir pressure and
temperature. As the oil flows out of the reservoir. into
the wellbore. and up the producing string to the wellhead,
both the temperature and the pressure decrease.

The fluid temperature decreases for two reasons. First,
the temperature of the surrounding rock decreases toward
the surface. so that heat transfer occurs between the hot
well fluid and the cooler rock. Second. vaporization may
take place also. and the required energy is supplied by
the fluid itself, causing a drop in temperature.

Similacly, the pressure decreases for two reasons. As
fluid travels up the_string, the depth decreases and the
hydrostatic head thus decreases. In addition, there is
frictional pressure drop in the tubing

The phenomena just described account for the general

Qil Condensate Gas
Reservorr Reservoir Reservoir
B C D E

o
3
2]
Lol
il
o

£

Temperature

Figure 3-5. Typical phase diagram of a reservoir fluid (atter
McCain, 1990, and Sarssam, 1988).

dabitne

shape of curve A-A’. The net effect is to bring the 1uid
below its bubble curve and into the two-phase region. A
few crude oils de not reach the bubble-point curve and
evolve no associated gas; such oils are referred to as “dead™
oils.

Curve B-B' corresponds to the situation of a high-GOR
crude oil. More gas is evolved than for curve A-A". If
the reservoir fluid T and P lie in the region to the [eft
(lower temperature} of the critical point, the produced Ruid
is termed a crude oil.

Reservoir pressure tends to decrease as the oil field is
produced. Figure 3-5 shows that if point A falls below
the bubble-point line, vaporization will occur in the reservoir
itself. Valuable hydrocarbons may remain in the formation
since the gas and liguid will not flow equally te the producing
well. This explains why water injection is practiced in some
fields almost from the beginning of production, to help
maintain reservoir pressure.

Line C-C' shows the behavior of a retrograde condensate
fMluid as it is produced. something between a natural gas
and an oil. In this case, the relative amounts of hoth liguid
and gas may be very high. If the reservoir temperature
lies between the critical temperature and the cricondentherm,
the reservoir is usually termed a condensate reserveir and
the produced fluid is often called a retrograde condensate
gus. ’ )

An important conclusion can he drawn frnnfl Flgurc
3-5. 1f the pressure in a condensate reservoir [alls below
the dew-point line during production, condensation will
take place in the reservoir itself. Valuable heavier liguid
components will likely remain in the reservoir and not be
produced. Pressure maintenance by pas reinjection is

sometimes practiced in such a reservoir. Reinection and

other producing strategies for gas condensate fields will
be discussed in Chapter 5.

Suppose line B-B’ lies to the left and very close to the
critical point and line C-C lies to the right and very close
to the critical point. Now these two lines are very close
to each other. Clearly. mere observation of the well-head
separator GOR is not suffient evidence to decide the type
of reservoir. Furthermore, the arbitrary nature of cailling
the reservoir a crude oil or a condensate reservoir becomes
obvious.

Curve D-D’ depicts the situation for a *‘wet’” natural
gas. Reservoir conditions are in the gas or dense fluid region
to the right of the cricondentherm. When produced. the
fluid yields hydrocarbon condensate due to the temperature
and pressure decrease. Point D’ is within the two-phase
region, below the dew-point line. The arbitrary distinction
between a condensate reservoir and a wet gas reservoir
become clear.

Curve E-E’ represents the reservoir and producing



conditions for a “‘dry’’ natural gas. No hydrocarbon
comndensate is furmed in the surface separator.

Note well. While Figure 3-3 illustrates and clarifies the
classification of well fluids, the figure is, however,
misleading in the sense that pomnts A', B', C*, D', and
E' acteally represent approximately the same wellhead
temperature, usually in the range of 100-140°F. Points A,
B, C. D, and E will not be the same for the reason that
the reservoir temperature and pressure are dependent on
the depth of the producing formation. Nevertheless, these
production lines will more or less coincide; it is the phase
diagrum of the reservoir fiuid that witl chunge 1s position
relative to the line. )

Another important point with respect to Figure 3-5 is

thit the shape of the phase diagram and the relative location.,

of the critical pomt is highly dependent on the reservoir
fluid composition. A dry natural gas has a fairly low range
of components. Its phase diagram will be of relatively narrow
width; the critical point will lie well down on the left side
of the envelope. Conversely, a crude oil has a very wide
range of components. An oil envelope will be very wide
and the critical point near the top or somewhat to the right
side of the envelope. Figures 3-6 and 3-7 show these
features,

Source of Phase Diagrams

Phase diagrams are measured i the laboratory or predicted
from eyuilibrium calculations as shown below. Very briefly,
experimental measurements involve determining the locus
of the dew und bubble puints in a variable-volume cell.
Determination may be visual, as in a windowed cell, or
based on break points in the pressure-volume data. Jacoby
and Yarborough (1967) and others describe apparatus and
techniyues. .

Experimental measurements are extremely time-
consuming and expensive. Such data are used o develop

Liquid
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' P
2
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' Liquid-
, vapal
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, Figure 3-6. Typical phase diagram of a dry natural gas.
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Figure 3~7. Typical phase diagram of a low-GOR crude
oil

calculational methods for predicting phase behavior.
[nvariubly. computer methods use equations of state and
require very complex calculations. land calculation
methods must be much simpler to be practical, and even
then can be time-consuming.

Compuiter methods are generally quite satisfactory for
phase calculations. However, the calculations are only as
good as the analyses of the streams being considered. In
gencral, samphing and analysis require great care, as
discussed i Chapter 2.

A second source of error in computer-generated phase
diagrams lics in the charactenzation of the heavy ends. In
natural gases, the quantity of heavy ends may not be large,
but the characterization of them influences the location of
the dew-point Line. Phase diagrams developed from
computer calculations for two sumulated natural gases and
one simulated separator gas are shown in Figure 3-8. The
two natural gases, A and B, differ only in the identity of
the small fraction of C7+ material as nC7 or nC8. Yet
the dew-point locus is shifted several degrees.

Accurate focation of the dew-puint locus is important
in at least iwo cases. First is the simulation of phase behavior
in a reservoir, in which the calculations mwust represent
the actual reservoir fluid as well us possible. Second is
the pipeline flow in which small amounts of hydrocarbon
condense. Liquid formation greatly increases the pressure
drop in the pipeline and hence gas-compression
requirements. An undersized compressor can limit the
production from a field.

The bubble-puint locus in Figure 3-8 is close to the
methane vapor-pressure curve for both simulated natural
gases, as it is for all gases that contain more than about
80 mole percent of methane. A separator or associated
gas, which contains a mwuch higher amount of heavier
components, has a broader phase diagram, as is shown 1n
Figure 3-8,
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Figure 3-8. Phase diagrams for simulated natural gases.

Hand phase-equilibrium calculations can also be used
but are not as accurate as computer calculations, as might
be expected However. hand calculations are satisfactory
for many purposes. These methods are discussed below.

Phase Behavior in Separators

Figure 3-9 shows computer-gencrated phase diagrams for
a separator feed (F) and the:liquid (F\) and vapor (Fy)

2000
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v, 14
o) 0.3 10 F
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Flgure 3-9. Phase diagrams for separator streams.
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products. The separator products are assumed to lcave in
phase equilibrinm with cach other. The separator pressure
and temperature are located at point A, where the products
are saturated liguid and saturated vapor, respectivelv.

PHASE-EQUILIBRIUM CALCULATIONS

There are three basic phase-equilibrium calculations:

. Bubble-point
2. Dew-point
3. Equilibrium-Flash

Types (1) and (2) determine phase envelopes and the
temperature or pressure at which a given mixture will hegin
to vaporize or condense. Type (3) estimates the percentage
vaporized and the equilibrium-phase compositions for
mixtures that are partly vaporized or condensed

The nomenclature for phase-equilibrium calculations is
shown helow.

Flash-Vaporization Nomenclature A

. Fu
oy
F Equilibrium
——————| Separator
Z; P, T o N
. F, :

l H

'

F = feed rate, mol/hr
F_ = liquid rate, mol/hr

Fy = vapor raie. mol/hr
z, = mole fraction of component i in the feed
x; = mole fraction of component i in the Liguid
¥; = mole fraction of component i in the vapor’
P = pressure of the flash vaporization

T = temperature of the fash vaponzation

Phase-equilibrium calculations use a quantity, K,. called
the vapor-liguid equilibrivem ratio, or more simply, the
K-value.

Ki=y/x (3-2)

K,'s are functions of component identity. tcmperature,
pressure, and composition. The vapor-liquid cquilibrium
ratio or K-value may be obtained from so-called K charts
or calculated from equations of state using computer
programs. The GPSA (1987) Section 25, Engincerintg Data
Book presents three sets or types of K charts:
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{i) K-vulues for specific binary systems: C1-C2, C1-C3,
Cl-nC4, Ci-nC5, Cl-nCh, C1-nC7, N4-Cl, N»-C2,
aid C1-COx. These charts are used for temperalures
below —100°F,

U K-values tor various components based on different
convergence pressures of hydrocarbon systems. These
charts are described and used in the examples that
follow. ’

(i) K-vatues of high-boiling oil fractions. Poeuman and
Muylund (1949) developed K charts for heavier HC
which are characterized by their normal boiling point
(NBP) and characterization factor. Figure 2-5 shows
a fypical chart in which P is plotted against K at various
temperatures. The GPSA (1987) presents charts for
NBPs of 300, 400, 500, 600, 700, and 800°F.

Phase Behavior of Natural Gas 27

Thus, our task is to find T such that when the K’s are

obtained for that T and the given P, the sum of Kz's is

mdeed equal to one, within an acceptable tolerance. The
procedure 1y trial-and-error,

Example 3-1. A mixture has the composition below at
400 psia. What is the bubble-point

temperature?
Component -~ z
Cl 0.75 ’
C3 024
nCé 0.4

The OPSIM computer program (Appendix 4} illustrates the Solution: Look up the component K's in the GPSA
calculation of K-values using the SRK equation of state. Data Book. Use a convergence pressure of
Vapor-hquid equilibria will be discussed in more detail 800 psia Uuslltlf:d IE_"“)' Three lnalslare
in Volume 2 showno bclo_w. The frst temperature tned,
For simplicity, the subscript i is now omitted from x, —I00°F, gives a sum greater than | 0.
y, z. and K. Each component present is understood o Tl1ercft)rc the s:econd temperature chosen
have 1ty own value for each of these variables, and the 15 lower, —I20°F. Note that the K-\falues
summation sign refers to the summation for all components for nC6 are so low that they are stznpl‘y
present. tuken to be zero. The sum at —120 F_ls
still slightly less than 1.0. The final trial
o is for —126°F. Within the ability 1o read
Bubble-Point Temperature the K-values, the sum is sufﬁcicr)n{lly close
Constder a hquid mixture of composition z at pressure P, to one. Al 400 psia, the feed bubble-puint
Mole huction 2 ts used because the given composition is is —126°F.

Comp. 2 Kiowa Ko KGO K KLU Ke

ci 0.75 2.0 1,500 1.45 1.087 1.33 0.998
C3 024 0.030 0 U7 0.019 (0 065 0.016 (.04
nCé 0.01 0.000 0.000 0 000

~0 ~0 ~{

Sum 1.507 1.092 1002

regarded as the “feed.” Actually, z plays the part of x,
becuuse the feed is liquid. The question is, at what
temuperature will the liquid feed begin to vaporize at the
given pressure P? Calculations are based on the concept
that the first tiny bubble of vapor formed is in equilibrium
with the feed at essentially unchanged composition, z. The
compusition of the vapor bubble is, by the previous

delimtion,
y =Kz (3-3)

for cach component. The sum of the mole fractions of
any nmuxture must be identically one.

Yy=YKz=10 (3-4)

a ., . . e e

Convergence Pressure

The above K-values are based on a convergence pressure
of 800 psia. This choice must be justified. First, the concept
of cunvergence pressure 15 reviewed.

Convergence pressure of a multicomponent mixture 15
somewhat analogous to critical pressure of a binary mixture.
However, in the GPSA Data Book method, it is used as a
correlating parameter for estumating the etffect of
composition on K-values. There are 7 different sets of
K-charts for 14 hydrocarbons (C1 through C10) and N,, and
H,S 1n Section 25 of the Data Book, each set for a different
convergence pressure. Figure 25-2 GPSA (1987) lists the
components and convergence pressures, which vary from
800 to 10000 psia.

IRl A TN Mo N CT - . ”
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To find the convergence pressure, the multicomponent
mixture is treated as a pseudobinary. By convention, the
light component of the pseudobinary is the lightest
hydrocarbon component present to at least 0.1 mol percent
in the liquid phase. The heavy component is represented
by the weight-average critical temperature and pressure of
the remaining heavier (less volatile) components,

The technique for linding convergence pressures, which
is described in GPSA (1987} on p. 25-4 | is now illustrated
using the above bubble-point calculation. A convergence
pressure of 800 psia is used. Refer (o steps [-8, p. 25-4,
GPSA (1987).

Example 3-2. Calculate the convergence pressure for
Example 3-1. :

Step 1. Estimate the liguid-phase composition.
Here. the liquid composition is the given
feed composition.

Step 2. Select the light component as the lightest
hydrocarbon present with x > (0 001, Here
methane is the light component (x = (.75,
which is =>>0.001)

Step 3. Calculate the weight-average critical
temperature and pressure of the remaining
heavier components.

Comp, X Mw g w Te Pc
C3 0.24 441 1058"  0.925 206.1 6160
nC6 0.0l B2  0B6 0.075 4536 4369
Se=11 £.000
g=x MW
w=g/Xg
T.m = 2 wT, = 225°F (3-5)
Pom = £ w,P,; = 603 psia (3-6)
Step 4. Locate T.,. P, on Figure 3-10 (GPSA,

Fig. 25-11). Now, sketch in the locus of
the pseudobinary critical envelope. as
shown. This is done by comparison with
the critical locus curves for actual binary
mixtures shown in Figure 3-10.

Step 5. Read the convergence pressure from the
envelope at the temperature of the
calculation. For the bubble-point T of
—126°F, go vertically to the critical
envelope just sketched. Read to the left to
estimate the convergence pressure. For the
present example. the envelope lies to the

right of the operating temperature. In such
a case. the convergence pressure 15 chosen
as the critical pressure of the lght
component, methane in this case. The
convergence pressure is about 670 puia, but
the lowest chart convergence pressure is
R00 psia, thus verifying the choice of
800 psia. Steps 6. 7. and 8 need nut be
repeated. since the calculated and assumed
convergence pressures are the same. If the
assumed and calculated convergence
pressures were not the same, these steps
would be done, as follows.

Step 6. Look up the K's for P = 400 psta. T =
—126°F, P, = 800 psia. as done in the
example.

Step 7. Carry out the bubble-point calculation.

Step 8. Repeat steps 2-7 as necessary for
convergence.

Bubble-Point Pressure

if temperature is given instead of pressure, the bubble-point
pressure is calculated similarly. ’

—

Example 3-3. The mixture of Example 3-1 is at — 100°F.
' What is the bubble-point pressure?

Solution: Trial-and-error is required, as before, A
pressure is guessed and the K-values (at

the given T and assumed P) read from the

" charts. The sum of the Kz's is detenmined

and compared to one. The convergence

pressure can be determined directly. since

the temperature is known, not guessed. The

convergence pressure is 800 psia, as in

Example 3-1. Only the final trial is shown.

Comp. z K fa0 pon Ki

Cl 0.75 1.31 0.983

3 0.24 0.062 0015

nC6 a.0t ~0 0.000

Sum 0.998 Accept

Dew-Point Calculations

For dew-point calculations, the vapor feed composition is
given. We wish to know at what temperature will this gas,
or vapor, begin to condense at the given pressure. When
the first tiny drop of liquid is condensed, the feed
composition is essentially unchanged and the liquid is in
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equilibrium with the vapor. The liquid mol fraction of each
component is:

x=z/K (3-7
As before, the sum of the x's must be one
Sx=Xz/K=1.0 (3-8)

Trial-and-error is required; a temperature 15 guessed and
the K's found from the charts. The summation of x's is
computed and compared o one. The temperature is adjusted
as necessary to satisfy the dew-point requirement.

Example 3-4. The mixture previously given in Example
3-1 is at 400 psia. What 1s its dew-point
temperature? Assume a convergence
pressure of 2000 psa.

Solution; Only the final trial at 83°F is shown below.
- Normalized
Comp. z Ko e x = 2K X
1 0.75 6.6 0.114 (113
C3 0.24 0.49 0.490 ().488
nCoH 0.01 0.025 (1,410 0399
Sum 1.004 1000

Now check the assumed convergence pressure. The light
component is methane. The weight-average critical
temperature and pressure of the remaining liquid-phase C3
and nCG6 are 358°F and 506 psia. respectively. Figure
3-10 indicates a convergence pressure of about 2200 psia,
which, for the present conditions, represents a close-enough
check of the assumed value.

A dew-point pressure can be calculated similarly, if the
temperature is specified instead of the pressure.

Example 3-5. The mixture given in Example 3-4 is at
60°F. What is the lower dew-point pressure?
The convergence pressure is 2000 psia, as
in Example 3-4.

Solution: Only the last trial is shown.
Comp = Kgro K
Cl 075 11.7 0.064
C3 024 (1 60 0.400)
nCé 0.01 0.0188 0.532
Sum 0 996 Accept

Equilibrium Flash Vaporization (EFV) Calculations

Flash calculations combine the total stream materidl bafance,
the component material balance, and the cquilibrium
relation.

Total stream balance F =F, + F, (3-9)
Component balance 'z = F x -+ Fyy  (3-10)
Equilibrium refation  y = Kx -1

Eliminate y betwecn the last two equations and solve
for x

X = _ P (3-12)
Fi + FyK
Let F be | mole. Then -
7

X = m ) {311

where
Fy=10 ~ F_ : {3-14)

Finally,

3x=10 fiam1sy 8

The usual calculation is the so-called isothermal flash.
which does not mean the feed 15 flashed isothermally from
its initial condition, but that the temperaturc and pressure
of the flash are specified. In this case, one can louk up
the K's. The z's are known. The unknown is F; . We guess
F\. compute Fy by the next-to-last equation above, then
calculate the x's for each component. The sum of the x's
should be one within a specified tolerance: if it is not, F
is adjusted and the calculation repeated.

In flash calculations, be sure the feed is indeed flashed
at the specified P and T. Check to be sure that the mixture
is above its bubble-point and below its dew-point
temperature, Use the following relations.

ZKz>1.0
K> 1.0

guarantees vapor is present  (3-16)
guarantees liquid is present (3-17)

Il both sums are greater than one. proceed with the Nash;
otherwise only a single phase is present,

Example 3-6. The mixture of Example 3-5 is at 400 psia,
0°F. Find the percent vaporized and the
compositions of the vapor and liquid phases.
Assume a convergence pressure of
1500 psia and check as usual,
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Look up the K-values at 0°F and 400 psia
and obtain the check sums.

. . rE ]
Comp. z K"I(Mpsla zK vK
Cl 0.75 44 3.300 0.170
3 24 0.173 0.042 1.387
nCo 0.u1 0 0048 0.000 2.083
Sum 3342 3 640

Both X Kz und  z/K are greater than one;
therefore, the feed is a flashed vapor-liquid
mixture. Flash calcufations are performed.

Phase Behavior of Natural Gas 3i

Ideal gay behavior and ideal liquid solutions may be assumed
for paraftin hydrocarbon mixtures at low pressure. Now
Raoult’s Law gives the K-values.

K=VP/P (3-18)
where VP = vapor pressure of the component
P = total pressure

Tuking logarithms, we obtain

log K = log VP — log P {3-19)

At constant temperature, the vapor pressure 15 constant so
that the latter equation has the form of a straight line, if
plotted as log K versus log P. The intercept is log VP
and the slope is —1. GPSA (1987) K-charts show this

F, =015 F,. =0.18 F,=0119
Fy =085 Fy =082 Py = 0 82]
Z Z Z
. A b X = = = — [P —
Comp z K paia F, + KF, F, 1 KFy F, + KF,
C2 075 4.4 0.193 0.198 0.1978
(.} 024 0173 0 808 0746 0.7476
nCo N (0.0048 0 065 (.054 0 0547
Sum : 1.066 0.998 1 0001

Note the check sum must be very close to
10030 in order that the solution be precise.
The x’s are normalized by dividing each
by 1.0001, Then y = Kx is calculated. If
the sum of the y's is not quite 1.0, the
y's also must be pormalized.

60°F
Comp. x y = Kx
Cl 0.1978 0.8704
C3 0.7475  0.1293
nCé 0.0547 00003
Sum 1.0000  §1.0000

The weight-average critical temperature and
pressure of the pseudo heavy-liquid
component are 237°F and 593 psia,
respectively. Figure 3-10 confirms the
convergence pressure of 1500 psia very
closely.

K-Value Behavior

The K charts in the GPSA Data Book are plotted as
log K versus log pressure, for lines of constant temperature.

behavior at low pressures; the isotherms indeed
asymptotically approach a straight line with slope —1 at
low pressure. At higher pressures, the K-values deviate
from this ideal behavior and approach a value of 1.0 at
the convergence pressure. This behavior is typical of a
true binary mixture, as is shown in Figure 3-11, forexample.

Appiicability of the Equilibrium Model

The liquid and vapor products from a separator are assumed
to be in phase equilibrium. Similar assumptions are made
about vapor and liguid streams in other process applications.
For example, products from rebmlers are assumed to be
in equilibrium; vapors and liquids from distillation tower
reflux accumulators are also assumed to be in equilibrium.

How good are these equilibrium assumptions? In general,
the vapor and liquid from a separator approach equilibrium
with each other. Entrainment of liquid droplets may cause
small deviations. As long as sufficient contact time is
provided and entrainment is not excessive, Separator
products are essentially in equilibrium (Plane, 1966). This
model is used routinely in process calculations and yields
reasonable results. The liquid leaving a reboiler is slightly
superheated compared to the vapor, but the model is still
applicable as long as the flow pattern matches that of the
model, i.e., thorough mixing followed by efficient
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CAPITULO

Estatica de fluidos

FLUIDOS

Todos los gases v liquidos reciben el nombre de fluidos, con lo cual se
indica que no tienen forma definida como los sdlidos, sino que {luyen,
es decir, escurren bajo la accion de fuerzas.

En los liquidos las moléculas estin mis cercanas entre si debido a las
fuerzas de atraccion, y toman la forma del recipiente que los contiene,
conscrvando su volumen priciicamente constante. La superficie libre de
un liquido en reposo es siempre horizontal.

Los gases estan formados por moléculas que se mueven en todas di-
recciones, por lo que ocupan todo el volumen del recipiente que los con-
ticne. aungue sean colocados en equip(‘)s de diferentes formas.

Propiedades de los fluidos
Densidad Absoluta

r

La densidad absoluta de una sustancia expresa la cantidad de masa con-
tenida en la unidad de volumen.

M
. Ty .
donde: . . -
p = densidad (=)ML™® "
M = masa = (=)M '
V = volumen (=)L~

1



ESTATICA DE FLUIDOS

En el Sistema Internacional (S1) la densidad se mide en kg/m?®, aunque
es frecuente obtener los datos de densidad en otras unidades tales como
Ibigal. gicm®, Ibift?, etc. (Apéndice 111).

Densidad relativa

Se llama densidad relativa a la relacién que existe entre la densidad de
un material y la de una sustancia de referencia. En el caso de los liquidos,
esta sustancia es e agua; tratindose de los gases, generalmente se adopta
el aire. La p del agua entre 0 y 100°C puede considerarse cercana a 1000
kg/m? (ver Apéndice II).

p sustancia . . . .
pr = . pr = densidad relativa adimensional

p sust. referencia

Debido a que la densidad varia con la temperatura, la densidad relativa
se da mostrando la temperatura a la cual se hizo la medicién y la tempe-
ratura a la cual se obtuvo la densidad de la sustancia de referencia:

20°C
4°C

pr
{(Ver apéndices IV y V)
Peso especifico

Es el peso de la unidad de volumen de un material determinado.

Pe = Pefo Pe = Peso especifico = ML—24?
' Peso = MLg~?
\' = Volumen = L?
Pe = pg g = 981 m!sm‘:g2
s 3

Las unidades en el SI son N/m?, o sea kg-mfseg?-m
Principio de Arquimedes

Cuando un sélido se surmnerge en un liquido sufre una aparente pérdida
de peso 1gual al peso del liquido desalojado. Al establecerse un equili-
brio entre el peso y la fuerza debida al peso del liquido desalojado. el
cuerpo flota: por ello resulta que mientras menos denso sea el liquido
en el que flota un cuerpo mas se suinergira. puesto que la menor densi-
dad del liquido tiene que compensarse con un mayor volumen desaloja-



ESTATICA DE FLUIDDS

Densidad de una mezcla de liquidos 1deales

La densidad de una mezcla de liquidos ideales (‘aquellus que al mezclarse
no reducen su volumen) puede calcularse a partir de:

] X, X X,
= + + .+ —
pmezcla £ P2 Pu

X, = fraccién masa del liquido n.
p. = densidad del liquido puro n.

Densidad en los gases

La manera comiin de obtener la densidad de un gas es a través de una
ecuacion de estado que relaciona su presion, temperatura y volumen. Los
gases ideales obedecen la ecuacion:

PV = nRT = -i‘ir-— RT P = presién(:)ML_] g
FM V = volumen(=)L®
M T = temperatura(=)T
pgas = — R = constante de los gases
¥ (tabla 1I, apéndice)
n = namero de moles
M = masa(=)M
pgas = P;;f PM = peso molecu!ar(=)Mm01‘1

Los gases siguen esta ley a temperaturas reducidas mayores de 2 'y a pre-
siones reducidas menores de 1. es decir. a presiones menores de 10 atm
v temperaturas mavores a 0°C,

P T
Pr=— Tr = —
Fe Te
Pr = presién reducida { =) adimensional
Pc = presion crinca =) ML= 877 (=) FL—*
Tr = temperarura reducida {=) adimensiunal

Te = temperawra critica (=) T



PROBLEMAS RESUELT(S 29

2 CALLINLOS

21 Densidad

1HES
APl = - — — 1314
m
2.2 Masa
PYOS Pgn foSUslancia
. Masa
posustaneiy = ———
Volumen
A AL oS
31 Denswdad
415

Pl s e = {H ROKRA

1415+ 26

K ‘

pens = 08084 (1000 —5) = RIRA kghn'
in

3.2 Masa

kg ,
M o= RO84 Bl xR = TIRT2 kg = T.18 ton
. m ‘

1 RESULIADO
El tratler transponta 7,18 ton,

Problema 1.6

El gas natural salienie de un pozo petrolero esta a 190 atm de presion
v BO7C y tiene ta siguiente composiciin:

meting 40 % en maol
et 2% cn mol
nittogeno 58 % en mol

Caleule el volwinen ocupado por 1000 kg e ese gas. ;Cuil serd su densi-
dad absoluta? )
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1. TRADUHGION

£ = 100 atm
T = 80°C

2 P'MLANTT WRNTO
2.1 Discusion

Este problema se puede tratar como una mezcla real, usando la ley de
los estados correspondicntes,

2.2 Condiciones seudocriticas

r

Preo=opety e g e ey petathe G,

—’-;r = Jr \Q }"’- ‘\-_; v i [ }if ”] + P{'f -_;”’; }'- f'..’”'l.
r T
Pyo= - . Tr' = -
Pe I'e

2.3 Volumen
G = ZGRITW
2.4 Densidad

o = mb



PROBLEMAS NESUELTOS
1 CATCOS

3.1 Datos de los gases (apéndice VIIT)

"l Te 7. I'r atin
Metnn 16 -R2.6 15 R
P 3t a2 48.R
Nit1 ogeno 28 ) 17 1 30

32 Coudicjones sendoaiticas

'L — B AI6Y 4 00230) 4+ O6R8(28) = 23 24 glgmol

31

0.4
0.09
(1L.HR

Pe = 0 1CIBR) « 002018 K) + O.AR(LN) = 38726 nom,

I

13 Vialor del i de compresibilidad

, 10 it .
Py = e e - = 2 RRY
TG atim

T = e vvme—e— = Y27

Del dhiagema A o= 196G
34 Volimwen

1000 k
Moles de gas = ~——- P = 4302 kgimol
23.24 kglkgmnaol

G = 006 (1302) (0.082) (273 4 80 = 11954 m®
40 Densidad

1000 k .
p o= ———B = Q365 kg/n®
1 1951 ny

1 RESULIADOS

O0CE00.5) + 002306, 1) + 0.68(125.9) = 15628"K

El volumen s de 11054 m? y la densidad de 83.65 kgfnl".
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Apéndice VIIL Valoies criticos,

Te P’r atm
Adido neéticn C1,0, 321.6 579
Acido hnomhidiico TR ) R4
Aciddo clenhidhiico el ' 51 4 Al 6
Adido adihidrico H,S 14 AR 1
At etana Cal O 245 17
Acetonitnilo Col N 274.7 477
Ane —_ —Hin 7 17.2
Agman 11,0) 374105 2184
Alcohol metilico CHLOTI 240 787
Amaniacn NIE, 132 4 [
Renceno M, 288 5 177
Iy omn Bty 311 102
TRNTLETT C0, 163 36
ihntano Gy, INE) 37
Ciclohexano Callyy 281 101
Clare (:l2 114 6.1
Clonre de metilo . CcH,l 1431 fh.8
Didwido e carhono €O, 311 73
I ann Coll, 2.1 18R
Fiileno LM} a7 Ky N
I ligone F —155 25
Fielio e —267 0 2926
ITeptana LIP § IS 266 R 26.R
Tlexano Cally, 2348 205
Hithidgeno i, 2399 2R
Metano - CH, — RZ25 A% R
Monoxido de cahonn O — 1349 a5
Nitidgeno N, —~174 1 an
T Metowio g 1550 2010
Oclano Call g 246 2416
Oxigeno 0, —1188 49.7
n-pentane Cillyg 197 2 i3
i pritana iy . 1878 2.8
Mopano Cally 96.8 12
Propiteno Gyl 92.3 H
Tetraclorure de cnbona cCly 283.1 15
toluenao ol CH 320.6 41 6

Vapor de agua H,0 374 217.7
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Apéndice VIL Vilares de da constante de los gases (R),

I VRT2 callpmaol” K

HATHE joules (ahsiirmol” K
HO 057 em™ athnol"K
082 1 atimlgined™K

0 BE2 " annfkgmol”K
G360 It o BIpfgimnl” K
PO armthimel "R
Fas72 B1IUMhinol"R
070 1 annfllanol"R
21 85 (1 inlglinnoi”R
BA5.0 17 T lg/thmol” R
15150 07 dhiie Dol R
10,73 167 {in " iilhmel "

R17.3 m® (kpim )k mol R
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Apéndice IX. Faclores de compresibilidad.

ﬁ\l_ljlqjlfn._,llWLI
apionpes eimgiadwe | 7 7 \ M
”...50 _ o0 ' '
N - 34. [ et S o
SN YA/ i
2 AR ; R
R 4N mi.
— // % s $
\\ ! a .m &
\o. -
] r4E s [—]°
o
wia, .. |e
s | pa
pepiiqeeidwan op homc‘.._ W —
- — AN . 8
— —=" .: / — — ” m
- ‘0 |b. / K 7
..-.\Iql.mm\ \I// 1 " mm
V7%, *
~ a3
. ;\\\.\1\\\1 2 a 3
N A== - 4
N\\\ /] m
MEAS :
17/ ANIRE i
3 )
[T ] K
/ m g ° 4
bo i k- &
18 | | $ERyE .
/ IR S %
/2 $i2 82 ¢
[s] o >
o §
il :
I
f -
‘e Mmoo ™~ W W Im ] n 10 0
« oOg o6 oo g o o m o w
pepliqiserduwiod ep 101984 = 7

871
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CAPITULO

Dinamica de fluidos

4

Un fluido es una sustancia que sufre deformacion continua cuando se
sujeta a un esfuerzo coriante,

El esfuerzo cortante, también llamado fuerza de cizallamiento, es aque-
Ila fuerza que se aplica tangencialmente a un irea vy que provoca defor-
maciones en los cuerpos. Se distingue de 1a presién en que esta ultima
es la fuerza aplicada perpendicularmente a un area, provocando com-
presion,

ESFUERZO CORTANTE PRESION

F
T o= P=f—
A A
lF
A «-—-L--- 1
A

7 = esfuerzo cortante (=) ML™'87% (=) FL™*
= peson (=) MLV ey FLTF
F = luerrai=t A8~ (=) F

A= aen (=) LY
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OINAMICA DE FLUIDOS

Cuando sc aplica un esfuerzo cortante sobre un fluido ésie se defor-
ma y fluye. La resistencia a la deformacion ofrecida por los fluidos reor
be el nombre de viscosidad, la cual se define mediante la ley de Newton:

du
T = —u—
I d)’
p = viscosidad del fluido (=) FL™%6 (=) ML~'¢~!
d
—du- = gradiente de velocidad (=) ™!
Y
u = velocidad (=) L&'
y = distancia -
' F
A u
4 FLUIDO
Y

La unidad de viscosidad en el Sistema Internacional es el kg/(m.seg),
pero es mas frecuente su medicitn en centipoise. Un poise equivale a
| gicm.s, y 1 centipoise = lcp = 0.0] poise.

La viscosidad indica la facilidad con que un fluido fluye cuando ac-
tdan fuerzas externas sobre él. También se le considera como una con-
ductividad de momento, andloga, a la conductividad de calor o al
coeficiente de difusion. En flujo de fluidos recibe el nombre de momen-
to (en latin momentum) el producto de la masa por la velocidad.

Momentum = Mu (=) ML~

Considerando lo anterior, el esfuerzo cortante puede tomarse como
el momento que pasa por unidad de drea y por unidad de tiempo:

mLe=t M
L L8

T (=) FL™2 (=) ML='97" (=)

Viscosidad cinemdtica

Con frecuencia se suele usar la llamada viscosidad cinemitica, que se de-
fine por:

i

o

N v o=
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DINAMICA DE FLUIDOS

¥ = viscosidad cinematica (=) L%—!
p = densidad (=) ML™?

La unidad en el sistema cgs para la viscosidad cinematica cs el stoke,

que cs igual a 1 cm¥s,

Viscosidad en los gases

Los valores para la viscosidad en los gases suelen obtenerse mediante
nomogramas del siguiente tipo, los cuales se pueden encontrar en

el apéndice XIX, o mediante tablas o grificas de
lemperatura.

viscosidad contra

°F

En caso de que faitaran datos experimentales, la viscosidad de los ga-
ses se puede obtener mediante la ecuacion de Enskog:

2.6693 « 10~% PM-T

I =
o’Q
u = gloms
g = diametro de colisién (=)L = cm
@ = integral de colision
T = temperatura absoluta (=) T = “k
€
X = parametro del potencial (=) 7 = “K
PM = peso molecular
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DINAMICA DE FLUIDOS

Los valores del didmetro de colision, integral de colision y pardme:
tro del potencial pueden encontrarsc en los apéndices XI y XII.

Si se esta trabajando con presiones altas (mayores de 10 atm}, los va-
lores de viscosidad deben corregirse mediante grificas del siguiente tipo
{apéndice XV}

atm.
= » o = p el

Ho Tr uk = u corregida

Al tener una mezcla de gases, la viscosidad se calcula con la siguiente
expresion: :

Pr

PM mezcla __ »PM, 3PMy }3Pn1_q'+ | JuPM,
pmezcla S oM ! K3 Hn
PM, = peso molecular del gas n
¥n = fraccion mol del gas n
Kk, = viscosidad del gas puron

Viscosidad en los liquidos. Obtencion

Los valores de la viscosidad en los liquidos se pueden obtener mediante
nomagramas como los del apéndice XXN.

Hep I{:
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Si faltan datos experimentales, la viscosidad de muchos liquidos or-
ginicos se pueden calcular por la férmula de Souders:

log ((I()g ®) ]0) = mpl.- 249

m o= L I = constante que depende de la es-
FM tructura (apéndice XIII).

1 = LAn+LP

p = viscosidad en cp

oL = densidad del liquido a 20°C en glcm®

Para mezclas de liquidos ideales la viscosidad se obtiene a partir de:
logumez = x;logu; + xzlogus + ... + i,,logp,,

#n = viscosidad del liquido puro n

X, = fraccién mol de los liquidos

La viscosidad en suspensiones diluidas se puede obterier mediante
la siguiente ecuacidén para concentraciones de fase s6lida menor del 10%
en volumen:

uSus = il + 2.5.¢)

p Sus = viscosidad de la suspension
Hr = viscosidad del liquido puro
) = volumen del sélido en suspension = volumen fase sélidalvo-

lumen total.
Para concentraciones de fase s6lida hasta 30% en volumen:

) 0.59
HS KL [ (077_¢)2 ]

La viscosidad de los liquidos varia con la temperatura. La siguiente
formula representa la variacion de la viscosidad con respecto a la tempe-
ratura:

b
loge = @ + =r Formula de Andrade (apéndice XVHI)

ayb = constantes de los liquidos.

La viscosidad se mide con la ayuda de viscosimetros, de los cuales exis-
len varios tipos, como son los de Ostwald, Engler, Savbolt, cte.

En estos aparatos la viscosidad se mide cn segundos. los que se deben
cambiar a viscosidad cinemitica mediante férmulas adecuadas.

-10-
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Visveosimetro de Engler

Obturedor
Depdsito de laton (a/

AMARBR AR AN |

Y Baho Marla
Tubo de desague|

Fondo esfdiico

200 cm?
v = 0.001471 —(3.74/8)

Fn donde ¢ son los segundos que 1arda en llenarse el depdsito del viscosi.
metra Engler.

| & ism.w’mr!rn_ de Ostwald

ul  p\f
w2 " pyfy

Flsubindice 1 indica al liquido que se quiere conocer la viscosidad, y el
subindice 2 indica al liquido de referencia del cual se conoce la viscosidad.

A
B
N A
— C

P
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El csfuctzo cortante o flujo de momento esti refacionado con la vis
cosidad mediante

= —ully = 2. xRPM
Derfiles de veloidad

El movimicnto de los fluidos a través de tuberias o de cquipos de pro-
ceso tales como torres de destilacifn, cambiadores de calor, torres de ab
sOTCion, ele., se encuentran constantemente en fa practica de la ingenieria.

Dependiendo de las condiciones, un fluido se puede mover en dos )
tipos de patrones de flujo, llamados laminar o turbulento. La distincién
entre estos patrones de flujo fue indicada por primera vez por Osborne
Reynolds.

A velocidades bajas el fluido tiende a fluir sin mezclado lateral, res-
balando las capas adyacentes unas sobre otras como los naipes de una
baraja. En este caso no hay corrientes cruzadas perpendicularmente a la
direcciton de flujo ni tampoco remolinos. A este régimen o tipo de flujo
se le llama flujo laminar.

Depésito de colorante

Tubo de cristal

S |

Valvula parp
- ok control de
o~ numeroe de
Reynolds

A velocidades mis altas se forman remolinos, lo que provoca un mez-
clado lateral; éste recibe el nombre de flujo turbulento. La velocidad a la

cual ocurre el cambio de laminar a turbulento recibe el nombre de velo-
cidad critica.

Depésito de colorants

Vélvule para
control de
nuometo de
Reynolds

El trabajo de Osborne Reynolds mostr6é que el tipo de flujo en una
tuberia depende del didmetro de la misma, asi como de la velocidad, den-
sidad y viscosidad del fluido. El valor numérico de fa combinacion de es
tas cuatro variables se conoce como mimero de Reynolds, y se considera
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que es larelacion de las fuerras dinamicas del flujo al esfuerzo cortanie
debido a la viscosidad, Fl ndmero de Reynoids es:

Nolte = —-‘—D:p = D.u

4

Parados propositos ingenteriles se considera que ef flujo en tuberias
es laminar si el Reynolds es menor de 2100 y turbulemo si es mayor de
10 000. Entre estos dos valores se encuentra la zona de transicion en donde
existe el proceso de cambio de flujo laminar a turbulento. .

Fn un fluido en movimiento se consideran lineas de corriente a las
lineas orientadas segin la velotidad del liquido y que gozan de la propie-
dad de no ser atravesadas por particulas del fluido,

Cuando unliquido fluye se efectia un movimiento relativo entre sus
particuias, resultando una fricciéon o rozamiento entre las mismas, Exis-
ten dos tipos de friccion:

e Friccion interna. También llamada viscosidad. Es la resistencia a la

deformacion, que presentan todos los fluidos.
o Frwecion externa. Es 1a resistencia al deslizamiento de los fluidos a
lo largo de superficies solidas.

Cuando un liquido escurre a lo largo de una superficie s6lida, existe
siempre una capa adherida a esta superficie que no se pone en movi-
miento.

Se debe entender que la friccién externa es una consecuencia de la
accion de freno ejercida por esa capa estacionaria sobre las demas particu-
las en movimiento. ’

Un ejemplo importante es lo que ocurre con el flujo de un liquido
en un tubo: junto a las paredes existe una pelicula del liquido que no par-

ticipa del movimiento, siendo la velocidad igual a cero. En la parte cential
se encuentra la velocidad maxima.

Pared de! Tubo Pered del Tubo
} V max
_rug 3
-

velocidad u A velocidad v

Flujo Turbulento Flujo laminer

A consecuencia de la friccidn interna v externa el flujo de un tiquido
en una mberia se verifica solamente con la pérdida de energia.
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pérdida
} de

energia

ve i liquidno

I

De acuerdo con a ecuacian de Newton, para un tnho por et que Au-
lgalando fas Tueyzas APA = 78

()
. ;
odn
T s | L
Al'm Y = r2mil,
(1 — 12y - i
R
b - L= rY - dy i —ry -y b
2 - L [ 2 - L 1
Integrando
::dri = — ——(!,2] .—].::2) \-frdr
i = (:l [— !’i) (R — 17
o=
I. =

velocidad puntual en el punto r
Longitud de ta tuberia

{a
u =

laminar se aplica la ecuacion de Pouseuille:
T

Para obtener la velocidad promedio en un tuho teniendo régimen

Pl — r2 - r?
- R? =

8

“Lp
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o = candal (=) L8

= velacidad promedio
n
- = 1
I

59

Paa Majo Luninas en tuberias cineulares el perlil de velocidades es
parahdlico, con una selodidad maxima en el centro (apendice XX,
Para tubos lisos en flujo wirbulento se presentan tres zonas de uge:

* Una zona pegada ala p;ertl, en donde el flujo es laminar y csti

dadloy por:

4

" =

T 1 I N T

« Una sona nnbualenta,

w' =nh o+ 25 Iyt waray ' > 30
’ 1 A

s Pa tubos ingosos,

Lina 7zona de transicion,

puay’ < b

para b < y' o< 30

. -
¥ .
W' o= HH 20 M e pina yho> 80
, ]
en donde:
= velocidad local a una distancia desde {a pared del tulo
u' = (uiu*
w' = (rwgelp)
rw = esfuerzo cartanie en la pared

ge = facior de conversion = §.81 kg mH:;; seg?
p = deusidad del fluido (=) AL~

¥ LA ().."* . ﬂn’}l)
y = distancia desde Ia pared de la tuberia
¢ = altura de la rugosidad (=) L

A continnaciom se ilustran diferentes perfiles de velocidades para flujo

turbulento,



Problema 2.9 SN

« ~22-,
Porunatuberia de 10 cm de didmetro interno fluye agia 4 una velocidad
de Sanfs a 2000, Deteimine st el Rujn es Jaminar o turhulento.

I IRADUCCION

ra
o= Hols l
. D~ 10em’
7= 200,
70 DINAMICA DE FLUIDOS

2 PEANITEAMIENITO
21 Discusiin

Para suber i el hajo es aninar o taybidento e debe ohtenes el nimero
de Reynaolds:
up
N“Re - -
it

T CALCUEOS

31 Numero de Reynolds
M o 20000 = LO0R s Gapéndice XIV); pyy,e 0 2000 = FOR2 kghn Y apéndive i

Re = 01 5w x 9982 kg’

10056 x 10 7% kptma

Re = 496 616.92

1 RESUL.TADO

Fl OQujo es tithulentn, pues el Re es 40661692,
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1. RESULTADOS

La caida de presién es de 14 605 kg.’m2 por 100 m de tnbo, La veloci-
dad en el centro del tnbo es de 0,0848 infs. El esfuerzo cortante ¢s de 9,128

x 11 I:;;!m?.
Problema 2.12

Por una tuheria con .68 m de didmeiro inteino fluye un aceite con
o= 15 epsy p o= 800 kpim® y un candal de 40 m*h,

Determine el perfil de velocidades y la caida de presian por metro de
tuberia.

bOIRADUGCION

Ga = 40 m*h
p = 800 kghn®
o= Ihceps

2 PLANTEAMIENTO
2 1 Discusion

Si el Auido se mueve en tégimen laminar se puede aplicar la ecuacion
de Poiseuille.

2.2. Perfil de velocidades
Pata régimen laminar:

)2
u o= 2u (lw— R"')

2.3 Caida de presion

Para régimen laminar:
32uul

AP =
U‘ch -
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3 CALCULOS
3.1 Velocidad

\
’

PR 10 L = 00306 mis

A R (3600 5) Roasy

3.2 Nitmero e Reynolds

Diip .68 m (0.0306) mis (800) kgim*

e = 3
u 15 x 1077 kghns
Re = 1110
3.3 Perfil de velocidades
2 .2
w = 2 (0.0306) (l— — ) = (L0612 (l - ———)
((.31) 0116
Mediante la ecaacion de Poisenille se obticnen los datos de r y w
room woomfs r u
L] 00612 0 0612
+ I NR5H N.0574 + 05 0.059881
+ .17 00459 + (.10 0 05592
4 2585 0.0268 + .15 004932
+ 340 - 0 Lk 020 0.040096
+ 025 (102822
+ 0.30 0.013717
+ 0.4 Y

3.1 Caida de presién

32x 15x 103 kgfms x [mx 0.0306 mis . kg
AP = T =0.0032379 2
(0.68)°m*°x 9.81 Ns? nt

' kgm

4 RESULTADOS
Fl perfil de velocidades es:
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CAPITULO

Balance de masa y energia
en flujo de fluidos

CAUDAL

Se denomina caudal al volumen del liquido o gas que atraviesa una sec-
cidn en la unidad de tiempo. En México sucle recibir también el nombre
de gasio volumétrico,

Ca = uA

Ca = cawdal (=) 1,2 67!
u = Velocidad promedio del fluido (=) L g-!
A = Seccién transversal de flujo (=) L?

Gasto masico

Con mucha frecuencia se utiliza el término de gasto o flujo masico o gas-
to o flujo moelar, el cual indica la cantidad de masa o moles que pasan
por un punto dado.

M = udp = Cap M = Gasto masico del fluido (=) A 87!
i - M : p = Densidad del fuido (=) AL
PM M = Gasto molar del fluido (=) moles 8~
PAM = Peso molecular del fluido

a
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ECUA(_:I(’)N DE CONTINUIDAD

Aplicando el balance de materia a un ducte por el cual Ruye un Mrido

a régimen prerimanente se tiene:

M,
1
“Ca
]
Ca, 7
Ay
P2
n
M, = M,
Ay py = WA

Ca,py = Cay py

Para el caso de que ef Ruido sea gas:

P.ra
nr

Sustituyendo

Plpn‘t’ll 712A2 P"_)Pn!2
"I"tl . =
R.T, R.Ty

Si no hay reaccion quimica: PMy = PM,
por lo que:

HIA lf’l _ 112}‘12,)2
T Ty
o = N l’] . T2 . Al _ Tll I]| ’rg ( [)] )2
B : P‘z 7'1 ’1‘2 My 1)2 7‘; DQ

Si es fluido incompresibfe:

f = P2

A, = ugA,

A, ( D, )2
g = Wy — = 1
t A2 .’):2
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Balance de materia

M = A2
Balance de energia
Epy v By v Eleg v T+ = Bpy ¥ Liey + By + Uy + 7
(Fpy = Fp 4 (Fey — Fryy # AEPrg — EPe) + (g — Uy = — 2
Sabtendo que I = U + PV y 'V = Itl"ﬁ

(Fpo — Epyy + (Fey — Ee)) + (Hly — 1) = Q@ — .7

ALp + AFe + AH = §Q — 7
en donde:
* variacion de encigia potencial ¢
AEp = (Zy — 7)) - g M
¢ variacion de encigin cinética
- b9 2
Alr = — (ny — ) M
5 i
2
¢ cambio de entalpia
Al = (g — ) M
Un tipo de halance de energia mas il para flujo de fluidos es el que
considera la energia mecinica. Los términns de calor y energia interna
no permiten una conversion simple en trabajo, tal como lo indica la se-
gunda ley de la termadindmica, dependiendo la eficiencia de la conver-
sian de la temperatura. Al hacer un balance de encrgia mecanica la paite
de la energia mecinica que se convierte en calor se considera como pér-

dida de friccion De acuerdo con la primera ley de [a termodinamica:

AU = Q — 1 .. (D)
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r o~ n.:l::nﬁ. aque reatiza el Hoicdo (=) 1L
0 - caler (= F.L
1= vedhmen (=3 47
LF o pavdidas pon bricdidn (=3 11

Sustitorendo en by cenaonn |

v,
AlT = () — \ Podvy oy BE 0
Vy
pero M= Y, (Y
Sustitivendo ey B
Y " T
All = () - \ Pdvy o« Ry \ PV, \ Vi - ddit
v, vy AR

-
Al = Q + \ Uy dP ok EF

Sustuyendo en Ta ccuacion de balance de energhae

[ . . e
AT U2y = Zywr . M (r.v._,‘3 — H|“J) + (_)_ + M \l"“d."d Y= Q-- s
2 ALY
. . i . . e — L — .
(g = g (e® — 1%y v \l’ ol =
2 Jn A

Lo ecaacian antenor se conoce con ¢l nomhe de ecaacion de BRer-
nonlli.
El valor de Ta integial depende de a ecoacion de estado del Qaido
v de L trayectoria del proceso. Si el Tuido es incompnesible ¢l volumen
serd constante, por lo que la ecnacion quedaria:
1

| . ’ ' ' — #—LF
(o = Z08 ¥ (0 — w4 Py = P = = o
p

Al

LLa ecuacion anterior se aplica al flujo isntérmico de un fluido incom-
presible quee Buye por un ducte, con pérdidas de friccidn pero sin adi-
citm de calor,

En las ccuaciones anteriores las unidades estin en £ 072 Si se ha-

en conversiones con el factor ge las anidades quedarian F4LA

gro= OR8] I:;; m/ kgscg"‘
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De mabera que by ecuacion anterior qucrl:u‘i:l:

r " . { |
(70 ~— 7)) - '—L— bo(ne® — ul“’) o — Py — ')
I'G ’ doope e

Siose atiliza el sistema MKS absoluto en I ccuaciaon anterior todos
kg.m

los piiembros estarian dados ey —2—
kg
e donde:
Zoenoan
g = 981 mfeg®
woen miseg
Poen kphn®
goen kphn

)” en k_s._l, miky

Bz o
----=en hgoandkg
\ B s

)

ks importante notar que cada una de los 1énminos de energia pue-
tlen sm }-'xpr esados en metios para el sistema MKS, o cn pies para el siste:
mainglés, constituyendo lo que se conoce como carga, altura o cabera.

n este capitulo seresolveran problemas aplicando la ecuacion de
Bernoulh asistema de transporte flaido, dindose o ignorandose las pér-
didas por hiccidn, Asimismo, se indicard posteriormente como obiener
estas pérdidas. .

El teorema de Bernoalli puede ser enunciade de la siguiente mane-
ra: “Adlo largo de aunlquier linea de corriente la suma de las alturas ciné-
ticas, rle presion o piczométricas y potencial €s constante”.

El teozema de Bernoulli no es mas que el principio de {a conserva-
cidn de la encrgia, ya que cada término de la ecuacion representa una
forma de encrgia, Fsta ccuacion puede simplificarse scleccionando los
limites del sistema apropiados.

PROBLEMAS RESUELTOS
Problemas 3.1

Calenle despreciando las pérdidas por friccion la potencia que desairo-
lla |a turbina hidriaukica de fa figura siguiente:
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kend
Abipr = 227 o

L) = 10 ¢ 297 ¢ 18 = 3027 keallkg

1 RESUTITTADOY
El calon serd de 50027 Kealiky

Problemna 3.6

A través de una tuberia de 20 om o de didmetro interno circula un gas con
una presion manomética de 2 kglem? y una temperatura de 40°C, Si la

.. P — a . .
presion hinométrica es de 1.03 kglem® y la velocidad a que circula el gas
es de B0 mibs, sonal es el gasto masico y el candal? El peso molecular del
gas os de 20,

I TRADUGCION

Py = 1.03 I-:E;.ft::m2

P = 2 1-(_g.fcm2

u = Bmis O=02m Ca =1

2 PLANTEAMIENTO
2.1  Feuacion de 1a continuidad

J'"I = 1‘12 M Hy p| f1f = lg p? A?

\
Cﬂ = Aflfﬂl -
2.2 Densidad i
M PPM |
p = ee— = e-_—

Vv RT A
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TCALCTTOS

A1 Densidad deb gas

(2 + 103 :g!'ctrlﬂ % 29 kglkgmol

p = — = 3.314
kgfem® 0.082 m*
toag =B SR NN BT 273 4 40) 0K
atm kgmol "K
392 Gaslo masico
amn kg T 9
M o= —— x 331 —F% x — (0.2)% = 0.52029 kgis
< - m 4
3.3 Cauda
HI'.‘
tn = 052020 kgls X —————— = 0.1569 s
3314 ky , -

4 RESULTADOS '

El gasto misico es de 0.52029 kgfs y el caudal es de 0.1569 ms.

Problema 3.7

A través de una taberia harizontal de 5 cm de diametro interno circula .
metano arazdnde 1400 kglh. El gas entra a la tuberia ala presién ahsolu. "

ta de 70 kgfem? y a 68°C v sale a la presién atmosférica. ;Qué cantidad de
calor habria que suministrar para que el gas saliera de la tuberia a la mis-
ma temperatura de cntrada?

1. TRADUCGCION

> >0

= 70 kg/cm? Fy = 1atm

o
I

T, = 88°C D = 5em T, = 68°C
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2 PIANITFAMIENTOY
2.1 Diseusion

Constdérese al metano como

22

Ralance de energia
M [AH b OAED 4 Am]

I'n este caso = {)

-32-

109

si fuera un gas ideal,

[l

Zg— 71 =0 AP =0
Ty =1, =0 A = CpAT = 0
M AR = ()
2.3 Velocidades
Ay = Ay uyppy = Aa g py
Al = /‘2
ty = 1ty pilpy
m 'Pat
p=— = ;T = T,
v RT e
['1 P,’\{’ R2 T-z P|
Hy = M, - = u
. I{I I", PA_',_) P.’”Q ' Pg
P1)2 2
B Uy - — U
NP el ( Py
2gc 2gc
Ca M
iy = = m—
A pAh
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5 CALCULDS

31 Velocidad inicml

70 l:gh m” v bt 1033 l:-;g.'une * 16 kglkgimal
f“ ST e to o mmemorr sme s e aeema e o g

II'I‘ atm
N2 il 34K

ki mol”K

py = BRTT kgt

LI00 kgl x ThI3600 s
) = m e e D —— = 5108 mis

. " 0
S8 77 k.qhn" P -l— (0.05)-

B2 Balance de energia

[0 ()] = e
5,108 — {5.]1R) .
. kﬁ( I ) : 1033 m®
00 e[ e R = ¢
0o\ Boos — 2 <
kyrin S
2 YR -
s kg
k_}:{rn
() - PR s
s
e
_ kgm 481 ] 1 cal b keal keak
O = 93749 X e X X = 5515 -
S kg 12 f 1000 cal s

1 RISULTADO

.. - : L
Se debervan suministrar 5.545 kealfs al gas para qué salga a una tempera-
tirn de 6R°C.

Problema 3.8

Si en el problema 3.7 la conduccion se recubie con una capa de material
aislante de forma que la civculacion pueda considerarse adiabitica, souil
seria Ja remperatuta de salida del inetano? Dato: Cp = 9.28 kcallkg mol °C,
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CAPITULO

Perdidas por friccion en
Jhwjo de fluidos

Para daaplicacion industrial de la ecuacion de Bernoulli es necesario co-
nocer el término de pérdida por friccidn por unidad de masa de Huido
Si se aplica la ecnacion de Bernoulli al siguiente sistema, donde el

aren es constante, ta presion de salida es menor a la de entrada y el fluido
en mosimiento es incompresible.

Ay A, Py < P
2, Zz
o P, Ay = A,
Uy Uy
5 | P LF
72 — I E 4 w? — ) PP — = T
g 2 - gc P A
Hy = M,
Zy = 7,
=0
por lo que:
AP
— = —LFM
p

o que sigmifica que las pérdidas de presidn son debidas a la {riccidn.

129
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Para obtener fa forma en que influye la friccién en la caida de pre-

sion se deben examinar las variables que influyen en el flujo de fluidos.

Entre ellas figuran: ’

* Caida de presion AP
¢ Velocidad media T
e Didametro del taho D
* Longitud del tubo 1
* Rugosidad del tubo €
* Viscosidad del Quido I
* Densidad del fluido o

Todas tas variables son ya familiares, con excepciin de la rugosidad
del tuba; ésta se debe a que en general el tubo no es liso, existiendo una
longitud transversal desde la pared del wbo.

T [ Yo

Si se define la hiccidn en las paredes de la tuberia en términos de
la cantidad de momento transferido, puede deducirse que:

LF 9
= fi{pui2 -gr)
Y fr g
LF = fuerza de triccion
A = area sobre la cual actaa la fucrza de friccidn zxDI.
p = densidad del fluido
u = velocidad del Nuido

b
|

coeficiente llamado factor de fiiccion de Fanning

Efectuando un balance de energia sobre una longitud de tuberia ho-
rizontal y recta y de didmetro D,
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La fuerza requerida para sobreponerse a la lriccion debe suministrarse
por la presion,

LFrDL.
M

h?

= AP - drea de Hujo = AP -

La fuerza de friccion es:

LFr .
ST xl) - L o= [, (on’1ge) x> - 1.
!
. por lo tanto:
AP x?

el fr (putoge) =1y - I

1. .
Al' = 4 }; (puzngr) I

2
M = Py A S L
2 - g D

L.a ecuacion anterior es muy importante y se conoce como ecuacion
de Fanning, y se utiliza para calcular la caida de presion que se produce
cuando un fluido circula por ¢l interior de una tuberia.

El coeficiente fp se conoce como factor de Fanning y depende del ni-
mera de Reynolds y de la rugosidad de {a tuberia. No ha sido posible en-
contrar una sola ecuacion gue prediga los valores de f pﬁra todos los

patrones de ffujo, encontrindose las siguientes 1elaciones a parntir de da
tos experimentales:

a} Para flujo laminar

16
Nolte

£y Para Hujo turbulento. Nofte > 10000
F.n tubos lisos

fr =

fr = 0.316 (NoRe)~" %

En tubos rugosos

1
— = 406 log(Dle) + 2.16
N7
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£y Para flujo transicional, 2100 < NoRe < 16000

I ‘ Die
—— = < lagte) + 228 — 4 o (’1()7 ———— + 1}
\"[} K A Nr;l\’r\//,

Ot [actor wsado con frecucencia es o factor Darcy

fn = 4

Para ser pracesado por medio de compuindoas el factor £, puede
calcutarse medianie*

8 8 ¥ ] 1mn2
o= 8 x
Ji [( Rp) T Ay n)i‘”}

en donde:

16

: 1
A = 2457 In _ i)
7 . 0.27 €
Ite b
(37530 i ' '
B = ' |
Re ) .

Moody presentd una grilica basada en las correlaciones anteriores,
Ia que permite obtener rapidamente el valor del factor de friccion f de
Darcy en funcion del wmimero de Reynolds y de e/,

La grifica de Moody aparece en el apéndice XXIV. Fl valor de /)
se puede obtener Ficilmente a partir de la grifica del apéndice XXV, L.
combinacién de estas dos graficas permite calcular las pérdidas por hic-
cion en tubos de longitud L y didmetro D cuando la velocidad promedio
es n y las propiedades del flnido son p y p.

PERDIDA§ DE ENERGIA POR CAMBIOS DE
DIRECCION Y POR ACCESORIOS

Cuando la direcciaon del flujo se altera o distorstona, como ocurre en seir-
pentines, codos o a través de reducciones y vilvulas, se producen pérdidas

* Stuart W. Chinchill-Chem Eng, Nov 7. 1977
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de friceiom que no se recuperan. Ista energia se disipa en remolinos y
tuthulencias adicionales v se pierde finalinente en forma de calor,

Las pérdidas en los aceesotios son proporcionales a la velocidad. Con
hecuencia estas pérdidas se encuentran en forma de tablas bhasadas en
datos experimentales. aungue en ciertos casos pueden calcularse.

Uina forma de obtener estas pérdidas por friccion es mediane la si-
guiente relacion: l

A
p A g

:izh u?

donde K es un coeficiente que depende del accesorio y se obtiene por
tablas (apéndice XXVII).
Ouna manera de caleular estas pérdidas es por la longitad equivalen-
te, de manera que:
LA a2
AP LF / u- leg
- = =In

0 M 2gc D

donde Leq es la longitud equivalente, siendo la longitud del tubo recto
fque provocaria una caida de presion semejante a Ia causada por el acce-
sorio estidliado. Ta longitud equivalente se obtiene por medio de grifi.
tas o tablas (apéndice XXVI)

Las pérdidas de friccion total en un sistema de bombeo estardin da.
das por:

AP LF fy - u¥(L + Leg)
n Af 200 - D)
I = fongitud del tubo 1ecto (=) L -

LF EF wbo recto + LF de accesorios

H

Fntre los accesorios mas comunes se encuentran los siguientes:

Vilvula de globo (asiento) . —N———
¢ Vilvula de compuena {aajadera) _m__

* Valvula de retencion (check)

* Vilvula de mariposa —@——

. Te"

¢ Codo 90¢
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s Codo 45° "\,

¢ FEnsanchamiento brusco ;‘%

.® Contraccién brusca - =

Para los fluidos que pasan por tubos enroscados (serpentines) el va-
lor critico del namero de Reynolds es mayor que en los tubos rectos y
depende de la relacion d/ZD, donde d es el diametro del tubo y D el didme-

tro de las espiras del serpentin. Esta relacidon se observa en la siguiente
figura:

B8OOI —r - —
0 Flujo turbulento —L_,,_I.--F'
—
6000 I it r
R, /] Flujo ]
* 4000 7 laminar |
% ]
2000 (2]
L

0 001 0.02 0.03 0.04 005 0.08 O.C_ﬂ'
a0

La pérdida de presién por rozamiento en un tubo enroscado (serpen-
tin} es mayor que en un tubo recto. .

Apaer = APrccln \l’
¢ o= 1 + 354(dD)

Para los ductos de seccién transversal no circular se introduce en el
nimere de Reynolds el dizmetro equivalente, que es igual a cuatro veces
el radio hidraulico ry,. El radio hidraulico es la relacién entré el drea de
la secci6n transversal del flujo A y el perimetro mojado.

1 I

™ (drea de flujo/perimetro maojado) B
D€q=4‘f‘n . o

Cuando existe una contraccién o expansion siibita se da una pérdida
de energia por fricciéon.
Para la expansion:
LF © oyt
—— = Kex —+
‘ 2. g
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It

u, velocidad en el drea mds pequenia

Kex = coeficiente de expansion (apéndice XXIX)
Para la contraccion: o

LF tg?

Kc —2
M 2. g

Hg
Kc

velocidad en el drea mis pequenia corriente abhajo
coeficiente de contraccidon (apéndice XXIX)

EFECTOS DE LA TRANSFERENCIA DE CALOR
EN EL FACTOR DE FRICCION

El factor de friccién se emplea para flujo isotérmico, y en el caso de que
se tenga flujo no isotérmico se puede utilizar el método de Sieder y Tate
para predecir el factor de friccion en liquidos y gases.

En un liquido el cambio de temperatura afecta las propiedades fisi-
cas de dicho fluido, en especial lo que se refiere a viscosidad.

I.a secuencia del método de Sieder y Tate para el cilculo del factor
de friccion es como sigue: , :

1. Calcular la temperatura total media Tm como el promedio de las

temperaturas de entrada y salida.

" 2. Calcular el nimero de Reynolds con la densidad y viscosidad a la
temperatura total media para que se pueda obtener el factor de
friccion f.

. Determinar la viscosidad a la temperatura de la pared Tw.

4. Calcular ¢ seguiin sea el caso:

A

¥ = (pmipw)®?  calentamiento NoRe > 2100

¥ = (umipgw)®"' enfriamiento “NoRe > 2100

Vv = (amipw)®?®  calentamiento NoRe < 2100 o
Vv = (emipw)®?® enfriamiento NoRe < 2100
donde:

gt = pala T media del fluido

pw = palaT dela pared

5. Dividir el factor de friccién obtenido en el punto 2 entre el valor
de ¢, obteniendo asi el valor del factor de friccién final.

Las tuberias utilizadas para flujo de fluidos se dividen en dos gran-
des rubros: las tuberias basadas en el nimero de cédula NPT{nominal pi-
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pe tube) empleadas para el transporte de fluidos y las tuberias basadas
cn calibres AWG(American wire gauge) y BWG(Birmingham wire gauge),
empleadas en la construccidn de cambiadmes de calor y ¢alderas.

El nimero de cédula esta 1elacionado con la presion porn:

No. céduta = 100H{PIS)

P = presion interna en 1 /in?
N .. TR
8§ = tension a la ruptura b fin®

Fstas denominaciones se utilizan para tuberias de acero, acero inoxi-
dable, acero galvanizado y hierro colado. Los datos mas importantes so-
bre estas tuberias aparccen en la tabia de! apéndice XXXL

En las tuberias para cambiadores de calor el didmetro externo
coincide con el nominal, y a mayor calibre menor es el grueso de
la (uberia. ) )

En general se tiene diagrama para flujo de tluidos a través de tubos
de intercambiadores de calor para obtener ¢l factor de friceion contia
el mumetro de Reynolds (ver gratica del apéndice XXXH).

Materiales empleados en las tuberias

Las materiales usuales son: acero, aceto inoxidable, aluminio, plomo, as.
besto, cemento, cobre, concreto, hierro forjado. hierro tundido, hierro
negro. latén, ceramica vitrificada, plisticos y aun vidrio.

Velocidades en las lineas

Para evitar deposiciones en las toberias [a velocidad minima generalinente
es fijada entre .25 y 0.4 miseg. Si lo que se transporta tiene materiales
en suspension la velocidad no debera ser inferior a 0.6 m/seg.

Velocidades recomendadas

Las velocidades mas cominmente aplicadas en el disenio de redes de tu-
berias se indican en la siguiente tabla:

Flujo ‘ Velocidad m/seg

Gases a tiro natural 24
Gases a presion atmosférica o cercana a

ésta en conductos de gas y tuberias de

ventilacion 5-20
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EFECTOS DE LA TRANSFERENCIA DE CALOR EN EL FACTCR DE FRICCION 137

dos

Liquiros al desplazaise por acdion de

gravedad : 0100
Liquidos en tuberias de presion .5:2.5
Vapor de agna a presion absoluta inayor o

igual a 0.5 aun 15-H}
De 0.2 a 0.6 atm 40-60

En este capitnlo se verdn solimente problemas relacinnados con flai-
incompiesibles.

Stmbolos utilnzados en esta obra
* Tuberia
¢ (Codo

)
T

- ..o[-‘)n

* Vilvula de globo

* Vilvula de compuerta

- e oal
* Vilhvula de retendion

* Contraccion

* Fxpansion

* Bomba

* Tauque abierto
¢ Mandmetro

®* Termdmetro

* Nivel

* Ventilador

@@@@B@WX#
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142 PERDIDAS POR FRICCION EN FLUJO DE FLUIDOS

A = 7451 x 10

/i-‘

I

IS |2 l e
R x ('—-__'7___) o on - TN
H323 11 (FUnl x 1" 4 28799 x (0
fn = 1L.O1UL
1 RESET TADO

[as pérdidas por friccion serin de 2 |8 k_;;nn'kg
Problema 4.3

Culeule Iy portencia que se requicre pana hombear acene de densidadd re-
Lativa O R0 v viscosdad 8 cps a razon de A s, 2 través de una tiberia de
acero de 2 pudgadis Ced -y 100 de longitud La tuberia es hotizontal
va preaon de desearga os da misma que [y presion de entiada

Sicomo consecuencia de la corosion vde la formacion de costias
Fa tugosidad se incrementa H) veces, zen qué porcentaje se aumentatd la
potencia de hombeo sequerida?

I IRADUGOION

=7
t =100m
Ca = 4ls D = 2 pulgadas
T OPLANTEAMIENTO
21 Fenacion de Bernoulli
An® ar o LF
a7z P . A
g 20 ) M A
En este caso Zy = Zy I’y = Py v para un fluido incompresible

u|A|p| = u«z,\gpz; P = po A| = AQ

Ly = Ug
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PROBLEMAS RESUELTOS

l.a ecuacion resultanie cs

P vr
M Al
TOLALCUT O
S Pérdudas por firiceinn
= 2067 pulgadas = 00525 m
’ (HOO4 1t () _m
Moo= —— — = LRI7 —
S T (0.052M- §
i 0525 m (850 kgh'y (1847 mis)
f =

3% (0" kglmls
- - ryr r E

Delb apéndice XXV o 00004
)

Del apéndice XXIV f, = 0027

LF D07 (LAIT? (1om -
—— e -—— = R.91 kgmikg
M 2 (.81} (1).0525)

€
Si — diez veces mavor = (0000, £, = (0.034
I3 ‘

LF (1 03m
= RO —
M (0087

12.916 kgmikg

3.2 Potenda

M= s (085 kgl = 31 kels

1 —_—r

) = 30.396 kgmikg
kg

#y = goq KB gy K8
S

Py = 12006 (34 kgle) = 430914 kgm/kg

4390 — 30,306
= x 10 = 14447
30.396

AYRN
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CAPITULO

Ihuados no newtonianos

FLUIDO NEWTONIANO

Cuando un fluido presenta una viseosidad constante aun con el cambio
de velodidad de corte, se trata de un [luido newtoniano.

T du
T = —pu

dy

du

dy

Las fluidos que presentan cambios al variar la velocidad de corte reciben
el nomhre de fluidos no newtonianos, entre los que se encuentran

a) Fluidos Bingham

Son aguellos que necesitan de un cierto esfuerzo para comenzar a fluir.
Como ejemmplo podemos citar las suspensiones de rocas y arcilla.

506
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5086 FLUIDOS NO NEWTONIANOS
T _ du .
= —na —- T
T i dy 0
o o
du
dy

by Fluidos seudoplisticos

Suovistasidad decrece al anmmentu el gradiente de Ia velocidad Como
ciemplos podemos menaonar las sotuciones poliméricas de peso molecu-
lu elevado, 1a pulpa de papel v 1a mayonesa, i
Existen varias ecuaciones que predicen el comportamienta de estos
Auidos: [a mas comiin es el modelo empirico de Ostwald-de Waele-Nutiing

n = Indice de comportamiento del flujo

du
dy

¢) Fluidos dilatantes

En ellos 1a viscosidad aumenta al aumentar el gradiente de velocidad, Las
suspensiones de almidan, de silicato de potasio y de goma arabiga son
ejcmplos de Muidos dilatantes.
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FLUIDOD NEWTQONIANG 507
’ (ar)
T s -8 | -—-
dy
- o a -1
ua = +K (_..Lf—) -
dy
\
n >
du
dy

d) Fluidos tixotropicos y reopécticos .

Stae sounete un Nuide atensiones y velodidades de deformacian, prune-
ro crecientes y luego decrecientes, y pnesenta un ciclo de histéresis, o sen
qe fas curvas de esfuerzo cortante conua la velocidad de delonmaaion
o reogramas no comnciden, se dice que cste {luido es tixotrdpico o reo-
péctico.

Se denominari al [uido tixotrdpico si su viscosidad aparente dismi-
nuve con el tiempo v 1ecopéciice si aumenta. Como ejemplos de fluidaos
txonApicos estin los aceites vegetates y minerales, las gelatinas, L miel,
la crema de afeirar. las pinturas y la mavonesa. Como ejemplo de fluidos
teopéclicos estin las suspensiones de yeso en agua y las de benronita v
pentoxide de vanadio,

r tixotrdpico seudoplastico T .
Reopéctico seudopldstico
&
W
e
AP
P [
, \°°
I
S
<+
--dufdy —du/dy

Desplazamiento laminar de los fiwdos no newtonianos.
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Chapter 14—Natural Gas Fluids Measurement

SECTION 3—CONCENTRIC, SQUARE-EDGED ORIFICE METERS
PART 1—GENERAL EQUATIONS AND UNCERTAINTY GUIDELINES

1.1 Introduction
1.1.1 SCOPE

This standard provides a single reference for engineering equations, uncertainty estima-
tions, construction and installation requirements, and standardized implementation recoms-
mendations for the calculation of flow rate through concentric, square-edged, flange-tapped
orifice meters. Both U.S. customary (IT) and Intcmational Systemn of Units (S1) units are in-
cluded.

1.1.2 ORGANIZATION OF STANDARD

The standard is organized into four parts. Parts 1, 2, and 4 apply to the measutement of
any Newtonian fluid in the petroleum and chemical industrics. Part 3 focuses on the appli-
cation of Parts 1, 2, and 4 to the measurement of naturai gas.

1.1.2.1 Part 1—General Equations and Uncertalnty Guidellnes

The mass flow rate and base (or standard) volumetric flow rate equations are discussed,
along with the terms required for solution of the How equation,

The empiricat equations for the coefficient of discharge and expansion factor are pre-
sented. However, the bases for the empirical equations are contained in other sections of
this standard or the appropriate reference document,

For the proper use of this standard, a discussion is presented on the prediction {or deter-
mination} of the fluid’'s properties a: flowing conditions. The fluid’s physical properties
shall be determined by direct measurements, appropriate technical standards, or equations
of state.

Uncertainty guidelines are presented for determining the possible error associated with
the use of this standard for any fluid application. User-defined uncertainties for the fluid’s
physical properties and auxiliary (secondary) devices are required to solve the practical
working formula for the estimated uncertainty.

1.1.2.2 Part 2—Specifications and Installation Requirements

Specifications are presented for orifice meters, in particular, orifice plates. oriflice plate
holders, sensing taps, meter tubes, and flow conditioners.

Installation requirements for orifice plates, meter tubes, thermometer wells, low condi-
tioners, and upstream/downstream meter tube lengths are presented.

1.1.2.3 Part 3—Natural Gas Applications

The application of this standard to natural gas is presented, along with practical guide-
lines. Mass flow rate and base (or standard) volumetric flow rate methods are presented in
canformance with North American indugery practices.

by the AMERICAN PETROLEUM INSTITUTE {AP[)
13:17:13 1996
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CHAPTER 14—MNATURAL GAS FLuIDs MEASUREMENT

1.1.2.4 Part 4—Background, Pevelopment, and Implementation
Procedure and Subroutine Documentation for Empirical
Flange-Tapped Discharge Cosftictent Equation

The coefficient of discharge data base for flange-tapped orifice meters and its back-
ground, development, and limitations are presented.

Implementation procedures for flange-tapped orifice meters are presented, along with a
set of example calculations, The examples are designed to aid in checkout procedures for
any routines that arc developed using the implementation procedures.

1.1.3 REFERENCED PUBLICATIONS

Several documents served as references for the revision ol this standard. In particular,
previous editions of Chapter 14.3 (ANSI'/API 2530; A.G.A.2 Report No. 3) provided a
wealth of information. The laboratory reports for the experimental data bases also provided
valuable information conceming the conirol of independent variables, both qualitatively
and quantitatively. Other publications, symposium proccedings, trade journals, textbooks,
and society papers were consulted for the revision of this standard.

A complete hibliography is available upon request from the American Petroleum Insti-
tute. A reduced list, referencing the major experimental research, is contained in Appendix
1-A,

1.2 Fleld of Application
1.2.t APPLICABLE FLUIDS

This standard applies to steady-state mass flow conditions for fluids that, for all practical
purposes, are considered to be clean, single phase, homogeneous, and Newtonian and have
pipe Reynolds numbers of 4000 or greater. All gases, most liquids, and most dense phase
fiuids associated with the petroleum, petrochemical, and natural gas industries are usually
considered Newtonian fluids. ’

1.2.2 TYPES OF METERS

This standard provides design, construction, and installation specifications for flange-
tapped, concentric, square-edged orifice meters of nominal 2-inch Schedule 160 and larger
pipe diameters.

An orifice meter is a fluid flow measuring device that produces a differential pressure to
infer fiow rate. The meter consists of the following elements (see Figure 1-1):

a. A thin, concentric, square-edged orifice plate.

b. An orifice plate holder consisting of a set of orifice flanges (or an orifice fitting) equipped
with the appropriate differential pressure sensing taps.

¢. A meter tube consisting of the adjacent piping sections (with or without flow condition-
ers).

The auxiliary (secondary) devices necessary for the precise determination of flow rate are
not included in the scope of this standard. These devices are usually instruments that sense
the differential and static pressure, fluid temperature, and fluid density and/or relative den-
sity (specific gravity), and either mechanical recording devices or electronic calculators,
Publications of the A.G.A., APl, GPA.) and others should be used to specify and install
these auxiliary (secondary) devices.

'american Society for Testing and Matenals, 1916 Race Street, Philadelphia, Peansylvania 19103.
lAamerican Gas Association, 1515 Wilson Boulevard, Arlington, Virginia 22209.
IGus Processors Association, 6526 East 60ih Street, Tulsa, Oklahoma 74145,

Copyright by the AMERICAN PETROLEUM INSTITUTE (AP])

13:17:13 1996



API MPMS*14.3.1 90 mm_07322

]
e
f]
5
=
I~
ru
‘o
o

SECTION 3-—CONGCENTRIC, SQUARE-EDGED ORIFIGE METERS, PART 1—GENERAL EQuATIONS AND UNCERTAINTY GUIDELINES

| ? @
= () @ |
| | |

Upstream piping section Cownstream piping section

m Crifice plate holder (flanges or fitting)

Straightening vane assembly (optional)

Welding-neck {lange

Differential pressure elemant
Downstream statlc pressure alement
Downstream temperature alement

Tharmawsll

oooenl

Figure 1-1—0Orifice Meter

1.2.3 UNCERTAINTY OF MEASUREMENT

Many factors influence the overnll measurement uncertainty associated with a metering
application. Major contributors include construction tolerances m the meter components,
tolerances of empirical coefficient of discharge data bases or in-situ flow calibrations, pre-
dictability of and variations in the fluid’s physical properties, and unccrtaintics associated
with the auxiliary (secondary) devices.

Using the guidelines contained in this standard in combination with the associated uncer-
tainty tolelances for the fluid's physical properties, in-situ calibrations, or coefficient of dis-
charge data bases, and the appropriate auxiliary (secondary) devices, the user can estimate
the overall measurement uncertainty associated with a properly designed. installed, and
maintained thin plate, concentric, square-edged orifice metering application.

1.3 Method of Calculation

This standard provides recommended standardized calculation implementation methods
for the quantification of fluid flow under defined conditions, regardless of the point of origin
or destination or the units of measure required by governmental customs or statute, The rec-
ommended implementation procedures provided in Chapter 14.3, Part 4, allow different en-
tities using various computer languages on different computing hardware to arrive at nearly
identical results using the same standardized input data.

The following two recommended impiementation procedures have been prepared to il-
lustrate the standardized set of mathematical expressions and sequencing, including itera-
tion/rounding techniques:
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Affected Publication: Manua! of Petroleum Measw ement Standards, Chapter 14,
“Natural Gas Fluids Measurement,” Section 3, “Concentric,
Square-Edged Orifice Meters,” Part |, “General Equations and
Uncettainty Guidelines,” Third Edition, September 1990

ERRATA

Onpage 2, Footnore 1 should read as follows:

'Americun National Stndards Instite, 11 West 42nd Street, New York, New York 10026

On page 3, I'igure 1 -1 should appear as follows (that is, the letters PE vhould be used
to remesent the downstream siatic pressure element):

Upstream piping section Dawnstream piping saction

0
=
=
@
®

Qriflce plate holder (flanges or fitting}

Straightening vane assembly {optlonal)

Walding-neck flanga
Diffarontial pressure element

Downsiream static pressura element

Downstroam temperature element

@ Thermowell

Figure 1-1~—CQrifice Mster

On page 13, the first paragraph should read as follows (that is, the word Ohia should re-
place the word Qklahoma):

Although it does not mean that other data are of infetior quality, it is known that insuffi-
cient information exists to determine whether the independent variables were controlled and
quantified. Some examples of comparison quality data are the Ohio State University Data
Base (303 flange-tapped points), the 1983 NBS Boulder Experiments, the Foxboro Colum-
bus-Daniel 1000-Point Data Base, and the Japanese Water Data Base.
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a. Mass flow rate,
b. Standard volumetric tlow rate.

The procedures prescnted address only the solution of the flow rate equation and require
specific inputs (fixed and variable). Typical fixed inputs include meter tube internal diam-
eter, orifice plate bore diameter, and linear coefficient of expansion for stecls {pipc and
onfice plate) Typical variable inputs may include different:al and static pressure, temper-
ature, fluid density, isentropic exponent for compressible fluids, and fluid viscosity.

The fluid’s physical propertics shatl be determined by direct measurements, appropriate
technical standards, or equations of state. If mulliple parties are involved in the measure-
ment, the appropriate technical method selected for determining the fluid's physical prop-
erties shall be mutually agreed upon.

1.4 Symbols

This standard reflects orifice meter application to fluid flow measurement with symbols
in general technical use.

Symbol Reprasented Quantity
Cy Onfice piate coefficient of discharge.
C.(FT) Coefficient of discharge at a specified pipe Reynolds number for flange-tupped

orifice metcr. .
C, Coetticient of discharge at infinite pipe Reynolds number.

CA(CT) Coefficient of discharge at infinite pipe Reynolds number for corner-tapped
orifice meter.
C(FT) Ceefficient of discharge at infinite pipe Reynolds number for flange-tapped
orifice meter.
Cp Specific heat at constant pressure,
¢, Specific heat at constant volume.
d Orifice plate hore diameter calculated at flowing temperature, T
d, Orifice piate bore diameter measured at T,
d, Orifice plate bore diameter at reference temperature, T,.
D Meter tube internal diameter calculated at flowing temperature, 7,
D, Meter tube intemnal diameter measured at T,
D, Meter tube internat diameter at reference temperature, 7,
AP Orifice differential pressure. -
°C Temperature, in degrees Celsius.
°F Temperature, in degrees Fahrenheit,
K Temperature, in kelvins.
°R Temperature, in degrees Rankine.
E, Velocity of approach factor,
2. Dimensional conversion constant,
G, Ideal gas relative density (specific gravity).
k Isentropic exponent.
& [deal gas isentropic exponent.
k, Perfect gas isentropic exponent.
k, Real gas isentropic exponent.
MF In-situ calibration meter factor,
Mry, Molar mass of air.
Mr,,,  Molar mass of gas.
N, Unit conversion factor (orifice low).
N, Unit conversion factor (Reynolds number).
N, Unit conversion factor (expansion factor).
N, Uunit conversion factor (discharge coefficient).
P, Base (reference or standard) pressure.
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P, Stalic' pressure of {luid at the pressure tap. ;

£ Absolute static pressure at the orifice upstream differential pressure tap.
£ Absolute static pressure at the orifice downstream differential pressure tap.
Um Mass flow rate.
G, Mass flow rate indicated by the orifice meter being calibrated.
g, Mass flow rate détennined by the primary mass {low system {or master meter),
q. Volume flow rate at flowing {actual) conditions.
q, Volume flow rate indicated by the orifice meter being calibrated.
0, Volume flow rate at base (standard) conditions.
R Universal gas constant,
g, Roughness average value from continuously averaging meter readings.
Rep Pipe Reynolds number,
T Temperature.
T, Base (reference or standard) temperature.
Ty Temperature of fluid at flowing conditions.
T, Temperature of the orifice plate or meter tube at time of diameter measure-
ments,
T. Reference temperature of enfice plate bore diameter and/or meter wbe inside
diameter.
X Ratio of differential pressure to absolute static pressure.
T x Ratio of differential pressure to absolute static pressure at the upstream pres-
sure tap.

S() Sensitivity cocfficient (influence coefficicnt).
| 4 Expansion factor.
Y, Expansion factor based on upsiream absolute static pressure, :
¥, Expanston factor based on downstream absolute static pressure.
4 Fluid compressibility. -
Z Fluid compressibility at flowing conditions.

Z Compressibility of the fluid lowing at the upstream pressure tap location,
- Z Compressibility of the fiuid flowing at the downstream pressure tap lncation.

o Linear coefficient of thermal expansion. t
oy Linear coefficient of thermal expansion of the orifice plate material. .
o Linear coefficient of thermal expansion of,the meter tube material.

B Ratio of orifice diameter to meter tube diameter calculated at flowing condi-

tions. - -
Jis Absolute viscosity of fluid flowing. .
Fid Universal constant.

fo) Density of the fluid.
e Density of the fluid at base conditions (P, 7).
Pis Density of the fluid at flowing conditions {(£y, T)).

1.5 Definitions

This standard retlects orifice meter application to fluid flow measurement. The defini-
tions are given to emphasize the particular meaning of the terms as used in this standard.
1.5.1 PRIMARY ELEMENT

The primary element is defined as the orifice plate, the orifice plate holder with its asso-
ciated differential presstre sensing taps, and the meter tube.
1.5.1.1 Orifice Plate

The orifice plate is defined as a thin plate in which 4 circular conceniric aperture (bore)
has been machined. The orifice plate is described as a thin plate with sharp, square edge be-
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cause the thickness of the plate material is small, compared with the internal diameter of lhe
measuring aperture (bore), and because the upstream edge of the measuring aperwre is
sharp and square. ]

1.5.1.2 Otifice Plate Bore Dlameter (d, d,,, d.)

The calculated orifice plate bore diameter {d) is the internal diameter of the orifice plate
measurmg aperture (bore) computed at Rowing temperature (), as specified in 1.6.2. The
calculated orifice plate bore diameter (4} is used in the flow equation for the determination
of flow rate.

The measured orifice plate bore diameter (d,,} is the measured internal diameter of tite
orifice plate measuring aperture at the temperature of the orifice plate (T,) at the time of
bore diameter measurements, determined as specified in Chapter 14.3, Part 2.

The reference orifice plate bore diameter (d,) is the internal diameter of the orifice plate
measuring aperture at reference temperature (T,), calculated as specified in Chapter 14.3,
Part 2. The reference orifice plate bore diameter is the certitied or stamped orifice plate bore
diameter.

1.5.1.3 Orifice Plate Holder

The orifice plate holder is defined as a pressure-containing piping element, such as a set
of orifice flanges or an orifice fifting, used to contain and position the orifice plate in the pip-
ing system.

1.5.1.4 Maeter Tube

The meter tube is defined as the straight sections of pipe, including all segments that ure
integral to the orifice plate holder, upstrecam and downstream of the orifice plate, as speci-
fied in Chapter 14.3, Part 2.

1.5.1.5 Meter Tube Internal Dlameter (B, D, B,)

The calculated meter tube internal diameter (D) is the inside diameter of the upstream
section of the meter tube computed at flowing temperature (7)), as specified in 1.6.3. The
calculated meter tube internal diameter (D) is used in the diameter ratio and Reynolds num-
ber equations. .

The measured meter tube internal diameter (5.} is the inside diameter of the upstream
section of the neter tube at the temnperature of the meter tube (7,,.) at the time of intemal di-
ameter measurcments, determined as specified in Chapter 14.3, Part 2,

The reference meter tube internal diameter (D,) is the inside diameter of the upstream
section of the meter tube at the reference temperature (T,), calculated as specified in Chapter
14.3, Part 2, The refersnce meter tube internal diameter is the certified or stamped meter
tube internal diameter.

1.5.1.6 Diameter Ratlo {(3)

The diameter ratio {3) is defined as the calculated orifice plate bore diameter (d) divided
by the calculated meter tube internal diameter (D).

1.5.2 PRESSURE MEASUREMENT
1.5.2.1 Tap Hole

A 1ap hole is a hole drilled radially in the wall of the meter tube or orifice plate holder,
the inside edge of which is flush and without any burrs.
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1.5.2.2 Flange Taps
Flange taps are a pair of tap holes positioned as follows (see Figure 1-2): .

a. The upstreamn tap center is located | inch (25.4 millimetets) upstream of the nearest plate

face.
b. The downstream tap center is located 1 tnch (25.4 millimeters) downstream of the near-

est plate face.

1.5.2.3 Differential Pressure (AP)

The differential pressure (AP) is the static pressure difference measured between Lthe up-
stream and downstream fAlange faps.

1.5.2.4 Static Pressure (P)

The static pressure (P;) is the absolute flowing fluid pressure measured at one of the
flange tap holes. The absolute pressure may be measured directly or can be obtained by
adding local barometric pressure o measured gauge pressure:

Absolute static pressure = Gauge static pressurc + Local barometric pressure

R &!

]

Differential Prassurs loss
prassure

Recirculation zone

LLyunnnenh
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Figure 1-2—Orifice Tapping Location
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1.5.3 TEMPERATURE MEASUREMENT (T)

The temperature is the flowing Ruid temperature (T;) measured at the designated up-
stream or downstream location. as specified in Chagpter 14.3, Part 2.

In flow measurement applications where the fluid velocity is well below sonic, it is com-
mon practice to insert a temperature sensing device in the middle of the flowing stream to
obtain the flowing temperature. For practical applications, the sensed temperature is as-
sumed to be the static temperature of the flowing fluid. .

The use of flowing temperature in this pait of the standard requires the temperature to be
measured in degrees Fahrenheit or degrees Celsius. However, if the flowing temperature is
used in an equation of state to determine the density of the Rowing fluid, it may require that
the Fahrenheit or Celsius values be converted to absolute temperature values of degrees
Rankine or kelvins through the following relationships:

°R = °F + 4539.67
K = °C + 273.15

1.5.4 FLOW RATE DETERMINATION
1.5.4.1 Orltice Flow Rate (q,, q., Q.

The orifice flow rate is the mass or volume flow through an orifice meter per unit of time.

- 1.5.4.2 Orifice Plate Coefficlent of Discharge (C,)

The onifice plate coefficient of discharge (C,) is the ratio of the true flow to the theoretical
flow and is applied to the theoretical flow equation to ohtain the actual (true) flow.
1.5.4.3 Velocity of Approach (E,}

The velocity of approach factor (£,) is a mathematical expression that relates the velocity
of the flowing fluid in the orifice meter approach section (upstream meter tube) to the fluid
velocity in the orifice plate bore,

1.5.4.4 Expansion Factor (Y)

The expansion factor (Y) is an empirical expression used to correct the flow rate for the
reduction in fluid density that a compressible fluid experiences when it passes through the
orifice plate bore,

1.5.4.5 Pipe Reynalds Number (Re,)

The pipe Reynolds number is a dimensionless ratio of forces used to correlate the vari-
ations in the orifice plate coefficient of discharge (C,) with changes in the fluid’s properties,
flow rate, and onfice meter geometry.

1.5.5 FLUID PHYSICAL PROPERTIES
1.5.51 Denslity (o, o0)

The flowing fluid density {(p,,) is the mass per unit volume of the fluid being measured
at flowing conditions (T}, Fy).

The base fluid density (p,) is the mass per unit volume of the fluid being measured at
base conditions (T, Py).

1.5.5.2 Absolute Viscosity (u)

The absolute viscosity (4t) is the measure of a fluid's intermolecutar cohesive force's re-
sistance to shear per unit of time.

Copyright by the AMERICAN PETROLEUM I[NSTITUTE (API)

Tue Oct 08 13:17:13 1996



API MPMS*LH 3.1 ‘=|Q M 0732290 00947234 3 M

Secrion 3—CONGENTRIC, SaUARE-EDGED ORIFICE METERS, PART 1—GENERAL EQUATIONS AND UNCERTAINTY (GUIDELINES

1.55.3 Compressibility (Z)

The compressibility (Z) is an adjustment factor used to account for the deviation from the
idcal gas law.

1.5.5.4 Isentropic Exponent (k)

The isenttopic exponent (&) is a thermodynamic state property that establishes the rela-
tionship berween an expanding fluid’s pressure and density as the fluid fows thiough the
orifice plate bore,

1.5.6 BASE CONDITIONS (P, T,)

Historically, the low measutement of some fluids, such as custody transfer and process
control, have been stated in volume units at base (reference or standard) conditions of pres-
sure and temperature.

The base conditions for the flow measurement of fluids, such as crude petroleurn and its
liquid products, whnse vapor pressure is equal to or less than atmospheric at base temper-
ature are defined in the United States as a pressure of 14.696 pounds per square inch abso-
lute (101.325 kilopascals) at a temperature of 60.0°F (15.56°C). According to the
International Standards Organization, base conditions are defined as a pressure of 14.696
pounds per square inch absolute (101.325 kilopascals) at a temperature of 59.00°F
(15.00°C)

For tluids, such as liquid hydrocarbons, whose vapor pressure is greater than atmospheric
pressure at base temperature, the base pressure is customarily designated as the equilibrium
vapor pressure at base temperature,

The base conditions for the flow measurement of natural gases are defined in the United
States as a pressure of 14.73 pounds per square inch absolute (101,560 kilopascals) at a
temperature of 60.0°F (15.56°C). According to the Intemational Standards Organization,
base conditions are defined as a pressure of 14,696 pounds per square inch absolute
(101.325 kilopascals) at a temperature of 59.00°F {15.00°C). )

For both liguid and gas applicauions, these base conditions can change from one country
to the next, one state to the next, or one industry to the next. Therefore, it is necessary that
the base conditions be identified for standard volumetric low measurement.

1.5.7 SENSITIVITY COEFFICIENT (S)

In estimating the uncertainty associated with the metering facility, a number of vanables
must be combined. The mathematical relationships among the variables establish the sen-
sitivity of the metered quantities to each of these variables. As such, each variabic that may
influence the flow equation has a specific sensitivity coefficient. The derivation of this coef-
ficient is based on a mathematical relationship or estimated from calculations, tables, or
curves,

1.5.8 METER FACTOR (MF)

The meter factor (MF) is a number obtained by dividing the quantity of fluid nieasured
by the primary mass fiow system by the quantity indicated by the orifice meter during cal-
ibration.

1.6 Orifice Flow Equation

The accepted one-dimensional equation for mass flow through a concentric, square-
edged orifice meter is stated in Equation 1-1 or 1-2. The derivation 1s based on conscrvation
of mass and energy, one-dimensional fluid dynamics, and empirical functions such as equa-
tions of statc and thermodynamic process statements. Any derivation is accurate when all
the assumptions used to develop it are valid. As a result, an empirical orifice plate coeffi-
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cient of discharge is applied to the theoreticai equation to adjust for multidimensional vis-
cous fluid dynamic effects, In addition, an empirical expansicn factor is applied to the the-
oretical equation to adjust for the reduction in fluid density that a compressible fluid
cxperiences when it passes through an orifice plate.

The fundamental orifice meter mass flow equation is as follows:

g, = CaBY(mdd*Y2gp,AP (1-1)
Where:
C, = orifice plate coetficient of discharge.
d = crifice plate bore diameter calculated at flowing temperature (Th).

AP = orifice differeniial pressure.
E, = velocity of approach factor.

[}

g. = dimensional conversion constant.
7 = universal constant
= 3.14159.
q, = mass flow rate,
P:p = density of the Auid at flowing conditions (£, T,

Y = expansion factor.

The practical onfice mneler flow equation used in this standard is a simplified form that
combines the numerical constants and unit conversion constants in a unit conversion factor
(V)

Gy = Ni CdEdez ipu:lA‘P \ (1'2)

C, = orifice plate cocfficient of discharge.
d = orifice plate bore diameter calculated at flowing temperature (75).
AP = orifice differential pressure.
FE, = velocity of approach factor.
N, = unit conversion factor.
q, = mass flow rate.
£, = density of the fluid at lowing conditions (£, T,).
¥ = expansion factor. -

The expansion factor, Y, is included in Equations 1-{ and 1-2 because it is applicablc to
all single-phase, homogeneous Newtonan fluids. Fo:  -compressible fluids, such as water
at 60°F (15.56°C) and ajmospheric pressure, the eri  -ical expansion factor is defined as
1.0000.

The orifice plate coefficient of discharge, Cy, and the expansion factor, ¥, are empirical
functions derived from experimental data.

The orifice meter is a mass meter from which a differentiat pressure signal is developed
as a function of the velocity of the Auid as it passes through the orifice piate bore. Manip-
ulation of the density variable in the equation permits calculation of flow rate in either mass
or volume units, The volumetric flow rate at flowing (actual) conditions can be calculated
using the following equation: :

B g, = qm/prp (1'3)

The volumetric flow rate at base (standard) conditions can be calculated using the follow-
ing equation:

Qv = %wh% (1'4)

The mass flow rate (¢g,) can be converted to a volumetric flow rate at base (standard)
conditions (@Q,) if the fluid density at the base conditions (0,) can be determined or is speci-
fied.

The unit conversion factor, &), is defined and presented in 1.11.
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1

1.6.1 VELOCITY OF APPROACH FACTOR (£))
The velocity of approach factor, £, is caiculated as follows:
E. = H_l (1-5)
i~ g
And,
B=4dD _ (1-6)
Where:

d = orifice plate bore diameter calculated at Aowing temperature (7).
D = meter tube internal diameter calculated at flowing temperature (7))

1.6.2 ORIFICE PLATE BORE DIAMETER (d)

The orifice plate bore diameter, 4, is defined as the diameter at flowing conditions and
can be calculated using the following equation:

d = d[l+ o, - T)l (-7
Where:
o, = lincar cocfficient of thermal expansion for the orifice plate material (see Table 1-1}.
d = crifice plate bore diameter calculated at lowing temperature (7).
d. = reference orifice plate bore diameter at T,

T, = temperature of the fluid at lowing conditions.
T, = reference temperature of the orifice plate bore diameter,

Note: o, Ty, and T, must be in consistent units, For the purpose of this standard, 7, is assumed 1o be 6K°F (20°C)

1

I

The arifice plate bore diameter, 4,, calculated at T, is the diameter determined 10 accor-
dance with the requirements contained in Chapter 4.3, Part 2.

1.6.3 METER TUBE INTERNAL DIAMETER (D)

The meter tube intemnal diameter, D, is defined as the dlametcr at ﬂowmg conditions and
can be calculated using the following equation:

D= DI+ a(T, - T)] (1-8)
Where:
o; = linear coefficient of thermal expansion for the meter tube material (see Tuble 1-1).
D = meter tube internal diameter calculated at flowing temperature (T)).

Table 1-1—Linear Coefficient of Thermal Expansion

Linear Coeffictent of
Thermal Expansion (o}

Y US. Unis Metnc Units

Material (infin-"F} {(mm/mm-°C)
Type 304 and 316 stainless sleel‘ 0.00000025 0.0000167
Moncl* 0.00000793 0.0000143
Carbon steel® 0 00000620 0.0000112

Nule. For flowing temperature conditions outside those stated above and for
other materials, refer to the American Society for Metals Metals Handbook,
'For flowing conditions berween —L00°F and +300°F. cefer to ASME PTC
19.5.

*For flowing conditions between —7°F and +154°F, refer to Chaper 12, Scc-
tion 2,
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D, = reference meter tube intemal diameterat T,.
T; = temperature ot the Huid at lowing conditions.
T, = reference temperature of the meter tube intema! diameter.

Note. er, Ty, and T, must be 1n consistent unus, For the purpose of this standard, T, is assumed to be 68°F (20°C).

The meter tube intemal diameter, D, calculated at T, is the diameter determined 1o ac-
cordance with the requirements contained in Chapter 14,3, Part 2,

1.7 Empirical Coefficient of Discharge

Empirical coefficients of discharge for flange-tapped orifice meters have been determined
from experimental data by comparing the measured and theoretical flow rates. A major fac-
tor in the definition of the experimenta! patterns for this orifice research was dynamic sim-
ilarity. Using Reynolds' Law ot Simularity, experimental correlations can be applied 1o
dynamically similar meters.

To accurately predict the coefficient of discharge, C,(FT), for a flange-tapped orifice me-
ter manufactured to the specifications of this standard, certain parameters concemning the
orifice meter and the fluid must be known. The relationships between these functions can
be simplified for application to commercial use. In fact, the coefficient of discharge can be
shown to depend on a number of parameters, the major ones being the Reynolds number
{Rep), sensing tap locatian, meter tube diameter (D), and B ratio:

Cy = f(Rep, Sensing tap location, D, §)

In 1978, Jean Stolz presented an equation form that correlates the near vicimty taps tor
orifice meters based on the neur field static wall pressure gradient. A complete discussion
of the bases of the equation is beyond the scope of this standard. However, the hibliography
contained in Appendix [-A will allow the reader to further explore this lechnical discussion,

1.7.1 HREGRESSION DATA BASE

Working jointly, a group of technical experts from the United States, Europe, Canada,
Norway, and Japan have developed an equation using the Stolz linkage form that fits the
Regression Data Set more accurately than have previously published equations. The new
equation was developed from a significantly larger data base than was previously used for
discharge coefficient equation development.

The Regression Data Set consists of data taken on four ftuids (oil, water, natural gas, and
air) fromn different sources, 11 different laboratories, on 12 ditferent meter tubes of diftering
origins and more than 100 orifice plates of differing origins. The data provided a pipe
Reynolds number range from accepted turbulent low of 4000 to 36,000,000 on which to
select the best model. The orifice configurations included flange, corner, and radius taps.
Nominal pipe sizes investigated were 2, 3, 4, 6, and 10 inches, in compliance with
ANSI/API 2530 specifications, Nominal 3 ratios used in the equation determination were
0.100, 0.200, 0.375, 0.500, 0.575, 0.660, and 0.750.

The bivariate data (C,, Rep) were measured in 2 manner appropriate for the test fluid and
laboratory, The imethod of determining mass flow rate, expansion factor, fluid deasity, and
fluid viscosity varied with the laboratory apparatus and test fluid.

Rather than including possibly erroneous data in the equation regression, the API/GPA/
A.G.A. technical experts envisioned two classes of data sets for orifice research—regres-
sion and comparison. At a meeting of interested international orifice metering experts in
November 1988, it was mutually agreed that the Regression Data Set be defined as follows:

The Regression Data Set shall censist of those data pomnts contained in the API/GPA and EC dis-
charge coefficieni experiments which were performed on orifice plates whose diameler was greater

than 0.45 inch (11.4mm) and if the pipe Reynoids number was equal to or greater than 4000 (tur-

bulent flow regime}.
Data which does not satisfy these criteria shail be included in the Comparison Data Set.
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Although it does not mean that other data are of inferior quality, it is known that insuffi-
cient information exists to determine whether the independent variables were cantrolled and
quantified. Some examples of comparison quality data are the Oklahoma State University
Data Base (303 flange-tapped points), the 1983 NBS Boulder Experiments, the
Foxboro—Columbus-Danicl 1000-Pownt Data Base, and the Japanese Water Data Base.

The cxclusion for orifice bore diameters less than 0.45 inch (11.4 millimeters) was due
Lo the wncreased uncertainty associated with the relative sharpness of the onfice plate up-
stream edge.

The Regression Data Set, as defincd above, consists of data generated on orifice meters
equipped with corner, radius, and flange tappings. The number of regression data points are
summarized as follows:

Tapping No of puints
[Mlange 5,734
Comer . 2,298
Radius 2,160
Total 1,192

The empirical data associsted with the APY/GPA Dawa Base and the EC Data Base are the
highest quality and largest quantity available today.

Detailed information on the experiments, regression data, statistical fit, and other perti-
nent information may be found in Chapter 14.3, Part 4, or the refercnces contained in Ap-
pendix 1-A,

1.7.2 EMPIRICAL COEFFICIENT OF DISCHARGE EQUATION FOR
FLANGE-TAPPED QRIFICE METERS

The concentric, square-edged, flange-tapped orifice meter coefficient of discharge,
C(FT), equation, developed by Reader-Harris/Gallagher (RG), is struciured into distinct
Yinkage terms and is considered to best represent the current regression data base. The equa-
tion is applicable o nominal pipe sizes of 2 inches (50 millimeters) and larger; diameter ra-
tios (f3) of 0.1-0.75, provided the orifice plate bore diameter, d,, is greater than 0,45 inch
(11.4 millimeters); and pipe Reynolds numbers (Rey) greater than or cqual to 4000. For di-
ameter ratios and pipe Reynolds numbers below the limit stated, refer to 1.12.4.1. The RG
coefficient of discharge equation for an orifice meter equipped with flange taps is defined
as follows;

& n 107 )
C,(FT) = C(FT) + 0.0%511[%—'@} + (0.0210 + 0.0049A8°C  (1-9)
€p
C(FT) = C(CT} + Tap Term (1-10)
C,(CT) = 0.5961 + 0.02918% - 0.22908° + 0.003(1 - B)M, (1-11)
Tap Term = Upstrm + Dustrm (1-12)
Upstrm = [0.0433 + 0.0712¢™" — 0.1145¢7**"'](1 ~ 0.234)8 (1-13)
Dnstrm = —0.0L16[M, - 0.52M7 18" (1 — 0.144) (1-14)
Also,
ﬁ‘
B = 1-15
s (1-15)
D
M, = max[2.3 - —, 00] (1-16)
Ns
2L
M, = —i_ 1-17
L= (1-17)
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ERRATA

On page 1, the last sentence of 1.1. 1 should read as follows:

U.5. customary [inch-Pound {IP)] and Intemational System
of Umts (SI) units are included.

On page 13, Equations 1-16 and 1-17 should read as fol-
lows-

M = max(Z.S - —‘g— 0.0] (t-16)

4

2L
M =13 (1-17)

On page 14, the nomenclature should read as follows (that
is, D, should be inserred in the list):

Where:
£ = diameter ratio
= diD.
Cy(FT) = coefficient of discharge at a specified pipe

Reynolds number for flange-tapped orifice me-
ter.

CA(FT) = coefficient of discharge at infinite pipe Reynolds
number for flange-tapped orifice meter,
C(CT) = coefficient of discharge at infimite pipe Reynolds
number for comer-tapped orifice meter.
d = orifice plate bore diameter calcutated at 7).
D = meter tube internal diameter calculated at Ty

D, = meter tube internal diameter at reference tem-
perature, T,

e = Napierian constant = 2.71828.

L,=L; = dimensionless correction for the tap location
= N,/D, for flange taps.

1.0 when D, is in inches
25.4 when D, 1s in millimeters.
Re;, = pipe Reynolds number.

N,

o

'
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9,0

A = liﬂ} {1-18)
. Rey
035
10

- [_ﬁ} RS

Re,

Wicre:

B = diameter ratio
= diD.
C4(FT) = coellicient of discharge at a specified pipe Reynolds number for flange-tapped
orifice meter.
C,(FT) = coeflicient of discharge at iniinile pipe Reynolds number for flange-tapped ori-

fice meter,
¢ (CT) = cocfficient of discharge at infinite pipe Reynoids number for corner-tapped ori-
fice ineter.
d = orifice plate bore diameter calculated at T,
D = meter wbe internal diameter calculated ut 7).
e = Napierian constant
= 2.71828,
L., = dimensionless comrection for the tap location
= L,
= N,/D for flange taps.
N, = 1.0 when D is in inches

1}

25.4 when D is in millimeters.
Rep = pipe Reynolds number.

1.7.3 REYNOLDS NUMBER (Re;)

The RG equation uses pipe Reynolds number as the correlating parameter to represent
the change in the orifice ptate coefficient of discharge, C,, with reference to the fluid’s muss
flow rate (its velocity through the orifice), the fluid density, and the fluid viscosity.

The pipe Reynolds number can be calculated using the following equation:

Rep = (1-20)

xuD

The pipe Reynolds number equation used in this standard is in a simplified form thut
combines the numerical constants and unit conversion constants:

Re, = Y29u (1-21)
ub
For the Reynolds number equations presented above, the symbols are described as fol-
lows:
D = meter tube internal diameter calculated at flowing temperature (7)),
M = absolute viscosity of fluid.
N, = unit conversion factor.
= universal constant
= 3.141359.
q,, = mass flow rate.
Rep = pipe Reynolds number.

The unit conversion factor, Vs, for the Reynolds number equations is defined and pre-
sented in 1.11.

.\
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1.7.4 FLOW CONDITIONS
1.7.4.1 General .

The cendition of the meter tube, the mating of the piping sections, the AP seusing tap
holes, the straight lengths of pipe preceding and following the primary element, and so
torth, are tactors that influence the flowing conditions. Although some factors may be con-
sidered insignificant for commercial purposes, flowing conditions can influence field accu-
Cacy.

To assure accuracy within the uncenainty stated, certain flow condition limitations must
be followed:

a. The flow shall approach steady-state mass flow conditions on fluids that are considered
clean, single phase, homogeneous, and Newtonian,

b. The Auid shall not undergo any change of phase as it passes through the orifice.

c. The flow shall be subsonje through the orifice and the meter tube.

d. The Reynolds number shall be within the specitied limitations of the emprical coeffi-
cients.

e. No bypass of flow around the orifice shall cccur at any time.

1.7.4.2 Law of Similarity

The empirical cocfficients calculated from the equations in this standard arc valid if dy-
namic similarity exists between the metering instaliation and the experimental data base.
Technically, this approach is termed the Law of Similarity, i

Dynamic similarity 1s the underlying principle for present-day theoretical and experimen-
tal fluid mechanics. The principle states that two geometrically similar meters with identical
initial flow directions shali display geometrically similar streamlines.

The mechanical specifications tor the meter tube, the orifice plate, the orifice flanges or
fitting, the differential pressure sensing taps, the upstream and downstream piping require-
ments, the flow straightener (if applicable), and the thermowell must be adhered to, as
stated in the standard, to assure geometric similarity.

Geometric similarity requires that the experimental flow system be a scale model of the
field installations. ‘The experimental pattern’s design identifics sensitive dimensional re-
gions 1o explore, measure, and ernpirically fit. A proper experimental pattern for orifice me-
ters allows the user to extrapolate to larger meter tube diameters without increasing the
uncertainty.

Dynamic similarity implies a correspondence of fluid forces between the two metering
systems. The Reynolds number is a measure of the ratio of the incrtial to viscous forces. For
the orifice meter, the inertial to viscous forces are the forces considered significant within
the application limitations of this standard. As a result, the Reynolds number is the term that
correlates dynamic similarity in all empirical coefficient of discharge equations. In fact, the
Reynolds number corretation provides a rational basis for extrapolation of the empirical
equation, provided the physics of the fuid does not change. For instance, the physics asso-
ciated with subsonic flow is not similar to that associated with sonic flow.

For the empirical data base, undisturbed flow conditions (flow pattern and fully devel-
oped velocity profile) were achieved through the use of straight lengths of meter tube both
upstream and downstream from the orifice and the use of flow straighteners. For both the
APT/GPA and EC cxperiments, an undisturbed flow condition was defined as the equivalent
of a symmetrical, approximately swirl-free velocity profile located approximately 45 pipe
diameters downstream of a Sprenklie flow conditioner, in circular pipes with an average in-
ternal surface wail roughness, R,, of approximatety 150 microinches.

1.7.5 PULSATING FLOW

Reliable measurements of flow cannat be obtained with an orifice meter when apprecia-
ble pulsalions are present at the point of measurement. Currently, no satisfactory theoretical
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or empirical adjestment for orificc measurement in pulsating flow applications exists that,
when applied to custody transfer measurement, will maintain the measurerent accuracy
predicted by this standard.

1.7.5.1 Sources

Pulsations in a pipeline, originating from a reciprocating device, a rotary device, valve
actions, piping configuration, or another similar source, consist of sudden changes in the ve-
locity, pressure, and density of the fluid flowing. The most common sources of pulsation are
the following:

\
a. Reciprocating compressors, engines, or impeller-type boosters.
b. Pumping or improperly sized pressure regulators and loose or wom valves,
¢, Irregular movement of quantities 6f water or oil condensates in the line,
d. Intermitters on wells, automatic drips, or separator dumps.
e. Dead-ended piping tee junctions and similar cavities.

1.7.5.2 Pulsation Reduction

To obtain reliable measurements, it is necessary to suppress pulsation. In general, the fol-
lowing practices have been effective in diminishing pulsation and/or its effect on orifice
flow measurement: , ’

a. Locating the meter tube in a mare favorable location with regard to the source of the pul-
sation, such as the inlet side of regulators, or increasing the distance from the source of
the pulsation.

b. Inserting capacity tanks (volume}, flow restrictions, or specially designed filters in the
line between the source of pulsation and the meter tube to reduce the amplitude of the
pulsation.

c. Using short-coupled impulse tubing and/or manifolds of approximately the same size as
the pressure taps to the diffcrential pressure measurement instrument.

d. Operating at differentials as high as is practicable by replacing the erifice plate in use
with a smaller orifice bore plate or by concentrating flow in a multiple meter tube instat-
lation through a limited number of tubes. )

e. Using smaller sized meter tubes and keeping essentially the same orifice diameter while
maintaining the highest practical limit of the differential pressure.

Considerable study and experimentation have been conducted to evaluate the re-
quirements and methods necessary to achieve pulsation reduction. This material is outside
the scope of this standard and may be found in many publications that are readily available.

1.7.5.3 Pulsation Instruments

Instruments, both mechanical and electronic, have been developed that indicate the pres-
ence of pulsation. These devices are used to determine the effectiveness of pulsation sup-
pression practices. ’

1.8 Empirical Expansion Factor (Y) for
Flange-Tapped Orlfice Meters

Expansibility research on water, air, steam, and natural gas using orifice meters equipped
with various sensing taps is the basis for the present expansion factor equation. The empir-
ical research compared the flow for an incompressible fluid with that of several compress-
ible fiuids.

The expansion factor, ¥, was defined as follows:

y =S4 (1-22)
Cy,
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Where:

C,, = coefficient of discharge from compressible fluids tests.
C,, = coefficient of discharge from incompressible fluids tests.

Buckingham derived the empirical expansion factor equalions for orifice meters
cquipped with various sensing taps based on the following corralation:

Y =fBkx) (1-23)
Where:
B = diameter ratio (d/D).
k = isentropic exponent.

x = ratio of differential pressure to absolute static pressure.

Compressible fluids expand as they flow through a square-edged orifice. Ior practical ap-
plications, it is assumed that the expansion follows a polyiropic, ideal, one-dimensional
path.

This assumption defines the expansion as reversible and adiabatic (no heat gain or loss).
Within practical operating ranges of differential pressure, flowing pressure, and empera-
ture, tlie expansion factor equation is insensitive to the value of the isentropic exponent, As
a result, the assumption of a perfect or ideal isentropic exponent is reasonable for field ap-
plications. This approach was adopted by Buckingham and Bean in their corrclation. They
empirically developed the upstream expansion factor {¥) using the dewnstream tempera-
ture and upstream pressure.

Within the limits of this standard’s application, it is assumed that the temperatures of the
fluid at the upstream and downstream differential sensing taps are identical for the expan-
sion factor calculation.

The application of the expansion factor is valid as long as the following dimensionless
pressure ratio criteria are followed: |

0 < AP < .20
L )
Or,
A
08 < & < 1O
g,
Where:
AP = orifice differential pressure.
N, = unit conversion factor,
P = absolute static pressure at the pressure tap.
Py = absolute static pressure at the upstream pressure tap.
Fy, = absolute static pressure at the downstream pressure tap.

Although nse of the upstream or downstream expansion factor equation is a matter of
choice, the upstream expansion factor is recommended because of its simplicity. if the up-
stream expansion factor is chosen, then the determination of the lowing fluid compressibil-
ity should be based on the upstream absolute static pressure, P;. Likcwise, if the
downstream expansion factor is selected, then the determination of the flowing Huid com-
pressibility should be based on the downstream absolute static pressure, Py,

The expansion tactor equation for flange taps is applicable over a §§ range of 0.10-0.75.

1.8.1 UPSTREAM EXPANSION FACTOR (Y;)

The upstream expansion factor requires determination of the upstream static pressure, the
diameter ratio, and the isentropic exponent.
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it the absolute static pressure is taken at the upstream differential pressure tap, then the
value of the expansion factor, ), shall be calculated as follows:

Y, =1 - (0.4] ¥ 0.35;3‘,)% (1-24)

When the upstream stalic pressure is measured,

X = AP - (1-25)
NJP!I
When the downstream static pressure is measured,
AP

n=— (1-26)
NyPy + AP

AP = orifice differential pressure.
k = isentropic exponent.
N3 = unit conversion factor.
P, = absolute static pressuze at the upstream pressure tap.
P; = absolute static pressure at the downstream pressure tap.
x, = ratio of differential pressure to absolute static pressure at the upstream tap.
x/k = upstream acoustic ratio.
Y, = cxpansion factor based on the absolute static pressurc measured at the upstream
tap. :

1.8.2 DOWNSTREAM EXPANSION FACTOR (Y;)

The downstream expansion factor requires determination of the downstream static pres-
sure, the upstream static pressure, the downstream compressibility factor, the upstream
compressibilily factor, the diameter ratio, and the isentropic exponent. The value of the
downstream expansion factor, ¥, shalt be calculated using the following equation:

[P,Z
Y, = 1 |54 . (1-27)
szzﬁ

Or,
P.Z
Y, = [1 — (0.41 + 0.35,0‘)&] S (1-28)
kY F 2,
When the upstream static pressure is menasured,
X = AP (1-29)
NPy
When the downstream static pressure is measured,
n=—2F (1-30)
N,P, + AP

AP = orifice differential pressure.
k = isentropic exponent.
N, = unit conversion factor.
= absolure static pressure at the upstream pressure tap.
= absolute static pressure at the downstream pressurc tap,

AN
||

&
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x, = ratio of differential pressure to absolute static pressure at the upstream tap.
xfk = upstream acoustic ratio. )
Y, = expansion factor bused on the absolute static pressure measured at the upstream
tap.
¥, = expansicn factor based on the absolute static pressure measured at the downstream
tap.
Z; = fluid compressibility at the upstream pressure tap.
Z; = fuid compressibility at the downstream pressure tap.

1.9 [In-Situ Calibration
1.9.1 GENERAL

The statement of the uncertainty of the empirical coefficient of discharge for concentric,
square-edged orifice meters, C, is predicated on compliance with the requirements of this
standard.

Far accurate measurement applications, the flowmeter and adjacent piping should meet
the requirements of the relevant, preferably the most stringent, specification of the standard.
Deviations from the standard’s specifications (for example, eccentricity, steps between ad-
Jjacent sections of pipe, prerun lengths with or without a flow conditioner, post-run lengths,
and pipe wall roughness) will invalidate the uncertainty statement,

To assure the accuracy of such flow measurements, the user may wish to calibrate the
meter in situ. This is particularly suggested for orifice meters under 2 inches (50 millime-
ters) nominal pipe size. In situ is defined as being under normal operating conditions, with
the actual approach piping configuration, using the actual fluid with the actual orifice plate
and recoiding system in place.

Calibration of an orifice meter in situ requires the use of a primary mass flow system.
This primary mass flow system may be portable or permanently installed. A master meter
that has been calibrated with 4 primary mass flow standard can also be used for in-situ cal-
ibration. :

The in-situ calibration should be performed with a primary mass flow systern (or master
meter) with an overall uncertainty less than the overall uncertainty of g, of the meter being
calibrated, Refer to the working unccrainty equation given in 1.12.

To perform an in-situ calibration, the primary mass flow system (or master meter) should
be installed either upstream or downstream of the pipe fitting nearest to the meter tube or
meter tube manifold so that it provides a calibration of the meter in its normal flowing
configuration (that is, velocity profile). In-situ calibration should be performed at the nor-
mal flow rate, temperature, and pressure of the meler station. Additionaily, in-situ calibra-
tion may be performed over the range of flow rates, temperatures, and pressures to assure
a higher confidence level over the complete range of flowing couditions.

N

19.2 METER CORRECTION FACTOR

The in-situ calibration can provide a meter factor (MF) that may be uscd to correct the
calculated mass flow rate as delermined by Equation 1-1, if agreed upon by the parties. The
MF is defined as follows:

MF = E"'_' = _q"'-’_ (1-31)
q"ﬂ qWF%W
Where:!
qn, = INAss flow rate determined by the primary mass flow system (or master meter).
qm, = mass flow rate indicated by the orifice meter being calibrated.
q,, = volumetric flow rate indicated by the orifice meter being calibrated.
P, = density (mass) of fluid at the meter at flowing conditions,
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Alternatively, the results may be used to identify installations that exceed the uncertainty
estimated using 1.12. If the MF falls outside the 0.9 < MF < 1.1 limits, the system should
be investigated until the physical cause for the deviation has been identified and corrected.

When the meter factors are determined over a range of operating conditions, several val-
uecs of MFE may result. A plot of ME versus pipe Reynolds number (Rep) should provide a
single curve thal may be used for determining MF comrections.

If the MF is applied to the metered quantities for custody transfer purposes, then in-situ
calibration should be periodically repeated to ensure accurate measurement, Additional in-
situ calibrations should be performed when physical changes to the metering system or
significantly different operating conditions are encountered. '

1.10 Fluid Physical Praperties

Certain fluid physical properties are required to solve the orifice flow equation.
For the mass flow equation, the following fluid properties are required:

a. The viscosity at flowing conditions, g
b. The fluid density at flowing conditions, p, .
c. The isentropic exponent, k, for compressible fluids.

For the standard volumetric flow equation, the density at base conditions, Ps. 15 Tequired
for solution.

1.10.1  VISCOSITY (1)

The absolute (or dynamic) viscosity of the fluid at flowing conditions is required to com-
pute the pipe Reynolds number, Fluid viscosities may be measured experimentally or com-
puted from empirical equations. ’

For high Reynolds number applications, viscosity variations are usually ignored, sincc a
sensitivity analysis indicates negligible effect in the flow computation, For low Reynolds
number applications, accurate viscosity values and their variation with composition, tem-
perature, and pressure may have a significant affect on the flow computation,

1.10.2 DENSITY (., 20}

Appropriate values for the density of the fluid, p,, and p,, can be obtained using one of
two methods:

a. Empirical density correlation. The empirical density value may be calculated by an equa-
tion of state or another technically qualified expression.

b. On-line density meters. An on-line density meter can measure the fluid density at oper-
ating conditicns (or base conditions).

For on-line density meter applications where the density at flowing conditions (or basc
conditions) is greater than 0.30 gram per cubic centimeter, refer to Chapter 14.6 for the in-
stallation, operation, and calibration of these devices.

For on-line density meter applications where the density at flowing conditions (or base
conditions) is less than (.30 gram per cubic centimeter, refer to the manufacturers’ recom-
mendations for the installation, operation, and calibration of these devices. The manufac-
turer should be able to demonstrate that operation of the on-line density measurement
device will not interfere with the basic operation of the orifice meter.

From a practical standpoint, the fluid temperature differences between the upstream sens-
ing tap, the downstream sensing tap, and the temperature sensing device are assumed to be
insignificant when the temperature device is installed as required in Chapter 14.3, Part 2.
For fluids whose density changes rapidly with changes in flowing ternperature, for low fluid
velocities, and/or to minimize ambient temperature and heat transfer effects, the user may

Copyright by the AMERICAN PETROQLEUM INSTITUTE (API}

Tue Oct 08 13:17:13 19%6



APT MPMS%14.3.1 90 W 0732290 0094746 T WM

e e e e ——

SECTION 3—CONCENTRIG, SaUARE-EDGED ORIFICE METERS, PART 1-~GENERAL EQUATIONS AND UNCERTAINTY GUIDELINES

21

wish to thermally insulate the meter tube between the primary element and the temperature
device,

1.10.3 ISENTROPIC EXPONENT (k)

The isentropic exponent, k, is required in the solution of the empirical expansion factor
(Y) equation. '

As a compressible fluid flows through the reduced area of an orifice plate hore, it under-
gocs a contraction and then an expansion. The expansion, which results in a change in the
static pressure, is assumed to follow a polytropic path expressed by the following relation-
ship:

F
! - = Constant (1-32)
[pe]
Where:
B = i_lbsolute static pressure. '
P., = density of the fluid at flowing conditions (#,, T}),

n = polytropic exponent,

However, if the expansion is assumed to be relatively rapid (that is, short in length) and
the pressure change relatively small in magnitude, the polytropic relationship can be re-
placed by an idealized (reversible and adiabatic) one-dimensional isentropic expansion re-
lationship of the following form:

p .
f -~ = Constant (1-33)
(]
Where:
F; = absolute static pressure.
p., = density of the fluid at flowing conditions (£}, T}).
k = isentropic exponent.

The real compressible fluid isentropic exponent, &,, is a function of the fluid and the pres-
sure and temperature. For an ideal gas, the isentropic exponent, &, is equal to the ratio of
its specific heats (¢,/c,) and is independent of pressure. A perfect gas is an ideal gas that has
constant specific heats. The perfect gas isentropic exponent, k,, is equal to &, evaluated at
base conditions. It has been found that for many applications, the value of k., is nearly
identical to the value of k;, which is nearly identical to k,. From a practical standpoint, the
flow equation is not particularly sensitive to small variations in the isentropic exponent.
Therefore, the perfcct gas isentropic exponent, &, is often used in the flow equations. This
greatly simplifies the calculations. This approach was adopted by Buckingham in his cor-
relation for the expansion factor.

1.11  Unit Converslon Factors
1.11.1 ORIFICE FLOW EQUATION

The values for the unit conversion factor, N\, {or the orifice flow rate equation are sum-
marized in Table 1-2. The table contains common engineering units, along with their cor-
responding conversion factor value.

1.11.2 REYNOLDS NUMBER EQUATION

The values for the unit conversion factor, N,, for the Reynolds number equation are sum-
marized in Table 1-3. The table contains common engineering units, along with their cor-
responding conversion factor value.
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1.11.3 EXPANSION FACTOR EQUATION

The values for the unit conversion factor, N, for the expansion factor equation are sum-

marized in Table 1-4. The table contains common engineering units, along with their cor-
responding conversion factor value,

1.11.4 FLOW RATE PER UNIT OF TIME CONVERSION

To convert the mass or volume flow rate per unit of time to another unit of time, the fol-
lowing multiplication factors are applicable:

Multiplying
From To Tactor
Units per second Units per minute 60
Units per second Units per hour 3,600
Units per second Units per day 86,400

Table 1-2—Orifice Flow Rate Equation: Unit Conversion Factor (M)

Mass Rato
9y = NICdErYdI p.upé'P

Volumetric Rate at Flowing (Actuat) Conditions

om e NC.EYd[p, AP

Py Prp

Vaolumetric Rate at Base Conditions

L N,C,E,Yd‘:!p,.,AP

Q.

a P
 Where:
[P Units SI Units
4 3 141593 3.141593 Universal constant
2 32 1740 NA Ibm-[/(1bf-sec?)
I NA 1.0000 kg m/(N-sec?)
d Feet Metors
AP Lbf/fe Pa
g |bm/fe® kg/m?
Pr lbm/ft? kg/m?
Im Ibm/scc kg/fsec
q. ft¥fsec m¥fsec
o, Sfidfsec Nm/sec
N, "6 30025 B+00 1.11072 E+00
6.30025 111072
U.S. Units U.S. Units U.8. Units Metric Units ~ Metric Units
T 314159 3.14159 314159 3.14159 314159 Eniversal constant
8o 32.1740 32.1740 32,1740 NA NA lbm-ft/ {1bf-sec®)
£ NA NA NA 1.0000 1.00K0 kg-m/ (N-see?)
d Inches Inches Inches Millimeters Mitlimeters
AP 1bf/in? In HyOw in HyOys Millibar kPa
Pra thft? Ibm/ft? Ibm/ft* kg/m? kg/m?
Pa Ibm/fe Ibmyft! Tbm/ée? kg/m? - kg/m?
In {bm/fsec lbmysec lbmysec kg/sec kafser
G fil/sec fi/sec fi¥/sec m/sec mfsec
[} Sft¥sec Sfi¥/sec Sh¥sec NmY/sec Nm¥/sec
N, 525021 E-0F 097424E-02 9970!9E-0Z 3.51241 E-04 3.5124]1 E-05
0.525021 0.0997424 0.0997019 0.000351241  0.0000351241)
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Table 1-3—Rsynoids Number Equation: Unit Convarsion Factor (N,)

Re, = 44 or Re, = Mg

? nud HD
Where:
1P Units SI Units
m Ibmy/sec kg/sec
7 3.14159 3.14159 Universal constant

H lbm/ft-sec kg/m sec ST Unit equal to Pa-sec

D Feet Meters

N 1.27324 B+00 1.27324 E+00

1.27324 1.27324
U.S. Units U.5. Units Metrlc Units Metric Units
Gm {bm/sce tbm/sec” kgfsec kgfsec
.4 3.14159 3.14159 3.14159 3.14159 [niversal constant
H Centipoise Poise Centipoise Poise
D Inches Inches Millimeters Millimeters
N, 227375 E+04 22,7315 E+01 1.27324 E+06 1.27324 E+04
22,7375 227.373 127,324 [2,732.4

1.12 Practical Uncertainty Guidelines

The most important assumption underiying the calculation of the orifice discharge coef-
ficient equation is that faboratories’ systematic equipment biases are randomized within the
data base, This means that there is no bias in the equation’s ability to represent reality due
to equipment variety in the various laboratories. Such an assumption of randomization has
precedent in [SO 5168, established in 1978, and a 1939 paper by Rossini and Deming. This
allows the use of results from the world’s finest laboratories without requiring that exper-
imental equipment be identical,

Table 1-4—Empirical Expansion Factor Equation:
Unit Conversion Factor (Ns)

X =

NP
IP Units SIUndts
AP Ibfffi? Pascals
P Ibf/f Pascals
N,y 1.00000 E+00 100000 B+00
1.00000 1.00000
U.8. Units U.5. Unis U.S. Units
AP Ibsfin? In H;0p0 inH,On
Il Ibs/in? Ibsfin® 1bs/in?
A L.00000 E+ (K 2, 77070 E+01 2.77300 E+01
1.00000 2270710 27,1300
Metric Units Metric Units Metric Units
AP Kilopascals Millibar Millibar
P Megapascals Bar Megapascals
Ny 1.00000 E+03 1.00000 E+03 1.00000 E-02
1000.00 T 1000.00 0.0100000
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Every effort has been made to remove residual bias from the representation of the cxper-
imental data by the equation for mass flow. Consequently, the subsequent precision state-
ments are validfor an individual orifice meter installation for which physical characteristics
and measurements of these characteristics are maintained within the precision that is used
to determine the contributions to imprecision in mass flow measurement caused by various
factors. :

In accordance with pradent statistical and engineering practice, the estimated orifice flow
ratc uncertainty shall be calculated at the 95-percent confidence level.

1.12.1 GENERAL

Many Factors associated with an orifice installation influence the overall error in flow
measurement, These errors are due to uncertainties about the following:

a, Representation of reality by the mass {low equation.

h. Uncertainty ahout actual physical properties of the fluid being measured.

¢. Imprecision in the measwement of important installation parameters (such as orifice di-
ameter and f ratio)

- Examples of the calculations of the overall uncertainty as it depends on these major cat-
egories are given below. For ease of understanding, graphical summaries are presented
where feasible,

1.12.2 UNCERTAINTY OVER A FLOW RANGE

From a practical standpoint, the accuracy envelope for an orifice meter is usually esti-
mated using the uncertainty assigned to the differential pressure sensing device. This tech-
nique realistically estimates the uncertainty associated with the designer’s flow range.

An accuracy envelope incorporates the influence quantities associated with the AP sens-
ing device, The significant quantities include ambient temperature effects, static pressure cf-
fects, long-term drift, hysteresis, linearity, repeatability, and the calibration standard’s
uncertainty. )

For some applications, parallel orifice meters are required to meet the user’s desired un-
certainty and rangeability. In addition, the designer may choose to install stacked AP
devices calibrated for different ranges to minimize uncertainty while maximizing rangeabil-
ity For a given orifice plate, as shown in Figure 1-3.

1.12.3 UNCERTAINTY OF FLOW RATE

The overall uncertainty is the quadrature sum (square root of the sum of the squares) of
the uncertainties associated with the pertinent variables:

qm = f(Cd'v }'!AP' d, D- prp)

For practical considerations, the pertinent variables are assumed to be independent to
provide a simpler uncertainty calculation. In fact, no significant change in the uncertamnty
estimate will oceur if the user applies the simplified uncertainty eguations presented below,

The total uncertamty of the flow rate through an orifice meter may be calculated by one
of two methods:

a. Empirical coefficient of discharge using flange-tapped orifice meters.
b. In-situ calibration using orifice’ meters.

1.12.3.1 Uncertainty Using Empirical Coetficlent of Discharge for
Flange-Tapped Orifice Meter

The basic flow equation used is as follows:
4, = C.EY(n/®d*\[2gp, AP
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Note: The precision of the differential pressure device used in this example is $0.25 percent of full scale.
Figura 1-3—Contribution to Flow Error due to
Differential Pressure Instrumentation

Where:

E, = velocity of approach factor
-l
1/1 - p

diameter ratio (d/D).

I

A

Using differentiation, one can show that

(6gq_14g,) = Scd(SCdlC,l) + Sz (8E,/E)) + §,(8Y/Y) + S,(8d/d)

+ 5, (6p,,1p.,) + S,(6AP/AP) (1-34)
Where: ~
S = sensitivity coefficient of the particular variable,
Therefore,
Sc, and Sy = 1.0
And,
S; = ?{
oy

- By continuing this process to put SEJE, in terms of 8d/d and 80/D, it can be shown that
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4
(5E, /E,) = 1-2-%* (&d/d) - (5D/D)) (135)
Assuming that independent estimates are available for 8C,/C,, 6Y/Y, ddid, and 8D/D and

substituting for 8E,/E, gives us the following working equation for the uncertainty of the
mass flow rate:

2
(8q,/q,) = {(6@/6,)2 + (BYIY)Y + [1 _2‘84} (8d/dy

os

4 [I__zﬁﬁqjl (SD/D)Q + %(6,)”,“9,“")2 + %((SAP/AP)Z} (1-36)

1.12.3.2 Uncertainty Using an In--Situ Calibration

When the orifice meter has been calibrated in situ, the practical working formula for the
uncertainty of the mass flow rate can be expressed as follows:

(54, /9,) = [(BMF/MBY + K(SAP/APY + Y(Sp,,/p, 0] (137

The meter factor (MF) term is estimated from the combination of the primary mass flow
uncertainty, the master meter uncertainty, and the precision of the orifice meter calibration.
Note that the meter factor (MF) determined for the orifice plate and tube is a combination
of several possible errors. No additioral uncertainty is necessary for installation conditions
or expansion factor.

1.12.4 TYPICAL UNCERTAINTIES

For precise metering applications, such as custody transfer, the Aowmeter and adjacent
piping should meet the requirements of the relevant, preferably the most stringent, specifi-
cation of the standard. In the following sections, the typical uncertainties expressed can be
obtained only through compliance with the specifications of the standard.

1.12.4.1 Empirical Coefficlent of Discharge

The estimated uncertainty of the empirical coetficient of discharge for concentric, syuare-
edged, flange-tapped orifice meters that are in compliance with this standard is a function
of the Reynolds number and the diameter ratio (). At very high Reynolds nambers the un-
certainty is only a function of the diameter ratio (8). This uncertainty estimate is shown
graphically in Figure 1-4. As the Reynolds number decreases, the uncertainty of the orifice
plate coefficient of discharge increases. The ratio of the uncertainty at a given Reynolds
number to the uncertainty at infinite Reynolds number is shown graphically in Figure 1-5.
The overall uncertainty of the empirical coefficient of discharge is the product of the value
read from Figure 1-4 and the value read from Figure 1-5. The values for Figure 1-4 may be
approximated by the following:

For 3 > 0.175,
SC,(FT)/C,(FT} = 0.5600 — 0.255083 + 1.93168° (1-38)
For B < 0.175,
SC(FT)/C,(FT) = 0.7000 - 1.055083 (1-39)
‘The values for Figure 1-5 inay be approximated by the following: I
SCHFT)/SCAFT) = 1| + 17895 (%)M (1-40)
. n
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Figure 1-4—Empirical Coefticient of Discharge:
Uncertainty at Infinite Reynolds Number
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Flgure 1-5—Relative Change in Uncertainty: Dependsnce on Reynolds Number
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These estimates for the uncertainty were developed using the regression data base dis-
cussed in 1.7.1, Orifice plates with bore diamcters less than 0.45 inch (11.4 millimeters), in-
stalled according to Chapter 14,3, Part 2, may'have coefficient of discharge [C,(FT})]
uncertainties as great as 3.0 percent. This large uncertainty is due to problems with edge
sharpness. These types of problems are discussed further in Chapter 14.3, Part 2. Deviations
from the installation specifications in Chapter 14.3, Part 2, will invalidate this uncertainty
siatement.

1.12.4.2 Empirical Expansion Factor for Flange—Tapped Orifice Meters

The values of ¥ computed by the empirical equations are subject to a tolerance varying
from 0, when x =0, to £0.5 percent, when x = 0.2, For larger values of x, a somewhat larger
uncertainty may be expected.

An alternative approach for determining the uncertainty for the expansion factor, which
has been proposed in the international communty, stipulates that when f3, AP, P, and k are
assumed to be known without error, the percentage uncertainty of the value of Y is esti-
mated by

+4| 27| when B < 0.750
N.P,

The expansion factor uncertainty is presented in Table 1-5. For fluids that are not com-
pressible, the expansion fuctor equals 1.000 by definition, and the estimated uncertainty is
7ero. '

Table 1-5—Uncertainty Statement for Empirical Expansion Factor

Common U.S. Units

AP ' Expansion Factor Uncertainty (%} When #, (psia} Equals
{inches
H,Ou) psid 50 100 250 500 750 1000 1250 [ H
10 0.36 0.03 o.M 0.01 0.00 0.00 0.00 0.00 0.00
50 1.80 0.14 0.07 0.03 0.01 0.0t 001 0.01 (LOO
100 361 0.29 0.14 0.06 0.03 002 0.01 0.01 0o
150 541 043 0.22 009 0.04 0.03 0.02 0.02 0.01
200 7.22 0.58 0.29 0.12 0.06 0.04 0.03 0.02 0.02
250 9.02 0.72 0.36 0.i4 0.07 0.05 0.04 0.03 2
300 10.83 0.87 0.43 0,17 G.09 0.06 0.04 0.03 .03

Common S] Units

AP Expansion Factor Uncertainy (%) When £, (MPa) Equals
(inches
H,O) kPa 0.3 0.7 1.7 34 52 6.9 R.6 10.3
10 2.49 0.03 0.01 0.01 0.00 000 ° 000 0.00 00D
30 12.44 0.14 0.07 0.03 iR} 01 0.01 001 Q.00
100 24.38 0,29 0.14 006 ~ 003 0.02 0.01 001 001
150 3733 0.43 0.22 0.09 0.04 0.03 0.02 0.02 0.01
200 49.77 0.58 0.29 0,12 .06 0.04 .03 0.02 0.02
250 62,21 0.72 0.36 0.14 0,07 005 ¢.04 0.03 002
300 74,65 0.87 0.43 0.17 0.09 0.06 0.04 0,03 0.03
Notes:

1. Orifice plates having bore diameters less than 0,45 inch (11.4 miltimeters), installed according 1o Chapter 14 3,
Part 2, may have cocfficient of discharge (C2) uncertaintics a3 great as 3.0 percent, This large uncertainty is due
10 problems with edge sharpness.

2. 'The relative uncertainty level depicted in Figure 1-6 assumes a swirl-free intet velocity profile.
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1.12.4.3 Installation Conditions

To assure accurate flow mensurement, the fluid should enter the orifice plate with a fully
developed flow profile, free from swirl or vortices. Such a condition is best achieved
through the use cf flow conditioners and adequate lengths of straight pipe preceding and
following the orifice plate. :

For various technical reasons, the uncertainty associated with installation conditions is
difficult to quanitify. Therefore, Figure 1-6 has been provided as a general guide. This figure
represents a combined practical uncertainty {evel attributed to the following parameters:

a."Empirical cocfficient of discharge.

b. Installation conditions, such as velocity profile and swirl.

¢. Mechanical specifications, such as pipe wall roughness, plate eccentricity, and orifice
plate bore edge sharpness.

Figure 1-6 depicts the prospective combined uncertainty level as a function of diameter
ratio (). It is apparent from the figure that the lowest rclative combined uncertainty levels
occur over a diameter ratio range of 0.10--0.60.

The approach length (upstrearn meter tube), piping configuration, and flow conditioning
recommendations presented in Chapter 14.3, Part 2, are essentially unchanged from the sec-
ond {1985) edition of the standard. Substantial research programs in these areas are cur-
rently under way by the API, the EC* and the GRI* A restatement of the orifice meter

‘Commissian of the European Communities, rue de 1a Loi 200, B-1049, Brussels, Belgium.

3(ias Research Institute, 8600 West Bryn Mawr Avenue, Chicago, Hlinois 60631,

3.00
| oo
Reglon more sensitiva ta valocily profile, roughness, eccentricity
2.00
= 1.00
=
!
g o0.00
€
8
L]
& .00 i
Region more sensiiive to edge sharpness
-2.00
-3.00
0.00 0.10 0.20 0.30 0.40 0.50 0.80 0.70 0.B0 0.90
p
Notes:

1. Orifice plates whose bore diameters are less than 0.45 inch (11.4 millimeters), instalied according to Chapter
14, Section 3, Part 2, may have cocfficient of discharge unccrtaintics as great as 3.0 percent, This large uncenainty
is due to problems with edge sharpness.

2. The relative uncertainty level shown in the figure assumes a swirl-free inlet velocity profile.

Figure 1-6—Practicai Uncertainty Levels
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uncertainty will naturally follow the conclusion of the current research and may offer a ba-
sis for future changes in this standard.

1.12.4.4 Orifice Plate Bore Dlameter

‘The plate diameter uncertainty may be determined from dimensienal measurements or,
alternatively, from the roundness specifications presented in Chapter 14.3, Part 2,

[f the dimensional measurements are available, the plate diameter uncertainty is equated
to the root mean square (rms) of the ditferences between each reading and the mean value,

For example, if the four measurements for d,, are 20.005, 20.002, 19.995, and 19,9980,
then the mean value ts 20.000.

The deviations from the mean are +0.005, +0.002, —0.005, and —0.002, so

i(é*d”‘)? 0.5
Sd, = | B
n-1

} +[(0.005)2 + (0.002)! + (—0.005)* + (—0.002)2]"’
3
= +0.0044
&d, _ ,0.0044
d 20.00
= 10.00022 x 100

= +(0.022 percent (1-41)

1.12.4.5 Meter Tube Internal Diameter

The ptate diameter uncertainty may be determined from dimensional measurements or,
alternatively, from the roundness specifications presented in Chapter 14.3, Part 2.

If the dimensional measurements are available, the plate diameter uncertainty is equated
to the root mean square (rms) of the differences between each reading and the mean value.

Faor example, if the four measurements for D, are 20.050, 20.020, 19.950, and 19980,
then the mean value is 20,000,

The deviations from the mean are +0.05, +0.02, —0.05, and —0.02, so

n 05

>(o0.)

8D, =& —
" n—1
_ L [©0.05) + (0.02)" + (=0.05)* + (-0.02)" o3
- 3

= $0.044
8D, _ ,0.044
D, 20.00

= 40,0022 x 100

= +0.22 percent (1-42)

1.12.4.6 Differential Pressure Device

Performance specifications for the differential pressure device must be provided by the
manufacturer. The user selects a device based on its performance specifications and the de-
sircd uncertainty associated with the application.
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When considering the uncertainty, care should be taken to take into account the effects
of ambient temperature, humidity, static pressure, driving mechanism, and response time on
the user-selected device.

1.12.4.7 Fluid Density

When an empirical correlation is used to predict a liquid density, the uncertainty should
be estimated based on the stated uncertainty of the carrclation and the estimated uncertainty
of the variables required to calculate the density. The following example for proplyene, cal-
culated using the method of Chapter 11.3.3.2, demonstrates this procedure.

Proplyene is being metered at 60°F and 800 pounds per square inch absolute, The stated
uncertainty of the Chapter 11.3.3.2 method for caloulating the density of proplyene is £0.24
percent. The stated uncertainty of the temperature measurement is £0.5°F. The stated un-
certainty of the pressure measurement is 24 pounds per square inch absolute, The uncer-
tainty in the density is caleulated according to the following formula:

2 1 0s

ap, d

(8p.,1P,,)= (69.,,/;3,.,,)’{5%&] (arflp,,,)%[—a%’—] (8P, /p,); (1-43)
Fr T

Using this method, the following calculated values can be used to cstimate (dp, ,/QT,)P,
and (dp, /2P

T, g Density
CR (psia) (Ib/f)
a6l 800 33.3413
50 180 33.3215
60 820 33.36110
58 800 33.4445
62 800 33.2376
éhL y
3—1;1 = (33.2376 - 33.4445)/4 = -0.052
rlg

I

2
[ p'-"] (33.3611 — 33.3215)/40 = —0.00099
|

Then,

1

6pf,p lpl.p

0.5 Y s V"
x| (0.0024)* + (-0.052)2( - ) + (0.00099)‘( ]
33.3413 33.3413

£[0.0024> + 0.0008 + 0.0001°]"
+0.0025 or +0.25 percent

Therefore, the estimated overall uncertainty in the proplyene density is £0.25 percent.

‘When on-line density meters are used, the uncertainty should be estimated based on the
calibration technique, density differences hetween the orifice and density meter locations,
and the density meter manufacturer’s recommendations.

]

1.12.5 EXAMPLE UNCERTAINTY CALLCULATIONS
Example uncertainty calculations for liquid and gas flows are presented in 1.12.5.1 and

1.12.5.2,
1.12.5.1 Example Uncertainty Estimate for Liquid Flow Calculation

An example of the effect of uncerainties is provided in Table 1-6, using the following
flow equation:
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Table 1-6—Example Uncertainty Estimate for Liquid Flow Calculation

Unceralnty, Senshivity
s (o) Coefficient, S (U802
Cy Basic discharge coefficient 0.45 Lo 0.2025
d + Qrifice dinmeter (Table 2-1) 0.05 261 - A% 00114
D Pipe diameter (2.5.1,3) 0.25 —2B%(1 = A% 0.00i1
AP Differential prossute 0.50 0.5 0.0625
P Density 0.45 0.5 0.0508
Sum of sguares 0.3281
Square root of sum of squares 0.5728

Note: As the table shows, the overall liguid flow measurement uncertainty at a 95-percent confidence level is

+0.57 percent,

n = CdEvY(qu')dz Y chp,pt\P
The following assumptions and conditions were selected for the calculation:

a. The fluid flowing is proplyene. The liquid density will be calculated using the Chapter
11.3.3.2 method. The viscosity will be estimated using Procedure 11AS5.1 from the API
Technical Dara Book—Petroleum Refining. The expansion factor will be assumed to be

1.0. -

b. A 4-inch meter with a 8 ratio of 0.5, a static pressure of 800 pounds per square inch ab-
solute, a flowing temperature of 60°F, and a differential pressure of 50 inches of water
(60°F) is selected for the calculation,

c. For each variable, the uncertainty listed represents random crror only.

As a result of the tirst two assumptions, the estimated values of the required physical
properties are as follows:

Prp = 33.3413 lbi/1,
8p. /0, = 0.23 percent (as shown in liquid density sensitivity section),
4 = 0.0956 centipoise = 0.0000643 Ibm/fi-sec,

As a result of the calculations for the flow rate,
CAFT) = 0.603659.

g, = 10.148 lbm/sec.
Rep = 603400,
SC{FTYCLFT) = £0.44 percent (from Figure 1-4). _

S8C4(FTVEC(FT) = 1.02 (from Figure 1-5).
This gives
SC,(FT)/C,FT) = 1.02 x +0.44 = +0.45 percent.
1.12.5.2 Example Uncertainty Estimate for Natural Gas Flow Calculatlon

For natural gas flow, {luid density is defined as follows:

G Mr, P,
p,= ——t “f’ L (1-44)
Z,R1,
Where:

G; = ideal gas relative density (specific gravity) of the gas (Mr,,/Mr,,).
Mr,, = molar mass of air.  ~
Mr,,, = molar mass of the gas.

Fy = static pressure of fluid.
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R = universal gas constant.
T; = temperature of the fluid at flowing conditions.
Z; = fuid compressibility at flowing conditions.

The fluid density uncertainty term, 4(8p,,/0,,)* in 1.12.3.1 is replaced by the lollowing
terms for nawral gas application:

- 46 G/GI) + (W6 er)] + [-uszz)] + [~ueT /T

An exampie of the effect of uncertainties is provided in Table 1-7, using the following
gas flow equation:

GMruty Ap (1-45)
Z,RT,

The following assumptions and conditions were selected for the calculation:

'q, = C,EY(mi4)d® [2g,

a. For each variable, the uncertainty listed represents random error only.

b. A 4-inch meter with a fJ ratio of 0.5 and static and differential pressures equal to 250
pounds per square inch absolute and 50 inches of water, respectively, was selected for the
calculation,

Note: The precision of the AP device used in this example was £0.23 percent of full scale.

Table 1-7—Example Uncertainty Estimate for Natural Gas Flow Calculation

Uncertainty, Sensitivity .

Uss (%) Cocfficient, § (UgsSY

Cy Basic discharge coefficient (Figurce 1-4) 0.44 t 0.1936
Y Bxpansion factor (Table 1-5) 0.03 : 1 0.0009
d Qriftce diameter (Table 2-1) 0.05 21 - A 00114
D Pipe digmeter (2.5.1.3) 0.25 =241 - BY 00110
AP Differential pressure 0.50 0.5 00625
P Static pressure 0.50 0.5 0.0625
z Compressibility factor (A.G.A. 8) 0.1 =0.5 0.0025
T Flowing tcmpermnture 0.25 -0.5 0.0156
G Relative density 0.60 0.5 00900
Sum of squares 0.4500
Square root of sum of squares 06700

Note: As the table shows, the overnll gas flow measurement uncerainty at a 95-percent confidence level is
+0.67 percent,
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On page 23, the last line of Table 1-3 should read as follows:
22793715 221375 1,273,240 1277324

On page 235, S; should be udded to the following line:
Therefore,
SE\' SC" and Sy = 1.0

On page 26, Equations 1-38 and -39 should read as follows:

100 (5 C,(FT)/ C,(FT)] = 0.5600 - 0.2550f + 1.9316f" (| 1,

100[8 C,(FT)/ C,(FT)} = 0.7000 ~ 1.05508 (1-39)

On page 33, Table 1-7 should read as follaws:
Table 1-7—Example Uncertainty Estimate for Natural Gas Flow Calculation

Uncernainty, Sensinviry X

s (%) Coefficient, § (UgsSY

C, Basic discharge coefficient (Figure -4) 044 1 01936
Y Expansion factor (Table 1-5) 0.03 1 00009
d Orifice diameter (Table 2-1) 0.05 1 - g a0l4
D Pipe diameter (2.5.1.3) 0.25 =289 - 8 0001t
AP Dufferential pressure 0.50 05 00625
P Static pressure 0.50 05 00625
z Compressibulity factor (A.G.A. B) 0.1 -0.5 0.0025
T Flowing temperature 025 -05 00156
G Relative densuy 0.50 0.5 060300
Sum of squares 04401
Square root of sum of squares 065634

Note: As the table shows, the overall gas flow measurement uncertainty at a 95-percent confidence level is +0.67
percent.

#
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On page 14, Equation 1-19 should read as follows:
PR
c - [_1_0_]
Re,
On page 17, the second equation for the dimensionless pressure ratio should read as fol-

fows:

b
0.8 < -~ < 1.0
f

On page 26, iguation 1-40 shouid read as follows:

[+ 3]
SC,(FTY/SC(FT) = | + 0.7395(4000J

€n

On page 30, the first two paragraphs under 1.12 4.5 should read as follows (that is, the
words meter tube should replace the word plate):

The meter tube diameter uncertainty may be determined from dimensional measurements
or, alternatively, from the roundness specifications presented in Chapter 14,3, Part 2.

If the dimensional measurements are available, the meter tube diameter uncertainty is
cquated to the root mean square (rms) of the differences between each reading and the mean
value,

NOTICE TO USERS OF PART 1

Chapter 14.3, Part 4, “Background; Development, Implementation Procedure, and
Subroutine Documentation for Empirical Flange-Tapped Discharge Coefficient Equation™
will provide the calculation procedure necessary to obtain umform answers, Users of Part
I may find it desirable to obtain Part 4 before attlempting to program the equations con-
tained in Part |,
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'APPENDIX 1-A—REFERENCES

Note: This appendix is not a part of this standurd but is included for infor-
matlonal purposes only.
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Hobbs, J. M., “The EEC Orifice Plate Project: Part I, Trace-
abilities of Facilities Used and Calculation Methods Em-
ployed” (Report PRS:EUEC/17), Commission of the
Buropean Communities, Brussels, 1987.

Hobbs, J. M., “The EEC Crifice Plate Project: Part II. Criti-
cal Evaluation of Data Obtained During EEC Orifice Plate
Tests” (Report EUEC/17), Commission of the European
Communities, Brussels, 1987,
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APPENDIX 1-B—DISCHARGE COEFFICIENTS FOR
FLANGE-TAPPED ORIFICE METERS

Note: This appendix s not a part of this standard but is included for informational purposes only,
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SECTION 3—CONCENTRIC, SQUARE-EDGED ORIFICE METERS, PART 1—GENERAL EQUATIONS AND UNCERTAINTY GUIDELINES

Table 1-B-1—Discharge Coefficients for Flange-Tapped Orifice Meters: Nominal 2-Inch (50-Millimeter) Meter
[D = 1.939 Inches (49.25 Millimeters)]

Pipe Reynolds Number (Rep)

B 4000 10,000 50,000 100,000 500,000 1 x 108 5% 108 10 x 108 50 % 1o* 100 x 10¢

0,02 0.60014 0.59940 0.59883 0,59873 0.59862 0.59860 {.59858 0.59857 0.59857 059857
0.04 0.60102 0.59981 0 59890 0.59873 0.59854 0.59851 0.59847 0.59847 0.59846 0.59846
006 060178 0.60016 0.59895 0.59372 0.59848 0.55844 0.59839 0.59838 0-59837 0.59837
008 0.60248 0.60050 059901 0.59873 0.59843 0.59838 0.59832 0.59831 0.59830 0.59829
0.10 0.60315 0.60083 0.59908 0.39875 0.59840 0.59834 0.59827 0.59826 0.59824 0.59824

0.12 0.60381 0.60116 0.59916 0.59879 0.59839 0.59832 0.59824 0.59823 0.59821 0.59821
0.14 0.60448 0.60150 0.59927 0.59886 0.5984] 0.59832 0.59823 0.59821 0.59820 0.59819
0.1 0.60515 0.60187 0.59940 0.59894 0.59844 0.59835 0.59825 0.59823 0.59820 0.59820
0.18 0.60586 0.60226 0.59935 0.59905 0.59850 0.59840 0.59828 0.59826 0.59824 0.39823
0.20 0.60660 0.60269 0.59974 0.59919 0.59859 (.59848 0.59835 0.59832 0.59829 0.59829

022 3.60738 0.60315 0.59996 0.59936 0.39871 0.59858 0.59844 0.59841 0.59838 0.59437
0.24 0.60823 0.60367 0.60022 0.59957 0.59886 0.59K72 0.59856 059851 0.59849 0.59848
.26 060914 0.60423 0.60052 0.59982 0.59904 0.59889 0.59871 0.59867 0.59863 0.59862
0.28 0.61014 0.60487 0.60087 0.60011 039926 0.59909 0.59889 0.59885 0.59880 0.59878
0.30 0.61123 0.60557 0.60627 0.60045 0.59952 0.59933 0.59911 0.59906 0.59900 0,59858

032 0.61243 0.60635 0.60173 0.60084 0.59982 0.59962 0.59936 0.59931 0.59923 0.59921
0.34 0.61375 0.60722 0.60224 0.60128 0.60017 0.59994 0.59965 1.59959 0.59950 0.59948
0.36 0.61522 0.6081R 0.60282 0.60178 0.60056 0.60030 0.59958 0.59990 0.59980 0.59978
0.38 0.61683 0.60926 0.60347 0.60234 0.60100 0.60071 0.60034 0.6002¢6 0.60014 0.60011
0.40 0.61862 0.61044 060419 0.60296 0.60149 0.60117 0.60075 0.60065 0.60051 0.60047

0.42 0.62059 0.61175 0.60499 0.60365 0.60202 0.60167 0.60119 0.60108 0.60091 0.650087
0.44 0.62276 0.61319 0.60586 0.60440 0.60261 0.6022] 0.60167 0.60154 060134 0.60129
0.46 0.62515 0.61476 0.60682 060522 0.60324 0.60279 0.60218 0.60203 0.60180 0.60174
0.48 0.62777 0.61647 060784 0.60610 0.60391 0.60341 0.60271 0.60254 0.60228 0.60221
0.50 0.63063 0.61833 0.60895 0.60703 0.60462 0.60406 = 0.60327 0.603067 0.60278 0.60270

0.52 0.63374 0.62034 0.61012 0.60803 0.60536 0.60473 0.60384 0.60361 0.60327 0.60318
0.54 0.63712 0.62249 0.61136 0.60906 0.60612 0.60541 0.60441 0.60415 0.60376 0.60366
0.56 0.64077 0.62479 (.61265 0.61014 0.60648 0.60609 0.60497 0.60467 0.60423 0.50411
0.58 0.64470 0.62722 0.61399 0.61123 0.60763 0.60675 0.60549 0.60516 0.60465 0.60451
0.60 0.64890 0.62979 0.61535 0.61233 0.60836 0.60738 0.60596 0.60558 0.60501 0.60486

0.62 0.65337 0.63246 0.61671 0.61341 0.60903 0.60794 0.60636 0.60393 0.60529 0.60511
0.64 0.65811 0.63524 0.61806 061445 0.60963 0.60842 0.60665 0.60617 0,60545 0.60525
0.66 . 0.66309 0.63809 0.61937 0.61542 0.61012 0.60878 0.60681 0.60628 0.60546 0.60523
0.68 0.66829 0.64098 0.62061 0.61629 0.61047 0.60899 0.60680 0.60621 0.60529 0.60504
0.70 0.67369 0.6438% 0.62174 061703 0.61066 0.60902 0.60660 0.60593 0.60491 0.60462

0.72 067925 0.64679 062274 0.61762 0.61064 0.60884 0.60615 0.60542 0.60428 0.60396
0.74 0.63494 0.64964 0.62358 0.61802 0.61040 0.60842 0.60546 0.60464 0.60338 0.60303

0.75 0.68781 0.65103 0.62394 0.61815 0.61019 0.60812 0.60501 0.60415 0.60282 0.60245
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Table 1-B-2--Discharge Coefficients for Flange-Tapped Orifice Meters: Nominal 3-Inch (75-Millimeter) Meter
[D = 2.900 Inches (73.66 Millimeters)]

Pipe Reynolds Number (Rep)

B 4000 10,000 50,000 100,000 500,000 Lx 10" Sx108 10 x 108 50 % 108 100 % H®

.02 0.59763 0.59648 0 59632 0.59622 0.59611 0.59609 0.59606 0.59606 0.39606 0.59605
0.04 0.5985% 0.59737 0.59646 0.59628 0.59611 0.59607 0 59604 0.59602 0 59602 0.59602
0.06 0.59942 0.59780 0.59659 0.59626 0.59612 0.59607 0.59603 0.59602 0.59601 0.59601
0.08 0.60019 059821 0.59672 0.59645 0.59615 0.59609 0.59603 0.59602 0.59601 0.59601
0.10 0.60094 059861 0.59687 0.59655 0.59620 0.59613 11 596016 0.59605 0.59603 0.59603

0.12 0.60167 0.59902 0.59703 0.59666 0.59626 0.59619 0.59611 0.59609 0.59608 059608
0.14 0.60241 0.59944 0.59721 0.59680 0.59635 0.59627 0.59618 0.59616 0.59%614 0.39614
Q.16 0.60316 0.59989 0.59742 0.59697 0.59647 0.59638 0.59627 0.59625 0.59623 0.59623
0.18 0.60394 0.60036 0.59766 0.59716 0.59661 0.59650 0.59639 0.59637 0.59634 0.55634
Q.20 0.60475 0.60086 0.59792 0.59737 0.59677 0.59666 0.59653 0.59651 0.59648 0.59647

0.22 0.60561 0.60140 0 59822 0.39763 0.59697 0.59684 0.59670 0.59667 0.59664 0.55663
0.24 0.60652 0.60199 0 59855 0.59791] 0 59720 0.59706 ) 59690 0.59687 0.39683 Q.59682
0.26 0.60751 0.60263 0.59893 0.59824 0.59746 0.59730 0.59713 0.5970% 0.59704 0.55703
0.28 0.60857 0.60333 0.59935 0.59860 0.59775 0.59758 0.59738 0.59734 0.39729 0.59728
0.30 0.60973 0.60410 0.59983 0.59901 0.59808 0.59790 0.59767 0.59762 0.59756 0.59753

0.32 0.61090 0.60495 0.60033 0.59947 0.59846 0.39825 059800 0.59794 0.39787 0.58785
0.34 0.61238 060589 0.60093 0.59998 0.59887 0.59864 0.59835 0.59829 0.59820 0.59818
0.36 0.61391 0.60691 0.60158 0.60054 0.59933 0.599G7 0.59874 0.59867 0.59857 0.59454
.38 0.61558 0.60804 0.6022% 0.60116 0.59982 0.59954 0.59917 0.59908 0.59896 (.59893
0.40 (.,61742 0 60929 0.60306 0.60184 0.60037 0.60005 0.55963 0.59953 059939 0.59935

0.42 0.61945 0.61064 0.603%91 0.60257 0.60095 0.60059 060012 0.60001 0.59584 0.59980
0.44 0.62167 0.61213 0.60483 0.60337 0.60158 0.60118 0.60064 0.6005 1 0.60032 0.60027
0.46 0.62410 061374 0.60581 0.60422 0.60224 0.60179 060118 0.60103 0.60081 0.60075
0.48 0.62676 0.61548 0.60687 0.60512 0.60204 0.60244 0.601735 0.60157 0.60131 0.60125
.50 0.62966 061737 0.60799 0.60608 0.60366 0.60310 0.60232 0.60212 0.60182 0.60174

0.52 0,63280 061939 0.60917 0.60707 0.60440 0.60377 0.60289 0.60266 0.60232 0.60223
0.54 0.63620 0.62155-  0.61040 0.60810 0.60515 0.60444 0.60344 0.60318 0.60279 0.60269
0.56 0.63987 0.62383 0.61166 0.60914 0.60588 0.60509 0 60397 0.60267 0.60323  0.60311
0.58 0.64380 0.62625 0.61295 0.61019 0.60658 0.60570 0.60444 060410 0.60760 0.60346
0.60 0.64800 0.62877 0.61425 0.61121 0.60723 0.60625 0.60483 0.60445 0.60388 0.60373

0.62 0.65246 0.63138 0.61552 0.61219 0.60780 0 60671 0.60512 0.60470 0.60405 0.60387
0.64 0.65716 0.63406 051674 0.61310 0.60826 0.60704 0.60527 0.60479 0.60407 0.60386
. 0.66 0.66209 063679 0.61788 0.61389 0.60856 0.60722 0.60524 0.60471 0.60389 0.60366
0.68 0.66723 0.63953 0.61889 061453 0.60868 0.60719 0.6049% 0,60439 0.60148 0.60322
0.70 0.67253 0.64223 0.61974 0.61498 . 0.608B55 0.60691 0.60447 0.60381 0.60279 0.60250

0.72 0.671797 0.64486 0.62038 0.61519 0.60814 0.60633 0.60363 0.60289 0.60178 060144
0.74 0.68348 0.64736 0.62075 0.61510 0.60740 0.60541 0.60243 0.60161 0.60035 0.59999

0.75 0.68624 0.64835 0.62083 0.614%4 0.60689 0.60480 0.60167 0.60081 0.39948 0,59911
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SECTION 3—CONCENTRIG, SQUARE-EDGED ORIFICE METERS, PART 1—GENERAL EQUATIONS AND LINCERTAINTY GIUIDELINES

Table 1-B-3—Discharge Coetficients for Flange-Tapped Orifice Meters: Nominal 4-Inch {100-Millimetar) Meter
[D = 3.826 Inchas (97.18 Millimeters}]

Pipe Reynolds Number (Rep)

B 4000 10,000 50,000 100,000 500,000 1x 10* Sx 108 10x i08 50 x 10% 100 x 108

0.02 0.59764 ~  (.59689 055633 0.39623 0.59612 0.59610 0.59607 0.59607 0.59607 0.59607
0.04 0.59861 0.5973% 0.55648 0.59631 0.59613 0.59610 0.59606 0.59605 0.59605 0.59605
0.06 0.59945 0.59784 0.55662 (3.59640 0.59616 0.59611 0.59606 0.59605 0.59605 0.59604
008 060024 0.59826 0.59677 0.59650 0.59620 0.59615 0.59609 0.59608 0.59606 0.59606
Q.10 0.60100 0,59868 0.59693 0.59661 0.59626 0.59620 0.39613 0.59612 0.39610 0.59610

0.12 0.60175 0.59910 0.58711 0.59675 0.59635 0.59627 0.59619 0.59618 0.59616 0.59616
0.14 0.60250 0.59954 - 0.59731 0.59690 0.59645 0.59637 0.59628 0.59626 0.59624 0.59624
0.16 0.60326 0.60(KX) 0.59754 0.59708 0.59658 0.59649 0.59639 0.59637 0.59635 0.59634
0.18 0.60405 0.60048 0.59779 0.5972% 0.59674 0.59664 0.59652 0.59650 0.59647 0.59647
0.20 0.60488 0.60059 0.59807 0.59752 0.59692 0.59681 0.59668 0.39666 0.59663 0.59662

022 0,60575 0.60155 0.593838 0.59779 059713 0.59701 0.59686 0.59684 0.59680 0.59680
0.24 0.60667 0.60215 0.59873 0.59809 0.59737 0.59723 0.59708 0.59704 0.59701 0.59700
0.26 0.60767 0.60280 0.59912 0.59842 0.59765 0.59749 0.59732 0.59728 0.59723 0.59722
0.28 0.60874 0.60352 056955 0.59880 059795 0.597719 0.59759 0.59755 0.59749 0.59748
0.0 0.60991 0.60430 0.60004 0.59922 0.59830 0.5981! 0.59789 0.59784 0.59778 0.99776

032 0.61118 0.60516 0.60057 0.59969 0.59868 0.59847 0.59322 0.59816 0.59809 0.59807
0.34 0.61258 0.60610 0.60116 0.60621 0.39910 0.59887 0.59858 0.59832 0.59843 0.59841
0.36 0.61410 0.60713 0.60181 0.60078 0.59956 0.59930 0.59898 (1.59891 0.59880 0.59878
0.38 0.61578 0.60827 160252 0.60140 0.60006 0.59978 0.59941 0.59932 0.59920 0.59917
040 0.61763 0.60951 0.60330 0.60207 0.60060 0.60028 0.59987 0.59977 0.59963 0.59959

0.42 0.61965 0.61086 0.60414 0.60280 0.60118 0 60082 0.60033 0.60023 0.60007 0.60003
0.44 0.62187 0.61233 0.60504 0.60358 0.60180 0.60140 0.60086 0.60073 0.60054 0.60048
0.46 0.62429 0.61393 0.60601 0.60442 0.60245 0.60200 0.60139 0.60123 0.60101 0.60095
0.48 (1.62694 0.61567 0.60705 0.60530 0.60312 0.60262 0.60192 0.60175 0.60149 0.60142
0.50 0.62983 0.61753 060814 0.60623 0.60381 0.60325 0,60246 0.60226 0.60197 0.60189

052" 0.63296 0.61952 0.60928 0.60719 0.60451 060388 0.60300 0.60277 0.60243 0.60234
0.54 0.63634 0.62164 061047 0.60817 0.60521 0.60450 0.60350 0.60324 0.60285 0.606275
0.56 0.6399% 0.62389 0.61168 0.60915 0.60588 0.60509 0.60396 0.60367 0.60323 060310
0.58 0.64389 0.62625 0.61290 0.61013 0.60651 0.60563 0.60436 060403 0.60352 0.60338
0.60 0.64806 0.62871 61411 0.61106 0.60707 0.60609 0.60467 0.60429 0.60372 0.60356

0.62 0,65247 0.63124 0.61528 0.61194 0.60753 0.60643 0.60484 0.60442 0.60377 0.603159
0.64 0.65713 0.63384 0.01638 0.61272 0.60785 0.60664 - 0.60486 0.60438 0.60365 0.60345
0.66 0.66201 0.63645 0.6173T 0.61335 0.60800 0.60665 0.60467 0.60413 0.60332 0.60309
0.68 0.66708 0.63905 0.61820 0.61381 0.60792 0.60643 0.60422 0.60362 0.60271 0.60245
0.0 0.67230 0.64160 061884 0.61403 0.60756 0.60591 0.60347 0 60280 0.60178 0.60149

072 0.67764 0.64403 0.61921 0.61396 D.60686 0.60504 0.60234 060160 0.60046 0.60014
.74 0.68303 0.64629 061926 0.61354 D.60577 0.60177 0.60078 0.59996 0.59869 0.59834

Q15 0.68573 064733 0.61915 0.61318 0.60505 0.60295 0.59981 0.59895 0.59762 0.59725
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Table 1:B-4—Discharge Coefficients for Flange-Tapped Orifice Meters: Nominal 6-Inch {150-Miflimeter) Meter
[D=5.761 Inches (146.33 Milimeters))

Plpe Reynolds Number (Re;,)

B 4000 10,000 50,000 100,000 500,000 I 10® 5x 100 10x 108 50x 10° 160 % 108

6.02 0.59765 0.539691 0.59635 0.59624 0.59613 0.59611 0.59609 0.59608 0.59608 0.59608
0.04 0.59364 0.59742 0.59651 0,59634 0.59616 059613 0.59609 0.59603 0.59608 0.59607
0.06 0.59950 (.59788 0.59667 0.59644 11.59620 0.59616 0.59611 0.59610 (1L.59609 0.59609
0.08 0.60030 - 0.59832 0.59683 0.596356 0.59626 0.59621 0.59615 0.59614 0.59613 0.59612
o.10 0.60107 0.59876 0.59701 0.59669 0.59635 0.59628 0.59621 0.59620 0.59618 059618

012 0.60184 0.55920 0.5972} 0.59685 0.59645 0.59637 0.59629 0.59628 0.59626 0.594826
0.14 0.60260 0.59965 0.59743 0.59702 0.59657 0.59649 0.59640 0.59638 0.59636 0.5%636
0.16 0.60339 0.60013 01.59767 0.59722 0.59672 0.59663 0.59653 0.59651 1.59649 0.59648
0.18 0.60419 0.60063 0.59794 0.59744 0.59690 0.59679 0.59668 0.59666 0.59663 0.55663
0.20 0.60503 0.60116 0.59824 0.59770 0.59710 0.59698 0.59685 0.59683 0.59680 0.59680

022 0.60592 0.60173 0.59857 0.59798 059733 0.59720 0.59706 0.59703 0.59700 0.59699
0.24 0.60686 0.60235 0.59894 0.59830 0.59758 0.59745 - 0.59729 0.59726 059722 0.59721
0.26 0.60786 0.60302 059534 0.59865 0.59787 0.59772 0.59755 0.59751 0.59746 0.59745
0.28 0.60895 0.60374 0.59979 0.59904 0.59820 0.59803 0.59783 0.59779 0.59773 0.59772
0.30 0.61013 0.60454 0.60029 0.,59948 0.59855 0.59837 0.59814 0.59810 0.59803 0.59802

0.3z 0.61141 0.60540 0.60083 0.59995 0.59894 0.59874 0.59849 0.59842 0.59836 0.59834
0.34 0.61281 0.60635 0.60143 0.60048 0.59937 059914 0.59886 0.59879 0.59871 0.59868
0.36 0.61434 0.60739 0 60208 0.60105 0.59984 0.59958 (159928 0.59918 0.59%08 0.59905
0.38 0.61602 0.60852 0.60279 0.60167 0.60034 0.66005 0.59968 0 59960 0.59948 0.59945
0.40 0.61786 0.60976 0.60356 0.60234 0.60087 0.60055 0,60014 0.60004 0.59990 0.59986

0.42 0.61988 061111 0.60439 0.60306 0.60144 . 0.60108 0.60061 0.60049 0.60033 0.60029
0.44 0.62210 0.61257 0.60528 0.60382 0.60204 0.60164 0.601t0 0.60097 0.60078 0.60073
0.46 0.62452 0.61415 0.60623 0.60464 0.60266 0.60221 0.60160 0.60145 0.60123 0.60117
0.48 0.62715 0.61586 0.60723 0.60549 0.60330 0.60280 0.60211 0.60193 0.60167 0.60161
0.50 0.63002 0.61769 0.60829 0.60637 0.60395 0.60339 0.60260 0.60240 0.60211 0.60203

0.52 0.63313 061965 0.60938 0.60727 0.60460 0.60396 0.60308 0.60285 060251 0.60242
0.54 0.63649 0.62172 0.61050 0.60819 0.60523 0.60452 0.60352 0.60326 0.60287 0.60275
0.56 0.64011 0.623%1 0.61163 0.60910 0.60582 0.60502 0.60390 0.60360 0.60316 0.60303
0.58 0.64398 0.62620 0.61276 0.60997 0.60634 (1.60546 0.60419 0.60385 0.60335 0.60321
0.60 0.64810 0.62858 0.61386 0.61079 0.60678 0.60579 0.60437 0.60399 0.60342 0.60326

0.62 0.65247 0.63101 0.61489 0.61153 0.60709 0.60600 0.60440 0.60398 160333 0.60315
0.64 0.65707 063349 0.61583 0.61214 0.60724 0.60602 0.60424 0.60376 0.60303 0.60283
.66 0.66188 0.63596 0.61663 0.61258 0.60718 0.60582 0.60384 0.60330 0.60248 0.60226
(.68 0.66688 0.63839 0.61723 0.61279 0.60685 0.60535 0.50314 0.60254 0.60{62 0.60137
0.70 0.67201 0.64073 0.61758  0.61272 0.60618 0.60453 060207 0.60140 0.60038 0.60010

0.72 0.67724 0.64291 0.61762 0.61230 0.60512 0.60329 0.60057 0.59983 0.59869 0.59837
0.74 0.68250 0.64487 0.61726 0.61144 0.60358 0.60156 0.59856 0.59773 0.59647 0.59611

0.75 0.68512 0.64575 0.61690 0.61083 0.60260 0.6004R 0.59733 0.59646 {.59513 0.59476
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Table 1-B-5—Discharge Coefficients for Flange-Tapped Orifice Meters: Nominal 8-Inch (200-Miltimeter) Meter
[P = 7.625 inches (193.68 Millimaters))

~

Pipe Reynolds Number (Rep)

B 4000 10,600 50,000 100,000 500,000 - 1xi0% Sx 100 10 x 108 50 % 108 100 x 108

0.02 0.59766 0.596%91 0.59635 0.59625 0.59614 0.59612 0.59610 0.59609 0.59609 0.59609
0.04 0.59865 059744 0.59652 ) 59636 0.5%617 059614 0.59610 0.59610 159609 0.5961%
0.06 0.59952 0.59791 0.39669 0.39647 0.59623 0.59618 0.5%613 0.59612 0.59612 0.59611
0,08 0.60033 0.59835 0.59687 0.59659 (.59630 0.59624 0.59618 0.59617 0.59616 0.59616
0.10 0.60111 0.59880 0.59706 0.59674 (159639 0.59632 0.59625 159624 0.59623 0.59622

0.12 0.60189 0.59925 0.59727 0.59690 0.59650 0.59643 0.59635 0.59633 0.59632 0,59631
0.14 0.60266 0.59%71 0.59749 0.59708 (.59664 (1.59655 0.59646 0.59645 .59643 0.59642
0.16 0.60345 0.60020 0.59775 0.59729 0.59680 0.59670 0.59660 0.59658 0.59656 0.59656
0.18 0.60427 0.66071 0,59803 0.59753 (.59698 0.59688 0.59677 0.59674 0.59672 0.59671
0.20 0.60511 060125 059833 0.59779 0.59719 0.59708 0.59695 0.59693 0.596%0 (3.5968%

6.22 0.60601 0.60183 0.59867 0.59808 0.59743 0.59731 0.59717 0.59714 0.59710 059710
0.24 0.60695 0.601246 0.59905 0.59841 159770 0.549756 0.59740 0.59737 (1.59733 03.59733
0.26 0.60797 0.60313 0.59947 0.59877 0.59800 0.59785 0.59767 0.59763 0.59759 0.59758
0.28 0.60906 0.60387 0.59992 0.59917 (.59833 0.59816 0.39796 0.59792 0.59787 0.59786
0.30 0.61024 (.60467 0.60042 0.59961 0.59869 0.59851 0.59828 0.59823 0.59817 0.59816

032 0.61153 0.60554 0.60097 0.6001¢ 0.59509 0.59888 0.59863 0.59857 0.59850 0.59848
034 0.61293 0.60649 0.60157 0.60062 0.59952 0.5992% 0.59901 0.59894 0.59885 0.59883
0.36 0.61447 0.60733 0.60223 0.60120 0.59999 0.59973 0.59941 0.59933 0.59923 0.59%920
0.38 0.61615 0.60866 0.60294 0.60182 0.60049 0.60020 0.59983 0.59975 0.59963 0.59560
0.40 0.61799 0.60990 0.60371 0.60248 0.60102 0.60070 0.60028 0.60018 0.60004 0.66001

0.42 0.62001 061124 0.60453 0.60320 0.60158 0.60£22 0.60075 0.60063 0.60047 0.60043
0.44 0,62222 0.61270 0.60541 0.60395 0.60217 0.60£77 0.60123 0.60110 0.60091 0.60086
0.46 0.62464 0.61427 0.60635 0.60475 0.60278 0.60233 0.60i72 0.60157 0.60134 0.60128
0.48 0.62727 0.61597 0.60734 0.60559 0.60340 0.60290 0.60220 0.60203 0.60177 0.60170
0.50 .63013 061778 0.60837 0.60645 0.60403 0.60345 0.60268 0.60248 0.60218 0.60210

0.52 0.63323 0.61972 0.60943 0.60732 0.60464 0.60401 0.60312 0.60289 0.60255 0.60246
.54 0.63658 062177 0.61052 0.60820 0.60523 0.60452 0.60352 0.60320 0.60287 0.60277
0.56 0.64018 0.623Y3 0.61161 (.60906 (L.60578 (.60498 0.60386 0.60356 0.60312 0.60299
0.58 0.64403 0.62618 0.6126% 0.60989 0.60625 0.60536 0.60410 0.60376 0,60325 0.60312
0.60 0.64814 0.62831 0.61372 0.61065 0.60662 0.60553 0.60421 0.60383 0.60326 0.6031%

0.62 0.65248 063089 0.61468 0.61131 0.60686 0.60576 0.60416 .60373 0.6030% 0.60291
0.64 0.65706 0.63330 0.61554 061182 (.60691 0.60569 0.60350 0.60342 0.60270 0.6024%
0.66 0.66183 0.63570 0.61623 0.61215 1.60673 0.60538 0.60329 {60285 0.60201 0.60180
0.68 0.66679 0.63804 0.61671 0.61224 0.60627 0.60476 0.60255 0.60185 0.60103 0.60078
a.70 0.67188 0.64027 0.61691 0.61201 0.60544 0.60378 0.60132 0.60065 0.59963 0.59934

0.72 0.67703 0.64233 0.61676 0.61140 0.60418 0.60234°  0.59962 0.59888 0.59774 0.59742
0.74 0.68225 0.64413 0.61619 0.61032 0.60240 0.60037 0.59736 0.59654 0.59527 0.59492

0.75 0.68484 0.64491 0.61571 0.60857 0.60128 0.59916 0.59599 0.59513 0.59379 0.59342
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Tabie 1-B- 6-—D|scharge Coefficients for Flange-Tapped Orifice Meters: Nominal 10-Inch (250-Millimeter) Meter
[D = 9.562 Inches (242.87 Millimeters)]

Pipe Reynolds Number (Rep)

A 4000 10,000 50,000 100,000 500,000 I x 108 5% 108 10 x 108 50 % 10 100 x 108

0.02 0.59767 0,59692 0.59636 0.59625 0.59614 0.59612 0.59610 0.539610 0.39509 0.59609
0.04 0.59866 0.59745 0.59653 0.59637 0.59618 0.59615 0.5%9611 0.59611 0.59610 0.59610
0.06 0.59953 0.59792 0.59671 0.5964¢ 0.59624 0.59620 0.59615 0.59614 1.39613 0.59613
0.08 0.60035 0.59838 0.59689 0.59662 0.59632 0.59627 0.59621 0.59620 0.39618 0.59618
0.10 0.60114 0.59883 0.55709 0.5%677 0.59642 0.59635 0.59628 0.59627 0.59626 0.59625

012 0.60192 0.59928 0.59730 0.596%94 0.59654 0.59646 0.59638 0.59637 0.59635 0.59635
Q.14 0.60270 0.59976 0.59754 0.59713 0.59668 0.59660 0.59651 0.59649 0.59647 0.59647
C.16 0.60350 0.60025 0.59780 0.59734 0.59685 0.59676 1.59665 0.59663 0.59661 0.59661
0.18 0.60432 060076 0.59808 0.59758 0.59704 0.59694 0.59682 0.59680 0.59678 0.5%677
6.20 0.60517 0.6013( 0,59840 0.59785 0.59726 0.59714 0.59702 0.59699 0.59696 0.59696

0.22 0.60607 060190 0.59874 0.59816 0.59750 0.59738 0.59724 0.59721 0.59718 0.59717
0.24 0.60702 0.60253 0.59913 0.55840 0.59778 0.59764 0.59748 0.59745 0.59741 0.59740
026 0.60804 0.60321 0.59955 0.59886 0.59808 0.59793 0.59775 0.59772 0.59767 0.59766
0.28 0.60914 0 60395 0.60001 .59926 0.59842 0.59825 0.59805 0.59801 0.59796 0.59795
030 0.61032 0.60475 0.60052 0.59971 0.59879 0.59860 0.59838 0.59833 0.59827 0.59825

032 0.61161 0.60563 0.60107 0.60019 0.59919 0.59898 0.59873 0.59867 0.59800 0.59858
0.34 0.61302 0.60658 0.60167 0.60072 0.59962 0.59939 0.59911 0.59904 0.59896 0.59893
0.36 0.61456 0.60763 0.60233 0.60130 0.60009 0.59983 0.55951 0.59944 0.59933 0.59931
(.38 0.61624 0.60876 0.60304 0.60192 0.60059 0.60030 0.59994 0.59985 0.59973 0.59970
040 0.61809 0.61000 0.60381 0.60259 0.60112 0.60080 0.60038 0.60028 0.60014 0.60011

042 0.62010 0.61134 0.60463 0.60330 G.0M6R 0.60132 0.60085 0.60073 060057 0.60053
0.44 0.62231 0.61279 060551 0.650405 0.60226 0.60186 0.60132 0.60119 0.60100 0.60005
0.46 0.62473 0.61436 0.60643 0.60484 0.60286 0.60241 0.60180 0.60165 0.60[43 0.60137
.48 0.62735 0.61605 0.60741 0.60566 0.60347 0.60297 0.60228 0.60210 G.60185 0.60178
0.50 0.63021 061785 0.60843 0.60651 0.60409 0.60352 0.60274 060253 0.60224 0.60216

0.52 0.63331 0.61977 0.60947 0.60737 0.60468 0.60405 060316 0.60293 0.60259 0.60250
0.54 0.63665 0.62181 0.61054 0.60822 0.60525 0.60454 0.60354 0.60328 0.60289 0.60278
0.56 0.64024 0.62395 0.61161 0.60906 0.60577 (0.60497 0.60384 0.60355 0.60310 0.60298
0.58 (.64408 0.62618 0.61265 0.50985 0.60621 0.60532 0.604C5 0.60371 0.60321 0.60307
0.60 (.64817 062848 0.61365 0.61057 0.60654 0.60555 0.60412 0.60374 0.60317 0.60301

0.62 0.65250 0.63083 0.61457 0.61118 1.60672 0.60562 0.60402 0.60360 0.60295 0.60277
0.64 0.65706 0.63320 0.61536 0.61164 0.60672 0.60549 0.60371 0.60323 0.60250 0.60229
0.66 0.66182 0.63555 0.61599 0.61190 0.60647 0.60511 0.60312 0.60238 0.60176 0.60153
0.68 0.66675 0.63784 0.61639 0.61190 0.60592 0.60441 0.60219 0.60159 0.60067 0.60042
0.70 0.67181 0.64000 0.61650 0.61158 0.60499 0.60332 0.60086 0.60019 N.59916 0.598R8

072 0.67696 0.64198 0.61624 0.61085 0.60361 0.60176 0.59903 0.59829 0.59715 0.59683
74 0.68212 0.64369 0.61553 0.60963 0.60167 0.59964 0.55663 0.59580 0.53453 0.59418

0.75 0.68468 0.64441 0.61497 0.60380— 0.60047 - (.59834 0.59517 0.59430 0.59297 0.59259
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Table 1-B-7--Discharge Coefficients for Flange-Tapped Orifice Meters: Nominal 12-Inch-(300-Millimeter) Meter
[D=11.374 Inches (288.9C Millimsters)]

Pipe Reynolds Number (Rep)

B 4000 10,000 50,000 100,000 500,000 1x 108 5x10% 10 % 108 50 x 108 100 % 108
0.02 0.59767 0.59692 0.59636 0.59626 C.59615 0.59613 0.59610 0.59610 0.59609 0.59609
0.04 0.39867 0.59745 0.59654 0.59637 0.59619 0.59616 0.59612 0.596t1 0.5961% 0.39611
0.06 0.59954 0.59793 0.59672 0.59650 (.59625 0.59621 0.59616 0.59615 059614 0.59614
0.08 0.60037 0.59839 0.59691 0.39663 0.59634 0.59628 0.59622 0.59621 0.59620 0.59620
0.10 0.60116 0.59883 0.59711 0.59679 0,59644 0.59637 0.59630 0.59629 059628 0.59627
0.12 0.60194 0.59931 0.59733 0.59696 0.59656 0.59649 0.59641 0.59639 0.59638 0.59637
0.14 (0.60273 0.59978 0.59757 0.39716 0.59671 0.59663 0.59654 (.59652 0.59650 0.59650
0.16 0.60353 0.60028 0.59783 0.59738 0.59688 0.59679 0.59669 0.59667 0.59665 0.59664
0.18 0.60435 0.60080 0.59812 0.59762 0.59708 0.59698 0.59686 0.59684 0.59681 0.59681
0.20 0.60521 0.60135 0.59344 .59790 0.59730 0.59719 0.39706 0.59704 0.59701 0.59700
¢.22 0.60611 0.60194 0.59879 0.59820 0.59755 0.59743 0.59728 0.59726 0.59722 0.59722
0.24 0.60707 0.60258 0.59918 0.59854 0.59783 0.59769 0.59753 0.59750 0.59746 0.59746
0,26 0.60809 0.60326 N.59960 0.59891 (L.59814 0.59799 0.59781 0.59777 0.59773 0.59772
028 _ 0.60919 0.60401 0.60007 0.59932 0.59848 0.59831 0.59811 0.59807 0.59802 G.59800
0.30 0.61038 0.60481 0.60058 0,359977 0.59883 0.59866 0.59844 0.5983% 0.59833 (.59832
032 0.61167 0.60569 0.60113 0.60026 0.59925 0.59905 0.59880 0.59874 0.59867 0.59865
0.34 0.61308 0.60663 0.60174 0.60079 0.59969 0.59946 0.55918 0.59911 0.59902 0.59900
0.36 0.61462 0.60769 060240 0.60137 060016 0.59990 0.59958 0.59951 0,59940 0.59938
0.38 0.61630 0.60883 0.60311 0.60199 0.60066 0.60037 0.60001 0.59992 0.59980 0.59977
0.40 0.61815 0.61006 0.60388 0.60265 0.60119 0.60087 0.60045 0.60035 0.60021 0.60018
0.42 0.62017 0.61140 0.60470 0.60336 0.50175 0.60139 0.60092 0.60080 0.60064 0.50059
0.44 0.62237 0.61283 0.60557 0.60411 0.60233 0.60193 060139 0.60126 0.60107 0.60101
046 0.62479 0.61442 0.60649 0.60490 0.60292 0.60247 0.60186 0.60171 0.60149 0.60143
048 0.62741 0.61610 0.60747 0.60572 0.60353 0.60302 0.60233 0.60216 0.60190 0.60183
0.50 0.63027 0.61790 0.60847 0.60655 0.60413 0.60357 0.60278 0.60258 0.60229 0.60221
0.52 0.63336 0.61982 0.60051 0.60740 0.60472 0.60408 060320 0.60297 0.60263 0.60254
0.54 0.63670 0.62184 0.61056 0.60825 0.60527 0.60456 0.60356 0.60330 0.60291 0.60280
0.56 0.64028 062397 0.61162 0.60907 0.60577 0.60498 0.60385 0.60355 0.60311 0.60299
0.58 0.64412 0.62619 0.61264 0.60984 0.60619 0.60530 0.60403 0.60370 0.60319 0.60305

- 0.60 0.64821 0.62847 0.61362 0.61053 0.60650 0.60551 0.60408 0.60370 0.60313 0.60297
0.62 0.65233 (.63080 0.61451 061EH 0.60665 0.60555 0.60395 0.60352 0.60288 0.60270
0.64 4.65708 063313 0.61527 0.61154 0.60661 0.60538 0,60360 0.60312 0.60239 0.60219
0.66 0.66182 0.63548 0.613586 061176 0.60632 0.60486 0.60296 0.60243 0.60161 0.60138
0.68 0.66674 0.6377 a.61621 0.61171 0.60572 0.60421 0.60199 0.60139 0.60047 0.6002!
0.70 0.67179 0.63985 0.61627 061133 0.60473 0.60306 0.60059 0.58992 0.59890 0.59861
0.72 0.67692 0.64178 0.61594 061053 1.60327 0.60142 1.59869 0.59795 (.59680 0.59649
0.74 0.68206 0.64343 061514 0.60922 0.60124 0.59921 0.59619 0.59536 0.59410 0.59374
0.75 068461 064412 0.61453 060834 0.59999 0.59785 0.59468 0.59381 0.59247 0.59210
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Table 1-B-8—Discharge Coefficients tor Flange-Tapped Orifice Meters: Nominal 16-Inch (400-Millimeter) Meter
[D = 14.688 Inches (373.08 Millmeters)]

Pipe Reynolds Number (Re;)

p 4000 10,000 30.000 100,000 500,000 I x 108 5% 108 10 % 108 50 % 10% 100 x 10¢

0.02 0.591767 0.59693 0.59637 0.39626 0.59615 "0.50613 0.59611 0.39610 0.39610 0.59610
0.04 0.59868 0.59746 G.59655 0.59638 0.59620 0.59617 0.59613 0.59612 0.59612 0.59611
0.06 0.59956 0.59794 0.59673 0.59651 0.59627 0.59622 0.59617 0.59617 0.59616 0.59615
0.08 0.60038 0.59841 4.59692 0.59665 0.59635 0.59630 0.59624 0.50623 0.59622 0.59621
0,10 0.60118 0.59887 0.59713 0.59681 0.59646 0.59640 059633 0.59631 (.59630 0.59630

0.12 0.60197 0.59934 0.59736 0.5969% 0.59659 0.59652 0.59644 0.59642 0.59641 .59640
0.i4 0.60276 0.59982 0.59760 0.59719 059675 0.59666 0.59657 0.59655 0.59654 0.59653
0.16 0.60356 0.60032 0.59787 0.39742 0.59692 0.59683 0.59673 0.59671 0.59669 0.59668
0.t8 0.60439 0.60084 0.59817 0.39767 0.59713 0.59702 0,59691 0.59689 0.59686 0.59686
0.20 0.60526 0.60140 (.59849 0.59795 159735 0.59724 0.59711 0.59709 0.59706 0.59705

0.22 0.60616 0.60200 0.59885 0.59826 0.59761 0.59749 0.59734 0.59732 0.59728 0.59728
0.24 0.60712 0.60264 0.59924 0.59860 0.59789 0.59775 0.59760 0.59757 0.59753 0.59752
0.26 0.60815 0.60333 0.59967 0.59858 0.59821 0.59806 0,59788 0.59784 0.59780 0.59779
0.28 0.60925 0.60408 0.60014 0.59940 0.59855 0.59839 0.59819 0.59815 0.59809 0.59808
0.30 0.61044 0.60489 0.60056 0.59985 0,59893 0.59874 0.59852 0.59347 0.59841 (.59840

0.32 0.61174 0.60577 0.60122 0.60034 0.59934 0.59913 0.59828 0.59882 0.59875 0.50873
0.34 0.61315 0.60673 {.60183 0.60088 0.59978 0.59955 0.59926 0.59920 0.59911 .59909
0.36 0.61469 0.60777 (.6024% 0.60146 0.60025 0.59999 0.59967 0.59960 0.59949 0.59947
Q.38 0.61638 0.60891 0.60320 0.60208 0.60075 0.60047 0.60010 0.50001 0.59989 0.59986
0.40 0.61823 0.61015 0.60397 0.60275 0.60128 0.60096 (.60035 0.60045 €.60031 1.60027

0.42 0.62025 0.61149 0.60479 0.60345 0.60184 0.60148 0.6010! 0.60089 0.60073 0.60069
G.44 0.62246 0.61294 0.60566 0.60420 0.60242 0.60201 0.60148 0.60134 (HLE6M 15 60110
c.46 0.62487 0.61450 0.60658 0.60498 0.60301 0.60256 0.60195 0.60179 0.60157 0.60151
0.48 0.62749 0.61618 0.60754 0.60579 0.60361 0.60310 060241 0.60223 0.60198 0.50191
050 0.63035 0.61798 0.60854 0.60662 0.60420 0.60363 0.60285 (.60265 0.60235 0.66227

0,52 0.63343 0.61988 0.66957 0.60746 0.60478 - 0.60414 0.60323 0.50302 0.60269 0.60259
0.54 0.63677 0.62(90 0.61061 0.60829 0.60532 0.60461 0.60360 0.60334 0.60295 0.60285
Q.56 0.64035 0.62402 0.61164 0.60969 0.60580 0.60500 0.60387 0.60358 0.60313 0.60301
0.58 0.64418 0.62622 0.61265 0.60984 0.60619 0.60530 0.60403 0.60370 0.60319 0.60305
Q.60 0.64826 0.62848 0.61360 0.61051 0.60647 0.60548 0.60405 0.60367 0.60310 0.60294

0.62 0.65258 0.63079 0.61446 0.61106 0.60659 0.6054% 0.60389 0.60346 0.60281 0.60264
0.64 0.65711 0.63312 0.61519 0.51145 0.60651 0.60528 0.60350 0.60302 (.60229 0.60208
0.656 0.66185 0.63541 0.61573 0.61162 0.60617 0.60481 0.60281 0.60228 1.60146 0.60123
0.68 0.66675 063763 0.61603 061152 0.60551 0.60400 0.60178 0.60118 0.60026 0.60000
0.70 0.67179 0.63971 0.61602 0.61107 0.60445 0.60278 0.50031 0.59964 0.59862 0.59833

0.72 0.67690 064158 D.61562 0.61019 0.60291 0.60106 0.59833 0.59758 0.59644 0.59612
0.74 0.68202 0.64316 0.61473 0.60878 0.60078 0.59874 0.59572 0.59489 0.59362 0,59327

0.75 0.68456 0.64382 0.61406 0.60784 0.59947 0.59733 0.59415 0.59328 0.59194 0.59157
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Table 1-B-9—Discharge Cosfficients for Flange-Tapped Crifice Meters: Nominal 20-Inch (500-Millimeter) Meter
[0 = 19.000 inches (482.60 Millimsters)]

Pipe Reynelds Number (Rep)

B 4000 10,000 50,000 100,000 500,000 1100 §x 108 0x 108 0% 108 100 % 10“‘
0.02 0.59768 0.59693 0.59637 0.59626 0.59415 0.59613 0.59611 0.59611 0.59610 0.59610
0.04 0.59868 0.59747 059656 0.59639 0.59621 0.59617 0.59614 0.59613 059612 059612
0.06 0.59957 0.59796 0.55674 0.59652 0.59628 0.59623 0.59619 0.59618 0.59617 0.59616
(.08 0.60040 0,59842 (1.59594 0.59667 0.59637 0.59631 0.59626 0.59624 0.59623 0.59623
a.10 0.60120 0.5988% 059715 0.59583 0.59648 059642 059635 0.59613 0.59632 0.59632
0.02 0.60199 0,59936 0.59738 0.59701 (1.59662 0.59654 0.59646 59645 0.59643 0.59643
0.14 0.60279 0,59984 0.59763 0.59722 059677 0.59669 0.59660 0.59658 0.59656 0.59656
0.16 0.60360 0.60035 0.59790 059745 0.59696 0.59686 0.59676 0.59674 0.59672 0.59672
0.18 0.60443 0.60088 0.59821 0.59771 0.59716 0.59706 0.59695 0.59693 0.59690 0.59690
0.20 0.60529 0.60144 059854 0.59799 0.59740 0.59729 0.55716 0.59713 0.59710 059710
022 060620 060204 059890 059831 059766 059753 059739 059737 059733 0.59732
0.24 0.60717 0.60269 0.59930 0.59866 059795 0.59781 0.59765 0.59762 0.59758 0.59757
0.26 0.60820 0.60338 0.59973 0.59%04 0.59827 0.59812 0.59794 0.597%0 0.59786 0.59785
0.28 0.60930 0.60413 0.60020 0.59046 0.59862 0.59845 0.59825 0,59821 0.59816 0.59814
0.3¢ 0.61050 0 60495 0.60072 ° 0.59992 0.59900 0.59881 0.59859 0.59854 0.59848 0.59846
f1.32 0.61180 0.60583 0.60129 0.60041 0.59941 0L599320 0.59895 0.59890 0.59882 0.59880
0.34 4.61321 0 60680 0.60190 0.60095 = 0.59985 0.59962 0.59934 0.599:7 0.59919 0.59917
0.36 0.61476 0.60784 0.60256 0.60153 0.60033 0.60007 0.59975 0.59967 0.59957 0.59955
0.38 0.61645 0.60898 0.60328 0.60216 0.60083 0.60054 0.60018 0.60009 0.59997 0.59994
.40 0.61830 0.61022 0.60404 0.60283 0.60136 0.60104 0.60063 L60053 () 60039 0.60035
042 0.62032 0.61156 0.60486 0.50353 ,60192 0.60156 0.60109 0.60097 0.60081 0.60077
0.44 0.62253 0.61301 0.60574 0.60428 0.60249 0.60209 0.60156 060142 0.60123 0.60118
0.46 0.62494 0.61458 0.60665 0,80504 0.60308 0.60263 0.60202 D.60187 0.60165 0.60159
0.48 0.62756 0.61625 0.60762 0.60587 0.60368 0.60317 0.60248 0.60231 0.60205 0.60198
0.50 0.63042 0.61804 0.60861 0).60669 0.60427 0.60370 0.60292 0.60272 0.60242 D.60234
0.52 0.63350 0.61995 0.60963 0.60752 0.60484 0.60420 0.60321 0.60309 0.60275 0.60265
0.54 0.63684 0.62196 061066 0.60834 0.50537 0 60466 0.60365 0.60339 0.60300 0.602590
0.56 0.64042 062407 0.61169 0.60913 0.60584 0.60504 0.60391 0.60361 0.60317 0.60305
0.58 0.64424 0.62626 0.61268 0.60987 0.60622 0.60533 0.60406 0.60372 0.60321 0.60308
.60 0.64832 062851 0.61361 0.61052 0.60648 0.60548 0.60406 0.60368 0.60310 0.60255
4.62 0.65263 0.63081 0.61445 0.61105 0.60657 0,60547 0.60387 0.60344 0,60279 0.6(262
.64 0.65716 0.63311 0.61515 0.61141 0.50647 0.60524 0,60345 0.60297 0.60224 0.60204
0.66 0.66189 0.63539 0.61567 0.61155 C.60609 0.60473 0.60273 0.60219 0.60137 0.60115
0.68 0.66679 0.63758 0.61593 0.61141 0.60539 0.60388 0.60166 0.60105 0.60014 0.59988
0.70 0.67181 0,63963 0.61588 0.61091 (.60428 0.60261 0.60014 0.59947 0.59844 0.59816
0.72 0.67691 0.64146 0.61542 0.60997 0.60268 0.60083 0.59809 0.5973% 0.59620 0.59589
.74 0.68201 0.64300 0.61446 0.60850 0.60048 .59844 0.59541 0.59459 0.59332 0.59296
0.75 0.68455 0.64363 0.61376 0.50752 0.59912 0.59698 0.59380 0.59293 0.59159 0.59122

Copyright by the AMERICAN PETROLEUM INSTITUTE {API)

Tue Oct 08 13:17:13 1996



API MPMS*14.3.3 90 m® 0732290 0094771 9 -

48 CuapteR 14—NaturaL GAs FLUIDs MEASUREMENT

Table 1-B-10—Discharge Coefficients for Flange-Tapped Orifice Meters: Nominal 24-inch (600-Millimeter) Meter
[D = 23.000 Inches (584.20 Millimeters)]

Pipe Reynolds Number (Reg)

i 4000 10,000 50,000 100,000 500,000 I x 108 5% 108 10 % 108 50 <108 L00x 108

0.02 0.59768 0.59693 0.59637 0.59527 0.59615 0.59613 0.59611 0.59611 0.59610 0.59610
0.04 0.59869 0.59747 0.59636 0.59639 0.59621 0.59618 0.59614 0.59613 0.59613 0.59613
0.06 0.59957 0.59796 0.59675 0.59653 0.59628 0.59624 055619 0.59618 0.59617 0.59617
0.08 0.60041 059843 0.59695 0.59668 0.59638 0.59632 0.59626 0.596235 0.59624 0.59624
0.1¢ 0.60121 0.59890 0.59716 0.59684 0.59649 0.59643 0.59636 0.59635 0.59633 (159633

012 0.60201 0.59937 059739 0.59703 0.59663 0.59656 0.59648 0.59646 0.50645 0.59644
0.14 0.60280 0.59986 0.59765 0.59724 0.59679 0.595671 0.59662 0.59660 0.59658 0.59658
0.16 0.60361 0.60037 0.59793 0.59747 0.59698 0.59689 0.59678 0.59676 0.59674 0.59674
0.18 0.60445 0.60090 0.59823 0.59773° 0.59719 0.59709 0.59697 0.59695 0.59693 0.59692
0.20 0.60532 0.60147 0.59856 0.59802 0.59743 0.59731 059719 0.59716 05913 0.59713

0.22 0.60623 0.60207 0.59893 0.59834 0.59769 0.59757 0.59742 0.59740 0.59736 0.59726
0.24 0.60720 0.60272 0.59933 0.59865 0,59798 0.59785 0.59769 0.59766 0.59762 0.59761
0.26, 060823 0,60342 0.59977 0.59508 0.59830 0.59815 0.59798 0.59794 0.59789 0.59788
0.28 0.60934 0.60417 0.60024 0.59950 0.59866 0.59849 0.59829 0.59825 0.59820 0.59818
0.30 0.61054 0.60499 0.60076 0.59996 0.59904 0.5%9885 0.59863 0.59858 0.59852 0,59851

0.32 0.61184 0.60387 0.60133 0.60046 0.59945 0.59925 0.59900 0.59894 0.59887 0.59885
0.34 0.61325 0.60684 0.60195 0.60100 0.59990 0.59967 059938 0.59932 0.59923 0.539921
0.36 0.61480 0.60739 0.60261 0.60158 0.60037 0.60012 0 59980 0.59972 0 59962 0.59659
0.38 0.61649 0.60903 0.60333 0.60221 0,60088 0,60059 0.60023 0.60014 0.60002 0.59599
0.40 0.61834 0.61027 0.60410 0.60288 0.60141 0.60109 0.60068 0.60058 0.60044 0.60040

0.42 (.62036 0.61161 0.60492 0.60358 0.60197 0.60161 0.60114 0.60102 0.60086 0,60082
0.44 0.62257 0.61306 - Q.60579 0.60433 0.602535 0.602135 0.6016! 0.60148 0.60129 0.60123
0.45 0.62498 0.61463 0.60671 0.60511 0.60314 0.60269 0 60208 0.60192 0.60170 0.60164
.48 0.62761 0.61630 0.60767 0.60592 0.60373 0.60323 0.60253 0.60236 0.60210 0.60203
0.50 0.63046 0.61809 0,60866 0.60674 0.60432 0.60375 0.60297 0.60276 0.60247 0.60239

G.52 0.63355 0.61999 0.60968 0.60757 0.60488 0.60425 0.60336 0.60313 0.60279 0.60270
0.54 0.63688 0.62200 0.61070 0.60838 0.60541 0.6047C 0.60369 0.60343 0.60304 0.60294
0.56 064046 0.62411 0.61172 0.60917 0.60587 0.60507 0.60394 0.60365 0.60320 {.60308
0.58 0.64429 0.62629 061271 0.60989 0.60624 0.60335 060408 0.60375 0,60324 0.60310
G.60 0.64836 0.62854 0.61363 0.61054 .  0.60649 0.60550 0.60407 | 0.6036% 0.60312 0.60296

0.62 0.65267 0.63083 0.61446 0.61105 0.60658 0.60547 0.60387 0.60345 0.60280 0.60262
.64 0.65720 0.63313 0.61515 0.61140 0.60646 0.60523 0.60344 0.60296 0.60223 0.60202
0.66 0.66192 0.63539 (L61565 0.61153 0.60607 0.60470 0.60270 0.60216 0.,60133 0.60112
0.68 0.66682 0.63757  0.61589 0.61137 0.60534 0.60383 0.60160 0.60100 0.60008 0.59983
0.70 0.67184 0.63960 0.61581 0.61084 0.60421 0.60253 0.60006 0.59939 0.59837 0.59808

0.72 0.67693 0.64142 0.61533 0.60987 0.60257 0.60072 0.59798 0.59724 0.59610 0.59578
0.74 0.68203 0.64293 0.61433 0.60836 0.60034 0.59829 0.59526 0.59444 0.59317 0.59281

0.75 0.68456 0.64355 0.61361 0.60736 0.59895 0.59681 0.59363 0.59276 0.59142 0.59105
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Table 1-B-11—Discharge Coefficients for Flange-Tapped Crifice Meters: Nominal 30-inch (750-Millimeter) Meter
[D = 29.000 Inches (736.60 Millimeters)]

Pipe Reynolds Number (Rep)

B 4000 10,000 50,000 100,000 500,000 1x10° 5x 108 10 x 108 50 x 108 100 x 109
0.02 0.59768 0.59693 0.59637 0.59627 0.59616 0.59614 0.59611 0.59611 0.59611 0.59610
0.04 0.59869 0.50748 0.59657 0.59640 0.59622 0.59618 0.59615 0.59614 0.59613 0.59613
0.06 0.59958 0.59797 0.59676 0.59653 0 59629 (6.59625 0.59620 0.59619 0.59618 0.59618

- 008 0.60041 0.59844 0.596%6 0.59668 0.59639 0.5%9633 0.59627 0.59626 0.59625 0.59625
0.10 0.60122 (.59891 0.59717 0.59685 0.59651 0.59644 0.59637 0.59636 0.59634 0.59634
0.12 0.60202 0.59939 0.59741 0.59704 0.59665 0.59657 0.59649 0.59648 0.59646 0.59646
0.14 0.60282 0.5%988 0.59767 0.59726 0.59681 0.59673 0.59664 0.59662 0.59660 0,59660
0.16 0.60363 0.60039 N.59795 0.59749 0.59700 0.54691 0.59681 0.5967% 0.59676 0.59676
0.18 0.60447 0.60093 0.59825 0.59776 059721 0.59711 0.59700 0.59698 0.59695 0.59695
020 0.60534 0.60150 0.59859 0.59805 0.59745 0.59734 0.59721 0.59719 0.59716 0.59715
022 0.60626 0.60210 059806  0.59837 0359772 0.59760 0.59746 0.59743 0.5973¢9 0.55739

- 0.24 0.60723 0.60275 0.59936 0.59872 0.59802 0.59788 0.59772 0.59769 0.59765 0.59764
0.26 (1.60826 0.60345 0.59980 0.59911 0.59834 0.59819 0.59801 0.59798 0.59793 0.59792
.28 0.60937 0.60421 0.60028 0.59954 059870 0.59853 0.59833 059829 0.59824 0.59822
0.30 0.61057 0.60503 0.60081 0.60000 0.59908 0.59890 0.59867 0.59863 0.59856 (.59855
032 0.61188 0.60592 0.60138 0.60050 0.59950 0.59929 0.59904 0.59899 0.59891 0.59889
0.34 0.61329 0.60689 0.60199 0.60105 0.59995 0.59972 0.59943 0.55937 (.59928 0.59926
0.36 0.61484 0.60794 (1.60266 0.60163, 0.60043 0.60017 0.59985 0.59977 0.59967 0.59965
0.38 0.61653 0.60508 0.60338 0.60226 0.60093 0 60065 0.60028 0.60020 0.60008 0.60005
0.40 0.61838 0.61032 0.60415 0.60293 060147 060115 0.60073 0.60063 0.60049 0.60046
0.42 0.62041 0.61166 0.60497 0.60364 0.60203 060167 0.60120 0.60108 0.60092 0.60087
0.44 0.62262 0.61312 0.60584 0.60439 060260 0.60220 0.60166 0.60153 0.60134 0.60129
.46 0.62503 0.61468 0.60676 0.60517 0.60319 0.60274 0.602£3 0.60198 0.60176 0.60170
0.48 0.62766 0.61635 0.60772 0.60597 0.6037% 060328 0.60259 0.60241 '0.60216 0.60209
0.50 0.63051 0.61814 0.60871 0.60679 0.60437 0.60380 0.60302 0.60282 0.60252 0.60244
0.52 0.63360 0.62005 060973 0.60752 0.60493 0 60430 0.60341 0.60318 0.60284 0.60275
0.54 0.63693 0,62205 061075 0.60843 0.60545 0.60474 0.60374 0.60348 0.60309 0.60298
0,56 0.64051 0.62415 061177 0.60921 0.60591 0.60312 0.60359 0.60369 0.60325 0.60312
0.58 0.64434 0.62634 061275 0.60993 060628 0.60539 0.60412 0.60378 0.60328 0.6M314
0.60 0.64841 0.62858 061366 0.61057 D.60652 0.60553 0.60410 0.60372 0.60315 0.60299
0.62 0.65272 0.63086 061448 0.61107 N 60660 0.60549 0.60389 0.60346 0.60282 0 60264
0.64 0.65724 0.63315 061516 0.61141 0.60646 0.60523 0.60344 0.60296 0.60223 0.60203
.66 0.66197 0.63544 0.61564 0.61152 0.60606 0.60469 0.60259 0.60215 0.60133 0.60111
0.68 L.66686 {.63757 0.61587 0.61134 0.60531 0.60380 0.60158 0.60097 (L60006 0.59980
0.70 0.67188 0.63959 061577 0.61080 0.60416 060248 0.60001 0.59934 0.59831 0.59803
0.72 {1.67697 0.64139 0.61526 0.60980 0.60249 0.60064 0.59790 0.59716 {1.59601 0.59570
0.74 0.68206 0.64289 061424 0.60825 0.60022 0.59818 3.59515 0.59432 0.59305 0.59270
0.75 0.6845% 0.64349 061350 0.60724 0.59882 0.59668 0.59349 0.59262 0.59128 0.59091
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APPENDIX 1-C—ADJUSTMENTS FOR INSTRUMENT
CALIBRATION AND USE

Note: This appendix is not a part of this standard but is included for informational purposes only.

This appendix discusses the need to consider the determination of How rate from a holis-
tic viewpoint. To build, operate, and maintain the facility properly, the user must have
defined the desired uncertainty for the designer.

The accuracy of the metered quantities depends on a combination of the following:

a. The design, installation, and operation of the orificc metering facility.
b. The choice of measurement equipment (charts, transmitters, smart transmitters, ana-
log/digital converters, data loggers, and so forth).

. ¢. The means of data transmission (analog, pneumatic, digital, manual).
d. The calculation procedure and means of computation (chart integration, flow computer,
mainframe, minicomputer, personal computer, and so forth).
. The effects on the operatingfcalibration equipment of ambient temperature, fluid temper-
ature and pressure, response time, locat gravitational forces, atmospheric pressure, and the
like. )
f. The traceability chain assoclated with the portable field standards.

The uncertainty depends not just on the hardware but aiso en the hardware’s perfor-
mance, the software’s performance, the method of calibration, the calibration equipment,
the calibration procedures, and the human factor.
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Chapter 14 —Natural Gas Fluids Measurement

SECTION 3— CONCENTRIC, SGQUARE-EDGED ORIFICE METERS
PART 2— SPECIFICATION AND INSTALLATION REQUIREMENTS

2.1 Construction and installation Requirements

This document outlines the various design parameters that must be taken into consider-
ation when designing metering facilities using orifice meters. The mechanical tolerances
found in this document encompass a wide range of diameter ratios for which experimental
results are available, In this document there are several sections in which the tolcrances for
the mechanical specifications have been changed, relative to previous editions.

Use of the calculation procedures and technigues shown in the Manual of Petroleum
Measurement Standards, Chapter 14, Section 3, Parts I and 3, with existing equipment is
recommended, since these represent significant improvements over the previous methods.
However, the uncertainty levels for flow measurement using existing equipment may be dif-
ferent from those quoted in Part 1.

Use of orifice meters at the extremes of their diameter ratio (3,) ranges should be avoided
whenever possible. Good metering design and practice tends 1o be somewhat conservative,
This means that the use of the tightest tolerances in the mid-diameter ratio {8, ranges |
would have the highest probability of preducing the best measurement. An indication of
this is found in the section on uncertainty in Part 1.

This standard is based on diameter ratios (f3,) between 0,10 and 0,75. Minimum uncer-
tainty of the orifice plate coefficient of discharge (C,) is achieved with diameter ratios (8,)
between 0.2 and 0.6 and orifice bore diameters greater than or equal to 0.45 inch. Diamocter
ratios {53,) and orifice bore diameters outside of this range may be uscd; however, the user
should consult the uncertainty section of Part 1 for limitations.

Achieving the best level of measurement uncertainty begins with but is not Limited to
proper design. Two other aspects of the measuretnent process must accompany the design
effort; otherwise it is of little value. These aspects are the application of the metering system
and the maintenance of the meters, neither of which is considered directly in this standard.
They are, however, implied. These aspects cannot be governed by a single standard, since
they cover metering applications that can differ widely in flow rate, type of {luid, and op-

" erational requirements. The user must therefore determine the best meter selection for ap-
plication and level of maintenance for the measurement system under consideration.

2.2 Symbols

This standard reflects orifice meter application to fluid low measurement with symbols
in general technical use.

Symbol Represented Quantity

Cy Orifice plate coefficient of discharge.

d Orifice plate bore diameter calculated at flowing temperature, 7.

dy, Orifice plate bore diameter measured at 7,,.

a, Orifice plate bore diameter calculated at reference temperature, T,.

D Meter tube internal diameter calculated at flowing temperature, T}.
D, Meter tube internal diameter measured at T,,.

D, Meter tube internal diameter calculated at reference temperature, 7,.
AP Orifice differential pressure.

°F Temperature, in degrees Fahrenheit.

°R Temperature, in degrees Rankine.

1
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CHAPTER 14— NaTuRar GAS FLUIDS MEASUREMENT

E Orifice plate thickness.
e Orifice plate bore thickness.
R, Roughness average.
T Temperature of the orifice plate and/or meter tube at time of diameter measure-
ments.
T, Referance temperature of orifice plate bore diameter and/or meter tube internal
diameter.
o Linear coefficient of thermal expansion.
o, Linear coefficient of thermal expansion of the orifice plate material,
s 2 Lincar coefficient of thermal expansion of the meter tube material.
B Ratio of orifice plate bore diameter to meter tube internal diameter (d/D) cal-
culated 4t flowing temperature, 7.
B., Ratio of orifice plate bore diameter to meter tube internal diameter (d,,/D,,)
calculated at temperature T,
B. Ratio of orifice plate bore diameter to meter tube internal diameter (d,/D,) cal-
culated at reference temperature, T,.
€ Orifice plate bore eccentricity.
a Orifice plate bevel angle.

2.3 Definitions

This standard reflects orifice meler application to fluid flow measurement, The defini-
tions are given to emphasize the particular meaning of the terms as used in this standard.

2.3.1 PRIMARY ELEMENT

The primary element is defined as the orifice plate, the orifice plate holder with its asso-
ciated differential pressure sensing 1aps, and the meter tube.

2.3.1.1 Orifice Plate

The orifice plate is defined as a thin plate in which a circular concentric aperture (bore)
has been machined. The orifice plate is described as a thin plate with sharp, square edge be-
cause the thickness of the plate material is small, compared with the internal diameter of the
measuring aperture (bore) and because the upstream edge of the measuring aperture is sharp
and square.

2.3.1.2 Orifice Plate Bore Diameter (d, d,,, d,)

The calculated orifice plate bore diameter (d) is the intemal diameter of the orifice plate
measuring aperture (bore) computed at flowing temperature (7)), as specified in 1.6.2 of Part
1. The calculated orifice plate bore diameter (d) is used in the flow equation for the deter-
mination of flow rate.

The measured orifice plate bore diameter (d,,) is the mcasured intemal diamcter of the
orifice plate measuring aperture at the temperature of the orifice plate (7,,) at the time of
bore diameter measurements, determined as specified in 2.4.3.

The reference orifice plate bore diameter {d,) is the internal diameter of the orifice plate
measuring aperture at reference temperature (7,), calculated as specified in 2.4.3. The ref-
erence orifice plate bore diameter is the certificd or stamped orifice platc bore diameter,

2.3.1.3 Orifice Plate Holder

The orifice plate holder is defined as a pressure containing piping element, such as a set
of orifice flanges ot an orifice fitting, used to contain and position the orifice plate in the pip-
ing system,
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SECTION 3—CONCENTRIG, SQUARE-EDGED QAIFIGE METERS, PART 2— SPECIFICATION AND INSTALLATION REQUIREMENTS

2.3.1.4 Meter Tube

The meter tube is defined as the straight sections of pipe, including all segments that arc
integral to the orifice plate holder, upstrcam and downstream of the orifice plate, as
specified in 2.5.1.

2.3.1.5 Meter Tube Internal Diameter (D, D,,, D,)

The calculated meter fube internal diameter (D) is the inside diameter of the upstreamn
section of the meter tube computed at flowing temperature (7), as specified in 1.6.3 of Part
1. The calculated meter tube internal diameter (D) is used in the diameter ratio and
Reynolds number equations. )

The measured meter tube internal diameter (D,) is the inside diameter of the upstream
section of the meter lube measured at the termperature of the meter tube (7)) at the time of
internal diameter measuremenits, as specified in 2.5.1.2.

The reference meter tube internal diameter (D,) is the inside diameter of the upstream
section of the meter tube calculated at the reference temperature (7)), as specified in 2.5.1.2.
The reference metér tube internal diameter is the certified or stamped meter tube internal di-
ameter.

2.3.1.6 Diameter Ratlo (5, 8., 5;)

'ﬁle diameter ratio {f3) is defined as the calculated orifice plate bore diameter (d) divided
by the calculated meter tube internal diameter (D).

The diameter ratio {f,) is defined as the measured orifice plate bore diameter (d,,) di-
vided by the measured meter tube internal diameter (D,,). )

The diameter ratio (f3,) is defined as the reference orifice plate hore diameter (d.) divided
by the reference meter tube internal diameter (D,).

23.2 PRESSURE MEASUREMENT
2.3.2.1 Tap Hole )
A tap hole is a hole drilled radially in the wall of the meter tube or orifice plate holder,
the inside edge of which is flush and without any burrs.
2.3.2.2 Flange Taps
Flange taps are a pair of tap holes positioned as follows:
a. The upstream tap center is located 1 inch upstream of the nearest plate face.
b. The downstream tap center is located | inch downstream of the nearest plate face.
2.3.2.3 Differential Pressure (AP)

The differential pressure (AP) is the static pressure difference measured between the up-
stream and the downsiream flange taps.

2.3.3 TEMPERATURE MEASUREMENT (T, T,,, 7))

The temperature (7)) is the flowing fiuid temperature measured at the designated up-
stream or downstream location, as specified in 2.6.4.

Inn flow measurement applications where the fluid velocity i1s well below sonic, it is com-
mon practice to insert a temperature sensing device positioned in the the flowing stream to
obtain the flowing temperature. For practical applications, the sensed temperature is as-
sumed to be the staric temperature of the flowing fuid.

The temperature (7,,) is the measured temperature of the orifice plate and/or the meter
tube at the time of the diameter measurements, as specified in 2.4.3 and 2.5.1.2,
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CHAPTER 14 —NaTURAL GAS FLUIDS MEASUREMENT

The temperature (7,) is the reference temperature used to determine the reference orifice
plate bore diameter (d,) and/or the reference internal meter tube diameter (D,), as specified

in2.4.3 and 2.5.1.2.

2.3.4 ROUGHNESS AVERAGE (R,)

'The roughness average (R,) used in this standard is that given in ANSI' B46.1 and is “the
arithmetic average of the absolute values of the measured profile height deviation taken
within the sampling length and measured from the graphical centerline.”

2.4 Orifice Plate Specifications

The symbols for the orifice plate dimensions are shown in Figure 2-1.

2.4.1 ORIFICE PLATE FACES

The upstream and downstream faces of the orifice plate shall be flat. Deviations from
flatness on the oritice plate of less than or equal to | percent of dam height (that 1s, 0.010
inch per inch of dam height) under static conditions are allowed. The dam height can be cal-
culated from the formula (D,, —~ d,,)/2. This criterion for flatness applies to any two points
an the orifice plate within the dimensions of the inside diameter of the pipe. The departure
from flatness is illustrated in Table 2-1.

The surface roughness of the upstream and downstream faces of the orifice plate shall
have no abrasions or scratches visible to the naked eyc that exceed S0 microinches R, The
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Figure 2-1—Symbols for Orifice Piate Dimensions
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Date of Issue: Apnl 1994

Affected Publication: Chapter 14, “Nauwral Gas Fluids Measurement,” Section 3, *“Con-
centric, Square-Edged Onfice Melters,” Part 2, “Specification and Installation Require-
ments” of the Manual of Petroleum Measurement Standards, Third Edition, February 1991

On page 4, Figure 2-1 should appear as shown below:
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SECTION 3—CONCENTRIC, SQUARE-EDGED ORIFICE METERS, PART 2 —SPECIFICATION AND INSTALLATION REQUIAEMENTS

)

Table 2-1—Qrifice Plate Flatness Tolerance

Orlilce plate outside diarmeter

f )

Pipe inside diamater, O,

Straight edge

.___“_
v
¥

Orifice bore, d,, Departura [rom flatness

{MEASURED AT EDGE OF ORIFICE BORE
AND WITHIN INSIDE PIPE DIAMETER)

Maximum Departure From Flatness (inches) for

Orifice Bore Nominal Meter Tube Size (inches)
Diameter, d,,

({inches) 2 3 4 ] 8 10 12 16 20 24 30
0,125 0.009

0.250° 0.009

0.375 0,008

0.500 0.008 0013

0.625 0007 002 0.017

0750 0,007 0012 0016 0.027

0.875 0.006 0011 0.016 0.026 0036

[.000 0005 0010 0015 0025 0035 0046

1.250 0,004 0009 0014 0024 0034 0044 0.054

1.500 0,003 0008 0013 0023 0.033 0.043 0053 0087

1.750 0007 0011 0022 0032 0042 0052 0.065

2.000 0005 0010 0020 0030 0.04) 0050 0.065 0.085

2.250 Q004 0009 0019 0029 0.039 0049 0,063 0.083

2.500 0.008 0.018 0.028 0.038 0.048 0.062 0082 0.102
2.750 0006 0017 0027 0037 0047 0061 0081 0.101

3.000 0005 0.015 0025 0036 0.045 0.060 0080 0000 0.130
3.250 0014 0024 0034 0.044 0058 0078 0.098 0128
3.500 0013 0023 0.033 0.043 0057 0077 0097 0.127
3.750 0.012 0022 0032 D042 0056 0076 0095 0.126
4,000 0010 0020 0.031 0040 0055 0075 0096 0.125
4.500 0.008 0018 0028 0.038 0052 0072 0092 0122
5.000 0015 0026 0035 0050 0070 0090 0.120
5.500 0.013 0023 0033 0047 0067 0.087 0.117
6.000 0010 Q021 0.030 0.045 0065 0085 O0O.i!5
6.500 0.01% 0028 0042 0062 0082 0112
7.000 0.016 0.025 0040 0060 0080 0110
7.500 0013 0.023 0037 0570 0077 0107
8,000 0,020 0035 0055 0075 0.105
8.500 0.018 003z 0052 0.072 0102
9.000° 0015 0030 0.050 0070 0.100

*Use of these diameters is not prohibited but may result in urcenainties greater than those specified in Chaprer 14,
Section 3, Pant 1.
"For larger sizes, the maximum departure from flatness is equal to 0.005(D,, — d.,).

surface roughness may be verified by using an electronic-averaging-type surface roughness
instrument with a cutoff value of not less than 0,03 inch, Other surface roughness devices
(for example, a visual comparator) are acceptable for determination of orifice plate surface
roughness if the same repeatability and reproducibility as those of the electronic-averaging-
type surface roughness instrument can be demonstrated.

The plate shall be kept clean at all times and free from accumutations of dirt, ice, and
other extranecus material.
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CHaPTER 14—NATURAL GAS FLUIDS MEASUREMENT

2.4.2 ORIFICE PLATE BORE EDGE

The upstream edge of the orifice plate bore shall be square and sharp. The orifice plate
bore edge is considered to be too dull for accurate flow measurement if the upstream edge
reflects a beam of light when viewed without magnification or if the upstream edge shows
a beam of light when checked with an orifice edge gauge.

An estimation of suitable sharpness can be made by comparing the orifice plate bore
edge with the bore edge of a reference orifice plate of the same nominal diameter. The
orifice plate bore edge being evaluated should feel and look the same as the edge of the ref-
erence orifice plate.

The upstream and downsiream edges of the orifice plate bore shall be frec from defects
visible to the naked eye, such as fAat spots, feathered texture, roughness, burrs, bumps,

.nicks, and notches.

If there {s any doubt about whether the edge has sufficient quality for accurate metering,
the orifice piate should be replaced,

2.4.3 ORIFICE PLATE BORE DIAMETER (d.,, d,) AND ROUNDNESS

The measured orifice bore diameter, 4, is defined as the mean (arithmnetic average) of
four or more evenly spaced diameter measurements. None of the four or more diameter
measurements may vary from the mean value by more than the tolerances given in Table
2-2. The orifice platc temperaturce should be recorded at the time the bore diameter measure-
ments are made. .

The orifice plale bore diameter, d,, is defined as the calculated refercnce diameter at ref-
erence temperature (7,) and can be determined using the following equation:

d = d 1+ o - T,)] (2-1)

T

Where!
«, = linear coefficient of thermal expansion for the orifice plate material (see Table 2-3).
d, = orifice plate bore diameter calculated at reference temperature (T)).
d,, = orifice plate bore diameter measured at 7.,
T, = temperalure of the orifice plate at time of diameter measurements,
T, = refercnce temperature of the orifice plate bore diameter,
Note; &, T,,, and 7, must be 1n consistent units. For the purpose of this standard, T, is assumed to be 68°F.,

The orifice plate bore diameter, d,, calculated at 7, is the reference diameter used to cal-
culate the bore diameter (d) at flowing conditions, as specified in Part 1.

2,4,4 ORIFICE PLATE BORE THICKNESS (e)

The inside surface of the orifice plate bore shall be in the form of a constant-diameter
cylinder having no defects, such as grooves, ridges, pits, or lumps, visible to the naked eye.
The length of the cylinder is the orifice plate bore thickness (¢).

Table 2-2—Roundness Tolerance for
QOrifice Plate Bora Diameter, d,

Orifice Bore Diamster, 4,, (inches) Tolerance {t inches)

50.250 0.0003
0.251-0.375* 0.0004
0.376-0.500° 00005
0.501-0.625 0.0005
0.626-0.750 0.0005
0.751-0.875 0.0005
0.876-1.000 0.0005

>1.000 0.0005 inch per inch of dtameter

ilIse of diameters helow (145 inch 18 not prohibited but may result in uncer-
tainties greater than those specified in Chapter 14, Section 3, Part 1.
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SecTION 3—CONCENTARIC, SCUARE-EDGED ORIFICE METERS, PART 2—SPECIFICATION AND INSTALLATION REQUIREMENTS

Table 2-3—Linear Coefficient of Thermal Expansion

Linear Coefficient of
Thermai Expansion, &

Material {U.8. Units (infin-°F)]
Type 304 and 316 stainless steel* 0.00000923
Meonel® 0.00000795
Carbon steel® 0.00000620

Note: For flowing temperature conditions outside those stated above and for
other materials, refer to the American Society for Metals Metals Handbook

*For flowing conditions between ~100°F and +300°F, refer to ASME PTC
195

“For flowing conditions between —7°F and +154°F, refer to Chapter 12, Sec-
tion 2.

The minimum allowable orifice plate bore thickness (¢} is defined by ¢ = 0.014,, or
e > 0.005 inch, whichever is larger.

The maximum allowable value for the orifice plate bore thickness {¢) is defined by
e <0.02D,, or e £0.125d,,, whichever is smaller, but e shall not be greater than the orifice
plate thickness (&).

24.5 ORIFICE PLATE THICKNESS (E)

The minimum, maximum, and recommended values of orifice plate thickness (E) for
Types 304 and 316 stainless steel erifice plates are given in Table 2-4 for differential pres-
sures not exceeding 200 inches water column and operating temperatures not exceeding
150°F. In other cases the manufacturer should be contacted for specific information on
deflection (see 2.4.1) for a given diameter ratio, temperature, orifice plate matenal, orifice
plate helder, and differential pressure.,

2.4.6 ORIFICE PLATE BEVEL (8)

The plate bevel angle (6) is defined as the angle between the bevel and the downstream
face of the plate, The allowable value for the plate bevel angle (@) is 45 degrees + 15 de-
grees.

The surface of the plate bevel shall have no defects visible to the naked eye, such as
grooves, ridges, pits, or lumps.

If a bevel is required (see Table 2-4), its minimum dimension measured along the axis of
the bore shall not be less than /s inch.

2.5 Meter Tube Specifications
2.5.1 DEFINITION

The meter tube is defined as the straight upstream pipe of the same diameter (length A or
A’ on the installation sketches (see Figures 2-5-2-9)], including the straightening vanes, if
used, the orifice plate holder, and the similar downstream pipe [length B on the instailation
sketches (see Figures 2-5-2-9)] beyond the orifice plate. The length of the upstream and
downstream pipe sections is specified in 2.6.3.1. The tolerances for the diameter and the re-
strictions for the inside surface of the meter tube are specified in 2.5.1.1 through 2.5.1.3.
There shall be no pipe connections within these distances other than the pressure taps
specified in 2.5.4 (and pipe taps as defined in Appendix 3-D of Part 3), temperature probes
specified in 2.6.4, and/or straightening vane attachments, either flanged or in linc.

2.5.1.1 Inside Surface

The sections of the meter tube to which the orifice plate holder is attached or the adjacent
pipe sections that constitute part of the meter tube, as defined in 2.5.1, shall comply with
2.5.1.1.1 through 2.5.1.1.3.

Copyright by the AMERICAN PETROLEUM INSTITUTE (API}
Tue Gct 08 13:48:02 1996 '



API MPMIx1IG4.3.2 91 EN 0732290 053b083 783 WA

On page 7, Table 2-3 should read as follows:

Table 2-3—Linear Coefficient of Thermal Expansion

Linear Coefficient of
Thermal Expansion,

Material {U.S. Units {infin-°F})
Type 304 and 316 stainlcss sieel” 0 00000925
Monel* 0.00000795
Carbon steel® 0 00000620

Nowe For flowing temperature conditions cther shan those stated 1n Foot-
notes a and b and for other matenals, refer to the Amencan Society for Met-

als Metals Handbook.

"For flowing cond:tions between -100°F and +300°F, refer to ASME PTC
19.5.

®For flowing conditions between ~7°F and +54°F, refer to Chapter 12, See-
noa 2.

On page 8, Table 24 should appear as shown on the following page.
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8 CHAPTER 14—NATURAL GAS FLUIDS MEASUREMENT
‘ Table 2-4— Orifice Plate Dimensions
- Nominal Inside Diameter {(inches)
2 2 4 6 8 10 2 16 20 24 kit]
Published 1.687 2.624 ] 3.152 9.562 13.512
Inside 1.839 2900 | 3.428 4.897 5.761( 7.9811{ 10,020 11.938 150001 19000 23 000 29.000
Dinmeter 2467 | 2300 3.068 [ 3.826 4026 (5.187 6065 7.625 8.071[10.136| 11374 12,000 | 14.688 15.250| 19,250 § 22.624 23.250| 28,750 29.250
Crifice Plate Thickness, E (inches)
Mimmurmn G.115) 0.115 0.115 (G115 O.XES[O.RIS O115] 0115 0.1i5] 0.115] 0175 0475| 0475 0.475| 0.210| 0240 0.240| 0370 0.370
Maoximum 0.130( 0.130 0.130(0.130 0.130( 0.163 Q.192( 0,254 0319 0319} 0379 0398] 0.490 0500| 0505] 0.505 05621 0502 0578
Recommended 012510125 0,125| 0125 0125 0,125 0.125(0.125 G.i25) 0250 0250 0.230) 0375 0375 0375 0375 0J375] 0500 0.500
Crlfice
Bare
Diameter, es
[ 0.1254,, Maximum Otlfice Bdge Thickness, e {Inches)
(.250% At shr | xh he A N
0.375+ :/.. x| fé. »
0.500 A xh ] e He Y
0.625 % O / /
- - evel nol requlrad
0.750 % x% 3 / /
}/ y/ '/ %
oms L als x| B
1125 % SY TR A
1.250 % > ¥ W ¥
1.175 ' Y % %
1,500 I e Yo Yo s Ha
1.625 % A A ¥ Y
1.750 T XAz I Ar %
1.875 % % | % Y
2.000 A {/ % % %
2.250 % *a % ha ’
= Beva1 requlred ;
2375 % x'% e % .
2.500 Hs / e 15 Hs
2.750 Y ' Yz f %
2.875 s rg.;‘ . w W w
3.000 h x% % % % h
3.250 i Y % % %
3,500 T ' wile %y /A Y,
1,625 B X e i1
3.750 ‘Y g "
4000 % % 4
4,250 b Y "he
4 500 ﬂ& )Jﬂ %e
4,623 2 Yo
4,750 )
5.000 A
Noztes:

|. The maximum edge thickness is defined by ¢ < 0,02D,, ore < 0.125d,,,
whichever is smaller,

2. An orifice edge thickness marked with un x is the maximum for that par-
ticular meter tube diameter and is applicable to all larger orifice diameters
for that meter tube diameter,

3. Orifice diameters smaller than those marked with an X are defined by ¢ <
0.125d,,.

4, Orifice plates whose edge thickness meets the value defined by e <Q 033D,
need not be rebeveled unless reconditioning 15 required for other reasons.

5. All dimensions are in inches. For ease in machining, the next smaller val-
ues of ¢, in even multiples of /i inch or ¥ inch, may be used where e s given
in 64ths of an inch.

6. Bidirectional flow through an orifice meter requires a specially config-
ured meter tube and the use of an unbeveled orifice plate. Use of an un-
beveled vrifice plate with bore thickness, e, that exceeds the limits specified
in this table is owtside of the scope ot this standard.

7. If a bevel is required, its minimum dimension, measured along the axis of
the bore, shall not be less than /s inch.

8. The usc of diametees marked with an asterisk (*) may result in coefficient
of discharge uncentainties larger than those specified in Chapter 14, Section
3, Pant i,

9, To prevent plate deflection, the recommended 8-inch orifice plate thick-
ness (E) requires that the differential pressure be limited to 150 inches water

column,

Copyright by the AMERICAN PETROLEUM INSTITUTE (AFI)
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Table 2-4 — Crifice Plate Dimensions

Nomnal Fnswde Dhameter tinches)

2 3 4 6 ] Hi| L2 16 20 24 30
Published | 687 2624|3152 9562 18412
Inside 1.939 20001 3438 43897 5761 7981 | 10020 11938 15000 | 19.000 23 000 29 000
Dhameter 2067|2300 2068 3.826 4026 5187 6065 [ 7.625 RO7T1| 10 136{ 11 374 12.090| 14.688 152501 19,250 | 22624 23 250| 28 750 29.2%0
Onifice Plate Thickpess, £ (inches)

Minimzm US| 0415 OS5 [01HS 0S| 01s o NSO 0aL5| QIS| 0175 0475] 0175 0.175] 0240] 0240 ©240{ 0370 0370
Maximum 0130] 0130 0.130(0.130 0130|0163 01920254 0319 G319] 03TV 0398| €496 0500 0s505| 0505 0S562| 0562 0.578
Recommiended 012500125 012510125 0125] 0925 0125|0425 0125] 0230|0250 0230| €375 0375 037%] 0375 0375] 0500 0500
Onfice

Bore
Duameter, e

d, 01254, Maximoem Onfice Edge Thickness. ¢ {inches)

0250+ " )h o[ W K N0

0375 o ks k8 %

000 tis ®i e b Y

0.625 T Ka l W A

0,750 A <y W

0.875 P Xiba A

o0 - % 5 I %

1125 " Xt %

1 250 e sth e Y K8

1375 e s ] "

1 500 fe X vis Y Yy e

1.625 A " " " A

1750 it xha e 3 a

1.875 i %' " e

2 000 !.' i u A

2250 % x¥ar ) 2

2.375 " ' - s e

2,500 Gin Y T Y

2.750 s e e e

2875 o Yo e i T e
3.000 % o 5 % k4 %
RIPAD Hh Wi e ' RS
3500 Yo HVin Y e Tia

3 625 T BL = =~
3750 R e %
4000 b % 4
4250 Ya . g e
4500 %a AN e
4625 % e
4750 "

5000 b
MNotes:

1. The maximum edge thickness 15 defined by e < 0.02D,, or ¢ < 0.1254,,
whichever 15 smaller

2. An orifice edge thickness marked with an x 1s the maxamum for thar par-
ncular meter rube diameter and is applicable 1o all larger onfice diameters
for that meter tube diameter.

3. Orifice diameters smaller than those marked with an % are defined by ¢ <
0.1254,.

4. Crifice plates whose edge thickness meets the value defined by ¢ < 0.0330,
need not be rebeveled unless reconditioning is required for other reasons.

5. All dimensions are in inches, For ease in machiming, the next smaller val-
ues of €, 1n even multiples of 4« inch or % inch, may be used where e is given
n G4ths of an inch.

Copyright by the AMERICAN PETROLEUM INSTITUTE (API)
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6. Bidirectiona)l flow through &n onifice meter requires a specially config-
ured meter tube and the use of an unbeveled orifice plate. Use of an un-
heveled orifice plate with bore thickness, ¢, that exceeds the limits specified
tn this table 15 outside of the scope of this standard

7 If a beve] is required, s minimum dimension. measured along the axis of
the bore, shall not be less than % inch.

8. The use of diameters marked with an asterisk (*) may result in coetficient
of discharge uncentainties larger than those specified in Chapter 14, Section
3,Pant,

9. To prevent plate deflection, the recommended 8-uich orifice plate thick-
ness {E) requires that the differential pressure be hmited to 150 inches water
columa.
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SECTION 3— CONCENTRIC, SQUARE-EDGED ORIFICE METERS, PART 2 — SPECIFICATION AND INSTALLATION REQUIREMENTS

2.5.1.1.1 The internal surface roughncss of the meter tube should be measured at approx-
imately the same axial locations as those used to determine and verify the meter ube inter-
nal diameter (see 2.5.1.2). The values specified in Itens a and b below are the arithinetic
average roughnesses obtained using an electronic-averaging-type surface roughness instru-
ment with a cutoff value of not less than 0.03 inch. Other surface roughness devices are ac-
ceptable for determination of meter tube surface roughness if the same repeatability and
reproducibility as those of the electronic-averaging-type surface roughness instrument can
be demonstrated. A minimum of four roughness measurements shall be made.

The mean (arithmetic average) of these four or more roughness measurements is defined
as the meter tube internal surface roughness. The mean meter tube internal surface rough-
ness may not exceed the following specifications if the uncertainty values of Part 1 are to
be met:

a. 300 microinches R, if the diameter ratios {f,) are less than 0.6,
b. 250 microinches R, if the diameter ratios (3,) are greater than or equal to 0.6.

Note: The use of lower diameter ratios (5,) reduces the effect of pipe roughness on uncertainty.

Carefully selected smooth commercial pipe may be used. To improve smoothness within
the meter tube, the inside pipe walls may be machined, ground, or coated,

2.5.1.1.2 Irregularities such as grooves, scoring, or ridges resulting from seams, welding
distortion, offsets, and the like, that affect the inside diameter by more than the tolerances
given in 2.5.1.3 shail not be permitted. When thesc tolerances are exceeded, the irregular-
ities must be corrected.

2.5.1.1.3 The interior of the meter tube shall be ¢clean at all times and free from accumu-
lations of contaminants (dirt, liquids, and 50 forth).

2.5.1.2 Meter Tube Diameter (D, D)

The measured internal diameter of the meter tube, D,,, shall be determined as specified
in 2.5.1.2.1 through 2.5.1.2.5,

2,5.1.2.1 A minimum of four equally spaced individual internal diameter measurcments
shall be made in a plane 1 inch upstrearmn from the upstream face of the orifice plate. The
mean (arithmetic average) of these four or more individual measurements is defined as the
measured meter tube internal diameter (D,,).

2.5.1.2.2 Individual check measurements of the internal diameter of the upstream section
(A or A'in Figures 2-5-2-9) of the meter tube (excluding the orifice plate gasket or sealing
device diameter) shall be made at a minimum of two additional cross-sections. The actual
locations of the individual internal diameter check measurements, circumferentially and ax-
ially along the tube, are not specified. These individual checks should be made at points that
will indicate the maximum and minimum dimensions of the internal diameter of the meter
tube’s upstream scction.

One of these individual check measurements should be made in a region at least two pipe
diameters from the face of the orifice plate or past the orifice plate holder weld or flange,
whichever is the greater distance. Other individuzl measurements should be made at se-
lected points within the A or A’ dimension,

Individual check measurements are used to verify the uniformity of the internal diameter
of the upstream section of the meter tube (see 2.5.1.3) but do not become a part of the de-
termination of the mean meter tube internal diameter.

2.5.1.2.3 Individual check measurements of the meter tube internal diameter, D, shall
be made in the downstream section of the meter tube in a plane { inch downstrcam trom the
downstream face of the orifice plate (see 2.5.1.3).

Additional individual check measurements of the internal diameter, D,, (excluding the
orifice plate gaskct or scaling device diameter), shall be made at a minimum of two other

Copyright by the AMERICAN PETROLEUM INSTITUTE (API)
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cross-sections in the downstream section of the meter tube (see 2.5.1.3), similar to the mea-
surements specified in 2.5.1.2.2.

2.5,1.2.4 Meter tube internal diameters are not limited to published nominal inside pipe
diameters. However, all applicable regulations and codes must be followed.

2.5.1.2.5: The meter tube temperature should be recorded at the time the internal diameter
measurements are made,

The reference meter tube internal diameter, D,, is defined as the calculated meter tube in-
ternal diameter at reference temperature (T,) and can be determined using the following
equation:

Dr = Dur“' + a'z (7; = 'I:)r )] (2_2)
Where
o, = linear coefficient of thermal expansion for the meter tube material (see Table 2-3).
D,, = meter tube internal diameter measured at temperature (7,,). ,
D, = refercnce meter tube internal diameter calculated at reference temperature (7).

T, = temperaturc of the meter tube at the time of the diameter measurements.
= reference iemperature of the meter tube internal diameter.

=
I

Note: ¢, 7;,, and T, must be in consistent units. For the purpese of this standard, 7., is assumed to be 68°F

e

The meter tube internal diameter, D,, calculated at 7. is the dizmeter used to calculate the
meter tube internal diameter (D) at flowing conditions, as specified in Part 1.
2.5.1.3 Tolerances and Restrictlons .

The tolerances for the diameter and the restrictions for the internal surface of the meter
tube are specified in 2.5.1.3.1 through 2.5.1.3.3,
2.5.1.3.1 WMeter Tube Internal Diameter Roundness Tolerance

2.5.1.3.1.1 Within the First Mean Mater Tuhe Diameter (D)
Upstream of the Orifice Plate

The absolute valuc of the percentage difference between the measured meter tube inter-

, nal diameter, D,,, and any individual diameter measuretnent within a distance of one meter

tube diameter, 12,,, on the upstream side of the orifice plate shall not excced 0.25 percent of
D,
IAny diameter w1;1m oneD, - D, % 100l < 0.25% 23

n

An example of this situation is provided in Table 2-5. All measurements within one meter
tube diameter upstream of the orifice plate face are within 0,25 percent of the 2.0695 mean.

Table 2-5—Example Meter Tube Internal Diameter
Roundness Tolerances: Within First Mean
Mater Tube Diameter Upstream of
Orifice Plate

Meter Tube Internal Diamnster
Measurements (inches)

Position A B C D Mean, D,

i-inch upstream plate 20696 2.0694 2.0694 2.0696  2.069%
Within ane 1, 20700 20676 20671 206355

Copyright by the AMERICAN PETROLEUM INSTITUTE (API}
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2.5.1.3.1.2 All Upstream Meter Tube Individual Internai Diameter
Measurements, Including Those Within One Meter
Tube Diameter Upstream of the Orifice Plate

The percentage difference between the maximum measured individual intemal diameter
measurement and the minimum measured individual internal diameter measurement of all
upstream meter tube individual intemal diameter measurements, including those within the
first meter tube diameter upstream of the onfice plate, shall not exceed 0.5 percent of D, -

Maximum diameter — Minimum diameter
D

m

X 100 £ 0.5% 2-4
An example of this situation is provided in Table 2-6. The calculation to verify that the mea-
surements meet the tolerance criterion is as follows:

2.0700 - 2.0601
2.0695

All upstream meter tube individual intemal diameter measurements, including thosc within
one meter (ube diameter, D, upstream of the orifice plate are within 0.5 percent of D,

x 100 = 0.48%

2.5.1.3.2 Meter Tube Downstream Internal Roundness Tolerance

The absolute value of the percentage difference between the measured meter tube diam-
eter, D, and any individual internal diameter cn the downstream side shall not exceed 0.5
percent of D,,.

|Any downstream diameter — D
| )

i

nox 100| < 0.5% (2-5)

2.5.1.3.3 General Moter Tube Restrictions

Abrupt changes of the inside meter tube surface (shoulders, offsets, ridges, welding

seams, and the like)} shall not exist in meter tubes, with the exception of those allowed in
2.5.1.4. :

2.5.1.4 Orifice Plate Gasket or Sealing Device Recesses and Protrusions

The orifice plate gasket or sealing device tolerances and restrictions specified in 2,5.1.4.1
through 2.5.1.4.5 shall apply at locations immediately upstream and downstream of the
orifice plate face.

2.5.1.4.1 Protrusions resulting from an orifice plate gasket or sealing device that extend
into the pipe bore are not permitted.

Table 2-6 —Example Meter Tube Internal Diameter
Roundness Tolerances: All Upstream Meter Tube
Individual Internal Diameter Measurements

Meter Tube Internal Diameter
Measurements (inches)

Position A B C' D Mean, D,,

1-inch upstream plate  2.0696 2.0624 20694 20696  2.0695

Within one D, 2.0700 2.0676 20671 2.0655
Upstream check
measurement 2.0621 2.0620 20613 20601 -

Tyl

1

LY
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2.5.1.4.2 A recess resulting from an orifice plate gasket or sealing device, of 0.25 inch
or less in length, as measured parallel to the pipe axis, does not require recess depth restric-
tion, diamcter ratio (f3,) limitation, or additional uncertainty.

2.5.1.4.3 A recess resulting from an otifice plate gasket or sealing device, of more than
0.25 inch but less than or equal to 0.5 inch in length, docs not requirc diameter ratio (5,)
limitation or additional uncertainty if the depth of the recess is within the limitations of
25.1.3.

2.5.1.4.4 All orifice plate sealing devices shall be of the same nominal inside pipe diam-
eter (within the limits specified in 2.5.1.4.1 through 2.5.1.4.3) as the orifice plate holder in
which it is used,

2.5.1.4.5 For recesses larger than those described in 2.5.1.4.2 and 2.5,1.4.3, additional
uncertainity may be required.

2.5.2 ORIFICE FLANGES

Orifice flanges for orifice meter tube installations should be constructed and attached to
the pipe so that all of the mechanical specifications in 2.5.1.1 and 2.5.1.4 are mct.

Any distortion of the pipe resulting from welding the flange to the pipe shail he removed
by machining or grinding 1o meet the limitations specified in 2.5.1.3.

2.5.3 ORIFICE FITTINGS
2.5.3.1 General

Qrifice fittings represent a class of orifice holders that is widely used throughout the in-
dustry. With these devices it is possible to reproduce the orifice coefficients defincd by the
equation in Part 1 within the same uncertainty limits as would be found for an orifice plate
held between two flanges (the original test devices). To do this, these devices must be man-
ufactured to the tolerances specified in this standard. With orifice fittings, however, some
practical considerations should be recognized, and some critical inspections that aie unique
to these devices should be performed. The foilowing information is based on devices that
were commonly known to exist at the time this standard was developed and may not cover
innovations that have become commonly known since its publication. Such innovations
may be deemed to be in accordance with this standard as long as they mect all tolerances
contained herein, -

2,5.3.2 Attachment te Pipe

When an upstream flanged orifice fitting is used, the mean inside diameter of the meter
tube connected to the inlet side shall agree with the mean inside diameter of the fitting
within the tolerance given in 2.5.1.3. When the fitting is installed, the inlet side should be
connected to the upstream section of the meter tube first and carefully centered; no sharp
edges at this junction are allowed.

To prevent misalignment at this joint when a flanged connection has been used, two di-
ametrically opposed bolt holes may be reamed and snug fitting bolts instatled, or dowel pins
may be used. Other alignment methods may be used as long as the same result is obtaincd.

When the upstream section of the meter tube is attached to the orifice fitting body by
welding, any distortion of the pipe resulting from the welding shall be removed by machin-
ing or grinding to meet the requirements of 2.5.1.3.

2.5.3.3 Inspection Considerations

In some instances the inspection of an orifice fitting may not be as easy as the inspection
of a conventional flanged orifice meter. This is true when the fitting in question is of the
weld neck design and has already been connected to the meter tube. Unless the meter tube
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SECTION 3-— CONCENTRIC, SQUARE-EDGED ORIFICE METERS, PART 2— SPECIFICATION AND INSTALLATION REQUIREMENTS 13

is of a large size, 1t may be difficult to make measurements in the vicinity of the orifice
plate. To make this inspection easier, the fitting should have at least one flanged side
{preferably the downstream side). The user should refer to the relevant pressure vessel and
piptline codes to determine whether this particular design may be used in a given system.
All measurements of mechanical tolerances should be made after the fitting has been pres-
sure tested at the maximum required test pressure,

2,5.3.4 Bypass Checks

In orifice fittings there is the possibility that some fluid may bypass the orifice plate, Tests
shall be conducted after the meter run has been pressure tested in accordance with the rel-
evant code o ensure the following:

a. No differential pressme tap communication or leakage exists.
b. No holding or sealing device fluid bypass exists.

2.5.4 PRESSURE TAPS
2.54.1 Flange Taps

Meler tubes using flange taps shall have the center of the upstream pressure tap hole
placed 1 inch from the upstream face of the orifice plate. The center of the downstrcam
pressure tap hole shall be 1 inch from the downstream face of the orifice plate. if the pres-
surc tap holes are lecated by measuring from the bearing face of a flange, allowance must
be made for the gasket or plate holding device used. Each tap hole shall be located at the
1-inch dimension within the tolerances shown in Figure 2-2. It is recommended that a max-
imum diameter ratio (f3) of 0.75 be used in the design of new nstallations.

Under no circumstances should there be any flow through or out of the ftange tap or taps
for purposcs other than determining pressure and/or differential pressure. This includes
flows resulting from manufacturing defects that allow for tap communication or the usc of

0.20
” ]
0.15 ) T
Flange taps—nominal 4-inch pipe and larger runs

bl -
£
[%]
=
+ ~
3
2 "
@ 010 i
§ S
-] .
g N
2
2 ~
A

0.05 = -

i - N
Flange taps—runs smaller than nominal 4-inch pipe -
0 Attt
0 0.10 0.20 0.30 0.40 0.50 060 Q.70 0.80

B

Note: A maximum [} ratio of 0.75 should be used in the design of new instailations.

Figure 2-2—Allowable Variations in Pressure Tap Hole Location
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the flange taps as a source of Auid for other instruments. For the latter, other taps lacated
away from the orifice plate should be used.

For flange-tapped orifice fittings, the location of the flange tap relative to the faces of the
plate must be maintaincd. This precludes the use of either thicker or thinner plates than are
specified by the original design, unless the fitting has been redrilled, Likewisc, the seals or
other orifice holding devices should not affect the location of the plate relative to the taps.
Seal/plate combinations should be checked to ensure that the tolerance on the location of
the flange taps is not cxceeded,

2.54.2 Pressure Tap Drilling

Pressure tap holes shall be drilled radially to the meter tube; that is, the centerline of the
tap hole shall intersect and form a right angle with the axis of the meter tube.

2,543 Pressure Tap Diameter

The diameter of the pressure tap holes at the inner surface of the meter tube and along the
drilled length of the holes shail be % inch £ /& inch for pipe with a nominal diameter of 2
or 3 inches and shall be % inch £ % inch for pipe with a nominal diameter of 4 inches or
larger.

The pressure 1ap holes in the orifice plate holder may be drilled out and thrcaded to re-
ceive the desired size of pressure tubing connection.

The diameter of the tap hole shall not be reduced within a length equal to 24 times the
tap hole diameter, as measured from the inside surface of the meter tube.

2.5.4.4 Pressure Tap Edges

The edges of the pressure tap holes on the inner surface of the meter tube shall be free
from burrs and may be slightly rounded.

2.5.5 STRAIGHTENING VANES
2,5.5.1 Design of Tube Bundle Flow Straighteners

The maximum transverse dimension, a {see Figure 2-3), of any passage through the
vanes shall not exceed one-fourth the inside diameter, I, of the meter tuhe. The cross-sec-
tional area, A, of any passage within the assembled vanes shall not exceed one-sixteenth of
the cross-scctional area of the containing meter tube, The length, L, of the vanes shall be at
least 10 times the maximum instde dimension, a. The length, L, shail not exceed one-half
the dimension C” in Figures 2-5, 2-6, 2-7, and 2-9, or elsc the dimensions €' and A’ in these
figures must be increased. It is not necessary for all the tubes to be the same size, but their
arrangement must be symmetrical.

Figure 2-3—Tube Bundle Flow Straightener
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2.5.5.2 Tublng

The vanes (sce Figure 2-3) may be huilt of smooth standard-weight pipe, thin-walled tub--
ing, or square, hexagonal, or other shaped tubing, either welded together or mounted into
two end rings small enough to slip inte the meter tube. Regardless of the design, the mate-
rial used to make these vanes should be of uniform smoothness. The amount of passage
blockage caused by the end rings should be kept as small as is practical. All tubes should
be parallel, tapered as thin as is practical at both ends of each tube, and mounted axially
with the pipe.

2.5.5.3 Fabrication

Straightening vanes must be sturdily fabricated. After being inseried in the meter tube,
they shall be securcly fastened in place to prevent their being dislodged and pushed down
against the orifice plate. Secure fastening, however, should not distort the vane assembly
with respect to the symmetry of the vanes within the meter tube. The vanes should be con-
structed to minimize the effects of swirl. Swirl can occur betwecen the exterior tubes of the
bundle and the wall of the pipe.

2.5.5.4 Other Flow Conditioners

The use of other types of flow conditioners should be based on technical performance
data and mutually agreed upon by the parties involved. No specifications on the construc-
tion, installation, or uncertainty of other flow conditioners are presented in this standard.

2.6 Installation Requirements
2.6.1 GENERAL

The orifice plate coefficients of discharge (C,) given in this standard are based on the re-
sults of many experiments conducted in both the United States and Europe. In all cases,
normal flow conditions werc obtained by the use of long straight lengths of meter tube, bath
upstream and downstreamn from the orifice, or by the use of flow conditicners upstream
from the orifice meter (see Part 1, 1.12.4.3). To obtain the uncertainty specificd on the
coefficient of discharge presented in Part 1, similar fluid dynamic conditions must be at-
tained in practice.

2.6.2 ORIFICE PLATE
2.6.21 Eccentricity {€)

The orifice plate bore must be concentric with hoth the upstrearm and downstream inside
wall of the orifice plate holder, The orifice plate bore eccentricity, measured parallel to the
axis of the pressure taps, shall be less than or equal to the tolerance defined by the following
equation:

0.0025D,

T, 2-6
0.1 + 2.38; -6

Where:
£ = orifice plate hore eccentricity.

Table 2.7 shows some examples of the maximum allowable orifice bore eccentricity.
Orifice plate bore eccentricity perpendicular to the axis of the pressure taps may be four
times the amount calculated using Equation 2-6 as long as the eccentricity in a plane at 45
degrees to and in a plane parallel to the pressure tap does not exceed the limit calculated
from Equation 2-6.
For practical purposcs, onc methed of determining the orifice plate bore eccentricity is
to measure the perpendicular distance between the installed orifice plate bore edge and the
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Table 2-7—Maximum Orifice Plate Bore
Eccentricity Tolerances (inches)

Meter Tube Inside Diameter (inches)

B 2067 3068 4026 6065 7981 10,020

0.20 0.050 0.074 0.097 0.146 0.192 0,242
0.25 0.047 0.070 0.092 ¢.139 0.183 0.230
0.30 0.044 0.065 0.085 0.128 0.168 0.211
033 0.038 0.057 0.075 0.113 0.148 0.186
0.40 0.033 0.048 0063 0095 0.126 0.158
0.45 0.027 0.039 0.052 0.078 0,103 0.129
030 0.021 0.032 0.041 0.062 0.082 0.103
0.55 0.0172 0.025 0,032 0.049 0.064 0081
0.60 0.013 0.019: 0.025 0.033 0.050 0.063
0.65 0.010¢ 0015 0020 0,030 0.039 0.049
0.70 0.008 0012 0.015 0.023 0.030 0.038

*For these values, a minimum cceentricity value of 0,020 inch is considered
practical, This may increase the uncertainty of the orifice plate coefficient
of discharge (C,) by an additional 0.0-0.5 percent.

inside walls of the meter tube at the pressure tap location. One-half the difference between
the two measurements [(A - A)/2], 180 degrees apart, represents the eccentricity in one
plane. This assumes that the orifice plate bore and the meter tube inside wall are round to
within a tolerance smaller than the maximum allowable eccentricity limit. Two pairs of
measurements, in planes paraliel to and perpendicular 1o the pressure tap axis (see Figure
2-4), should he made to verify the orifice plate bore eccentricity. Other technically valid
techniques for verifying the orifice plate bore eccentricity are acceptable.

The maximum allowable orifice plate bore eccentricity calculated using Equation 2-6 can
be doubled if flange taps 180 degrees apart are connected together to obtain an average
pressure. Care should be taken to ensure that equal lengths of tubing are used to connect the
taps and that the connection to the diftcrential pressure (AP} device is located midway be-
tween the taps.

When measurement of the eccentricity of an orifice plate installed in orificc flanges is not
possible, two accurately located alignment pins should be used to support and center the
orifice plate while the bolts are tightened. The eccentricity relative to the upstreamn side is

Pipe inside —,
diameter

Plane of

—

taps

Qrifice
bore

Note:

Horizontal eccentricity = (A — A')2

Vertical eccentricity = (B - B/2

Figure 2-4—Eccentricity Measurements (Sample Method)
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considered to be the most critical. It is therefore recommended that any alignment pins or
other devices used to position the orifice plate be mounted so that the plate is centered rel-
ative to the upstream scction of the meter tube and pressure tap.

Plate centering techniques are a function of the design and are only constrained by the
maximum allowable eccentricity described above. In most orifice fittings, the orifice plate
is held in the flowing stream by a carrier mechanism. Such mechanisms theoretically pro-
duce a repeatable eccentricity for the orifice plate. This should be checked for several op-
erations of installing the plate in, and removing it from, the orifice fitting. The plate/carrier
combination used to perform this test should be the same combination that will be used in
the field. If any of the fitting’s internal mechanisms are replaced, this inspection should be
repeated.

2.6.2.2 Perpendicularity

The orifice I;late holder should maintain the plane of the orifice plate at an angle of 90 de-
grees to the meter tube axis.

2.6.3 METER TUBE
26.3.1 Length

To assure accurate flow measurement, the fluid should enter the orifice plate with a fully
devcloped flow profile, free from swirl or vortices. Such a condition is best achieved
through the use of flow conditioners and adequate lengths of straight pipe upstream and

" downstream from the orifice plate. For further discussion, see Part 1, 1.12.4.3.

Any serious distortion of the flow profile will produce flow measurement errors. There
are many piping configurations in which the orifice meter will not produce results within
the uncertainty of this standard. Some of the more common types of piping installations
have been studied with regard to their effect on metering accuracy. Figures 2-5-2-9 show
the minimum lengths of meter tube required,

For installations that are not explicitly covered in the installation sketches, Figure 2-5
should be followed.

2.6.3.2 Installation Sketches

The graphs accompanying the installation sketches, Figures 2-5-2-9, indicate that the
minimum length of meter tube required varies with the diameter ratio (J3,) and that longer
lengths of meter tube are required for the higher diameter ratios (f,). When the diameter of
the orifice bore requires changing to meet different flowing conditions, the minimum length
of the installed meter tube should be determined for the maximum diameter ratio (3,) that
may be used. The design criteria for new installations should be the lengths quoted for di-
ameter ratios (,) equal to 0.75. Meter tubes longer than those shown in Figures 2-5-2-9 are
desirable. When straightening vanes are used with meter tubes longer than those specified
for the given diameter ratio (3,), the dimensions € and €’ should not be less than those in-
dicated by the graphs.

The installation sketches contained in this document are essentially unchanged from
those in the 1985 edition of the standard. Substantial research programs in this area are
currenily being conducted by API, the Commission of the European Communities, the Gas
Research Institute, and Canadian researchers. At the conclusion of the required research,
changes in the standard will naturally follow. In the interim, the user should consult the
flow references listed in 2-A.25 of Appendix 2-A.

2.6.3.3 Requirements for Stralghtening Vanes

In determining whether or not straightening vancs are required, the governing factor may
not always be the nearest piping fitting on the inlet end of the meter tube. For example, the
last piping fitting or fittings imay give no indication of the presence of swirling flows, Each
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individual station design may have a different set of conditions. It would therefore be im-
practical to set up specifications that would suit all conditions. The main consideration
should be to minimize flow disturbance at the orifice plate from any upstream piping
fittings. . ;

The installation of straightening vanes as shown in the installation sketches wall consid-
erably reduce the amount of straight pipe required upstream from an orifice plate. The pur-

-+ Meter tubg —————
-« A - B —»

e — <

e w
Regulator or Qriflce
partially closed
valve | +——— Meter tubg ——————»|

- A »t— 8 —»
j——— ' e t—  ——|

7 ><] e . _ 9

Straightening vanes Oritice
» 50 50
il
E
% 45 45
g 40 H 40
E
g
g ¥ 7 35
A

B
g_ 30 v 30
£ 7
3 25 25
.§- AI(
g 20 20
a
a -
{; Lo
= b
g 15 - 15
2 L.
% 10 C'=td 10
5 CH
E -

5 2 5
g Py
£ B
=, A ,

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.78
Qrifica to plpe diamster ratio, A

Notes:

LA -C=C"

2. When the diamcter of the orifice may require changing to meet different conditions, the lengths of stratght pips
should he those required for the maximum orifice to pipe dlameter ratic that may be used.

Figure 2-5—Partly Closed Valve Upstream of Meter Tube
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On page 4, Figure 2-5 should appear as shown below:

| #¢——————— Mater tube
-+ A
P X
Regulator or Onfice
partially closed
valve [¢—————— Meter tube ——————»
- A B8 —»
Straighteming vanes Orifice
@ 50 50
b}
g
& 45 45
=]
@
-
[=%
= 40 40
R= ri
£
g
e ¥ 35
3 4
@
@ 30 30
g. 4
@ an
2 25 - 25
.a AJ’
a [~
g 20 20
o
— s
€% s
g 15 - 15
!
B
2 10 LA C'—H 10
o ~
5 wail (2R
E =5 5
E
£
s —
Q o)
0 0.1 02 0.3 04 0.5 0.6 0.7 0.75
Onfice to pipe diameter ratio, 3
Noges: -
1 A'=-C=C"

2 When the diameter of the unfice may require changing to meet different conditions, the lengths of straight pipe
should be those required for the maximum onfice to pipe diameter ratio that may be used.

Figure 2-5—Partly Closed Valve Upstream of Meter Tube
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-+ Meter tube
-+ A '

8 —w

&

Less than
10D

F ¥

& Straightening vanes

LI Q I Meter tube Orlfice -
/ @ A »le— B —p

L

Less than | l‘\Oriﬁce
100 —» 6 c’ —

40 40

35 35

30 | a0

25 25
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15 = 15
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10

Minimum lengths of straight pipe required,
expressed in nominal pipe diameters

)

o

ae _ﬂ
1

.

t

0

0 0.1 0.2 03 0.4 0.5 0.6 07 0.75

Oritice to plpe diameter ratlo, i -
Notes:
i.A"'-C = C"
2. When the diameter of the orifice may require changing to meet different conditions, the lengths of straight pipe
should be these required for the maximum orifice 10 pipe diameter ratio that may be used.
3. When the twao elis shown in the sketches above are closely (less then 3D) preceded by a thied that is not in the
same plane as the middle or second ell, the piping requirements indicated by A should be doubled.
4, Considerable evidence exists that swirling flows require 100 or more diametcrs of pipe to decay. This mforma-
tion is for guidance only, since no empirical data exist that accurately predict the poténtial increase in uncertainty

due to this effect. Information en additional research and general uncertainty guide lines may be found in Chapter
14, Section 3, Part [,1.124.3,

Figure 2-6—Two Elis Not in Same Plane Upstream of Meter Tube

pose of the vanes is to reduce or eliminate the effcct on the flow measurement of swirls and
crosscurrents sct up by the pipe fittings and valves upstream from the meter tube. When
straightening vanes are installed, they should be kept clean and free from debris, which may -
collect against the upstream end.

The use of straightening vanes may not eliminate all profile effects and can lead to in-
creased uncertainty. For further information, refer to the references listed in 2-A.25 of Ap-
pendix 2-A.
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2, When the diameter of the ortfice may require changing 1o meet different condlitions, the lengths of straight pipe
should be those required for the maximum orifice to pipe diameter ratio that may be used.

Figure 2-7—Less Than 10 Pipe Diameters Between Two Ells in -
Same Plane Upstream of Meter Tuba

2.6.3.4 Installation With Valve or Regulator Preceding Meter Tube
{Figure 2-5)

Figure 2-5 shows the basic meter tubc length, which will accommodate 4 restriction in
the pipeline upstream from the orifice plate. Meter tube lengths may be reduced under
specific circumstances, as specified below. For installations that are not explicitly covered
in Figures 2-6-2-9, the meter tube length shown in Figure 2-5 should be used.

Installations made within the dimensional limits of Figure 2-5 will provide adequate
length for a valve that restricts the flow of fluid to be 1nstalled immediately upstream from
the meter tube. This valve may be a regulator or a partiaily closed gatc valve, a globe valve,
a reduced-port bali valve, or a plug valve.

However, if the valve opening is circular, the area is equivalent to the meter tube area
(that is, the valve opening is of the same pipe size and schedule as the meter tube), and the
valve is in a wide-open position during the flow measurement, it may be considered as not
creating any serious disturbance and may be treated as providing restriction cquivalent to
that resulting from an elbow immediately preceding the meter tube. Under such circum-
stances, consideration should be given to other fittings immediately preceding the valve in
attempting to reduce lengths below the basic distances tabulated for Figure 2-5. Where
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L1

there are no other fittings and the valve preceding the meter tube 1s wide open, Figurc 2-7
shall apply in locating the wide-open valves.

2.6.3.5 Instaliaticn of Two Ells or Bends Preceding Meter Tube
{Bends Not in Same Plane; Figure 2-6)

Figurc 2:6 shows twao ells, or bends, at right angles to each other (not in the same plane
and separated by fewer than 10 diameters of straight pipe), preceding the straight run of the
meter tube. With this configuration of piping fittings, the basic dimensions shown in Figure
2-5 may be reduced to those indicated in Figure 2-6.

When the two ells shown in Figure 2-6 are closely (less than 3D,) preceded by a third that

is not in the same plane as the middle or second ell, the piping requirements shown by A
should be doubled.

2.6.3.6 Instaliation of Two Ells or Bends Preceding Meter Tube
{Bends in Same Plane; Figures 2-7 and 2-8)

Figure 2-7 shows two ells, or bends (in the same plane and separated by fewer than 10
diameters of straight pipe), preceding the straight run of the meter tube. With this configu-
ration of fittings, the basic dimensions shown in Figure 2-5 may be reduced to those indi-
cated in Figure 2-7,

Figure 2-8 shows two ells, or bends (in the same plane and separated by 10 or more di-
ameters of straight pipe), preceding the straight run of the meter tube. With this configura-

-+ Mater tuba » '
- A > B —
— l
Crifice
100 or more
20 20
=OE
SeE . 15 15
FE @ v,
Eo6d
2OCEYQ
D .Es -
cap g 10 10
[« N T =] I
2 o [1+] ra
E-:ﬁo.
8.2 T
SEZ 5 g 5
w @
0

0
0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.75
Oriflce to pipe diameter ratlo, B8

Notes:

L. When the diameter of the orifice may require changing to meet different conditions, the lengths of straight pipe
should be those required for the maximum orifice to pipe diameter ratio that may he used.

2. The straight run of pipe between the elbows must be at least 10 diameters in length. If this length is less than
10 diameters, Figure 2-7 shall be applicable.

Figure 2-8-—More Than 10 Pipe Diameters Betwesn Two Elis in Same Plane
Upstream of Meter Tube
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tion of fittings, the basic dimensions shown in Figure 2-5 may be reduced to those indicated
in Figure 2-8.

2.6.3.7 Installation of Reducer or Expander Preceding Meter Tube
(Figure 2-9) ’

Figure 2-9 shows the use of 4 reducer or expander preceding the straight run of the meter
tube, With this contiguration of fittings, the basic or standard dimensions shown in Figure
2-5 may be reduced to thosc indicated in Figure 2-9. This figure applies only to concentric
reducers or expanders. When cccentric reducers or expanders are used, the length of the
straight run of the meter tube should be in accordance with Figure 2-5,

264 THERMOMETER WELLS

Thermometer wells should be located to sense the average temperarure of the fluid at the
orifice plate. The wells may be placed on the downstream side of the orifice and not closer
to the plate than dimension B nor farther than 48, as shown in Figures 2-5-2-9, If straight-
ening vanes are used, the thetnometer well may be located 1236 inches upstream from the
vane inlet.

2.6.5 INSULATION

Insulation of the meter tube may be required in the case of extreme temperature differ-
ences between the ambient temperature and the temperature of the flowing fluid and/or for
fluids being metered near their critical point, where small temperature changes result in ma-
jor density changes. This can be critical at low flow rates, where heat transter cffects may
cause not only distorted temperature profiles but also a change in the mixed mean temper-
ature values from the upsiream to the downstream side of the meter run.
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Notes:

1. Sirzightening vanes will not reduce lengths of straight pipe (4). Straightening vanes are not required because
of the reducers; they are required because of other fittings that precede the reducer. Length A shall be increased
by an amount equal to the length of the straightening vanes whenever they are Gsed (see bottom sketches).
A’ = A + Length of straightening vanes, ¢’ = A’ - (.

2, When the dinmeter of the orifice may require changing to meet different conditions, the lengths of swaight pipe
should be those required for the maximum orifice to pipe dizmeter ratio that may be used.

3. If the flowing fluid may be partially condensed, the expander-type installation, as well as any other configuration
that might create two-phase flow in the ineter tube, shall be avoided.

Figure 2-9—Reducer or Expander Upstream of Meter Tube
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APPENDIX 2-A—RESEARCH PROJECTS AND TESTS
CONDUCTED BETWEEN 1922 AND 1989

Note: This appendix is not a part of this standard but 1s included for infor-
mational purposes only.

2-A.1 Introduction

During the preparation of Chapter 14, Section 3, the com-
mittee analyzed the data from research projects and tests
conducted between 1922 and 1989. Some of the projects
were conducted directly under the supervision of API, Gas
Processors Association (GPA), and American Gas Associa-
tion (A.G.A.) personnel. Other tests were conducted by the
Commission of the Buropean Communities. Still other tests
by independent investigators worldwide made significant
contributions to the data base, The references described in 2-
A.2 through 2-A.12 are from the original decuyment known
as A.G.A, Report No. 2. The references described in 2-A.13
through 2-A.19 were incorporated in the reference list of the
document known as A.G.A, Report No. 3. The more recent
refercnces listed in 2-A.20 through 2-A.25 were part of an
intense review and subsequent white paper developed by the
Chapter 14, Section 3, Part 2, working group.

2-A.2 Cleveland Holder Tests (1925)

The Cleveland hoider tests were conducted by the Gas
vieasurement Committee using a gas holder owned by the
Egst Ohio Gas Company in Cleveland. These tests were
made under the chairmanship of H. C. Cooper and the direct
supervision of Professor R. S. Danferth of the Case School
of Applied Science. Representatives of the National Bureau
of Standards and the U.S. Bureau of Mines were present as
observers. The test line consisted of orifice meter runs of 8-,
10-, and 16-inch pipe; 4-inch orifice plates were installed in
each of these runs.

2-A.3 Buffalo Disturbance Tests (1926)

The Buffalo disturbance tests were conducted by the Gas
Measurement Committee at the Daly Station of the Iroquois
Gas Corporation, Buffalo, New York. The object of these
tests was to determine the effects of disturbances produced
in a gas stream by various kinds of pipeline fittings located
near an orifice plate on the indications of an orifice meter.

2—-A.4 Disturbance and Rate—-of-Flow
Tests (1927)

Disturbance and rate-of-flow tests were conducted by the
Gas Mcasurement Commiittee at Daly Station of the Irequois
Gas Corporation, Buffalo, New York, under the personal su-
pervision of Howard S. Bean. The first part of these tests was
a continuation of the 1926 series described in 2-A.3. The
rate-of-flow tests had two objectives:

25

a. To build up, by means of a scries of intcrcomparisons, a
series of relative orifice coefficient values for orifices in an
8-inch pipe that ranged in diameter from 1 inch to 6%
inches.

b, To study the effect on orifice coefficients of increasing
value of the ratio of differcntial pressure to static pressure
{h/p}, that is, the ratio of the differential pressure, in inches
of water, lo the absolute static pressure, in pounds per
square inch, ‘

2-A.5 Rate-of-Flow, Flange Form, and
Supercompressibility Tests
(1928)

Rate-of-flow, flange form, and supercompressibility tests
were conducted at the Daly Station of the Iroquois Gas Cor-
poration, Buffalo, New York, by the Gas Measurement Com-
mittee under the direction of Howard 8. Bean. The objects of
these tests were as follows:

a. 'fo extend the study of cffccts on orifice coefficients re-

sulting from changes in the 2/p ratio to orifices in 4-inch
pipes.

b. To compare the relative indications obtained with recessed
and unrecessed orifice flanges,

¢. To determine the deviation trom Boyle’s Law and its ef-
feet on measuring gas by orifice meters.,

d. To investigate the effect on orifice coefficients for an
equal diameter ratio of changing from an 8-inch to a 4-
inch line. ‘

2~-A.6 Shop Tests on Effects of Orifice

Installation Conditions
(1929-1930)

Shop tests on effects of orifice installation conditicns were
performed by the Bailey Meter Company, the Foxboro Com-
pany, the Metric Metal Works, and the Pittsburgh Equitable
Meter Company for the Gas Measurement Committee in ac-
cordance with an outline prepared by Howard S, Bean. The
object of these tests was to determine the effects on orifice
meter indications that result from some installation condi-
tions not covered by the disturbance tests described in 2-A3
and 2-A.4. Additional information was desired about the fol-
lowing conditions:

a, Position and size of straightening vanes.

b, Position and design of thermometer wells, particularly on
the upstream side of the orifice.

c. Roughness of pipe adjacent to the onfice.

d. Form of flange in which the orifice plate is held.

¢. Inaccuracy in centering the arifice in the pipe.
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f. The condition of the upstream cdge of the crifice.
g. The ratio of the width of the orifice edge to the diameter of
the orifice.

The results of these tests were reported in the article “Ef-
fect of Some Installation and Construction Conditions Upon
the Indications of an Qrifice Meter,” American Gas Associ-
ation Monthly, July—August 1947, Volume 29, pages 7 and 8.

2-A.7 Edgewood Tests (1922-1925)

The Edgewood tests weie conducted at Edgewood Arse-
nal, Maryland, by the National Bureau of Standards with the
cooperation of the Chemical Warfare Service, U.S, War De-
partment, under the immedinte supervision of Howard S.
Bean, with the advice of Edgar Buckingham, and the assis-
tance of Paul S. Murphy. The object of these tests was to ob-
tain original information on the orifice discharge coefficients
over as wide a range of pipe sizes, diameter ratios, pressures,
and pressurc ratios as was permitted by the facilities avail-
able. The setup included orifices in 4-, 6-, and B-inch pipes.
Forty-eight orifice plates were used, with arifice to pipe di-
ameter ratios ranging from 0.108 to 0.858.

2--A.8 Chicago Holder Tests
(1923-1924)

The Chicago holder tests were conducted in Chicago by
the American Gus Association Commitiee on the Measure-
ment of Large Volumes of Gas, under the chairmanship of
M. E. Benesh. On invitation froin Mr. Benesh, the National
Bureau of Standards cooperated in these tests, the main ob-
ject of which was to study the accuracy of several types of
melters, including orifice metess used to measure large quan-
tities of gas at pressures near atmospheric.

2-A.9 Ohio State University Steam and
Water Tests (1929-1931)

Steamn and water tests were conducted by the Ohio State
University Engineering Experiment Station and the Bailey
Meter Company at the Mechanical Engineering Laboratory
of Ohio State University, under the supervision of Professors
Paul Bucher and Samuel Beitler. The object of the tests was
to determine the expansion factor and the coefficients of
orifices measuring both stean and water, Both 3- and 6-inch
lines were used and a series of arifices were tested, first us-
ing water and then stearm.

2-A.10 Intercomparison of Meter Runs

(1932)

" An intercomparison of meter runs was conducted by the
Peoples Gas Light and Coke Company at its Joliet Measur-
ing Station, Joliet, Illinois, under the supervision of M. E.
Benesh.

2-A.11 Columbus Tests (1932-1933)

The Columbus tests were conducted by the Joint Orifice
Meter Committee at the Hydraulic Laboratory of Ohio State
University, Columbus, Ohio, under the immediate supervi-
sion of Professor Samuel R. Beitler. Nearly 80 separate
orifice plates were used in tests with 1-, 14-, 2-, 3, 6+, 10-,
and 15-inch pipes, and in many cases, the same orifice was
used in two or more different pipe sizes. The orifice pipe di-
ameter ratio ranged from 0.04 10 0,84,

2-A.12 South Columbus Flange
Form and Pressure
Hole Tests (1932)

Flange form and pressure hole tests were conducted by the
Joint American Gas Association~American Society of Me-
chanical Engineers Committee on Orifice Meters at the
South Columbus Measuring Station of the Ohio Fuel Gas
Company, under the immediate supervision of J. E. Over-
beck, with the advice of Professor Samuel R, Beitler. The-
object of these tests, which were made with natural gas, was .
to determine more completely than hud been done either at
Buffalo (2-A.3 and 2-A.4) or by the shop tests (2-A.6) the ef-
fects of various sizes of internal flange recesses adjacent to
the orifice plate. Both the width and the depth of the recesses
were varied in the 2-, 4-, and 8-inch pipe sizes that were used
in these tests. The orifice to pipe diameter ratio ranged from
0.125 10 0.75. In combination with these recesses, various di-
ameters of pressure holes were used.

2-A.13 Rockville Tests (1949—1951)

The Rackville tests were conducted by the Joint American
Gas Association—American Society of Mechanical Engi-
neers Commitiee under the direction of Howard S. Bean.
Tests with natural gas were performed at the Rockville,
Maryland, Measuring Station of the Atlantic Seaboard Cor-
poration to study the following:

a. The effect of plug, globe, and gate valve disturbances on
measurement.

b. The effect of elbow placement disturbances {comparison
with Buffalo tests).

c. The effect of orifice meter fittings, compared with conven-
tional orifice flanges.

d. The effect of orifice tube roughness.

e. [nstallations of 2- and 8-inch piping.

The results of these tests weire published by the Arnerican
Gas Association in two interim reports, each entitled Inves-
tigation of Orifice Meter Installation Requirements and dated
March 1951 and January 1954,
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2-A.14 National Bureau of Standards
Hydraulics Laboratory Tests
(1950-1951)

The National Bureau of Standards Hydraulics Laboratory
tests were conducted by the Joint American Gas Associa-
tion—-American Society of Mechanical Engineers Commiltee
on Orifice Meters at the Hydraulics Laboratory, National Bu-
reau of Standards, Washington, D.C., under the immediate
supervision of Howard S. Bean. The object of this project
was, in part, to make comparative tests with water for the

“roughness and orifice fitting installations used in the Rock-
ville tests (2-A.13) and, in part, to examine the effect of pres-
sure tap location and tap hole size. The results were reported
in conjunciion with those from the Rockville tests.

2-A.15 U.S. Naval Boiler and Turbine
Laboratory Tests (1948-1954)

The U.S. Naval Boiler and Turbine Laboratory tests were
conducted by the Bureau of Ships, U.S. Department of the
Navy, in conjunction with the Joint American Gas Associa-
tion-American Society of Mechanical Engineers Commiitiee
on Orifice Meters at the U.S. Naval Boiler and Turbine Lab-
oratory in Philadeiphia.

« This work was conducted under the direction of James W,
“urdock. The ohject of these tests, which were made with

tean, was lo determine the effect of globe valves and ex-
pansion bends on orifice meter indications. Additional tests
were performed to check the values of expansion factors to
be used in the measurcment of steam. The results of these
tests were reported in a series of four interim reports pub-
lished by the U.S. Naval Boiler and Turbine Laboratory.
These reports were entitled Determination of the Minimum
Length of Straight Pipe Required Between Various Pipe Fit-
tings and the Qvifice Plate for Acceptable Orifice Meter Ac-
curacy and were dated January 1950, March 1950, May
1950, and November 1951,

2-A.16 Refuglo Large—Diameter Orifice
Tube Tests (1952-1953)

The Refugio large-diameter orifice wbe tests, a PAR Pro-
ject, were conducted by the Project NX-4 Supervising Com-
mittee, under the chairmanship of E. E. Stovall. The primary
objective was to determine experimentally whether the basic
orifice coefficient data contained in the American Gas Asso-
ciation's Gas Measurement Report No. 2 could be extrapo-
lated for use in measuring gas accurately through
large-diameter tubes, The test installation was located near
Refugio, Texas, on a transmission line of the Tennessee Gas
Transmission Company. The results of these tests were pub-
lished by the American Gas Association in a report, Large
Diameter Orifice Tube Tests, dated June 1954.
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2-A.17 Eccentric and Segmental
Orifice Tests (1948—1954)

Eccentric and segmental orifice tests were conducted un-
der the supervision of a Subcommittee of the American So-
ciety of Mechanical Engineers’ Research Committee on
Fluid Meters with the cooperation of the American Gas As-
sociation’s Gas Measurement Committee. The chairman of
the ASME subcommittee was L. E. Gess of the Minneapolis
Honeywell Company. The objective of the tests was to deter-
mine the coefficients of discharge of round orifices mounted
with cne edge tangent to the pipe wall and of plates with seg-
mental orifices in them. The tests were run at Qhio State
University under the supervision of Professor Samuel R,
Beitler and were analyzed by Professor E. J. Lindahl of the
University of Wyoming. The results of these tests were re-
ported in two ASME papers: “Calibration of Eccentric and
Segmental Orifices in 4- and 6-Inch Pipelines,” Transactions
of the ASME, 1949, Volume 71, and “Coefficients of Dis-

. charge for Eccentric and Segmental Orifices in 4-inch, 6-

inch, 10-inch, and 14-inch Pipes,” presented at the Annual
Meeling of the American Society of Mechanical Engineers,
New York, November 1954,

2-A.18 Plpe Roughness Study
(1957-1960)

A pipe roughness study, a PAR Project, was conducted by
the Project NW-20 Supervising Committee under the chair-
manship of J. W. Murdock. W, B, Ruff, Jr., of the Southern
Natural Gas Company, served as the Gas Measurement
Committee representative coordinating and supervising the
project. The primary purpose of this program was to deter-
mine, qualitatively and quantitatively, the effect of the char-
acter of the.interior surface of orifice tubes on fluid flow
measurements by orifice meters. A secondary objective was
to correlate any effect on flow measurement with some phys-
ical measurement of the tube roughness (such as micro-
inches) to the end that a recommendation could be made
about the relative roughness range for satisfactory metering
service. The preliminary tests were conducted at the U.S,
Naval Boiler and Turbine Laboratory in Philadelphia. The
full-scale tests were conducted in Birmingham, Alabama, at
Southern Naturai Gas Company facilities. Four-inch meter
tubes were used in these tests. The results of these tests were
published by the American Gas Association in the report
The Effect of Pipe Roughness on Orifice Meter Accuracy
{Catalog No. 33/PR), dated February 1960,

2-A.19 Ohio State University Flow
Distortion Tests (1960-1962)

The Ohio State University flow distortion tests constituted
PAR Project NY-34, The supervising committee chairman

i
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was C. W, Brown, Texas Gas Transmission Corporation.

These tests were carried ous at Ohio State University to de-

termine the amount of error caused by distortion of the ap-
proach velocity profile on the coefficient of orifices. An
attemnpt was made to eliminate swirl, so the report describes
the effect of changes in the axial profile only, Six-inch orifice
pipes with honed walls (roughness of about 15 microinches)
were used, and the inlet profile was disterted by usc of spe-
cial flow disturbances and piping configurations. It was con-
cluded that ordinary disturbances caused by piping
configurations, which did not produce swirl, resulted in er-
rors of less than 2 percent if there were at least six diameters
of straight uniform pipe ahead of the orifice.

2—-A.20 API Experimental Program

Britton, C. L., Caldwell, S., and Seidl, W., “Measurements of
Coefficients of Discharge for Concentric, Flange-Tapped,
Square- Edged Orifice Meters in White Mineral Oil Over
a Reynolds Number Range of 70 to 90,000, American
Petroleum Institute, Washington, D.C,, 1988.

“Coefficients of Discharge for Concentric, Square-Edged,
Flange-Tapped Orifice Meters: Equation Data Set— Sup-
porting Documentation for Floppy Diskettes,” American
Petroleum Institute, Washington, D.C,, 1988.

Whetstone, |. R., Cleveland, W, G., Bateman, R, B.. and
Sindt, C. F, “Measurements of Coefficients of Discharge
for Conceniric, Flange-Tapped, Square-Edged Orifice Me-
ters in Natural Gas Over a Reynolds Number Range of
25,000 to 11,600,000,” American Petroleum Institute,
Washington, D.C., 1988,

Whetstone, I, R., Cleveland, W. G,, Baumgarten, G. P, Woo,
S., and Croarkin, M. C., “Measuremnents of Coefficients of
Discharge for Concentric Flange-Tapped Square-Edged
Orifice Mecters in Water Over the Reynolds Number
Range 600-2,700,000” (Technical Notc 1264), National
Instilute of Standards and Technology, Washington, D.C,,
June 1989.

2-A.21 EEC Experimental Program

Hobbs, I. M., “Experimental Data for the Determination of
Basic 100mm Orifice Meter Discharge Coefficients” (Re-
port EUR 10027), Commission of the European Commu-

' nities, Brussels, 1985.

Hobbs, I, M., “The EEC Onifice Plate Project: Part I. Trace-
abilities of Facilities Used and Calculation Methods Em-
ployed” (Report PR5:EUEC/17), Commission of the
Europcan Communities, Brossels, 1987.

Hobbs, 1. M., “The EEC Orifice Plate Project: Part 1§, Criti-
cal Evaluation of Data Obtained During EEC Orifice Plate
Tests” (Report PR5:EUEC/17), Commission of the Euro-
pean Communities, Brussels, 1987.

Hobbs, J. M., “The EEC Orifice Plate Project: Tables o.
Valid Data for BEC Orifice Analysis” (Report EUEC/17),
Commission of the European Communities, Brussels,
1987.

Habhbs, 1. M., Sattary, J. A., and Maxwell, A, D., “Experi-
‘mental Data for the Determination of Basic 250mm
Orifice Meter Discharge Coefficients” (Report EUR
10979), Commission of the European Communities, Brus-
sels\, 1987.

Hobbs, J. M., Sattary, J. A, and Maxwell, A. D., “Experi-
mental Data for the Determination of Basic 600mm
Orifice Meter Discharge Coefficients,” Commission of the
European Communities, Brussels, in press,

Spencer, E. A., “Study of Edge Sharpness Effects Measured
During the EEC Orifice Plate Coefficient Programme”
(Report EUR 11131 EN), Commission of the European
Communities, Glasgow, 1987,

2-A.22 Orifice Eccentricity

Husain, Z. D., and Teyssandier, R. G., “Orifice Eccentricity
Effects for Flange, Pipe and Radius (D — ID/2) Taps”
(ASME Paper 66-WA/FM-1), American Society of Me-
chanical Engineers, New York, 1966.

Husain, Z. D., and Teyssandier, R. G., “The Effect of Orifice
Eccentricity in a Small Line Size,” Paper prescnted at the
International Conference on the Metering of Natural G
and Liquefied Hydrocarbon Gases, London, Februay
1984,

Miller, R. W., and Kneisel, U., “Experimental Study of the
Effccts of Orifice Plate Eccentricity on Flow Coetficients”
(ASME Paper 68-WA/TFM-1), American Society of Me-
chanical Engineers, New York, 1968,

Norman, R., Rawat, M. §., and Jepsen, P, "An Experimental
Investigation into the Effects of Plate Eccentricity and
Elastic Dcformation on Orifice Metering Accuracy,” Pa-
per presented at the International Conference on the Me-
tering of Natural Gas and Liquelied Hydrocarbon Gases,
London, February 1984.

2-A.23 Orifice Edge/Surface Condition

Spencer, E. A., “Study of Sharpness Effects Measured Dur-
ing the EEC Plate Cocfficient Programme™ (Report EUR
11131 EN), Commission of the European Communities,
Brussels, 1987.

Studzinski, W., Berg, D., Bell, D,, and Richards, D., “Effects
of Orifice Surface Conditions on Accuracy of Flow Rate
Measurements,” Paper presented at the Second Interna-
tional Conference on Flow Measurement, London, May
1988.
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-~A.24 Pipe Roughness

Brennen, J. A., McFaddin, 8. E., Sindt, C. F,, and Wilson, R.
R., “Effcct of Pipe Roughness on Orifice Flow Measure-
ment” {Technical Note 1329}, National Institute of Stan-
dards and Technology, Washington, D.C., July 1989.

2--A.25 Ins-tallation Effects

McFaddin, 8. E., Sindt, C. F,, and Brennen, J. A., “Optimum
Location of Flow Conditioners in a 4-Inch Orifice Meter”
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(Technical Noie 1330), National Institute of Standards and
Technology, Washington, D.C,, July 1989,

“600 mm Orifice Plate Project: Part XII. Discharge
Coefficient Measurements With and Without Flow
Straightener,” N.V. Nederlandse Gasunie, Delft, The
Nethertands, December 1988.

Smith, D. J. M., “The Effects of Flow Straightencrs on
Orifice Plates in Good Flow Conditions” (Paper 5.3), Pro-
ceedings of the International Conference on Flow Mea-
surement in the Mid 80's, National Engineering
Laboratory, East Kilbride, Scotland, June 1986.
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B. Location of static pressure transducer connection: upstream, downstream, or
nonc.

C. Number of differential pressurc connections.

D. Pressure 1ap size: % inch, / inch, or other.

E. Measured distance from centerline of [dp hole to orifice plate surface, both
upstrcam and downstream,.

[. Condition of tap hole cdge on inside diameter of meter run.

G. Manifold: manufactured or fabricated on site; full bore or restricted bore; three
valves, five valves, ur other. ’

V. Other Instrumentation

A. Measurement data on other tap connections made to the meter tube; sive,
lacation, and orientation.

B. Temperature probe: type and location.

C. Densitometer: manufacturer and type; insertion or sample line; size; inlet or
outlel location.

D. Sampler; manufacturer and type; sample luw size; inlet or outlet location,

E. Composition/energy analyzers: type; sample line size; inlet or outler location.

V1. Orifice Plate Centering—Type |

A. Flange: plate alignment (pins, male/female, other, or none).

B, Fitting:

1. Measurement from plate cdge to pipe wall on primary pressure tap side.

. Measurement from plate edge to pipe wall on opposite side pressurc tap.
. Difference between 1 and 2 above.
Measurement from plate edge to pipe wall perpendicular to primary tap.
Measurement from plate edge to pipe wall opposite te measurement in 4
above.
6. Difference between 4 and 5 above,

Doa e

VII. Orifice Fitting Leak Test {After Hydrostatic' lestmg)
Measurement of seat width.

Measurement of seal width.

Difference between A and B above,

Results of pressure tap leak test.

Results of plate bypass leak test.

Type of seal and material of construction,

mmpow>

VII. Oritice Plate Inspection

. Type of plate.

. Material of construction.

Manufacturer.

Stamped {nominal) diameter at 68°F,

Edge sharpness: sharp or dull.

Plate flatness: flat or bent {(mecasurcd departure from tlatness).

Measured roughness of plate surface.

Any surface film patterning for plates just removed from service?
Micrometer measurement of at least four inside diameters of the orifice bore.
Average value of the measurements in 1 above.

Measured plate thickness.

Other data pertinent for identification.

Temperature at which plate was measured.

. Names of inspector(s) and witness(es) and date, if not the same as [or meter
tube.

. [s platc beveled or unbeveled?

O ZECAR-~RQAmM@mUOwy
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APPENDIX B—ORIFICE METER INSPECTION GUIDELINES

Note: This appendix is not a purt of this standard bt is included for informational purposes only. '

The foliowing outline is intended to provide guidelines for preparing an orifice meter in-
spection checklist. The outline is provided so that uniformity may be achieved in what is
to be inspected. The format of the checklist is left to the user, according to company pref-
erence. Although all the items listed may not be required at every inspection, the checklist
should provide the pertinent information.

Note that the cutline may not include all of a particular user’s required information. The
minimal information specified in the outline provides a basis for evaluating the quality of
the meter run and orifice plate at the time of inspection.

[. Header

A, Company name.

B. Date of inspection.

C. Tube location.

D. Flow direction.
E. Names of inspector(s) and witness(s).
F. Any other information required.
A,

II. General Information
Serial number.
B. Nominal pipe diameter,
C. Fluid measured: gas or liquid (specify name).

ITI. Meter Tube
A. Type of orifice holder: flanges or fitting; single or dual chamber,
B. Manufacturer.

C. Serial number.
D. Straightening vanes? yes or no; if yes:
1. Type of vane.
2. How fastened? pinned, welded, or flanged.
3. Dimensions.
4. Dimensional and quality specifications per Chapter 14.3, Part 2: pass or fail.
E. Meter run type: single tube or multiple tube.
F. Installation Lype (see Figures 2-5-2-9), )
G. Dimensional data:

1. Length (see Figures 2-5-2-9).
2. Upstream and downstream diameters (at least four measurements at each
location): '
a. Upstream pressure tap (also calculate the average of these values).
b. Downstream pressure tap.
c. First pipe connection.
d. Second pipe connection.
H. Temperature of tube at time of measurement.
1. Meter tube quality: cleanliness and measured roughness upstream and
downstream.
. J. Average tube inside diameter at 68°F, as stamped on pipe or nameplate.
K. Inside tube diameter used in flow computer, for calculations, and for data
processing.

IV. Pressure Tups
A. Orientation of primary differential pressure transducer connection (looking
from inlet to outlet of meter tube). )

3
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ERRATA

On page 25, Equation 3-A-10 should read as follows:
g = 0.0328096[978.01855 — 0.0028247L + 0.0020299L

- 0.000015085L — 0.000094H] (3-A-10)
On page 33, Equation 3-B-9 should read as follows:
07
£ = 000051 {M}
e.U

19.0008 ¥° ! . 1,000,000 "
+ |ooaio + ouso( g8 "o L0000 " 0

ey Re,

On page 56, the second equation under 3—-C.3.1.7 should read as follows:

Re, = (0.0114541) .(14.73)(0.570) )
{0.0000069%8.07085)(519.67)(0.999590)

= 332446Q,

On page 57, Equation 3-6b should read as follows:

PZh,
7709.61C(FT)E, ¥,d® | A==
G.2.T

7709.61(0.60)(1.03160%(0.998383)(3.99989)

« / (370.0)(0.997971)K50.0)
Y (0.570){0.951308)(524.67)

614,033 cubic fect per hour at standard conditions

Q.
(3-6b)

]

On page 537, the second equation in 3-6b should read as follows:
Re, = 3.32446Q,
3.32446(614,033)
2,041,328 (initial estimate of Reynolds number)

]
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On page 57, Equanon 3-20 should read as follows:

a8
a - [19.9008
Re,
_ [19.00000495597 1" (3-20)
2,041,328
0.0135262

On page 57, Equation 3-21 should read as follows:

033
c o[
Re,

~ e ¥ (3-21)
(2,041,328
0.778988

On page 58, Equation 3-15 should read as follows:
Upstrm = [0.0433 + 00712 — 0.1145¢7°%" )1 — 0.23A4)B
10.0433 + 0.0712¢ % — 0.1145¢ Vo)
x [1 = 0.23(0.0135262)](0.0642005)
0.000876388

{3-15)

On page 58, Equation 3-16 should read as follows:

Dnstrm = ~0.0116{M, — 0.52M;°18''(1 - 0.144)
-0.0116[0.491284 - 0.52(0.491284)' '1(0.495597)""
® |1 — 0.14(0.0135262)]
=0.00152379

13-16)

On page 58, Equation 3-14 should read as fallows:

Upstrm + Dnstrm

0.000876388 + (~0.00152379) {3-14)
= —0.000647402

il

Tap Term

h

On page 58, Equation 3-12 should read as follows;

C(FT) = C(CT) + Tap Term
0.602414 — 0.000647402 (3-12}
0.601767

I

On page 58, Equation 3-11 should read as follows:

" 07
C(FT) + 0.000511['2—5] + (0.0210 + 0.00494)3°C

L]

G (FT)

2,041,328

+ [0.0210 + 0.0049(0.0135262}](0.495597)*(0.778988)
0.602947 (second estimate of the coefficient of discharge)

& us
0.601767 + 0.000511{M91"2§537_)] (3-11)
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On page 38, the third to the last equation should read as follows:
Q= 617,048 cubic feet per hour at standard conditions
thased on C,;(FT) = 0.602947]
O page 58, the second 10 the last equation should read as follows:
Re, = 3.32446Q, = 3.32446(617,048)
= 2,051,351 {second estimate of Revnolds number)
On page 59, the second equation should read as follows:
Re, = 3324460, = 31.32446(617,046)
= 2,051,345 (third estimate of Reynolds number)

On page 59. Equanon 3-7 should read ax follows:

pYTY z)
Y o= ) 2 =
0 g( aj(r}[z\ }

5 ; gy 3.7
617.046(14'73J('09'67)(0'9978'9 (37}
14.65 A 519.67 A 0.997971 ,

608,396 cubic feet per hour at base conditions

1

On page 60. Equatton 3-B-9 should read as follows:

o

07
E = 0.00051‘|(M]

€

-

- 08 535
+ 100210 + 0.0049(__'9'0003 Eﬁ(M
Re, ] Re,

(3-B-9)

On page 62. the first equation should read as tollows:
E = 0591+ 002918 — 0.22908"

: 08 +
+ {00433+ 0.0712¢" - 0.1145e™ )1 1 - 0.23[ 12,0008 B :
Re, t-8

2 S N 19.0008 "
_o_ons[nu 5 -o.sz[ﬂ(I —{3)] },B [1 _O'M(T)

= (.5961 + 0.0291(0.495597) ~ 0.2290(0.405597)
+(0.0433 +0.0712¢ e — 0.1145¢" ™ {1 - 0.23(0.0137493)](0.0642005)

— 0.0116[0.491284 — 0.52(0.491284"' *3](0.495597)"'(1 = 0.14(0.0137493)]
= 0.601767
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On page 62, Equation 3-B-9 should read as follows:

1,000,000 ]‘”

€

E = 00005 |[

04 035
+ [0 0210 + 0_0049[19‘0005J ]ﬂ‘( l'000,0‘00)

Re, Re,
o7 (3-B-9)
_ 0.00051 l[ 1.000.000{0.495597)}
2,000, 000
+ {0.0210 + 0.0049(0.0137493))(0.495597)*(0.784584)
= 0.00118960

On page 635, the first equation should read as follows:

00114588 SEC
D

R
K uDT,

= 3324460,
= 3.32446(617.057)
= 2,051,400 {second iteration}

On page 80, Equation 3-D-9 should read as follows (that is. Kpipe, should be inserted in”
the equation and the second line of the equation should be deleted):

Re, = 220,858:1}:,‘“‘]% x {Kpipe) (3-D-9)

(On page 80, the nomenclature should read as follows (that is. Kpipe, showld be inserted
in the list):

Where:

G = specific gravity.
Kpipe = values from Table 3-D-4.,
Re, = orifice bore Reynolds number.
T; = absolute flowing temperature. in degrees Rankine,
p = specific weighi of a gas at 14.7 pounds force per square inch absolute and 32°F

On page 97, Equations 3-F-4 and 3-F-5 should read as follows:

H' = () + ¢,(H), + ...+ ¢.(H, (3-F-4)

B = Y o(H™, (3-F-5)

1=

On page 102, the second line of Equation 3-4a should read as follows:

B G,(28.9625)(134)A, ZRT,
ZRT B G (28.9625)(144)

Q, = 359.072@(FT)E,}§J2J
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Chapter 14—Natural Gas Fluids Measurement

SECTION 3—CONCENTRIC, SQUARE-EDGED ORIFICE METERS
PART 3—NATURAL GAS APPLICATION

3.1 Introduction
3.1.1 APPLICATION
3.1.1.1f  General

This part of Chapter 14, Section 3, has been developed as an application gnide for the
calculation of natural gas flow through a flange-tapped, concentric orifice meter, using the
inch-pourd system of units. For applications involving SI units, a conversion factor may be
applied to the results (Q,,, @,, or @) determined from the equations in 3.3. Intermediate
conversion of units will not necessarily produce consistent results. As an alternative, the
more universal approach specified in Chapter 14, Section 3, Part 1, should be used. The me-
ter must be constructed and installed in accordance with Chapter 14, Scction 3, Part 2.

3.1.1.2 Deflinitlon of Natural Gas

As used in this part, the term natural gas applies to fluids that for all practical purposcs
are considered to include both pipeline- and production-quality gas with single-phase flow
and mole percentage ranges of components as given in American Gas Association (A.G.A.)
Transmission Measurement Commiittee Report No. 8, “Compressibility and Supercom-
. pressibility for Natural Gas and Other Hydrocarbon Gases.” For other hydrocarbon mix-
. tures, the more universal approach specified in Part | may be more applicable, Diluents or
mixtures other than those stipulated in A.G.A. Transmission Measurement Committee Re-
port No_8 may increase the flow measurement uncertainty.

3.1.2 BASIS FOR EQUATIONS

The computation methods used in this part are consistent with those developed in Part 1
and include the Reader-Harris/Gallagher equation for flange-tapped orifice meter discharge
coefficient. The equation has been modified to reflect the more common units of the inch-
pound system. Since the new coefficient of discharge equation does not address pipe tap
meters, lhe pipe tap methodology of the 1985 edition of ANSI/API 2530 has been retained
for reference in Appendix 3-D.,

3.1.3 ORGANIZATION OF PART 3

Chapter 14, Section 3, Part 3, is organized as follows: Symbols and units are defined in
3.2, the basic flow cquation is presented in 3.3, the key cquation components are defined in
3.4, and the gas properties applicable to orifice metering of natural gas are developed in 3,5,
Al values are assumed to be absolute. Factors to compensate for meter calibration and lo-
cation are included in Appendix 3-A. The factor approach to orifice measurement is in-
cluded in Appendix 3-B. Appendix 3-C covers examples to assist the user in interpreting
this part, Appendix 3-D covers pipe tap meters. Appendix 3-E covers SI conversions, Ap-
pendix 3-F covers heating value calculation, and Appendix 3-G covers derivation of con-
stants. The user is cautioned that the symbaols as defined in 3.2 may be different from those
used in previous orifice metering standards.

3.2 Symbols, Units, and Terminology
3.2.1 GENERAL

The symbols and units used are specific to Chapter 14, Section 3, Part 3, and were devel-
oped based on the customary inch-pound system of units. Regular conversion factors can

i
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CliapTER 14—NATURAL GAS FLUIDS MEASUREMENT

be used where applicable: however, if S units are used, the more generic equations in Part
1 should be used for consistent results.

3.2.2 SYMBOLS AND UNITS

Symbeol

Ca
CAFT)

C(CT)

C{FT)

a—cﬁ 'vﬁ

Description

Orifice plate cocfficient of discharge
Coefficient of discharge at & specified pipe
Reynolds number for flange-tapped orifice
meler

Coefficient of discharge at infinite pipe
Reynolds number for comner-tapped orifice
meter

Coefficient of discharge at infinite pipe
Reynolds number for flange-1apped orifice
meter

Specific heat at constant pressure

Specific heat at constant volume

Orifice plate boe diameter calculated at
flowing temperature, T;

Mecter tube internal diameter calculated at
flowing temperature, T;

Orifice plate bore diameter calculated at
reference temperature, T,

Meter tube internal diameter calculated at
reference temperature, 7,

Napierian constant

Velocity of approach factor

Temperature, in degrees Fahrenheit
Temperature, in degrees Rankine
Supercompressibility factor

Gas relative density (specific gravity)
Ideal gas relutive density (specific gravity)
Real gas relative density (specific gravity)
Orifice differential pressure

Isentropic exponent (see 3.4.5)

Ideal gas isentropic exponent

Perfect gas isentropic exponent

Real gas isentropic expenent

Mass

Molar mass (molecular weight) of air
Molar mass (molecular weight) of gas
Molar mass {molecular weight) of component
Number of moles

Unit conversion factor (discharge coefficient)
Pressure

Base pressure

Base pressure of air

Base pressure of gas

Static pressure of fluid at the pressure tap
Absolute static pressure at the orifice
upstream differential pressure tap
Absolute static pressure at the orifice
downstream diffcrential pressurc tap

Units/Value

Btu/(ibm-°F)
Btu/(Ibm-°F)

in
in
in

in
2.71828

459.67 + °F

inches of water column at 60°F

Ibm

28.9625 lbm/lb-mol
Ibm/1b-mol
ibm/1b-mol

1bf/in? (abs)
1bf/in? (abs)
1bf/in® (abs)
Ibffin® (abs)
1bf/in? (abs)

1bf/in? (abs)

Ib£fin® (abs)
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SecTion 3— CONGENTRIC, SaUARE-EDGED ORIFIGE METERS, PART 3-—NATURAL (GAS APPLICATIONS

E
Q,
478

On
o,

X
X2
xfk

4

Standard pressure )

Volume flow rate at base conditions
Mass flow rate per second

Mass flow rate per hour

Volume {low rate per hour ul standard
conditions

Universal gas constant

Pipe Reynolds number

Temperature

Base temperature

Base temperature of air

Basc tetnperature of gas

Temperature of fluid at flowing conditions
Reference temperature of the orifice plate
bore diameter andfor meter tube inside
diameter

Standard temperature

Flowing velocity at upstream tap
Volume

Volume at base conditions

Flowing volume at upstrcam tap

-Ratio of differential pressure to absolute

static pressure

Ratio of differential pressure to absolute
static pressure at the upstream pressure tap
Ratio of differential pressure to absolute
static pressure at the downstream pressure tap
Acoustic ratio

Expansion factor

Expansion factor based on upstream absotute
static pressure

Expansion factor based on downstream
absolute static pressure

Compressibility

Compressibility at base conditions
Compressibility of air at 14.73 psia and 60°F
Compressibility of the gas at base conditions
(FL-IE)

Compressibility at flowing conditions (/%, T;)
Compressibility at upstream flowing
conditions

Compressibility at downstream flowing
conditions

Compressibility at standard conditions
GD)

Linear coefficient of thermal expansion
Linear coefficient of thermal expansion of the
orifice plate material

Linear coefficient of thermal expansion of the
meter tube material

Ratio of orifice plate bore diameter to meter
tube intewnal diameter (/D) calculated at
flowing temperature, T;

Absolute viscosity of flowing fluid

14,73 Ibffin® (abs)
f’hr

Ibm/sec

Ibm/hr

ft*/hr

1545.35 {Ibf-ft)/(Ib-mol-°R)
°R

°R

°R

°R

°R

68°F
519.67°R
ft/sec

f*

fi?

i

0.999590

1bm/ft-sec

Copyright by the AMERICAN PETROLEUM INSTITUTE (ARI)

Tue Oct 0B 14:17:18 1996




API MPMSxly.3.3 92 mm 0732290 0503855 &TT ™

CHAPTER 1d4—NaTuraL GAS FLuios MEASUREMENT

7 Universal constant 3.14159
p» Density of a fluid at base conditions (£, T;) lbm/fe
Ps,,  Density of air at base conditions (£, T,,) Ibim/fe®

P, Density of a gas at base conditions (P,, T,) 1bmy/ft?
P, Density of a Auid at standard conditions

(B.T) Tbry/ft?
£, Density of a fluid at lowing conditions
ETy lbm/ft?
Prsy  Density of a fluid at fowing conditions at
upstream tap position (5, T;) Ibm/ft*
Prp, Density of a fluid at flowing conditions at
downstream tap position (P, T;) lbm/ft?
¢ Mole fraction of component %/100

Nute: Factors, ratios and coefficients are dimensionless.

3.2.3 TERMINOLOGY
3.2.3.1 Pressure

One pound force (Ibf) per square inch pressure is defined as the force a 1-pound mass
(Ibm) exerts when eventy distributed on an area of 1 square inch and when acted on by the
standard acceleration of free fall, 32.1740 feet per second per second.

3.2.3.2 Subscripts

The subscript 1 on the expansion factor (V)), the flowing density (p, ), the fluid flowing
static pressure (£, ), and the fluid flowing compressibility (Z,) indicates that these variables
arc to be measured, calculated, or otherwise determined relative to the fluid flowing at the
conditions of the upstream differential tap. Variables related to the downstream differential
pressure tap are identified by the subscript 2, including ¥,, g,,,, £, and Z,,, and can be used
in the equations with equal precision of the calculaled flow rates (except for ¥;, which has
a separate equation).

The subscript | is arbitrarily used in the equations in this part to cmphasize the necessity
of maintaining the relationship of these four variables to the chosen static pressure reference

tap.

3.23.3 Tempereature

The temperature of the flowing fluid (7;) does not have a numerical subscript. This tem-
perature is usually measured downstream of the orifice plate for minimum flow disturbance
but may be measured upstream within the locations prescribed in Part 2. It is assumed that
there is no difference between fluid temperatures at the two differential pressure tap loca-
tions and the measurement point, so the subscript is unnecessary.

3.2.3.4 Standard Conditions

Standard conditions are defined as a designated set of base conditions. In this part, stan-
dard conditions are defined as the absolute static pressure, £, of 14.73 pounds force per
square inch absolute; the absolute temperature, T,, of 519.67°R (60°F); and the fluid comn-
pressibility, Z;, for a stated relative denaity (specific gravity), (7.

3.2.3.,5 Definitions

General definitions are covered in Parts 1 and 2. Definitions specific to Part 3 are incar-
porated in the text.
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SeCTION 3—CONGENTRIC, SQUARE-EDGED ORIFICE METERS, PART 3—NATURAL GAS APPLICATIONS

3.3 Flow Measurement Equations
3.3.1 GENERAL

The following equations express flow in terms of mass and volume per unit time and pro-
duce equivalcnt results, Since this section deals exclusively with the inch-pound system of
units, the numeric constants defined in Part 1 have been converted to reflcet these units,

The numeric constants for the basic flow equations, unit conversion values, density of
water, and density of air are given in 3.5 and Appendix 3-G. The tables in this part that list
solutions to these equations incorporate these constants and values. Other physical proper-
ties are given in 3.5. Koy equation components are developed in 3.4.

33.2 EQUATIONS FOR MASS FLOW OF NATURAL GAS

The equations for the mass flow of natural gas, in pounds mass per hour, can be devel-
oped from the density of the flowing fluid (see Appendix 3-G), the 1deal gas relative density
(specific gravity), or the real gns relative density (specific gravity), using the following
equations.

The mass flow developed from the density of the flowing fiuid (g, ) is expressed as fol-
lows:

Q. = 359.072C,(FT)EY,d*\[p, h. - (3-1)

Mass flow developed from the ideal gas relative density (specific gravity), G,, is ex-
pressed as follows:

G.Ph
Q, = 589.885C,(FT)E. Y4 {—é-i-T-i (3-2)
\ h o

The mass flow equation developed from the real gas relative density (specific gravity),
G, assumes a pressure of 14.73 pounds force per square inch absolute and a temperature
of 519.67°R (60°F) as the reference basc conditions for the determination of real gas rela-
tive density (specific gravity), This assumption allows the base compressibility of air at
14.73 pounds force per square inch absolute and 519.67°R (60°F) to be incorporated into
the numeric constant of the flow rate equation. If the assumption about the base reference
conditions is not valid, the results obtained from this tlow rate equation will have an added
increment of uncértainity, The mass flow equation developed from real gas relative density
(specific gravity), G,, is expressed as foilows:

Zx Gr Ij”’, hw

= 590.006C,(FT)E Y.d*
Cam d( ) [} Zhj;

(3-3)

coefficient of discharge for flange-tapped orifice meter.

orifice plate bore diameter, 1n inches, calculated at flowing temperaiure ).
velocity of approach factor.

ideal gas relative density (specific gravity).

real gas relative density (specific gravity).

orifice differential pressure, in inches of water at 60°F.

flowing pressure at upstream tap, in pounds force per square inch absolute,
mass flow rate, in pounds mass per hour.

flowing temperature, in degrees Rankine,

expansion {actor (upstream tap).

compressibility at standard conditions (B, T}).

compressibility at upstream flowing conditions (7, T).

density of the fluid at upstream flowing conditions (&, T, and Z;), in pounds
mass per cubic foot.

LN L | O |

130 I}

mo
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CHAPTER 14—NATURAL Gag FLUIDS MEASUREMENT

3.3.3 EQUATIONS FOR VOLUME FLOW OF NATURAL GAS

The volume flow rate of natural gas, in cubic feet per hour at base conditions, can be de-
veioped from the densities of the fluid at flowing and base conditions and the ideal gas rel-
ative density {(specific gravity) or rcal gas relative density (specific gravity) using the
following equations.

The volume flow rate at base conditions, ,, developed from the density of the fluid at
flowing conditions (p, ;) and base conditions (g,) is expressed as follows;

359.072C,(FTYE, Y, d*\[p, , b,
Q, = (3-4a)
Py
The volume flow rate at base conditions, developed from ideal gas relative density (specific
gravity), G, is expressed as follows:

TZ Ph
= 218,573C,(FTE Y d* £ 2 (—f—” 1.5
2] d( ) Wl P Grzf,I; (3-5a)

To correctly apply the real gas relative density (specific gravity) to the flow calculation, the
reference base conditions for the determination of real gas relative density (specific gravity)
and the base conditions for the flow calculation must be the same. Therefore, the volume
flow rate at base conditions, developed from real gas relative density (specific gravity), G,,
is expressed as follows:

}}I zb meh'w
GZT,

1f standard conditions are substituted for base conditions in quations 3-4a, 3-5a, and 3-
@a, then

T,
g, = 218.573cd(r-'1")13,y,d’7;- (3-6a)
3

P, =F
= 14.73 pounds force per square inch absolute
=T
= 519.67°R (60°F)
Loy = Zay,
= 0.999590

The volume flow rate at standard conditions. Q.. can then be determined using the follow-
ing equations.
The volume flow rate at standard conditions, developed from the density of the fluid at
flowing conditions (p,,,) and standard conditions (p,), is expressed as follows:
359.072C,(FT)E, Y,d*.[p, . ,
= d 3 hii (3_4[_’)
2
The volume flow rate at standard conditions, developed from ideal gas relative density
{specific gravity), G, is expressed as follows:

v

- 1y | ik
Q, TNLI9C(FTYE Y d°Z, GZT {3-5b)
The volume flow rate equation at standard conditions, (,, developed from the real gas 1el-
ative density (specific gravity), requires standard conditions as the reference base conditions
for G, and incorporates Z, , at 14.73 pounds force per square inch absolute and 519.67°R
(60°F) in its numeric constant, Therefore, the volume flow rate at standard conditions, de-
veloped from real gas relative density (specific gravity), G,, is expressed as follows:

BZh

0, = TI09.61C(FT)E Vd* | AT e (3-6b)
v d v L 7
G771
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SECTION 3—CONCENTRIC, SoUARE-EDGED ORIFICE METERS, PART 3——NATURAL GAS APPLICATIONS

Where:

Cy(FT) = coefficient of discharge for flange-tapped orifice meter.
d = oriflice plate bore diameter calculated at flowing temperature (T7), in inches.

£ = velocity of approach factor.
G; = 1deal gas relative density (specific gravity).
G, = real gas relative density (specific gravity),
h,, = orifice differential pressure, in inches of water at 60°F.
F, = base pressure, in pounds force per square inch absolute.
" = flowing pressure (upstream tap), in pounds force per square inch absolute.
£, = standard pressure
= 14,73 pounds force per square inch absolute,
0, = volume {low rate per hour at base conditions, in cubic feet per hour
Q. = volume flow rate per hour at standard conditions, in cubic feet per hour.
T, = base temperature, in degrees Rankine.
T, = flowing temperature, in degrees Rankine.

T, = standard temperature
519.67°R (60°F).
= expansion factor (upstream tap).
Z, = compressibility at base conditions (7, T,).
Z,,, = compressibility of air at base conditions (7, 7,).

[}

Pl
1

Z,, = compressibility at upstream flowing conditions (P, T;).
Z, = compressibility at standard conditions (B, T,).
7., = compressibility of air at standard conditions (&, T,).
p» = density of the flowing fluid at base conditions (£}, 7;), in pounds mass per cu-
bic foot.
o, = density of the flowing fluid at standard conditions (B, T,). in pounds mass per
cubic foot.
Py, = density of the fluid at upstream flowing conditions (F,, T;), in pounds mass per
cublc foot.

3.3.4 VOLUME CONVERSION FROM STANDARD TO BASE CONDITIONS

For the purposes of Part 3, standard and base conditions are assumecd to be the same.
However, if base conditions are different from standard conditions, the volume flow rate
calculated at standaid conditions can be converted to the volume flow rate at base condi-
tions through the following relationship:

o o[f8)2)
b 5 5

base pressure, in pounds force per square inch absolute.

fal
[

F, = standard pressure, in pounds force per square inch absolute,
0, = base volume flow rate, in cubic feet per hour,

(J, = standard volume flow rate, in cubic feet per hour.

T, = base temperature, in degrees Rankine.

T, = standard temperature, in degreecs Rankine.

Z, = compressibility at base conditions (£, T,).

Z, = compressibility at standard conditions (2, T;).

3.4 Flow Equatlon Components Requiring Additional Computation
3.4.1 GENERAL

Some of the terms in Equations 3-1 through 3-6 require additional computation and are
developed in this section.
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8 CHapPTER 14—NATURAL GAS FLUIDS MEASUREMENT
3.4.2 DIAMETER RATIO () :
The diameter ratio (), which is used in determining (a) the orifice plate coefficient of is-
charge (C,), (b) the velocity of approach factor (£,), and () the expansion factor (¥), is the
ratio of the orifice bore diameter (d) to the internal diameter of the meter tube (D). For the
most precise resulis, the actual dimensions should be used, as determined in Parts 1 and 2.
B =d/D ‘ , (3-8)
Where
d = dt+ o - T)] (3-9)
And
D = DIl + o,(T; - T T (3-10)
Where:
d = orifice plate bore diameter calculated at lowing temperature, 1.
d, = reference orifice plate bore diameter calculated at reference temperature, 7T,
D = meter tube internal diameter calculated at flowing temperature, 7;.
D, = reference meter tube internal diameter calculated at reference temperature, T,.
T; = temperature of the fluid at flowing conditions,
T, = reference temperature for the crifice plate bore diameter and/or the meter tube in-
ternal diameter.
o, = linear coefficient of thermal expansion of the orifice plate material (see Table 3-1).
&, = linear cocfficient of thermal expansion of the meter tube material (see Table 3-1).
B = diameter ratio. .
Note: o, 7y, and T, must be in consistent units. For the purpose of ttus standard, T, 15 assemed to be 68°F,
The erifice plate bore diameter, 4., and the meter tube internal diameter, D,, calculated at -
T. are the diameters determined in accordance with Part 2. ;
3.4.3 COEFFICIENT OF DISCHARGE FOR FLANGE-TAPPED
ORIFICE METER, C4(FT)
The coefficient of discharge for a flange-tapped orifice meter {C,) has been determined
fiom test data. It has been correlated as a function of diameter ratio ([3), tube diameter, and
pipe Reynolds number. In this part, the equation for the flange-tapped orifice meter
coefficient of discharge developed in Part 1 has been adapted to the inch-pound system of
units,
The equation for the concentric, square-edged flange-tapped orifice meter coefficient of
discharge, Cy(FT), developed by Reader-Harris and Gallagher, is structured into distinct
Table 3-1—Linear Coefficlent of Thermal Expansion
P Lincar Coefficicnt of
Thermal Expansion (&),
Material infin-*F
Type 304 and 316 stainless steel® . 0.00000925
Monel" 0.00000795
Carbon steel® 0.00000620
Note: For flowing temperature conditions other than those stated in Foot-
notes a and b and for other materials, refer to the Amcrican Society for Met-
als Merals Handbook (Desk Edition, 1985).
*Far flowing conditions between —1 Q0°F and +300°F, refer to the American
Soclety of Mechanical Engineers data in PTC 19.5, Application, Part If of >y
Fluid Meters- Supplement on Instruments and Apparaties. |
*For flowing conditions betwesn ~7°F and + 154°F, refer to Chapter 12, Sec-
tion 2.
-y
I
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linkage terms and is considered to best represent the current regression data base, 'The equa-
tion is applicable to nominal pipe sizes of 2 inches and larger; diameter ratios (8) of
0.1-0.75, provided the orifice plate bore diameter, 4,, is greater than 0.45 inches; and pipe
Reynolds numbers {Rep)} greater than or equal to 4000, For onifice diameters, diameter ra-
tios, and pipe Reynolds numbers outside the stated limits, the uncertainty statement in-
creases. For guidance, refer to Part 1, 1.12.4.1.

The Reader-Harris/Gallagher equation is defined as follows:

" o7
¢, (FT) = C,(FT) + 0.000511(1:: ﬁ} + (0.0210 + 0.0049A)8°C (3-11)
€
CAFT) = C/(CT) + Tap Term (3-12)
C/(CT) = 0.5961 + 0.02918? - 0.22908" + 0.003(1 - B)M, (3-13)
Tap Term = Upstrm + Dnsirm (3-14)
Upstrm = [0.0433 + 0.0712e™" - 0,1145¢7 %1 - 0.23A)B (3-15)
Dustrm = —0.0116[M, — 0.52M}*15"'(1 - 0.144) (3-16)
Also,
3
B = 1-[3_,04 (3-17)
M = max(Z.B - R 0.0} (3-18)
N,
M, = %ZE (3-19)
0.8
A = [%'EQ%J (3-20)
D
& 038
_ C = (:?2 ] 3-21)
- (]
Where:

C4FT) = coefficicnt of discharge at a specified pipe Reynolds number for a flange-
tapped orifice meter.

C/(CT) = coefficient of discharge at an infinite pipe Reynolds number for a corner-
tapped orifice meter.

CA{¥1) = coefficient of discharge at an infinite pipe Reynolds number for a flange-
tapped orifice meter.

d = orifice plate bore diameter calculated at 7., in inches.
D = meter tube internal diameter calculated at 7, in inches.
e = Napierian constant
= 2.71828.
L=1L
= dimensionless correction for tap location
= N,/D for flange taps.
N, = 1.0 when D is in inches.
Rep = pipe Reynolds number.
B = diameter ratio
= dfD.

Note: The equation for the coefficient of discharge for a flange-tapped orifice meter, C,(FT}, 1s different from those
inctuded in prior editions of this standard,

Copyright by the AMERICAN PETROLEUM INSTITUTE (API)
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3.4.4 VELOCITY OF APPROACH FACTOR (E)

The velocity of approach factor (£,) is a mathematical expression that reiates the velocity
of the flowing fluid in the orifice meter approach section (upstream meter tube) to the fluid
velocity in the orifice plate bore,

The velocity of approach factor, £,, is calculated as follows:

Where:

E, = velocity of approach factor.
B = diameter ratio
= dfD.

3.4.5 REYNOLDS NUMBER (Rep)

The pipe Reynolds number (Rep) is used as a correlation purameter 1o represent the
change in the orifice plate coefficient of discharge with reference to the meter tube diameter,
the fluid flow rate, the fluid density, and the fiuid viscosity. The use of the pipe Reynolds
number is an additional change from prior editions of this standard. The Reynolds number
is a dimensionless ratio when consistent units are used and is expressed as follows:

Up
Re, = —ZPm (3-23)
121
Or ;
48g
Re, = —t= 3-24
2p 2D (3-24)

Note: The constant, 12, in the denominator of Equation 3-23 is required by the use of D in inches.

The fluid velocity can be obtained in terms of the volumetric flow rate at base conditions
from the following relationship;

y - o [(4)(144)]

' Dp,, | 3600%
= 0.0509206-2P (3-25)
£)1
ﬁ%ﬁ

Substituting Equation 3-25 into Equation 3-23 results in the following relationship:
[0.0509296} a0, | PP
Re, =
12 ub ) Dp,,

(0.00424413)( %) (3-26)
uo

The Reynolds number for natural gas can be approximated by substituting the following
relationship for p, (see 3.5.5.3 for equation development) into Equation 3-26:

Z
= 2.69881F, [G, q‘,] (327)
?;Zb._ wa
25G '
= 0. 4541 —=ter 328
Re, = 0.011 [ﬂ 77 (3-28)
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By using an average value of 0.0000069 pounds mass per foot-second for £ and subslituting
the standard conditions of 519.67°R, 14.73 pounds force per square inch, and 0.999590 for
T;. B, and Z,,,, Equation 3-28 reduces to the followmg

Re, = 47,0723 == Q"G’ {3-29)
Where
D = meter tube internal diameter calculated at the flowing temperature (7}), in inches,

G, = real gas relative density (specific gravity).

P, = base pressure,

0, = volume flow rate at base conditions, in cubic feet per hour.

q~ = mass flow rate, in pounds mass per second.

. = volume flow rate at standard conditions, in cubic feet per hour,

Kep = pipe Reynolds number.

T, = base temperature, in degrees Rankine.

Uy, = velocity of the flowing fluid at the upstream tap location, in feet per second.
Z,,, = compressibility of air at 14.73 pounds force per square inch absolute and 60°F,
2, = compressibility of the gas at base conditions (F,, T,).

M = absolute (dynamic) viscosity, in pounds mass per foot-second.
T = 3.14159.
P» = density of the flowing fluid at base conditions (F,, T,). in pounds mass per cubic
foot.
D.,, = density of the fluid at upstream flowing conditions (F,, T;), in pounds mass per
cubic foot. -

If the fluid being metered has a viscosity, temperature, or real gas relative density
(specific gravity) quite different from those shown above, the assumptions are not applic-
able. For variations in viscosity from 0.0000059 to 0.0000079 pounds mass per foot-sec-
ond, variations wn temperature from 30°F to 90°F, or variations in real gas relative density
(specific gravity) from 0.55 to 0.75, the variation should not be significant in terms of its ef-
fect on the orifice plate coefficient of discharge at higher Reynolds numbers,

When the flow rate is not known, the Reynolds number can be developed through itera-
tion, assuming an initial vatue of 0.60 tor the coefficient of discharge for a lange-tapped
orifice meter, C,(FT), and using the volume computed to estimate the Reynolds number.

3.46 EXPANSION FACTOR (Y)
3.46.1 General

When a gas flows through an arifice, the change in fluid velocity and static pressure is ac-
companied by a change in the density, and a factor must be applied to the coetficient to ad-
just for this change. The factor is known as the expansion factor (¥') and can be calculated
from the following equations taken from the report to the A.G.A. Committee by the Na-
tional Bureau of Standards dated May 26, 1934, and prepared by Howard S. Bean, The ex-
pansion factor (¥) is a function of diameter ratio (8), the ratio of differential pressure to
static pressure at the designated tap, and the isentropic exponent (k).

The real cornpressible fluid isentropic exponent, &, is a function of the fluid and the pres-
sure and temperature. For an ideal gas, the isentropic exponent, k,, is equal to the ratio of
the specific heats (c,/c,) of the gas at constant pressure (c,) and constant volume {c,) and is
independent of pressure. A perfect gas is an ideal gas that has constant specific heats, The
perfect gas 1sentropic exponent, &, is equal to k; cvaluated at base conditions.

It has been found that for many applications, the vaiue of k, is nearly identical to the
value of k, which is nearly identical to k,. From a practical standpoint, the flow equation is
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not particularly sensitive to small variations in the isentropic exponent. Therefore, the per-
fect gas isentropic exponent, £,. is often used in the flow equation. Accepted practice for
naturat gas applications is touse k, = k¥ = 1.3, This greatly simplifies the calculations and
is used in the tables. This approach was adopted by Buckingham in his correlation for the
expansion factor. -

The apptication of the expansion factor is valid as long as the following dimensicnless
criterion for pressure ratio is followed:

h
< —=—— < (3,20 3-
27,7078 : (3-30)
Or
P .
0.8 = 1+ < 1.0 (3-31)
b
Where:

= flange tap differcntial pressure across the onfice plate, in inches of water at 60°F.
F; = flowing pressure, in pounds force per square inch absolute,

P, = absolute static pressure at the upstream pressute tap, in pounds force per square
inch absolute.
F, = absolute static pressure at the downstream pressure tap, in pounds force per square

inch absolute,

The expansion factor equation for flange taps may be used for a range of diameter ratios
from 0.10 to 0.75. For diameter ratios ({3) outside the stated limits, increased uncertainty
will occur.

3.4.6.2 Expansion Factor Referenced to Upstream Pressure

If the absolute static pressure is taken at the upstream differential pressure tap, the value
of the expansion factor, ¥|, can be calculated using the following equation;

Y, = 1 - (041 + 0.35;3‘)(%) (3-32)
When the upstream static pressure is measured,
E - B :
PR Sk W — ¥ (3-33)
g 27.707 &
When the downstream static pressure is measured,
E - B )
% = —b_th Ay (3-34)
E+(F - F) 217078 + A,
Where: .
h, = differential pressure, in inches of water at 60°F.
k = isentropic exponent (see 3.4.6.1).
P, = absolute static pressure at the upstream tap, in pounds force per square inch ab-
solute. '
P, = absolute static pressure at the downstream tap, in pounds force per square inch ab-
solute.
x, = ratio of differential pressure to absolute static pressure at the upstream tap.
¥, = expansion factor based on the absolute stalic pressure measured at the upstream
tap. ’
B = diameter ratio (d/D).

The quantity x,/£ is known as the acoustic ratio.
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3.4.6.3 Expansion Factor Referenced to Downstream Pressure

If the absolute static pressure is taken at the downstream differential tap, the valuc of the
expansion factor, 1h, can be calculated using the following equation:

v, = v, | 0% (3-33)
r T g o -
52
And
L=1 L i (3-36)
:?l -x\VZ
Or
= \/1 +x, — (0.41 + 0.354%) 22 i (3-37)
k:;l +x, V2,
And g
B - B K
i h
x, = = . 3-38
: B 21.7078, - (3-38)
Where
h, = differential pressure, in inches of water at 60°F.

k = isentropic exponent (see 3.4.5.1).
F, = absolute static pressure at the upstream tap, in pounds force per square inch ab-

solute.
£, = absolute static pressure at the downstream tap, in pounds force per square inch ab-
solute.
x, = ratio of differential pressure to absolule static pressure at the upstream tap.
X, = ratio of differential pressure to absolute static pressure at the downstream tap.
Y\ = expansion factor based on the absolute static pressure measured at the upstream tap.
¥, = expansion factor based on the absolute static pressure measured at the downstreamn
tap.
Z; = compressibility at upstream flowing conditions (F;, T},

Zy, = compressibility at downstream flowing conditions (Fy, 1'})
S = diameter ratio (d/D).

Note: x; equals the ratio of the differential pressure to the static pressure at the downseream tap (F,).

3.5 Gas Properties
3.5.1 GENERAL

The measurement of gaseous flow rate in volurne units under other than standard or base
conditions requires conversion for pressute, temperature, and the deviation of the measured
volume from the ideal gas laws (compressibility). Energy measurement also requires adjust-
ment for heat content. The standard conditions used in Part 3 are a base pressure of 14,73
pounds force per square inch absolute and a base temperature of 519.67°R (60°F).

As a mixture of comnpounds, natural gas complicates the calculation of some of these
conversion factors. The factors that cannot be determined by simple calculations can be de-
rived from gas composition and/or other measurements. Certain factors can be measured in
the field, using instrurmnents calibrated against standard gas samples. Either approach will
produce equivalent results when rigorous methods are applied.

352 PHYSICAL PROPERTIES

Table 3-F-1 in Appendix 3-F lists physical properties taken from GPA 2145-G1. The data
for ideal density and ideal heating value per cubic foot from GPA 2145-91 have, where nec-

v
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essary, been corrected in Table 3-F-1 for the base pressure of 14.73 pounds force per square
inch absolute through the following relationship:

14.73
X
14.696

Table 3-F-1 provides the bzst currently available data on physical properties. These data are
subject to modification yearly as additional research is accomplished. Future revisions to
GPA 2145 may include updated values. The values from the most recent edition of GPA
2145 should be used, and the values for density and British thermal units per cubic foot
should be corrected through the use of Equation 3-39,

In addition, GPA Publication 2172 and Publication 181 are incorporated in this standard
as the method of calculating heating values of natural gas mixtures from compositional
analysis. An abbreviated form of that methodology is included in Appendix 3-F as a refer-
ence. '

In this edition, the compressibility of air at standard conditions (Z,,,) has been updated
to the vaiue of 0.999590. -

Table 3-F-1value = GPA 2145-91 table value (3-39)

3.5.3 COMPRESSIBILITY
3.5.3.1 ideal and Real Gas

The terms ideal gas and real gas are used to define calculation or interpretation methods.
An ideal gas is one that conforms to the thermodynamic laws of Boyle and Charles (ideal
gas laws), such that the following is true:

144PV = nRT (3-40)

If Subscript 1 represents a gas volume measured at one set of temperature—pressufe con-
ditions and Subscript 2 represents the same volume measured at a second set of tempera-
ture—pressure conditions, then

4 v,
i _ 8% (34D
T T

'The numerical constant in Equation 3-40 is requited to convert £, in pounds force per square
inch absolute, to units that are consistent with the value of R given in Part 2.

All gases deviate from the ideal gas laws to some extent. This deviation is known as
compressibility and is denoted by the symbol Z. Additional discussion of compressibility
and the method for determining the value of Z for natural gas are developed in detail in
A.G.A, Transmission Measurement Committee Report No. 8, The method used in that re-
port is included as a part of this standard.

The application of Z changes the ideal relationship in Equation 3-40 to the following real
relationship:

144PV = nZRT (3-42)

As modified by Z, Equation 3-41 allows the volume at the upsiream flowing conditions to
be converted to the volume at base conditions by use of the following equation:

B Z T,
v =yl 2]l 2 343
” “(faJ[zﬁ](ﬁ] e
Where:

# = number of pound-moles of a gas.

absolute static pressure of a gas, in pounds force per square inch absolute.
absolute static pressure of a gas at base conditions, in pounds force per square inch
absolute.

o
nou
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Py, = absolute static pressure of a gas at the upstream tap, in pounds force per square
inch absolute.

R = universal gas constant
= 1545.35 (lbf-ft)/(lbmol-°R).

T = absolute temperature of a gas, in degrees Rankine.

T, = absolute temperature of a gas at base conditions, in degrees Rankine.
T, = absolute temperature of a flowing gas, in degrees Rankine.

V = volume of a gas, in cubic feet.

V, = volume of a gas at base conditions (P,, T}), in cubic feet,

Vi = volume of a gas at flowing conditions (F;, 1), in cubic feet.

Z = compressibility of agas at P and T,
Z, = compressibility of a gas at base conditions (5, T,).

Z; = compressibility of a gas at fiowing conditions (£, T).

3.5.3.2 Compressibility at Base Conditions

The value of Z at base conditions (Z,) is required and is calculated from the procedures
in A.G.A. Transmission Measurement Committee Report No. 8.

3.5.3.3 Supercompressibility

In orifice measurement, Z, and Z, appear as a ratio to the 0.5 pawer, This relationship is
termed the supercompressibility factor and may be calculated from the following equation:

Z
E = A (3-44)
Or
Z = % (345
h &Jl ) )
Where: .
F,, = supercompressibility factor,
Z, = compressibility of the gas at base conditions (A, T,).

Z; = compressibility of the gas at lowing conditions (F,, T;).

354 RELATIVE' DENSITY (SPECIFIC GRAVITY)
3.5.41 General

Relative density (specific gravity), &, is a component in several of the flow equations.
The relative density (specific gravity) is defined as a dimensionless number that expresses
the ratio of the density of the flowing fluid to the density of a reference gas at the same ref-
erence conditions of temperature and pressure. The gas industry hag historicelly referred to
the relative density (specific gravity) as either ideal or real and has designated the reference
gas as air and the standard reference conditions as a pressure of 14.73 pounds force per
square inch absolute and a temperature of 519.67°R (60°F). The value for relative density
{specific gravity) may be determined by measurement or by calculation from the gas com-
position.

3.5.4.2 Ideal Gas Relative Density (Specitic Gravity)

The ideal gas relative density (specific gravity), G, is defined as the ratio of the ideal den-
sity of the gas to the ideal density of dry air at the same reference conditions of pressure and
temperatiure, Since the ideal densities are defined at the same reference conditions of pres-
sure and temperature, the ratio reduces to a ratio of molar masses (molecular weights).

)

5T dx
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Therefore, the ideal gas relative density (specific gravity) is set forth in the following equa-
tion:

3-46
My,  28.9625 (3-46)

Where:
(; = ideal gas relative density (specific gravity).
Mr,,. = molar mass {molecular weight) of air
= 28.9625 pounds mass per pound-mole.
Mry,, = molar mass (molecular weight) of a flowing gas, in pounds mass per pound-

mole.

3.5.4.3 Real Gas Relative Density (Real Specific Gravity)

Real gas relative density (specific gravity), G,, is defincd as the ratio of the real density
of the gas to the real density of dry air at the same reference conditions of pressure and tem-
perature. To correctly apply the real gas relative density (specific gravity) to the flow cal-
culation, the reference conditions for the determination of the real gas relative density
(specific gravity) must be the same as the base conditions for the flow calculation. At ref-
erence (base) conditions (P, T,), real gas rclative density (specific gravity) is expressed as
follows:

Since the pressures and temperatures are defined to be at the same designated base con-
ditions,
ﬂ;m = PM
Ty = T,

And the eal gas relative density (specific gravity) is expressed as follows:

G = (___M’-'“] Ly
’ Almr Zq“

The use of real gas relative density (specific gravity) in the flow calcuiations has a his-
toric basis but may add an increment of uncertainty to the calculation as a result of the lim-
itations of field gravitometer devices. When real gas relative densities (specific gravities)
are directly determined by relative density measurement equipment, the observed values
must be adjusted so that both air and gas measurements reflect the same pressure and tem-
perature. The fact that the temperature and/or pressure are not always at base conditions re-
sults in small variations in determinations of relative density (specific gravity). Another
source of variation is the use of atmospheric air. The composition of atmospheric air—and
its molecular weight and density—varies with time and geographical location.

When recording gravitometers are used and calibration is performed with reference
gases, either ideal or real gas relative density (specific gravity) can be obtaincd as a
recorded relative density (specific gravity) by proper certification of the reference gas. The
relationship between ideal gas relative density (specific gravity) and real gas relative den-
sity (specific gravity) is expressed as follows:

(3-47)

Z
G = G he,

(3-48)
r i
Z,.
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Where:
© G, = ideal gas relative density (specific gravity).
G, = real gas relative density (specific gravity).
Mr,, = molar mass {molecular weight) of air
= 28.9625 pounds mass per pound-mole,
Mr,., = molar mass {molecular weight) of the flowing gas, in pounds mass per pound-
mole.
P, = absolute static pressure of a gas at base conditions, in pounds force per square
inch absolute.
P,.. = base pressure of air, in pounds force per squarc inch absolute.
B, = base pressure of a gas, in pounds force per square inch absolute.
R = universal gas constant ]
= 154535 (1bf-ft)/(Ibmol-°R).
T, = absolute temperature of a gas at base conditions, in degrees Rankine,
T, = base temperature of air, in degrees Rankine.
1,,.,, = base iemperatire of a gas, in degrees Rankine.
Z,,, = compressibility of air at base conditions (£, T,).

compressibility of a gas at base conditions (£, T,).

brar

3.5.5 DENSITY OF FLUID AT FLOWING CONDITIONS
3.5.5.1 General

The flowing density (p,,) is a key component of certain flow equations. It is defined as
the mass per unit volume at flowing pressure and temnperature and is measured at the se-
lected static pressure tap location. The value for flowing density can be calculated from
equations of state or {rom the relative density (specific gravity) at the selected static pres-
sure tap. The fluid density at flowing conditions can also be measured using conunercial
densitometers. Most densitometers, because of their physical installation requirements and
design, cannot accurately measure the density at the selected pressure tap location. There-
fore, the fluid density difference between the density measured and that existing at the
defined pressure tap location must be checked to determine whether changes in pressure or
temperature have an impact on the flow measurement uncertainty.

An approximation for field calculation is the direct application of tables from the equa-
tion of state. Such density tables have considerable bulk if they cover & wide range of con-
ditions in small increments. Tables have a further deficiency in that they do not readily lend
themselves to interpolation or extrapolation with fluctuating temperatare and/or pressure,

At the time of publication, it was anticipated that a computer program for IBM and com-
patible personal computers that generates density and/or compressibility tables for user-
defined gas and pressure—temperature ranges would be available through A.G.A. This
program uses the equations in A.G.A. Transmission Measurement Committee Report No.8.

3.5.5.2 Density Based on Gas Composition

‘When the composition of a gas mixture is known, the gas densities p,, and p, may be cal-
culated from the gas law equations. The molecular weight of the gas may be determined
from composition data, using mole fractions of the components and their respective mole-
cular weights, :

Mr, = ¢Mn + oMr, +...+ O.Mr,

1oz
= Y ¢Mr (3-49)

=l
In the following, the gas law equation, Equation 342, is rearranged to obtain density val-
ues:
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144PV = nZRT
m .
n = 3-50
iy, ( )
Therefore: - !
144PV = ( i ]ZR.T £3.51)
i rw
And
144 P Mr,,
P = = A (3-52)
Y; ZRT
Or
144 £ Mr
p, = Mmoo e (3-53)
%~ ZRI,
Where:
G, = ideal gas rclative density (specific gravity).

m = mass of a fluid, in pounds mass.
M, = molar mass (molecular weight) of air
= 28.9625 pounds mass per pound-mole.
Mr,,; = molar mass (molecular weight) of the flowing gas, in pounds mass per pound-
mole.
Mr, = molar mass (molecular weight) of a component, in pounds mass per pound-
mole. '
n = number of moles. '
£ = absolute static pressure of a gas, in pounds force per square inch absolute.
P, = sabsolute static pressure of a gas at base conditions, in pounds force per square
inch absolute.
F;, = absolute static pressure of a gas at the upstream tap, in pounds force per square
inch absolute.
: R = universal gas constant
| = 545,35 (Ibf-ft)/(lbmoi-°R).
! T = absolute temperature of a gas, in degrees Rankine,
: T, = absolute temperature of a gas at base conditions, in degrees Rankine,
' T; = absolute temperature of a flowing gas, in degrees Rankine.
V = volume of a gas, in cubic feet.
Z = compressibility of a gasat £ T.
Z, = compressibility of a gus at base conditions (P, T,).
Z, = compressibility of a gas at flowing conditiens (£, Tp).
f = density of a gas at base conditions (P, T,), in pounds mass per cubic foot.
Pis, = density of a gas at upstream flowing conditions (7}, T;), in pounds mass per cu-

bic foot.
¢ = mole fraction of a component.

3.5.5.3 Density Based on Ideal Gas Relative Density {Specific Gravity)

The gas densities p,, and p, may be calculated from the ideal gas relative density
(specific gravity), as defined in 3.5.5.2. The following equations are applicable when a gas
analysis is available:

Mr Mr:
G = — = = 3-46
! Mr, 28,9625 ( )
Vs
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Note: The mokecuiar weight of dry air, from GPA 2145-91, is given as 28 9625 pounds mass per pound-mole (ex-
actly).

Mr, = GMr, = G,(28.9625) o (3-54)

Substituting for Mr,,, in Equations 3-52 and 3-33, p,, and p, are determined as fellows:

£(;,(28.9625)(144)

p"FI = ZﬂRTf
£G
= 2.69881—— (3-55)
4
And
. 5G(28.9625)(144)
¢ Z,RT,
2.69881—@& (3-56)
(-2af ]
Where:
G, = ideal gas relative density (specific gravity). ,
Mr,, = molar mass (molecular weight) of air
= 2B.5625 pounds mass per pound-mole.
Mt,,, = molar mass (molecular weight) of a flowing gas, in pounds mass per pound-
mole.
P, = absolute static pressure of the gas at base conditions, in pounds force per square P
inch absolute.
P, = absolute static pressure of a gas at the upstream tap, in pounds force per square
inch absolute.
R = universal gas constant
= 1545.35 (Ibf-ft)/(Ibmol-°R).
T, = absolute temperature of a gas at base conditions, in degrees Rankine.
T; = absolutc temperature of a lowing gas, in degrees Rankine.
Z, = compressibility of a gas at base conditions (F,. T,).
Z, = compressibility of a gas at flowing conditions (7, T).
P, = density of a gas at base conditions (£, T}, and Z,), in pounds mass per cubic

foot.
Prp, = density of a gas at upstream flowing conditions (£, T, and Z;), in pounds mass
per cubic foot.

3.5.5.4 Density Based an Real Gas Relative Denslity (Speciflc Gravity)

The relationship of real gas relative density (specific gravity) to ideal gas relative density.
(specific gravity) is given by the following equation:

G = G—x (3-48)
Z,,
Or
G = e
‘ r EQh

Note: The real gas relative density (specific gravity) of dry air at base conditions is defined as exactly 1.00000.

Substituting for G, in Equations 3-35 and 3-56 resullts in the following:
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2.69881EG Z,
Prp = ——m (3-57)
peo ZLZ,
2.69881R G,
P, = T*'— (3-58)
b,

To correctly apply the density cquations, Equations 3-57 and 3-58, which were devel-
oped from the real gas relative density {specific gravity), to the ow calculation, the refar-
ence base conditions {or the determination of real gas relative density (specific gravity) and
the base conditions for the flow calculation must be the same. When standard conditious ae
substituted for base conditions,

F,=F
= 14,73 pounds force per square inch absolute
L, =T
= 519.67°R (60°F)
- Z-'Jair = Z-l'alv
= 0.999530
The gas density based on real gas relative density (specific gravity) is given by the follow- -
ing equations.
2.69881R,G, Z, _
P = 55905002, 7
BZ G
= 2.69992-41 =L (3-59)
%47
And
_ (2.698B1)(14.73)G,
' (0.999590)(519.67)
= 0.0765289G, (3-60)
Where:
(; = ideal gas relative density.
G, = real pas relative density.
P, = absolute static’ pressure of a gas at base conditions, in pounds force per square
inch absolute.
£, = absolute static pressure of a gas at the upstream tap, in pounds force per square
inch absolute,
T; = absolute temperature of a gus at buse conditions, in Jegrees Rankine.
T; = absolute temperature of a flowing gas, in degrees Rankine.
Z,,, = compressibility of air at base conditions {7, T,).
Zy,, = compressibility of a gas at base conditions (7, T,).
Z, = compressibility of a gas at flowing conditions (F,, T)).

Z,,, = compressibility of air at standard conditions (5, T;).

Z, ., = compressibility of a gas at standard conditions (£, 7).

P, = density of a gas at base conditions (P,, T,, and Z,), in pounds mass per cubic foot.
P, = density of a gas at standard conditions (B, 7,, and Z), in pounds mass per cubic foot.
_ Prp, = density of a gas at upstream flowing conditions (7, T, and Z,,), in pounds mass
per cubic foot.

The density equations for standurd conditions based on the real gas relative density (specific
gravity) developed above require standard conditions as the designated reference base con-
ditions for (G, and incorporate Z,_ at 14.73 pounds force per square inch absolutc and

519.67°R. in their numeric constants.
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APPENDIX 3—A—ADJUSTMENTS FOR INSTRUMENT CALIBRATION

3-A.1 Scope

This appendix provides equations and procedures for adjusting and correcting field mea-
surement calibrations of secondary instruments.

3-A.2 General

Field practices for secondary instrument calibrations and calibration standard applica-
tions contribute to the overall uncertainty of flow measurement,

Calibration standards for differential pressure and static pressure instruments are often
used in the fieid without local gravitational force adjustment or correction of the values in-
dicated by the calibrating standards. For example, it is common to use water column
manometers to calibrate differential pressure instruments without making field corrections
to the manometer readings for changes in water density. The manometer readings are af-
fected by local gravitational effects, water temperatures, and the use of other than distilled
water.

Pressure devices that employ weights are also used to calibrate differential pressure in-
struments without correction for the local gravitational force. Similarly, deadweight testers
are used to calibrate static pressure measuring equipment without correction for the local
gravitational force. It is usually more convenient and accurate 1o incorporate these adjust-
ments in the flow computation than for the person calibrating the instrument to apply these
small corrections during the calibration pracess. Therefore, additional factors are added to
the flow equation for the purpose of including the appropriate calibration standard correc-
ticns in the flow comnputation either by the flow calculation procedure in the officc or by the
meler technician in the field.

Six factors are provided that may be used individually or in combination, depending on
the calibration device and the calibration procedure used:

F,,, Correction for air over the water in the water manometer during the differcntial in-
strurnent calibration.
F,; Local gravitational correction for the water column calibration standard.
F,, Water density correction {ternperature or composition) for the water column calibra-
tion standard,
F,.. Local gravitational comection for the deadweight tester static pressure standard,
Fyey  Manometer factor (correction for the gas column in mercury manometers),
Fo« Mercury manometer temperature factor (span correction ‘for instrument temperature
change after calibration).

These factors expand the base volume flow equation to the following:
Q. = QEEEF.E.G (3-A-1)

wi fud St Shgm iy
All of the flow factors that are pertinent to gas flow and are defined in this standard are
included in Equation 3-A-1, Some of the factors are not applicable to all measurcment sys-
tems and may therefore be considered equal to | or ignored, as preferred by the user. For
other applications, particularly those involving mass flow calculation, specific factors may
be included in the seiected equation as appropriate for the system, the calibration of the in-
strumentation, and particular operating procedures.

3-A.3 Symbols, Units, and Terminology
3~A.3.1 GENERAL

The symbols and units used are specific 1o this appendix and were developed based on
the customary inch-pound system of units. Regular conversion factors can be used where

21
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applicable; howaever, it $1 units arc used, the more generic equations in Part 1 should be
used for consistent results.

3-A.3.2 SYMBOLS AND UNITS

Tue Oct 08 14:17:18 1996

Symbol  Description Uzits/Value
°F Temperature, in degrees Fahrenheit —
R Tempecrature, in degrees Rankine —
F.., Correction for air over the water in the water
mancmeter —
Figm Manometer factor —
Fe  Mercury manometer temperature factor —_
£, Local gravitational correction for deadweight
tester —
F., Local gravitational correction for water column —
F,, ~Water density correction —
g Local acceleration due to gravity ft/sec?
g, Acceleration of gravity used to calibrate
weights or deadweight calibrator fi/sect
G; Ideal gas relative density (specific gravity) —_
G, Real gas relative density (specific gravity) —
h,, Differential pressure above atmospheric tnches of water column at 60°F
H  Elevation above sea level fr
L. Latitude on earth’s surface degrees
Mr  Molar mass of gas Ibm/Ab-mol
Mr,;. Molar mass of air 28.9625 lbm/1b-mol
P Absolute gas pressure 1bf/in® (abs)
B,., Local atmospheric pressure 1bf/in® {abs)
P, Base pressure ibffin® {abs)
P, Absolute pressure of flowing gas 1bf/in® (abs)
Q, Volume flow rate at standard conditions
modified for instrument calibration
adjustrnents fe/hs
R Universal gas constant 1545.35 (Ibf-fr)/(lb-mol-"R)
T Absolute gas temperature “R
7, DBase temperature . °R
T; . Absolute temperature of a flowing gas °R
Tipe Mercury ambient temperature R
T,s, Gus ambient temperature R
Z Compressibility of a gas at T and £ —_
Z, Compressibility of a gas at standard
conditions (G,, £, and T}) —
Z, Compressibility of air at R, + A,, and
519.67°R -_—
Z . Compressibility of air at £, and 519.67°R —
Z,, Compressibility of air at 14,73 psia and
519.67°R 0.999590
Z, Compressibility of gas at flowing conditions
(G, Rf; and T}) -
P, Density of air at pressure above atmospheric  [bm/ft®
Pum  Density of atmospheric air 1bm/ft?
P, Density of gas or vapor in the differential ‘
pressure instrument Ibm/f
Py Density of mercury in the differential pressure
instrument lbnyf
f
b
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Page  Density of mercury in the differential pressure
instrument at the time of its calibration Ibm/f

Pre  Density of mercury in the differential pressure
instrument at the mercury gauge operating

conditions © Ibm/ft®
p..  Density of water in the manometer at other
than 60°F 1bm/ft?

3-A.4 Water Manometer Gas Leg Correction Factor ()

The factor £, corrects for the gas leg over water when a water manometer is used to cal-
ibrate a differential pressure instrument;
E, = P = P (3-A-2)
P _ :
When atmospheric air is used as the medium to pressure both the differential pressure in-
strumnent and the water U-tube manometer during calibration, the density of air at atmos-
pheric pressure and 60°F must be calculated using the following equation:

MrG P
RZT

Substituting local atmospheric pressure (P, ) for absolute pressure (P}, 519.67°R (60°F) for
the absolute temperature (), 28.9625 for Mr,;., 1.0 for the ideal relative density {specific
gravity) of air (G}, and 1545.35 for the universal gas constant (R) provides the following
relationship: ‘

(3-A-3)

o = (28.9625)(1.0) 2.,
), =
1545.35 Z. (519.67)
144 -

= _{:5_..... (3-A-4)

1925562,
The local atmospheric pressure may be calculated using an equation published in the Smith-
sonian Meteorofogical Tables:

I)

aim

(3-A-5)

- 145 4[5509»5 ~ (Elevation, ft —~ 361)]

55096 + (Elevation, ft — 361)

The density of air at any given differential pressure {(h,;) above atmospheric pressure can
then be represented by the following:

h
Fom + =2
= 21707 (3-A-6)
192.4772,

The density of water can be obtained from Table 3-A-1 or calculated from the following
Wegenbreth density equation:

p, = 0.0624280[999.8395639 + 0.067982999897, - 0.0091060255647;
+ 0.0001005272999T — 0.000001126713526T}
+ 0.0000000065917956067; ] (3-A-T
Where:! '
Gl

heo

Mr

=

ideal gas relative density (specific gravity).
differential pressure above atmospheric, in inches of water at 60°F.
molar mass of a gas, in pounds mass per pound-mole.

non
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Table 3-A-1—Water Density Based on

Waegenbreth Equation
Tempereture Density Temperature Density
°F (Ibm/fly (°F) (Ibmyfr)
43 62,4212 63 62,3490
46 62,4193 64 62.3427
47 62.4172 65 62.3363
48 62.4148 . 66 62.3297
49 62.4121 67 62.3228
50 62.4092 68 | 62.3157
51 62,4060 69 62.3085
352 62.4026 70 62.3010
53 62,3980 i 62.2934
54 62,3949 72 652.2855
55 62.3508 73 62.2775
56 62,3863 74 62.2692
57 62,3817 75 62.2608
58 62,3768 6 62,2522
59 623717 77 62,2434
60 62,3663 78 62.2344
61 62.2608 79 62.2252
62 62.3550 8O 62.2159

P = absolute gas pressure, in pounds force per square inch absolute,

P.. = local atmospheric pressure, in pounds force per square inch absolute.
R = universal gas constant
= 1545.35 (lbf-ft)/(Ibmoi-°R).
T = absolute gas temperature, in degrees Rankine.
T. = temperature of water, in degrees Celsius,
Z = compressibility of agasat Pand 7.
Z, = compressibility of airat B, + h,, and 519.67°R.
Z,.. = compressibility of air at £, and 519.67°R.
p = density of a gas, in pounds mass per cubic foot.

p. = density of air at pressure above atmospheric, in pounds mass per cubic foot.
Pum = density of atmospheric air, in pounds mass per cubic foot.
P, = density of water in a manometer at a temperature other than 60°F, in pounds
mass per cubic foot.

3-A.5 Water Manometer Temperature Corraction Factor (F,,)

The factor F,, corrects for variations 1n the density of water used in the manometer when
the water is at a temperature other than 60°F. The F,, correctioa factor should be included
in the flow measurement computation when a differential instrument is calibrated with a
water manometer,

T TTTY (3-A-8)
62,3663

Where.

P, = density of water in a manometcr at a temperature other than 60°F, in pounds mass
per cubic foot,

3-A.6 Local Gravitational Correction Factor for
Water Manometers (F,) '

The factor F,; corrects the weight of the manometer fluid for the local gravitational force.
The effect on the quantity is the square root of the ratio of the local gravitational force to

— g
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the standard gravitational force used in the equation derivations. This relationship is ex-
pressed as follows:

E, = &
32.1740

(3-A-9)
Where:

& = local acceleration due to gravity, in feet per second per second,

The local value of gravity at any location may be obtained from a U.S. Coast and Geo-
detic Survey reference to aercnautical data or from the Smithsonian Meteorological Tables.
Using Equation E11 from the 19835 edition of ANSI/API 2530 and the 45°-1atitudc-at-sea-
level reference value, approximate values of g, may be obtained from the following curve-
fit equation covering latitudes from 0° to 90°;

& = 0.032B055{978.01855 — 0.0028247L + 0.00202997}

— 0.000015058L> — 0.000094H) (3-A-10)
Where:
L= latitude, in degrees.
H = elevation, in {feet above seay level,

3-A.7 Local Gravitational Correction Factor tor Deadweight
Calibrators Used to Calibrate Differential and Static
Pressure Instruments (F.) -

The factor £, is used to correct for the effect of local gravity on the weights of a dead-
weight calibrator. The calibrator weights are usually sized for use at a standard gravitational
force or at some specified gravitational force. A correction factor must then be applied to
correct the calibrations to the local gravitational force:

E, = f (3-A-11)

Wi_z ere:

g, = ncceleration dug to local gravitational force, in feet per second per second.
8, = acceleration of gravity used to calibrate the weights of a deadweight calibrator, in
feet per second per second.

When a deadweight calibrator is used for the differential pressure and the static pressure,
both must be corrected for local gravity. This involves using F,, twice.

3-A.8 Correction for Gas Column In Mercury
Manometer Instruments (F,,,)

The factor F,,. corrects for the gas or vapor leg of Ruid at static pressure and the temper-
ature of the manometer or other instrument. Mercury U-tube manometers and mercury-
manometer-type differential pressure instruments are sometimes used to measure #,,. The
manometer factor £, is added to the {low equation to correct for the effect of the gas col-
umn above the mercury during flow measurements:

Py = B
ﬁm_ = LAC. BN & {3-A-12)
Piy
Where:

Psy = density of mercury in the differential pressure instrument, in pounds mass per cu-
bic foot. The effect of atmospheric air (usually defined as the weight in vacuo of

| —
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the mercury sample at the base pressure and temperature defined for the flow mea-
surement) is excluded.

P, = density of the gas or vapor in the differential pressure instrument, in pounds mass
per cubic foot. The effect of atmospheric air (usually defined as weight in vacuo
of the fluid sample at the flowing pressuie existing at the orifice meter during the
flow measurement and at the temperature existing at the differential pressurc in-
strument during the flow measurement)} is excluded. ’

The density of mercury at ambient temperature T,,,, in degrees Rankine, may be calcu-
lated from the following equation:

P, = 846.324[1.0 - 0.G00101(T,,, - 519.67)] (3-A-13)

The density of a gas at ambient temperature may be calculated using the following equa-
tion:

- HatGh (3-A-14)
f= L RZT,, o
For standard conditions of
£ =4
= 14.73 1bf /in?® (abs)
7, =T
= 519.67°R (60°F)
qu. = Zr...
= 0.999590
Then
PZG
g, = 2.69992-L"— (3-A-15)
L
Where:
. = real gas relalive density (specific gravity).
Mpr,,, = molar mass of air
= 28.9625 pounds mass per pound-mole.
F; = absolute pressure of a lowing gas, in pounds force per square inch absolute.
R = univeral gas constant
= 1545.35 (Ibf-fY)/(lbmol-°R).
7, = absclute temperature of a flowing gas, in degrees Rankine.
Ty, = gas ambient temperature, in degrees Rankine.
T,,« = mercury ambicnt temperature, in degrees Rankine.
Z, = compressibility of a gas at G,, T,, and F,.
2Z,.. = compressibility of air at 519.67°R and 14.73 pounds force per square inch ab-
solute
= 0.999590.
Z, = compressibility of a gas at flowing conditions (G,, T, and F).
Z, = compressibility of a gas at 519.67°R and 14.73 pounds force per sguare inch ab-

solute.

Tabular data for £, are given in Table 3-A-2.

Correction for a liquid leg over the mercury can atso be made if the liquid density is sub-
stituted for p, in Equation 3-A-12. If the mercury differential pressure instrument is cali-
brated using a water column or a weight calibrator, the £, and F,, factors are also needed.
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Tahle 3-A-2—Mercury Manometer Factors (Fugm)

Real Gas Ambient Static Pressura (pounds torce per square wnch gauge) '
Relative Temperatuse
Density °F) 0 500 1000 1500 2000 2500 3000
0.550 0 1.0030 1.0019 1.0006 0.9930 0.9973 0.9960 0.9951 '
0.600 0 1.0030 1.0018 1.0002 (.9982 0.9962 0.9949 0.9540 '
0.650 0 1.0030 1.0017 039997 09971 0.9950 0.9938 09930 :
0.700 0 1.0030 1.0015 0.9991L 0.9957 0.9937 0.9926 0.9520 ‘
0.750 0 1.0030 1.00t4 0.9984 0.9940 0.9923 09913 0.5910
0550 20 1.0020 1.0010 0.9997 09983 0.9969 0.9956 0.9947
0.600 20 1.0020 1.0009 01.9994 09977 0.9959 09%46 0.9937
0.650 A 1.0020 1.0008 - 0.9990 (.9968 0.9949 0.5936 09927
0.700 20 1.0020 1.0007 0.9985 0.5957 0.9936 0.9924 09917
0.750 20 1.0020 1.0005 0.9980 0.9944 0.9924 0.9912 09907
0.550 40 1.0010 1.0000 0.9989 0.9977 0.9964 0.9952 0.9942
0.600 40 10010 0.999% 0.9986 0.9972 0.9956 0.9943 09933
0.650 40 1.0010 (.9998 0.9983 0.9965 0.9947 0.9933 0.9923
0.700 40 £COL0 0.9997 0.9980 0.9957 0.9936 0.9922 09913
0.750 40 10010 0.9996 0.9975 0.9947 0.9925 0.9912 09903
0.550 &0 10000  0.9991 0.998¢ 0.0969 0.9957 0.9946 0.9936
0.600 60 10000 0.9990 09978 0.9965 0.9951 0.99313 09928
0.650 60 1.0000 0.9989 09975 0.9959 0.9943 0.9929 0.9919
0.700 &0 1.0000 0.9988 0.9972 0.9953 0.95933 0.9919 0.9909
0.750 &0 1.0000 0.9987 0.9968 09944 0.9923 0.9509 0.9500
0.550 80 0.9590 0.9981 0,9971 09961 0.9950 09940 09931
0.600 30 0.9990 0.9980 0.9969 0.9957 0.9945 0.9933 09923
0.650 80 0.9990 0.9979 0.9967 0.9953 0.9938 0.9925 0.9915
0.700 80 0.9950 0.9978 0.9964 0.9948 0.9930 09916 0.9905
0.750 80 0.9%90 0.9977 0.9%61 0.994i 0.9521 0.9906 0.9896
0.550 - 100 0.5980 0.9972 0.9962 0.9953 0.9943 0.9933 0.9925
0.600 100 0.9980 0.997t 0.5960 0,9949 0.9938 0.9926 0.9917
0.650 100 0.9980 0.9970 0.9953 0.9945 0.9932 0.9919 09909
0.700 100 0.9980 0.9969 0.9936 0.5941 049925 09912 0.95901
0.750 100 0.6980 0.9968 0.9953 09935 0.9917 0.9903 0.9892
0.550 120 0.9970 0.9962 0.9953 0.9944 0.993% 0.9926 0.9918
0.600 120 0.9970 0.9961 0.9951 0.9941 0.9930 0.9920 0,9911
0.650 120 0.9970 0.9960 05949 09937 0.9925 09914 0.9304
0.700 120 0.9970 0.9959 0.9547 0.9033 0.9920 0.9507 0.9896 ;
0.750 120 0.9970 0.9958 0.5945 0.9929 0.9913 0.9899 0.9888

— . W
Note: This table is for use with mercury-type recording gauges that have gas in contact with the mercury surface.

A9 Mercury Manometer Instrument Temperature Factor (F,,)

The factor I, corrects for the change in mercury density in the mercury differential pres-
sure instrument due to tempetatare change from the time of instrument calibration. The
mercury manometer temperature factor is introduced to correct for the error in differential
pressure reading caused by a change in mercury temperature and the associated change in
the density of mercury after calibration of the instrument. The factor is defined by the fol-

lowing equation:
g, = 2= (3-A-16)
Prge
Where:
Pie = density of the mercury in the differential pressure instrument, in pounds mass per

cubic foot, at the mercury gauge operating conditions. The effect of atmospheric
air (usually defined as the weight in vacuo of the mercury sample at the pressure
for the flow measurement and the temperature of the mercury gauge) is excluded.
density of the mercury in the differential pressure instrument, in pounds mass per
cubic foot, at the time of its calibration. The effect of atmospheric air (usually

g
1]
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defined as the weight in vacwo of the mercury sample at a pressure of | atmos-
phere and the temperature of the mercury gauge) is excluded.

The mercury manometer temperature factor applies only to mercury-manometer-type
gauges without internal temperature compensation when such gauges arc used at operating

temperatures different from the temperaturc of calibration.

] LA

5,

~EE

Copyright by the AMERTCAN PETROLEUM INSTITUTE (API)
Tue Oct 08 14:17:18 1996



APTI WPMSx1y4.3.3 92 ER 0732290 0503880 &55 W

APPENDIX 3-B—FACTORS APPROACH

3-B.1 Iritroduction

The factors approach can provide answers identical to those developed in this part of
Chapter 14, Section 3. The user is cautioned that when the tables in this appendix are used,
the values are only precise for the variables stated. For different dimensions or other tnput
parameters, the true value can only be developed from computaticn,

3-B.2 Symbols, Unlis, and Terminology

3"512-1

GENERAL

Some of the symbols and units listed below are specific to this appendix and were devel-
oped based on the customary inch-pound system of units. Regular conversion factors can
be used where applicable; however, if S1 units are used, the more generic equations in Part
1 should be used for consistent results.

3-B.2.2 SYMBOLS AND UNITS

Symbol
C&
CAFT)
d

D

[
E,
°F
‘R

E

F

.
F

Description

Composite ovifice flow factor

Orifice plate coefficient of discharge
Orifice plate bore diameter calculated at
flowing temperature, T}

Meter tube internal diameter calculated at
flowing temperature, 7;

Napierian constant

Velocity of approach factor

Temperature, in degrees Fahrenheit
Absolute temperature, in degrees Rankine
Orifice calculation factor

Orifice calculation factor for D < 2.8
Real gas relative density factor

Numeric conversion factor (see Table 3-B-2)
Base pressure factor
Supercompressibility factor

Orifice slope factor

Base temperature factor

Flowing temperature factor

Real gas relative density (specific gravity)
Orifice diffcrential pressure

Absolute base pressure

Absolute flowing pressure (upstream tap)
Standard pressure

Pipe Reynolds number

Volume flow rate per hour at base conditions
Volume flow rate per hour at standard
conditions of Z,, 7, and P,

Absolute base temperature

Absolute fowing temperature

Standard temperature

Expansion factor

Expansion factor (upstream tap)

20
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Units/Value

in

in
2.71828
R
°R

inches of water column at 60°F
[bffin? (abs)

ibffin? (abs)

14.73 1bffin? (abs)

ft'/hr

fti/hr

°R

°R
519.67°R
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Y, Expansion factor (downstrean. :ap) —
Z, Compressibility at base condinons (P, T;) —
Compressibility at upsiream flowing

conditions (£, T;) —
Z, Compressibilir.y at standard conditions

(J' : .

£ Diamester ratio (d/D) —

3~B.3 Equations for Volume Flow Rate of Natural Gas

In the measurement of natural gas, the general practice 1s to state the flow in cubic feet
per hour at some specified standard or base conditions of pressure and temperature using
the real gas relative density. For the purpose of this appendix, the following standard or base
conditions are assumed:

G,,. = 1.00000 {exactly)
F=£
= 14 73 pounds force per square inch absolute
L =1,
= 519.67°R
T, = 519.67°R
Z, = Z,

The volumetric (low rate equation, Equation 3-6a, can be expressed in the histoiicaily
mare familiar format through the inclusion of calculation factors. These factors {ratios) are
tonmed to allow the various terms in Equation 3-6a to be calculated individually.

The factors are derived from combining Equation 3-6a with four numeric ratios, each
having a value of 1.00000 (exactly). These ratios are 14.73/14.73, 519.67/519.67,
(519.67/519.67)%%, and /1. One half of each ratio is combined with P, T,, T;, and G, re-
spectively, to form the F,,, F,. F. and F, factors. The other half of each ratio is combined
with the numeric constant in Equation 3-6a to form the numeric conversion factor, F,.
Therefore, starting with Equation 3-6a,

PZZ h
0, = 218.5T3C,(FDEYL & ’—v— (3-6a)
RY Gz

Reformatting to incorporate the factor approach and standard conditions results in the fol-

lowing:
519.67 , T,
= 218.573 C, dt| —— )\(0.999590
2 ( 14,73 ] 519.67 (FT (519.67

" 14.73 519.67 | 1) 2 Eh, (3-B-1)
3 T AGAZ)""

Note: Variations in the base compreasibility of dry air, Z, , from the value given at 14.73 pounds force por square
inch absolute and 519.67°R (60°F) for base pressures between 14.4 and 15.025 pounds force per square inch ab-
solute at 519.67°R (60°F), are within the basic uncertainity statemant of the compressibilty daw determination.
Therefore, the value 0.999590 can be used in the development of the numetric constant for the flow equation,

Thus, Equation 3-B-1 can be simplified to the following form:

Q = B\ + EVEFEEE JBER, (3-B-2)
Or
Q, = C\Eh, (3-B-3)
Where
C" = E{f + E)VE,FEEF, (3-B-4)

e
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#H

Where:
C' = composite orifice flow factor.
C,AFT) = coefficient of discharge for a flange-tapped crifice plate.
d = orificc plate bore diameter calculated at flowing temperature (7;), in inches,
E, = velocity of approach factor,
F. = orifice calculation factor.
F! = orifice calculation factor for D < 2.8.
f;, = real gas relative density factor.
E, = numeric conversion factor (see Table 3-B-2).
£, = base pressure factor.
£, = supercompressibility factor.
Fy = orifice slope factor.
F, = base temperature factor.
F; = flowing temperature factor.
G, = real gas relative density (specific gravity).
h,, = orifice differential pressure, in inches of water at 60°F.
P, = base pressure, in pounds force per square inch absolute.
£, = absolute flowing pressure (upstream tap), in pounds force per square inch
absolute.
@, = volume flow rate at standard conditions of Z,, T, and A, in cubic fcct per
hour.
T, = base temperature, in degrees Rankine.,
T, = absioute flowing temperature, in degrees Rankine,
¥, = expansian factor (upstream tap).
Z, = compressibility at base conditions (7, T,).
Z, = compressibility at upstream flowing conditions (£}, 7).

The content of the composite orifice flow factor C' is different from what has been used
in the past. The F(F. + F,) product is a replacement for the F, and F. factors previously used
in C’ Because of the form of the new discharge coefficient equation, the numeric constant
(&) has been separated, and F, and F, are treated as combined additive terms. The compaosite
orifice flow factor assumes that the measured values are absolute. Adjustment factors to
compensate for the type of instrumentation used, the calibration methods, and the elements
of meter location are treated separately in Appendix 3-A. When the instruments are not cal-
ibrated or read to absolute values, adjustment factors may be applied as a multiplier to C

3-B.4 Numeric Conversion Factor (F)

The numeric conversion factor £, (see Table 3-B-2) combines the numeric element of
Equation 3-B-1 with the orifice diameter (f) and the velocity of approach factor (£,) to pro-
vide the following equation:

£ (213.573)(1.54761)5,.d2,}z,,_

338.265E,d* Z,

= 338.265E, D’B’,/ Zy_ (3-B-5)
‘When standard conditions are substituted for base conditions,
P, =F
= 14.73 pounds force per square inch absolute
T,=T,
= 519.67°R (60°F)
Z, =2,
= 0.999590

T
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The numeric conversion factor, F,, reduces to the following:

F = 338.196E,d° (3-B-5a)
Or
F = 33R.196E D*B? (3-B-5b)
Where:
g d = orifice plate bore diameter calculated at flowing temperature, T, in inches,
D = meter tube internal diameter calculated at flowing temperature, T, in inches.
E, = velocity of approach factor
= 1/(1 = B3,
F, = numeric conversion factor,
B = diameter ratio (d/D).

For the purpose of the tables in this appendix, the numeric conversion factor, £, is
specificd at standard conditions. The velocity of approach factor is more fully described in
3.4.4,

3-B.5 Orifice Calculation Factor (F)

A modification of the basic form of the equation for the orifice plate coefficient of dis-
charge in 3.4.3 resulted in the equation being divided into two parts. The first part is the
orifice calculation factor (F). The second part is the slope factor (F,). The orifice plate
coefficient of discharge, C,(FT), is the sumn of F, (see Table 3-13-3) and F;; (see Table 3-B-4):

CAFT) = E + F, (3-B-6)

The sum of F, and £, is applicable to nominal pipe sizes of 2 inches and larger; diameter
ratios (f3) of 0.1-0.75, provided the orifice plate bore diameter, 4, is greater than 0.45 inch:
and pipe Reynolds numbers (Hep) greater than or equal to 4000. For diameter ratios and
pipe Reynolds numbers outside the limits stated, refer to Part 1, 1.12.4.1, and Part 4.

The orifice calculation factor (F) for meter tubes whose internal diameter is greater than
or equal to 2.8 inches is computed by the following equation:

£ = 0.5961 + 0.02918% — 0.22908"

0.8 "
+(0.0433 + 0.0712¢*% — 0.1145¢% )| 1-0.23 19,0004 B :
. Re, 1-5

2 2 Y 19,0008 "
~0.0116| —=— ~0.52f —=— | |B"|1-0.14f 2208 3.B-7
[D(l—ﬁ) (D(I-B)J d [ Re, ] G-ED

For meter tubes whose internal diameter is less than than 2.8 inches, E is modified by an ad-
ditional term such that

F'=FE + 00031 - f)X2.8 - D) (3-B-8)
Where:

d = orifice plate bore diameter calculated at flowing temperature, T, in inches.
D = meter tube internal diameter calculated at flowing temperature, T, 1n inches
¢ = Napierian constant

= 2.71828
F, = orifice calculation factor.
F! = orifice calculation factor for D < 2.8.

Rep = pipe Reynolds number.

B = diameter ratio

= d/D.

AT fp b o P
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Equation 3-B-8 is only valid for tubes whose internal diameter is less than 2.8 inches.

The inclusion of Reynolds number in the calculation term (£) makes this function three-
dimensional, including 8, D, and Re;. The expression can be simplified by assuming
Reynolds number values for various meter tubes from Table 3-B-1. These assumed values
can introduce an error greater than 0.01 percent for meter tubes with nominal diameters of
less than 3 inches and B ratios greater than 0.6. The most precise values are obtained by
computing the orifice calculation factor (F) using the actual Reynolds number.

Table 3-B-3 was developed using the approximate values for Rep, from Table 3-B-1.

The assumed values for Reynolds number may not be used to compute the orifice slope
factor (F;). The value of F, can only be obtained through iteration.

3-B.6 Slope Factor (F,)
The slape factor, F, (see Table 3-B-4), is the slope term from the coefficient of discharge
equation deveioped in 3.4.3. It is expressed as follows:

F = 0.000511[

08 015
+ [0.0210 + 0.0049[ﬁ-0—09-@-) 1;6‘(—139&@@-} (3-B-9)

1.000.000,8}0'7

€n

Re, Re,
Where:
d = orifice plate bore diameter calculated at flowing temperature, T, in inches,
D = meter tube intemal diameter calculated at flowing temperature, 7}, in inches.
F; = slope factor for flange-tapped coefficient of discharge equancm {see Table
3-B-4),
Rep = pipe Reynolds number.
B = diameter ratio
= dfD.

Since Re, is a function of the flow rate (Q,), F, can only be obtained through iteration.
The values of Rey, given in Table 3-B-1 will not provide precise results but can be used as
the first approximation in an iterative solution. Typically, three iterations of Q, and Rep, are
required to provide an accurate solution for £

As covered in 3.4.5, for most natural gases Equation 3-29 can be used to estimate Re,
from Q, and D:

Re, = 47.0723% (3-29)
Where:
. = volume flow rate at standard conditions (Z,, T,, and £), in cubic feet per hour.
D = meter tube intemal diameter calculated at flowing temperature, T, in inches.
G, = real gas relative density (specific gravity).

Table 3-B-5 was developed using Equation 3-29, Table 3-B-4 provides values for F,
based on a normalized pipe Reynolds number (Rep/1,000,000) and diameter ratio (8).1j

3-B.7 Expansion Factor (Y)

The expansion factor, ¥, is a function of j ratio, the ratio of differential pressure to static
pressure, and the ratio of specific heats (also called the isentropic exponent, or the ratio of
specific heat capacity). Equations for the determinations of ¥, and ¥; are found in 3.4.6. Tab-
ular values for ¥, are found in Table 3-B-6.
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3-B.8 Pressure Base Factor (F,,)

The pressure base factor, F,, is applied to change the base pressure from 14.73 pounds
force per square inch absolute and is calculated by dividing 14.73 by the required (contract)
absoiute base pressure (see Table 3-B-7}. Using this factor is equivalent to subsiituting the
contract absolute base pressure for F, in Equation 3-6a:

- 14.73
T = - (3-B-10)
Where:
F, = contract absolute base pressure (see Table 3-B-7), in pounds force per square inch

absolute.

3-B.9 Temperature Base Factor (F,)

The temperature base factor, F,, is applied where the base temperature is other than 60°F
and is calculated by dividing the required (contract) base temperature in degrees Rankine
by 519.67°R (see Table 3-B-8). The use of this factor is equivalent to substituting the con-
tract absolute basc temperature for 7, in Equation 3-6a:

A
519.67

E = (3-B-11)

Where:

T, = contract absolute base temperature, in degrees Rankine,

3-B.10 Flowing Temperature Factor (F,)

The flowing temperature factor, Fy, is required to change from the assumed flowing tem-
perature of 60°F Lo the actual lowing temperature, T,. Fyis calculated by dividing 519.67°R
by the flowing temperature in degrees Rankine and taking the square root of the result (see
Table 3-B-9). The use of this factor is equivalent to substituting the actual absolute flowing
temperature for 7; in Equation 3-6a:

519.67

3-B-12
T ( )

}; =

Where:
T; = flowing temperature, in degrees Rankine,
3-B.11 Real Gas Relative Density (Specific Gravity)
Factor (F,)

The real gas relative density (specific gravity) factor, F,, is applied to change from a real
gas relative density of 1.0 to the real gas relative density of the flowing gas and is obtained
as shown in Equation 3-B-13 (see Table 3-B-10). The use of this factor is equivalent to sub-
stituting the real gas relative density for &, in Equation 3-6a:

E = [— (3-B-13)
Where:

G, = rcal gas relative density (specific gravity).

Real gas relative density (specific gravity) is defined in 3.5.4.3.
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3-B.12 Supercompressibility Factor (F,)}

The supercompressibility factor, K,, may be calculated from the following equation:

Z
E, = |2 3-B-14
, f Z o (3-B-14)

Z, = gas compressibility at base conditions (B, T,).

Z; = gas compressibility at upstrcam flowing conditions (F, T;).

The development of compressibility and supercompressibility is covered in 3.5.3.2 and
3333

Histotically, the naturat gas industiy has used a tabular approach to compressibility for
field applications where there is no ready access to a computer. Table 3-B-11 has been in-
cluded as o typical supercompressibility factor (F,) table. It is only applicable to a hydro-
carbon gas with a specific gravity of 0.6 and no nitrogen or carbon dioxide. The table is
provided as an example only and may not be interpolated; neither may values from the table
be adjusted for diluent content. It is typical of the tables that can be developed for the user’s
specific application (gas quality, temperature range, and pressure range). The alternative is
the direct calculation of £, for the specific measurement conditions using A.G.A. Transmis-
sion Measurement Committee Report No. 8.

3-B.13 Tables

The values of all the factors of C” as defined in Equation 3-B-4 are obtained from Equa-
tions 3-B-5 through 3-B-14, Tabular data are included in this appendix as alternative means
of determining all factor values except for £, values. The tables can also be used o check
calculated values. The tables are only precise for the values listed.

Where.

Table 3-B-1—Assumed Reynolds Numbers for
Various Meter Tube Sizes

Naminal Tube Assumed

Diameter Reynolds
(inches) _ Number, Rep

2 500,000

3 750,000

4 1,000,000

6 1,500,000

8 2,000,000

10 2,500,000

12 3,000,000

16 4,000,000

20 5,000,000

24 6,000,000

30 8,000,000
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Table 3-B-2—Numeric Conversion Factor (£,)

_ 338.196D'8!
o 28008
yi- g

Nominal Pipe Diameter

5 2 Inches 3 Inches 4 Inches
Ratio I 687 1.939 2067 2,300 2.624 2.960 3.068 3.152 3.438 3.826 4.026
0.200 38.531 50,502 57.844 71.620 93219 113.86 12743 134.51 160.02 198 18 219.44
1.220 46,639 61.614 70.017 86.692 112.84 137.82 154,25 162.82 193.70 239.89 265.63
0.240 55.532 73.362 83.367 103.22 134.35 164.10 183,66 193.86 230.63 285.63 316.27
0.260 65.214 86.152 67.902 121.22 15777 192.71 215,69 227.66 270.85 335.43 371.41
0.280 75.693 99,595 113.63 140,70 183,13 223.68 250.34 264.24 314.37 389.33 431.09
0.300 86978 11490 130.57 161 67 21043 25702 287.67 303 63 361.23 447,37 495.36
4.320 99080 130.89 [48.74 184 17 23971 19279 3127.69 145.88 411,50 509.62 564,29
.340 112.02 147.98 168.16 20821 271.00 331.01 370.47 391.04 465.22 576.15 637.96
0.360 125.80 166,19 188.86 . 233383 304.35 371.73 416.07 439.16 522.47 647.06 716.47
0.380 140 46 185.55 210.86 26l 08 339381 41506 464.54 490.32 583.34 722.44 799.94
0.400 15501 206.10 234,21 28999 377.44 461.02 51598 544,62 647,94 802.44 888.52
0420 17249 227.87 258.95 320 62 417.31 509.72 570 48 602.15 716.38 887.20 982.38
0.440 189 93 250.91 285.13 35304 459.51 561.26 628 17 663,04 788.83 976.92 1,081.7
0.460 208.38 275.29 312.83 38734 504 15 615.78 689 20 72745 865.45 1,071.8 1,186.8
0.480 227 89 301.06 34212 423.60 551.34 67343 75371 705.55 946.47 {.172.2 1,297.9
0.500 248.52 328.31 373.08 461 93 601.24 734.38 §21.93 867.55 1.032.1 1.278.2 1.415.4
0.520 270.33 35712 405.83 502.48 654,02 798.84 894 07 943,70 1.122.7 1,390.4 1,539.6
0.540 293.42 387.62 440.49 545.39 709.87 86706 97043 10243 121846 1,309.2 16711
0.560 317.87 419.93 477.21 590.85 769.05 939.33 1.0513 1,109.7 1,320.2 1,635.0 18104
0.580 343.82 454,21 516,16 639.09 831.82 1,015.0 1,£37.1 1,200.3 1.428.0 1,768.5 1,958.2
0.600 371.40 490.64 557.56 650,35 898.54 1,087.5 1,228 4 1,296.5 1,542.5 1,910.3 2,115.2
0.620 400.78 529.45 601.66 744.95 969.62 1,184.3 1,3255 1,399.1 1,664.5 2,061.4 2,282.5
0.640 432.1% 570.90 648.77 803.27 1,045.5 1,277.0 1,429.3 1,508.6 1,794.8 22228 2,461.2
0.660 465,78 61532 699.24 B865.77 11269 1,376 4 1,540.5 1628.0 19345 2,395.7 2,652.7
0.680 501 94 563.10 753.54 932 99 12144 ° 14833 16601 £,752.2 2,084 7 2,581.7 2,858.7
0.700 541.02 714.73 §12.21 1,005.6 1.308.9 1,598.8 1,789 4 1,888.7 2.247.0 2,782 R 3,081 3
0.720 583.48 770.82 875.95 1,084.6 1.411.6 1.724.2 1.929.8 2,036.9 24233 30011 3,323.1
0.740 629,90 832.14 945.63 1,170.8 1,523.9 1,861.4 20833 2.198.9 2.616.1 3,239.9 3.587.5

Note: This table was developed for informational purposes only and is specific 10 the following conditions: T, = 68°F; G, = 0.6; u =~ 0.00006%; %k = 1.3; P,
= 1473 amd T, = S19.67°R. _ R
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Table 3-B-2—(Continued)
£ o 3381960
:;! - B
Nominal Pipe Diameter
6 Inches 3 Inches 10 Inches 12 Inches
Fil

Ratio 4.897 5.187 5.761 6.065 7.625 7.981 8.071 9.562 10.020 [0.036 11.374 11938 12.090
0200 324.57 364.26 449.34 498.01 787.15 862.36 881.92 11,2379 11,3593 1,363.6 1,751.5 1.929.5 1,9789
0.220 39299 440,92 54390 60282 052.80 10438 1,.067.5 14984 16454 16506 21201 23355 2,3954
0.240 467.92 524.98 647.60 717.75  1,134.5 1,242,9 1,271.1 1,784.1 1.959.1 1.965.3 25243 27808 28521
0.260 549.50  6!6.51 16051 842,89 13323 1,459.6 1,492.7 200951 2,300.6 2,308.0 29644 32657 33494
0.280 637.80 715.58 882,71 97833  1,546.3 1.694.1 1,732.5 24318 26703 2,678.8 3,440.7 13,7904 38876
0300 73289 82226 10143 1,1242 1,765 1,946.7 1,990.8 27943 30684 30782 39537 43555 44671
0320  834R7 936.68 11,1555 1,280.6 2,024.1 2,217.8 2,267.8 31831 34954 35063 45038 49616 35,0887
0.340 943836 1.055.0 1,306.3 [.447.8 2.288.4 2,507.¢ 2.563.9 3.598,7 39517 39643 50918 56093 57531
0.360 1,060.0 1,189.3 1,467.1 1,626.0 2,570.0 2,815.6 28794 40416 44380 44522 57184 52998 64611
0.380 1,183.5 1,327.8 1,638.0 [,815.4 2.869.4 3,143.6 32149 45124 49550 49709 63847 70338 72138
0400 1,146 1.474.9 1,8193 20164 3,187.1 3,491.7 35709 5012,1 55037 53213 72,0916 78124 80126
0420 14534 1,630.7 1,011 21294 35238 3,860.5 3.948.1 55415 60851 6,1045 78408 86376 B.859.0
0440 11,6004 1,7956 22150 24549 3.880.2 4,2509 43473 6,1619 6,700.5 67219 8,633.7 9511.1 97549
0460 11,7559 19700 24301 2,6934 4.257.1 4.663.9 4,769.6 6.694.7 73513 17,3748 94724 104350 10,7025
0480 15202 21544 26576 25455 46556 5,100.5 5216.2 73214 80395 80652 10,359.0 114119 11,7044
.500 2.094.0 2,349.4 2,808\ 32121 5.0716.9 5,562.1 5,688.2 79840 8.767.2 8,795.2 11,296.6 12,4448 127637
0.520 2,277.8 12,5556 13,1525  3,494.0 §522.6 6,050.3 6,187.5 86848 95367 9,567.2 12,288.2 13,537.1 13,8840
0.540 24724 2,773.9 34218 3,7924 5.994,2 6,567.0 6,716.0 9.426.5 10,3511 10,384.2 13.337.6 14,6932 15,0697
D.560 25785 30051 37070 4,085 6,491.9 7.114.4 7,2758 10,2123 11,2140 11,2498 144494 159180 163259
0.580 2.897.1 32504 40096 44439 70240 7,695.2 7.869.7 110459 12,1294 1{2,168.1 15,628.9 17217.3 17.658.6
0.600 3,129.5 35111 43312 48004 7,587.4 B.3l24 835009 119319 131023 131442 168825 185984 19,0750
0.620 33770 37888 46738 51800 8,187.5 8,969.9 %1733 12,875.7 14.138.6 14,1838 18,2179 200694, 20,583.7
0.640 3,641.4 40854 50397 55856 8,828.5 9,672.1 9,891.5 13,883.7 15,245.5 15,2943 19,644.2 21,640.7X 22,1952
0660 39247 44033 54318 60202 95154 104246 10,861.1 14,9639 164317 16484.2 21,1725 23,324.3* 239221
0680 4,2294 47452 58535 648746 102542 11,234.1 [14889 16,1258 177076 17,764.2 22,8165 251354 257796
0700 4,553.8 51147 63093 69927 11,0526 12,10B8 123834 (73814 190863 19,1473 24,593t 27,0925 277868
0720 49165 55161 68044 75415 119200 13,059.t 133552 187454 20.584.1 20.649.9 26,5230 292186 299674
0.740 5,307.6 59549 7,3458 B,141.5 12,868.3 14,0979 144177 202366 222217 222927 28,6330 315431 323514

Note: This table was developed for Informational pur;mses only and Is specific to the following conditions: T, = 68°F; &,
= 14.7%and T, = 519.67°R.

= 064 = 0.00006% &k = L3P,
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Table 3-B-2—{(Continued)
_ 338196 PXiN
V-8
Nominal Pipe Diameter
16 Inches 20 [nches 24 Inches 30 Inches

Ratio 14,688 13.000 15.250 18812 19.000 19.250 22.624 23.000 23.250 28,750 29.000 29.250
(.200 2,920.8 3,046.2 3,148.6 4,791.2 4,887.5 50169 6,929.7 7.162.0 7.318.5 11,190.6 11,386.0 11,583.2
0.220 3,535.5 3.681.3 3.811.2 5,799.5 59160 65,0727 §,388.1 B,669.2 88587 13,5456 13,7822 14,020.9
0.240 4,209.6 4,390.3 4,537.9 6,905.3 70440  7,230.6 49874 10,322.1 10.547.7 16,128 3 16,410.0 16,664.2
0,260 4.943.5 5.1558 5,329.0 §,109.2 8,272.1 8,491.2 11,728.7 12,121.8 12,386.7 13,9402 19.271.1 19,604.8
0.280 5737.8 3.084.2 6,185.3 04122 9,601.3 9,855.6 13,6133 14,069.5 14,3770 219836 22,367.6 22,7549
0.300 6,593.3 6.876.4 T.107.5 10,8155 11,0328 11,3250 15,642.9 16,167 1 16,5205 25,261.1 25,702.4 26,147.4
0.320 T.510.7 7.833.2 8,096.5 122205 12,568.0 12,9009 17,819.5 18,416.3 18,8193 28,7765 2 29,278.8 29,785.8
0.340 8,491.3 8,855.9 9,153.5 13,9289 14,2087 14,5851 20,1459 20,8211 212762 32,5330 33,101.2 33,674.4
0.360 9,536.2 09,9457 10,2800 156431 159573 16,3800 22,625.1 23,3834 238945 36,536.5 37,1747 37,818.4
0.380 10,647.2 11,1044 11,4776 174655 178163 18,2883 252610 26,107.6 26,6783 40,793.1 41,5057 42,2244
0.400 11,8262 12,3340 12,7485 19,3095 19,7802 20,3113 28,058t 289085 29,6323 453102 46,101.6  46.899.9
0.420 13,075.5 13,6369 14,0952 214487 21,8796 22,4591 11,0220 32,061.8 32,7625 50,096.5 50971.5 51,854.1
0.440 14,397.8 15,0159 155206 23,6178 2409:2 24,7304 34,1592 35304.1 36,075.7 55,162.6 56,126.2 57,098.0
0.460 15,796.3 164746 170283 259120 264325 27,1327 37.477.5 3R, 733.5 39,5801 60,521.1 61,578.3 62,644 5
0.480 17,275.1  i8,016.8 18,6224 283378 28907.0 29,6727 40,9859 423595 43,2854 66,1868 67,3428 68,5089
0.300 18,838.6 19,6474 20,3078 309025 31,5232 32,3582 44,6953 46,1933 47,2029 72,1770 73,4307 74,709.3
0.520 20,4922 21,3720 22,090.3 33,6150 342902 351935 48,6185 50,2480 51,3462 785124 798838 81,2570
0.540 22,2422 23,197.2 23,9769 364857 37,2186 382045 32,770.6 545392 55,7312 85,2175 36,7059 88,2073
0.560 24,0963 25,130.8 259755 39,527.1 403210 417381 57,169.3 59,0854  60,376.8 92,3209 93,9335 95,560.0
0.580 26,0632 27,1823 28,0959 42,7536 43,6124 447677 61,836.1 63908.5 65,3054 99.857.1 i01,601,3 103,360.6
0.600 28,1538 29,3626 303495 46,1829 47,1106 48,3585 66,796.0 63,0347 705436 10TRGET 1097508 111,651.2
0620 303307 31,6850 32,750.0 4983528 50,8369 521815 720793 744951 76,1233 1163985 1184316 1204824
0.640 32,759.1  34,165.7 35,3140 53,7375 548169 56,2689 717224 BO327.3 82,083.0 125511.3 127,703.6 1299149
0.660 35,3079 36,823.8 38,0615 579183 3590817 60,6468 83,769.3 B6,576.8 88,469.2 1352763 137,639.2 140,022.5
{0.680 18,0495 19,6831 41,0169 624156 636694 653559 90,273.9 93200.5 93,338.7 1457804 148,326.8 150,895.1
0.700 410121 42,7729 442106 672754 68,6268 704446 97,3027 100,563.9 1027613 1571310 1598756 162,644.0
0.720 442305 46,129.6 476800 725549 740124 759729 1049387 10R4558 1108263 1694621 1724221 1754077
0.740 477492 497993 514732 783265 795003 420168 1132870 1170838 119.6429 1829434 86,1389 1893620

Note: This rable was developed for informational purposes only and is specific to the following conditions: T, = 68°F, G, = 0.6; x = 0.000069: &k = 1.3, 7
= 1473 and T, =

519.67°R.
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Table 3-B-3— Qrifice Calculation Factor: £ From Equations in 3-B.5

Nominal Pipe Diameter

2 Inches (Rep = S00.000) 3 [nches (Rep = 750,000) 4 Inches (Rep = 1.000.000)
8 )
Ratio 1.687 1.939 2.067 2.300 2.624 2,900 3068 1.152 3.438 1826 4026

0.200 0.39879 0.59828 0.59801 0.59752 0.59683 0.59646 0.59649 0.59651 0.59655 059861 0.59663
0.220 1 59884 059836 0.59810 0.59763 0.59697 0.59662 0 5%665 0.59667 0 59672 0.59678 0 59681
0.2a0 0.59892 0.59846 0.59822 0.59777 0.59713 0.59680 0.59684 0.59686 0.59691 059698 0.59701
0.260 059903 0.59860 0.59837 0.59794 0.59733 0.59701 059705 0.59707 0.59713 0.59720 0.59723
0.280 0.59918 0.59876 0.59855 0.59814 0.59755 0.59725 59730 0.59732 059738 0.59745 0.59749
0300 0.59935 0.59896 0.59875 (.59836 0.59780 0.59752 0.59757 0.59759 0 59766 039773 0.59777
0.320 0.59956 0.59919 0.59899 0 59862 0.59809 0.59782 0.59787 0.59789 0.59796 0.59804 0.59808
0340 0 59980 0.59946 0.59927 0.59862 0.59841 0.55815 0.55820 0.59823 0.59830 0159839 0.56842
0.360 0.60009 0.59976 0.59959 0.59925 0.59877 0.59852 0 59857 0.59860 0.59867 059876 0.59880
0.380 0.60041 0.60011 0.59994 0.59962 0.59916 0.59893 0.59898 0.59%00 (.59908 359917 (.59920
0.400 0.6007% 0.60050 0.60034 0.60004 0.59959 0.59937 0.59943 0.59945 0.59952 0.59961 0.59965
0420 0.6012! 0.60093 0.60078 0.60050 0.50007 0.59986 0.59951 059993 0.60001 4.60002 0.60012
0440 Q60168 0.60142 060128 0.60100 0.60059 0.60039 060044 0.60046 0.60053 0.6006] 0.60064
0.460 0.60221 0.6019¢ 060182 0.60156 0.60116 0.60097 0.60101 0.60103 0.60110 0.60117 0.60120
, D.480 0.60281 0.60256 060243 0.60217 060179 460159 060163 060165 0.60171 0.60177 0.60180
0.500 (.60347 0.60323 0.60309 0.60284 0.60245 0.60227 0.60231 0.60232 060237 0.60242 0.60244
0.520 0.60420 0.60396 0 60383 0.60358 0 60320 0.60301 (60303 0.60305 0.50308 0.60312 0.60313
0.54¢ 0.60502 0.60477 0.60463 0.604338 0.60400 0.60380 0.60382 0.60383 0 60385 0 60386 0.60387
0.560 0.60592 0.60566 0.60552 0.60526 0.60488 ) 60466 0 60467 0 60467 0 60467 0.60467 0.60466
0580 0.60693 0.60664 0.60650 0.60623 0.60583 0.60560 0.60559 0.60559 0.60556 0.60553 0.60551
0.600 0.60803 0.60773 0.60757 060729 0.60686 0.60661 0 60ESR 0 60657 N 60652 Q60645 0.60641
0.620 0.60929 0.60894 0.60876 0.60845 0.60800 1.60772 0.60767 0.60764 0.60756 0.60744 0.60739
0.640 0.61069 0.61028 0.61008 0.60974 0.60924 0.60892 0 60884 0.60881 0 6ORGR 0 60852 0 60844

0.660 0.6£226 C.61178 0.61155 061116 0.61060 0.61024 061013 0.61008 0.60990 060968 ! 0.60957 :
0.680 0.61404 0.61347 0.61320 061275 0.61212 0.61169 061154 0.61147 061123 061093 § 0.61079 ;
0.700 0.6i603 0.61538 0.61506 0.61454 0.61380 0.61330 061310 0.61302 0.61270 0.61231 {-0.61213 U
0.720 061842 0.61758 061719 0.61657 061571 0.61511 0.61485 0.61474 0.61433 0.61384 - 0.51360 ’_\:
0.740 062117 0.62012 0.61965 0.618%) 0.61788 0.61716 0.61683 0.61668 0.61617 0.61554 0.61524 ,:

Note' Assumed values of Rep, are used in this table. These may induce an error greater than 0 01 percent for line sizes less than 4 inches wuth § ratios greaxer"'
than 0.60, This table was developed for informationat purposes only and 13 specific to the following conditions: T, = 68°F. G, = 0.6; u = 0.000069: k = 1.3 -
P, =147 and T, = 519.67°R. . . ~
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Table 3-B-3—Continued
Nominal Pipe Diamere:

p 6 Inches (Rep = 1,500,000 8§ Inches {Rep, = 2.000.000) 10 Inches (Rep = 2,500.000) 12 Inches (Rep = 3,000,000)
Ratio 4,897 5.187 5.761 6.065 7.625 7.981 8.071 9.562 10.020 10.036 Ft.374 11.938 12,090
0200  0.59672  0.59674 0.59679 059680 059688 ° 0.59689 0.59690 0.50665 0.59696 0.59696 0.59699 0.50700  0.59700
0220 059590 0.59693  0,59698 059700 0.59708  DS971G 0539710 059715 059717 059717 0.59720 45970 0.59722
0240 0.5971  0.597i4 0.59719 0.59721  0.59731 0.59732 059733  0.59738  0.59740 0.59740 0.59744 059745 0.59745
0260 059735 059738 059743 0.59746 0.59756 0.59757 059758 0.59764 0.59766 0.59766 0.59770 0.5977F  0.59771
0280 0.59761 059764 059770 059772 059783 059785 059785 0.59792  0.59794 0.59794  0.59798  0.59799 0.59800
0300 0.59790 0.59793 0.59799 059802 D.S9BI3  C.59815 059815 059822 0.59824  0.59824  0.59829 059830 0359831
0320 059821 0.59825 0.59831 (.59834 039845 (0359847 039849 0.59855 0.59837 0.59857 (0.59862 0.59864 (0.593864
0340 0.59856 0.50859 0.59866 (059369 OS9B80 0.59883 0.59883 0.59891 0.59893 0.59893 0.59897 0.59899 0 59900
0.360 0.59893 059897 0.59903 0.59906 0.59918 0.59921 0.59921 059929 0.59931 0.59931 059936 0.59937 (.59938
0380 0.59934 0.59938 056044 0.59947 059959 0.59961 059962 (0.5996% 0.59971 0.5997! 059976 0.59978 0.5997%
0400 0.59978 0.59982 0.56988 0.59991 0.60002 0.60005 0.60005 060013 060015 060015 0.60020 060021 0.60022
0420 0.60025 060029 0.60035 0.60037 050049 0.60051 060051 0.60058 0.60060 0.60060 0.60065 050067 0.60068
0.440 0.60076 0.60079 0.60085 0.60087 0.60098 0.60100 0.60i00 060107 0.60109 0.60i09 0.601t4 050115  0.60116
0460 0.60131 0.60133 0.60138 060141  0.60150 0.60152 0.60152 060158 0.60160 0.60l60 0.60i64 0.60166 0.60167
0480 0.60189 0.60191 0.60195 0.60197 060205 0.60207 060207 060212 0.60214 0.60214 0.50218 0.60219 0.60220
0.500 0.60251 0.60253 0.60236 0.60257 0.60263 060264 050265 0.6026% 0.60270 0.60270 0.60274  0.60275 0.60275
0.520 0.60317 0.60318 0.60320 0.60321 0.60324 060325 0.50325 0.60328 0.60329 0.60329 0.60332 0.60333 0.60333
0.540 0.60388 0.60388 0.60388 0.50388 060389 0.603890 0.60389 0.60390 (€.60391 0.60391 0.60392 060393  0.60393
0560 0.60463 0.60452 0.60460 0Q.60459 060456 0,60456 050456 0,60455 0.60435 0.60455 060455 0.60456 0.60456
0580 0.60543 0.60540 0.60536 060534 0.60527 0.60525 0.50525 0.60522 0.50521 0.60521 0.6052G 0.60520 0.60520
0600 0.60627 0,60623 0.60516 060613 0.60600 0.60598 0.50598 0.60591 0.60560 0.60590 0.60587 0.60587 (.60586
0620 D6O718  06N712 Q6001 060696 060877  0.60674 060673 D.60661  D.60661  0.60661  O.6N656 D A0655 0.60654
0640 0.60814 0.60805 0.60791 0.60784 0.60757 0.60753 0.60752 0.60737 060734 0.60734 0.50727 0.60724 0.60724
0.660 060917 060905 0.60885 0.60876 0.6084] 0.60835 0.60833 0.50814 0.608CY 0.6080Y 0.60799 0.60795 0.60794
0,680 0.61027 0.61012 060986 060974 0.60928 0.60920 050918 0.60892 0.60886 0.60886 0.60872 0.60867 (.60866
0700 061146 0.61127 061094 0.61078 061019 061009 051006 060973 0.60965 0.60965 0.60947 0.60940 0.60939
0720 061275 061250 061209 061190 061115 061102 0561098 0561056 061046 0.61046 061022 061014 061012
0740 061417 061387 061338 061310 061216 0.61199 0.61196 061143 0.61130 0.61129 0.61059 0.61089 0.61086

Note: Assumed vaiues of Rep are used in thus table. These may induce an error greater than 0.01 percent for line sizes less than 4 inches with S ratios greater
than 0.60. This table was developed for informat:onal purposes only and 15 specific to the following condittons: T, = 68°F; G, = 0.6; ¢ = 0.00006%; & = 1.3;

Py =

14.73; and T, = 519.67°R.
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Table 3-B-3— Continued

Copyright by the AMER[CAN PETROLEUM INSTITUTE (AFI)

Norunal Pipe Diameter
p 16 Inches (Rep = 4,000,000} 20 Inches (Rep = 5,000,000) 24 Inches (Rep = 6,000,000) 30 Inches {Re, = 8,000,000)
Ratio 14.688 15.000 15.250 18,812 16.000 19.250 22.624 23.000 23.150 28 750 29 000 29250
N 200 0.59704 0.59705 0.59705 0.59708  0.59709 0.59709 0.59711 0.597ti 0.59711 059714 0.59714  0.59714
1.220 0.59726 0.59726 0359727 0.59731 059731 0.59731 0.59734  0.59734  0.59734 0539737 0.59737  0.59737
0,240 0.59750 0.59751 0.59751 0.59755 0.59756  0.59756 0.59759 0.59759 0.59759 059762  0.59762  0.59762
0.260 0.59717 0.59777 0.59778 0.59782  0.59782 0.59783 0.59786 0.59786 0.59786 0.59790 0.59790 0.59790
0.280 059805  0.59806  0.59806 059812 059812 059812 059813 0359816  0.59816 059820 059820 0.59820
0300 0.59837 0.59837 059838 0.59843  0.59843 0.59844 0.59847 0.59848 059848 0.59852  0.59852  (.59852
0.320 059870 0.59871  0.59871 0.59877 0.59877 0.59878 0.59881 0.59882  0.59882 0.59886  0.59886  (.59887
0340 059906  0.59967  0.59%07  0.59913 059914 059914 059918  0.59918  0.59919  0.59923  0.59923  (.59523
0.360 0.59945 059945 0.59946 0.59952 059952  0.59953 0.59y57  0.39957  0.39958 0.59962 059962  0.59963
0.380 0.59986  0.59986  (0.59987 0.59993  0.59993  0.59994 0.59998  0.39998  0.59999 0.60004  0.60004  0.60004
0.400 0.60029 0.60029 0.60030 0.50036 0.60037  0.60037 0.60041 0.60042  0.60042 0.60047 0.60047  0.60048
0.420 060074 0.650075 060076 050082  0.60082 0.60083 0.60087 0 60088 0.60088 0.60093 0 60093 0.60093
0.440 060122  0.60123 060124 060130 060130 0.60131 0.60135 0.60136 0060136 0.60141 0.60141 0.6014t
0460 0.60173 060174 060174 060180 060181 060181  0.60185 0.60186 0.60186  0.60191  0.60191  0.66192
0480 0.60226 0.60226 0.60227 060233 060233 060233 0.60237 060238 0.60238 0.60243  0.60243  0.60244
4.500 0.60281 0.60281 0.60282 0.60287  0,60287 0.60288 0.60292  0.60292  0.60292 0.60297 0.60297 0.60298
0.520 0.60338  0.60338  (0.60338+ 060343 060344 060344  0.60348 0.60348  0.50348 0.60353  0.60353  0.60353
0.540 060397  0.50397  0.60397 060402 060402  0.50402 0.60405  0.60406  0.60406 0.60410 060410 0.60411
0.560 0.60458 0.60458  0.6045R 160451 (1.60461 0.60462 0.60465 0.60465 0.60465 060469 060469  0.60469
0.580 0.60520 0.60521  0.60521 0.60523 0.60523  0.60523 0.60525 0.60525  0.50525 0.60529  0.60529 0.60529
0.600 0.60585 0.60585  0.60585 0.60585  0.60585 D.60585 0.60586 060587 0.60587 0.60389  0.60589  0.60590
0.620  0.60650 0.60650 0.60650  0.60648  0.60648  0.50648 0.60648 060649  0.50649 0.60650  0.60650  0.60650
0.640 0.60717 0.60716 0.60716 0.60712 0.60712 0.50712 0.60711 0.60711 0.60711 0.6071t 0.607il 0.60711
' 0.660 0.60784 0.60783  0.60782 060716 0.60776 0.60773 060773 0.60773 0.60773 0.60772 060772 ;- 0.60772
0680 060851 0.60850 060849 060839 0.60839 060838 060834 060834 060834  0.60831 060831, 0.60831
0,700 060919 0.60917 0.60916 0.60902 0.60901  0.60901 0.60894  0.50894  0.6089] 0.60889  0.60889 7 0.60888
0720 060986  0.60984 0.60982  0.60%63 0.60963 060962  0.60952 0.60952 0.60951  0.60944  0.60944 i‘ 0.60943
0.740 0.61053 0.61049 0.61047 061023  0.61022 0.61021 0.61008 0.61007 0.61006 0.60096 0.60996+  (.60995

Note: Assumed values of Re, are used in this 1able, These may induce an error gn:nte;' than Q.01 percent for Line sizes less than 4 inches with Sratios greater
than 0.60. This table was developed for informational purposes only and is specific to the following conditions: T,

= 68°F; G, = 0.6 1 = 0.000069; k = L3;;
Py, = 1473, and T, = 519.67°R. .
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Table 3-B-4— Orifice Slope Facior: £, From Equations in 3-B.6

fRato

Rep/18 020 022 0.24 0.26 0.28 0.30 032 0.34 0.36 0.38 0.40 042 0.44 0.46

0020  0.00270 0©.00294 000320 0.00348 0.00379 0.00413 0.00450 000452 0.00539 0.00591 0.00650 0.00716 000790 Q.00873
0030  0.00205 0.00224 0.00244 0.00266 000291 000318 0.00348 000382 0.00420 000463 0.00511 000565 0.00626 0.00604
0.040 0.00168 0.00184 000201 000220 000241 000264 000291 000320 0.00353 000390 Q00432 0.0N480 0.00533 0.00553
0.050 000145 000159 0.00174 000190 000209 000230 C.00253 000279 000309 0.00342 0.00380 0.00423 000471 000525

0060 000128 000140 0.00{54 000169 000186 0.00205 0.00226 000250 0.00277 0.00308 000343 000383 000427 0.00477
0070 000015 0.00127 000139 000153 000169 0.00i86 0.00206 0.00228 0.00254 0.00282 0.00315 0.00352 000393 0.00440
0080 000105 0.00116 000128 000140 000i55 0.00171 0.00190 0.002t1 000235 000262 0.00292 000327 0.00366 0.00410
D0s0 000097 0.0C107 0.00118 000130 000{44 0.0015% 000177 000197 G.00219 000245 0.00274 0.00307 0.00344 000386
0.100 000091 0.00100 0.00110 0HH22 000135 0.00149 000166 000185 000206 000231 000259 0.00290 0.00326 0.00366

0150 000069 0.00076 0.00085 000094 000105 000117 0.00130 0.00146 000164 000185 0.00208 0.00235 0,00265 0.00299
0.200 0.00057 0.00063 0.00070 0.00078 000088 0.00098 0.00i10 000124 000140 000158 0.00179 0.00203 000230 0.00250
0250 0.00049 0.00055 0.0006! 0.00068 0.00077 0.00086 0.00097 000110 0.00124 000141 0.00160 0.00181 000206 0.00233
0,300  0.00044 0.0004% 0.00054 0.00061 0.00069 0.00077 0.00087 0.00099 O00DIl2 0.00128 0.00t45 000166 000188 000214
0350 0.00039 0.00044 0.00049 0.00055 000063 0.00071 0.00080 000091 0.00104 0.00118 000135 0.00153 0.00175 0.001%9

0400 000036 0.00040 0.00045 0.00051 000058 0.00065 0.00074 0.00085 ©0.00097 0.00110 000126 000144 0.00164 000187
3450 000033 0.00038 0.00042 0.00048 000054 0.0006i 0.00070 0.00079 0.00091 000104 0.0C119 0.00136 0.00155 0.00177
0.500 000031 000035 0.00039 0.00045 000051 0.00058 0.06066 0.00075 0.00086 0.00098 0.0U113 (.00129 0.00148 0.00169
N.600 0.00028 0.00031 0.00035 0.00040 0.00045 0§.00052 0.00059 0.00068 0.00078 000090 0.00103 0.00119 000136 D.00156
0,700 0.00025 000028 0.00032 (.00036 000042 000048 0.00055 0.00063 0.00072 0.00083 0.00096 000110 000127 0.00145

0.800 000023 0.00026 0.00030 000034 0.00039 0.00044 O0.00051 0.00059 0.00068 0.00078 0.00090 0.00iC4 000119 000137
0900 0.00021 000024 0.00028 0.0003t 0.00036 000041 OOCOO48 C.00055 0.00064 000074 0.00085 0.00098 0.00113 0.00130
[LOO0  0.00020 0.00023 0.00026 0.00030 0.00034 000039 0.00045 000052 000060 ©.00070 OCO08L 0.00094 OOQ0L08 0.00124
1,500  0.00015 Q00018 0.00020 0.00023 000027 0.00031 0.00036 0.00043 000050 0.00058 0.00067 Q.00078 0.0009¢ 0.00104
2.000  0.00013 000015 000017 0.00020 0.00023 0.00027 0.00031 0.00037 0.00043 000050 0.00059 0.0006% 0.0008C 0.00092

2,500 0.000!1 000013 000015 000017 0.00020 000024 0.00028 0.00033 0.00039 0.00046 000053 0.00062 0.00072 0.00084
3.000 0.00010 000012 000013 0.00016 0.00019 000022 000026 ©0.00030 0.00036 0.00042 000049 0.00057 0.00067 0.00078
3.500 0.00009 000011 0.000t2 0.00014 0.00017 0.00020 000024 0.00028 €.00033 0.00039 0.00046 0.00054 0.00063 0.00073
4000 0.00008 0.00010 000011 000G13 0.00016 000019 000022 000026 0.00031 000037 000043 0.00051 0.00059 0.00069
4,500 0.00008 0.00009 0.00011 0.00013 0.00015 0.00018 000021 0.00025 0.00030 0.00035 000041 0.00048 0.00057 0.00066

5.000 0.00007 0.00009 0.00010 0.00012 0.000i4 000017 000020 0.00024 0.00028 0.00033 0.00039 0.00046 0.00054 0.00063
5500 0.00007 0.00008 0.00010 0.00011 000013 0.000{6 000019 0.00023 000027 0.00032 000038 Q00044 0.00052 0.00061
6000  0.00007 0.00008 0.0000v 0.00011 000013 000015 000018 0.00022 0.00026 0.00031 0.00036 0.00043 0.00050 0.00059
6.500 0.00006 0.00007 0.00009 Q00010 0.00012 000015 000018 0.00021 000025 0.00030 0.00035 0.00041 0.00049 0.00057
7.000 0.00006 0.00007 Q.C0008 0.00010 0.00012 0.00014 000017 0.00020 0,00024 0.00029 0.00034 000040 0.00047 0.00055

7.500 0.00006 0.00007 0.00008 0.0C010 0.00011 0.00014 0.000{7 0.00020 0.00024 0.00028 0.00033 0.0003% 0.00046 0.00054
8.000 0.00005 000007 000008 0.00009 0.60011 000013 0.00016 0.00019 000023 000027 000032 0.00038 0.00045 0.00052
8.500 0.00005 000006 000008 000009 00001F 000013 000H6 0.00019 0.00022 0.00027 000031 000037 0.00044 0.00051
9.000 0.00005 0.00006 000007 0.0000% '0.00010 000013 000015 000018 0.00022 0.00026 ©.00031 000036 €.00043 0.00050
Y.500 000005 0.00006 0.00007 0.00008 0.000i0 0.00012 0.00015 000018 0.00021 0.00625 000030 0.C0035 0.00042 0.00049

13.000 ©.00005 ©.00006 0.00007 0.00008 0.00010 0.00012 000014 000017 0.00021 0.00025 0.00029 0.00035 0.00041 0.00048
12,000 0.00004 0.00005 0.00006 0.00008 C.00009 0,00011 0.000(3 0.00016 0.00019 0.00023 0.00027 000032 0.00038 0.00045
15000 0.00004 0.00005 000006 000007 000008 000010 000012 0.00014 000017 0.00021 000025 0.00030 0.00035 0.00041
18000 0.00003 0.00004 0.00005 0.00006 (00007 000009 0.00011 0.00013 0.00016 €.00019 000023 000027 0.00032 0.00038
21,000 0.00003 0.00004 0.00005 000006 C.O0007 000008 000010 0.00013 0.00015 000018 0.00022 0.00026 0.00031 0.00036

24.000 0.00003 0.00004 000004 0.00005 0.00007 0.00008 0.00010 0.00012 0.00014 0.00017 000021 0.00025 0.0002% 000024
27.006  0.00003 0.00003 0.00004 0.00005 0.00006 0.00008 0.00009 0.0001f 000014 0.00016 0.00020 0.00023 000028 0.00033
30.00¢  0.00003 000003 0.00004 000005 0.00006 0.00007 000009 000011 0.00013 0.00016 Q00019 0.00022 Q00027 (.00031

Note: This table was developed for informational purposes only and is specific to the following conditions: Ty = 68°F, G. = 0.6, i+ = 0.000069; k = L3 P,
= 1473 and T, = S19.67°R.
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Table 3-B-4—(Continued)

A Ratio

Rep/10* D48 0.50 0.52 0.54 0.56 0.58 0.60 062 064 0.66 0.68 0.70 0.72 0.74

0.020 000966 0.01069 001184 001312 001453 001609 0.01782 0.01972 0.02181 002409 002659 0.02932 003229 0.03552
0.030 000770 0.00856 0.00951 001056 0.01173 001302 001445 001601 0O1774 0.01962 002168 0.02393 0.02638 0.02904
0.040 000639 0.00734 000ELE 000%9)10 001013 001126 001252 001389 00154F 001706 001837 002085 0.02306 002533
G050 000586 OONGS4 000729 000R13 N00%s 001009 DGH23 001248 0OM3IBS 001536 001700 001879 002074 0022386

N060  DO0533 0.00596 000665 000743 000829 000925 0MO30 001145 001272 001412 001564 001729 001910 0.02106
0.070 000492 000551 0.00616 000689 0.00770 0.00859 0.00558 00:066 0.01186 001316 001459 001614 0.01783 0.01967
0080 000460 000515 0.00577 0.00646 000723 000807 0.00901 001003 001116 001239 00:374 001522 001682 0.01855
0080 000434 0.00486 0.00545 0.00611 0.00684 0.00764 0.00853 0.00951 0.01059 001176 0.01305 001445 001598 0.01763
0.100  0.00411 000462 000518 0.00381 000651 0.00728 0.00813 0.00907 0.01010 001123 0.01246 001381 001527 001686

0.150 0.00337 0.00380 0.00428 0.00482 0.00541 000607 0.00679 0.00759 0.00847 000943 001048 0.01163 0.01287 0.01422
0200 000294 000332 0.00375 000423 000476 0.00535 0.00600 0.00671 0.00750 000836 000930 0©,01032 0.01144 0.01265
0.250 0.00265 0.00300 000339 0.00382 000432 0.00486 0.00545 0.00611 0.00683 000762 0.00848 0.00942 0.01045 001156
0300 000243 000276 0.00313 000354 00039 000449 000505 000566 0.00633 000707 000788 0.00876 000971 001075
0350 000227 0.00258 000292 000331 000373 000421 000473 000531 Q00595 000664 000741 000824 000914 001012

0.400 000213 0.00243 0.00276 000312 000353 0.00398 0.00448 0.00503 000563 000630 000702 0.00781 0.00867 0.00960
0450 000202 000230 000262 000297 000336 000379 0.00427 000480 000537 000601 000670 0.00746 0.00828 0.00917
0.500 000193 0.00220 000250 0.00284 000320 0.00363 000409 0.00460 000515 000576 0.00643 0.00716 ©.00795 00088t
0600 000178 0.00203 0.00231 0.00262 000298 000337 0.00180 0.00427 000479 000536 C.00599 0.00667 0.00741 0.00821
.700 0.00166 000190 0.00217 0.00247 Q00280 000316 0.00357 0.00402 0.00451 000505 000564 0.00628 000698 0.00774

0800 0.00157 00180 0.00205 000233 000265 000300 000338 0.00381 000428 000479 C.00535 0.00597 0.00663 000736
0900 0.00149 000171 0.00i35 0.00222 000252 000286 0.00323 0.003e4 000409 000458 0.00512 0.00570 0.00634 0.00703
1000 000143 000163 O.00187 000213 000242 0.00274 000310 0.00349 000392 000439 0.00491 0.00548 0.00609 0.00676
1.500 0.00120 0.00138 0.001358 0.00181 000206 0.00233 0.00264 0.00298 0.00335 0.00376 C.00421 0.00470 0.00523 000381
2000 000107 0.00123 00041 000161 000184 000209 0.00236 000267 000301 000337 0.00378 0.00422 000470 0.00522

2.500 000097 0.00I12 000129 000147 000168 0.00151 0.00217 0.00243 000276 000310 0.00347 0.003838 0.00432 ! 000480
3000 0.00090 000104 000120 0.00137 000157 0.00178 000202 0.00229 (.00258 000290 0.00325 0.00363 000404, 000449
3500 0.00085 0.00098 0.00113 000129 000148 0.00168 0.00191 0.00216 000243 000274 0.00307 000343 000382} 0.00425
4000 000080 0.00093 000107 000123 000140 000160 000181 0.00205 000232 000260 0.00202 0.00326 0.00364: " 0.00404
4500 '0.00077 0.00089 0.00102 0.00117 000134 0.00153 000174 0O00196 000222 0.00249 Q.0UZ79 000312 0.00348 0.00387

S000  0.00073 000085 000098 000112 000129 000147 0.00167 0.0018% 000213 0.00240 0.0026% 0.00301 000335 00037).
5.500 0.00071 0.00082 0.00094 000109 000124 000142 000161 0.00i82 0.00206 0.00231 0.00260 0.00290 0.00324 000360 ..
6000 0.00068 0.00079 0.00091 0.00105 000120 000137 00013 0.00176 0.00199 0.00224 0.00251 000281 0.00314 000349
6500 000066 000077 000089 0.00102 000117 000133 0.00151 000171 000193 0.00218 0.00244 0.00173 0.00305° 000339
7000 000064 000075 OONNRE 0.00M9 000N3 000129 000147 000167 000188 000212 000238 000266 O (X}Z%‘I 000330

7500 000063 0.00073 000084 000096 00010 000126 000143 000162 000183 000206 000232 000259 0.00289" 000322
4000 000061 000071 0.00082 000094 000108 000123 000140 000159 00M79 0.00202 0.00226 0.00253 000282, 000314
BSOO ,0.00050 C.00069 0(.00080 0.00092 000105 0.00120 000137 000155 000175 Q00197 0.00221 0.00248 000276" 0.00307
9000 000058 0.00068 0.00078 0.00090 000103 000118 000134 0.00152 000172 000193 000217 000243 000271 000301
9,500 0.00057 0.00066 000077 000088 000101 000115 000131 0.0014% 0.00168 000189 000213 0.00238 000265 0.00295

10,000 0.00056 0.00065 0.00075 0.00086 000099 0.00113 000129 (0046 (00165 0.00186 0.00208 0.00233 0.00260 V00290
12000 000052 000061 000070 0.00081 000093 000106 000120 0.00137 000134 0.00174 (.00195 0.0021% 000244 0.00271
15000 0.00048 0.00036 0.00064 0.00074 000085 000097 000111 0.00126 000142 0.00160 000180 000202 000225 0.00251
18000 0.00045 0.00052 0.00060 0.00069 000030 000091 0.00104 0.00113 0.00133 0.00150 0.0016% 0.00189 000211 0.00235
21,000 000042 000049 000057 0.00065 000075 0.00086 0.00098 000111 000126 000142 0.00159 0.00179 000199 000222

24000 0.00040 000047 000054 000062 000072 000082 000093 000106 000120 000135 000152 000170 0.00190 0.00212
27000 000038 0.00045 000052 0.00060 000069 0.00078 0.00089 0.00102 000L15 0.00i30 000146 0.00163 000182 000203
30.000 000037 0.00043 000050 0.00057 000066 0.00076 0.00086 0.00098 000111 000125 000140 0.00157 0.00175 000195

Note: This table was developed for informational purposes only and is specific 10 the following conditions: T, = 68°F. G, = 0.6, 4 = 0.00006%; k = 1.3: £,
= 14,73;and T, = 519.67°R.
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Table 3-B-5— Convarsion of Rep/10° to Q,/1000 {Q, in Thousands of Cubic Fast per Hour):
Q./1000 = Re,/1000D/28,2435
Norrunal Pige Piameter
2 Inches . 3 Inches 4 Tnches

Rep/10® 1.687 1.939 2067 2,300 2.624 2.900 © 3068 3152 3438 3.326 4 025
£.020 1.2 1.4 1.5 1.6 L9 2.1 2.2 2.2 24 2.7 29
0.030 1.8 2.1 22 24 2.8 3.1 3.3 3.3 17 5 4.1 4.3
0.040 2.4 2.7 2.9 3.3 37 4.1 4.3 4.5 4.9 54 5.7
0.050 30 34 33 4.1 4.6 51 34 5.6 6.1 6.8 71
0.060 36 4.1 44 49 56 6.2 6.5 6.7 7.3 8.1 8.6
0.070 4.2 48 51 5.7 6.5 7.2 7.6 18 5 9.5 10.0
0.080 4.8 5.5 59 6.5 74 ]2 87 8.9 97 10.8 114
0.090 5.4 6.2 6.6 7.3 8.4 9.2 9.8 10.0 1o i2.2 128
0.100 6.0 6.9 7.3 8.1 9.3 10.3 10.9 11.2 12.2 135 43
0.15G 90 103 110 122 13.9 154 6.3 16.7 18.3 20.3 214
0.200 11.9 13.7 14.6 16.3 18.6 20.5 217 223 243 27.1 2B.5
0.250 14.9 17.2 18.3 204 232 25.7 21.2 279 304 339 35.6
0.300 7.9 20.6 220 244 279 30.8 326 33.5 316.5 40.6 428
0.350 209 240 25.6 283 325 359 38.0 39.1 42.6 47.4 49.9
0.400 239 17.5 29.3 3.6 372 41.1 33.5 44,6 48.7 54.2 57.0
0.450 269 3109 329 16.6 41.8 45.2 489 502 54.8 [s131] 64,1
0.500 289 343 366 40,7 46.5 513 5413 558 60.9 61.7 713
0.600 358 45.2 43.9 48.9 55.7 61.6 65.2 67.0 7.0 1.3 R5.5
0.700 418 48.1 51.2 5740 65.0 719 76.0 78.1 8s.2 948 99.8
0.800 478 54,9 585 65.1 74.3 82.1 86.9 89.3 97.4 108 114
0.900 538 61.8 65.9 73.3 B1.6 92.4 078 100 110 122 128
1.000 597 68.7 732 14 92.9 103 109 112 122 135 143
1.500 896 103 110 122 139 154 163 167 183 203 2t4
2.000 119 137 146 163 185 205 217 223 243 N 285
2.500 149 172 183 204 232 257 272 279 o4 339 356
3.000 179 206 220 244 279 308 326 335 365 406 428
3.500 209 240 256 285 325 359 380 391 426 474 499
4.000 219 215 293 326 372 411 435 446 487 542 570
4,500 269 309 329 366 418 462 489 502 548 610 64]
5.000 259 343 366 407 465 513 543 558 G609 &7 713
5.500 329 378 403 448 511 565 597 614 670 745 784
6.000 358 412 439 489 557 616 652 670 730 B13 855
6.500 388 446 476 529 604 657 706 725 791 881 927
7 000 418 481 512 570 650 719 760 781 852 948 908
7.500 448 515 549 611 697 770 313 837 913 1,016 1,069
8.000 473 549 585 651 743 821 869 893 974 1,084 1,140
8.500 508 584 622 692 790 873 923 945 1,035 1,151 1,212
9.000 538 618 659 733 836 924 978 1,004 1,096 1,219 1,283
0.500 567 652 6595 774 B33 975 1,032 1,060 1,156 1,287 1,354
10.000 591 687 732 814 929 1,027 1,086 L116 1217 1355 1425

Note: This table was developed for informational purposas only and is specific ro the following conditions: T, = 68°F; G, = 0.6; # = (.000069;k = 1.3; P,
= 147% and T, = 519.67°R. :

crap g, =
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Table 3-B-5—Continued

Nomungl P:pe Diamecter
G Inches 8 Inches 10 Inches

Rep/10¢ 4.897 5.187 5.761 6.065 T.625 1.981 8071 9 562 10.020 10,036
0.020 35 37 4.1 43 54 57 57 6.8 7.1 7.1
0.030 52 3.5 6.1 6.4 8.1 8.5 86 10.2 10.6 0.7
0.040 6.9 7.3 8.2 8.6 10.8 11.3 114 13.5 £4.2 £4.2
0.050 8.7 9.} 10.2 10.7 13.5 14.1 143 16.9 17.7 I7.8
0.060 10.4 11.0 12.2 12,9 16,2 17.0 t7.1 203 21.3 21.3
0.070 12.1 129 143 15.0 189 19.8 20.0 237 24,8 249
0.080 13.9 14.7 16.3 17.2 216 22.6 29 27.1 28.4 23.4
0.090 15.6 16.5 [8.4 1.3 24.3 254 257 30.5 319 320
0.100 17,3 18.4 204 215 270 283 286 KRN 355 13.5
0.£50 26.0 27.5 306 32.2 40.5 424 42.9 508 53.2 513
0.200 24,7 36.7 40.8 429 54.0 56.5 572 617 _T10 Ll
0.250 43.3 45.9 51.0 537 587.5 .6 714 £4.6 88.7 88.8
0.300 520 55.1 6.2 64.4 BL.0 B4.B 857 102 106 107
0.350 60.7 64.3 714 75.2 94.5 98.9 100 118 124 _ 124
0.400 659 4 73.5 816 85.9 108 13 [14 135 142 142
0.450 78.0 82.6 Q18 96 6 121 127 129 152 160 160}
(L504) 86.7 91.R 102 107 135 141 143 169 177 178
0.600 104 [10 122 129 162 170 171 203 13 213
0.700 121 129 143 150 189 198 200 237 248 249
0.800 139 147 163 172 216 226 229 271 284 284
0.900 156 165 184 193 243 254 257 305 319 320
1.000 173 184 204 215 210 283 286 339 355 355
1.500 260 275 308 322 405 424 429 508 532 533
2.000 347 367 408 429 540 565 512 677 710 711
2,500 433 459 510 537 675 706 T4 846 B&7 8B8
3000 520 55t 612 544 810 Bd8 857 1,016 1,064 1,066
3.500 607 643 T T4 752 945 989 1.000 1,185 1,242 1,244
4.000 624 735 316 859 1,080 1,130 1,143 1354 1419 1,421
4.500 780 826 918 966 1,215 1,272 1,286 1,524 1,596 [.559
5.000 867 918 1,020 1.074 1,350 1,413 1,429 1,693 1,774 1.777
5.500 954 1,010 1,122 1,181 1,485 1,554 1,572 1.862 1,951 1.954
6.000 1,040 1,102 1,224 1,288 1,620 1,695 1,715 2,031 2,129 2,132
6,500 1,127 1,194 1,326 1,396 1,755 1,837 1.857 2,201 2,306 2,310
7.000 1,284 1,286 1428 1,503 1,890 ‘ 1,978 2,000 2,370 2,483 2,487
7.500 1,300 1377 1,530 1611 2,025 2,119 4,143 2,539 2,661 2,665
8.000 1,387 1,469 1,632 1,718 2,160 2,261 2,286 2,708 2,838 2,843
8.500 1,474 1,561 1,734 1,825 2.295 2.402 2,429 2,878 3,016 3,020
9.000 1,560 1,653 1,836 1,933 2,430 2,543 2.572 3,047 3.193 3,198
9.500 1,647 1,745 1,938 - 2,040 2,565 2,685 2715 3,216 3.370 3.376
10.000 1734 1,837 2,040 2,147 2,700 2,826 2,858 3,386 3.548 3,553

Note: This wble was developed for informational purposes only and is specific 1w the following conditions: T, = 68°F; G, = 0.6; 4 = 0.000069; k = 1.3; P,
= 14.73; and Ty, = 519.67°R.
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Table 3-B-5— Continued
Nemeinn! Pipe Diometer
12 Inches 16 Inches 20 Inches 24 Inches 30 Inches
Rep/108 11,374 11.938 12,000 14 688 15.000 15.250 18.812 19000 19.250 22.624 23000 23.250 28.750 29000 29.250
0.150 60.4 534 64.2 78.0 79.7 81.0 999 101 102 120 122 123 153 154 155
0.200 80.3 84,5 85.6 104 106 108 133 135 136 160 163 165 204 205 207
(.250 101 106 107 130 133 135 167 168 170 200 204 206 254 257 254
0.300 121 127 128 156 159 162 200 202 204 240 244 2147 303 308 311
0.350 141 148 [50 182 186 189 23 235 239 280 . 285 288 356 359 362
0.400 161 169 171 208 212 216 266 269 273 320 326 329 407 411 414
0450 181 190 193 234 239 243 300 303 307 360 366 370 458 462 466
0.500 201 211 214 260 266 270 333 336 341 401 407 412 509 5t3 518
0.600 242 254 257 312 319 324 400 404 409 481 489 494 6l 616 621
0.700 282 296 00 364 372 krl 466 471 477 561 570 376 113 719 725
0.800 322 338 342 416 425 432 533 538 545 64! 651 659 Bl4 821 829
0.900 362 330 385 168 478 486 599 605 613 721 733 741 916 924 Y32
1,000 403 423 428 520 53 540 666 673 682 801 814 823 1,018 1,027 1,036
1.500 604 G634 L 642 780 797 810 999 009 1,022 1,202 1,222 1,235 1,527 1,540 1,553
2,000 805 845 856 1,040 1,062 1,080 1,332 1,345 1,363 1,602 1,629 1646 2036 2054 2,01
2.500 1,007 1,057 1,070 1,300 1,328 1,350 1,665 1,682 1,704 2,003 2036 2058 2,545 2,567 2,589
3.000 1,208 1,268 1,284 1,560 1,593 1,620 1,998 2,018 2,045 2403 24431 2470 3054 3,080 13107
3.500 1,409 1.479 1,498 1.820 1,859 1,890 2,331 2,355 2386 2804 2850 2881 3563 13,594 1,625
4000 1,611 1,691 1,712 2,080 2,124 2.160 2.664 2691 2,726 3,204 3257 3293 4,072 4107 4143
4.500 1812 1,902 1,926 2,340 2.390 2430 2,997 3,027 3,067 3605 3665 3704 458l 4621 4,660
5000 2,014 2,113 2,140 2,600 2,655 2,700 3.330 3364 3408 4005 4072 4,116 5050 5134 5178
5500 2,215 2,325 2,354 2,860 2,921 2970 3,663 3,700 3749 4406 4479 4528 5599 5647 5696
6000 2416 2,536 2,568 3,120 3,187 3,240 3,996 4036 4089 43806 4,886 4939 6,108 6,161 6214
6.500 2618 2,747 2,782 3,380 3452 1510 4329 4373 4430 5207 5293 5351 6,617 6,674 6,732
7000 23819 2959 2996 3,640 378 3,780 4662 4709 4771 5607 5700 5762 7,126 7,188 7,249
7.500 3020 3170 3210 3900 3983 4030 4996 5045 5112 6008 6108 6,174 7,635 701 1767
8000 3222 3,381 3425 4,160 4,249 4,320 5,329 $382 5453 6408 46515 6586 8,143 8214 §,285
8.500 3,423 3,593 3,639 4,420 4514 4,590 5.662 5718 5793 6,809 6922 6997 8,652 8728 8303
9.000 3,624 3.804 3.853 4,680 4,780 4,860 5,995 6,055 6.134 1209 7329 7409 9161 9241 9321
9.500 3,826 4015 4 067 4,940 5,045 5,130 6,328 65,391 6475 7610 7736 7320 9670 9754 93839
10.000 4,027 4,227 4,281 5.201 5311 5,399 6,661 6,727 6816 8010 8143 8232 10,179 10,268 10356
[2.000 4,333 5,072 5,137 6,241 6.373 6,479 7,993 3073 8,179 9612 9772 9878 12,215 (2,321 12,428
15.000 6,041 6,340 6.421 7.801 7.966 8,009 9,991 10,091 10,224 12,016 12,215 12348 15,269 15402 153335
18.000 7,249 7,608 7,705 9,361 9,560 9719 11989 12,109 12,268 14419 14658 14818 18,323 18482 18642
21.000 B.457 8,876 8,989 10,921 L1153 11,339 13,987 14,127 14,313 16,822 17,101 17,287 21,377 21,563 21748
24000 9,665 10,144 10,274 12,481 12,746 12,959 15,986 16,145 16,358 19,225 19,544 19757 24,430 24,643 243855
27.000 10873 11412 11,558 14,041 14340 14,579 17984 18,164 18,403 21,628 21987 22226 27484 27,723 27962
30,000 12,081 12,680 12,842 15602 15933 16,198 19982 20,182 20447 24,031 24,430 24696 30,538 130,804 31,069

Note: This table was developed for informational purposes only and is specific (o the following conditions: T, = 68°F, G,
= 14.73;:and T, = 519.67"R.

=2 0.6, 4 = 0000069 k = 1.3, P,
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Table 3-B-6—Expansion Factars for Flange Taps (Y;): Static Pressure Taken From Upstream Taps

B =dm
P, 1 0.2 0.3 04 0.45 0.50 0.52 0.54 0.56 0.58 0.60 0.6 0.62

00 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 L0000 1.0000 1.0000
0.1 0.9989 09989 09989 09588 09988 095988  (.9988 05988 09988  0.5988 09987 09987  0.9987
02 0.9977 09977 09977 09977 09976 09976 09975 - 09976 08975 09975 04975 09975 06974
03 0.9966  0.9966  0.99%6  0.9%65 05965 05964 09964 09963 085963 -0.9963  0.5962 0.9962 09962
04 0.9954 09954 09954  0.9953 09953 09952 09952  0.9951 0.9951 0.9950 09949 09949  0.9949
0.5 0.9943 09943  0.9943 09942  0.9941 09840 05940 09939 09938 05938 09937 0993  0.9936
0.6 09932 09932 0.9931 09930 09929 09928 09927 09927 09926 09925 095924 09924  0.9923
0.7 05920 09920 09920 09919 05918 09916 09915 09915 05914 09913 09912 09911 0.9910
0.8 09909 09906 09908  0.9907 05906 09904  .9903 09%02 0.8901 09900 005899 009898 09897
0.9 0.5898 0.9897 0.9897 09895 09894 09892  0.98% 09890 09889 09883 0.0836 09885  0.983%5
t.Q 0.9886 09886 05385 09884 05882 Q98B0 05879 00878 05877 00875 09874 09873 098712
[t 0.9875 09875 09874 09872 05870 09868  0.9867 09866 09864 0.0863  0.9861 09860  0.9859
-1.2 0.9363 0.0863 09862 0.9860 0.9859 09856 0.9855 09853 09852  0.9850 0.9848  0.9847  0.9846
1.3 0.9852 09852  0.985!1 09849 09847 09844 09843  0.984! 0.9840 09838 098316 09835  0.98313
1.4 0.9841 09840 09840 09837 09835 09832 0.983 09829 098277 0.0825 09823 09822 09821
1.5 0.982% 09820 09828 09826 09821 09820 0.981% 09817 09815 09813 09310 09809  0.9808
1.6 0.9818 09818 09817  0.9814 05811 09808 09306 09805 05803 09800 09798 09796 09795
L7 0.0806 09806 09305 09802 09800 09796 09724 09792 05790 09788 09785 0.9784 09782
1.8 0.9795 09795 09734 09791 09788 09784 09782 09780 09778 09775 09772 0977t 0.9769
1.9 09784 09783 09782 05779 09776 09772 Q9770 09768 09766 05763 09760 D9758 09756
20 09772 09772 09771 0.9767 09764 09760 09758 09756 09753 09750 09747 09745 09744
2.1 0.9761 0.9761 09759 09756 09753 09748 09746 09744 09741 0.9738 09734 09733 09731
22 09750 05749 09748 09744 0974] 09736 09734  0.9731 09729 09725 09722 09720 09718

23 0.9738 09738 09736 09732 09729 09724 Q9722 09719 Q9716 09713 09709 09707 09705
0.9727 09726 09725  0.9721 09717 09712 Q9710 09707 09704 09700 09697 09694 (09692
09715 09715 09713 09709 09705 09700 09698 09695 05692 09688  (.9584  0.9682 0.9680

0.9764 0.9704 09702 09698 09694 09688 09686 09683 09567%  0.9675 0.9671 09669 09667
0.96%3 09692 09621 ‘09686 09682 09676 09673 09670 09667  0.9663 0.9659 09656 09654
0.9681 0.9681 09679 09674 09670 09664  0.9651 00658 09654 09630 09646 09644  (.9641
09669 09668 09663 09658 095652 0.9649 09646 09642 05638 09633  0.9631 0.9628
09658  0.9656  0.9651 09647 09640 09637 09634 09630 09626 09621 09618  0.9615

0.9647 09645 09639 09635 09628 09525 09622 09617 09613 09608 0.9605 0.9603
09635 09633 09628 09623 09616 09613 09609 09605  0.9601 09595 059593 09590
09624 09622 09616 09611 09604  0.9501 0.9597 09593 09588  0.9583 0.9580 09577
09612 09610 05604 09599 09392 09389 09585 09580 09576 09570 0.9567  0.9564
0.9601 09590 09593 09588 09580 0.9577 09573 09568 09563  (.9558 0.9554  0.9551

093560  0.9587  0.9381 09576 09568 09565 09560 09556  0.9551 09545 09542 09538
09578 09576 09570 09564 09556 09553 09548 09543 09538 09532 09529 09526
09567 09564 09558 09552 09544 09540 09536 09531 09526 09320 09516 09513
09555 09553 . 09546 09340 09332 0093238 (9524 09519 05513 09507 09504  (.9500
09544 09542 09536 09529 09520 09516 09512 093506 09501 09494  0.9491 0.9487

[l ol iy
e L
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48 CrapTER 14—NATURAL GAS FLUIDS MEASUREMENT
Table 3-B-6 — Cantinued
3= dmn
P, 0.63 0.64 .65 0.66 0.67 0.68 . 069 0.70 0.7t 072 073 0.74 0.75
00 1.0000 1 0000 1 D000 1.0000 1.0000 1 0000 1.0000 1.0000 | 0000 1.0000 1.0000 1.0000 1.0000
2.1 (.9987 39987 0.9987 (9987 0.9987 0.5987 0.9986 0.9986 0.9986 0.9986 0.5986 0.9986 0.9986
02 09974 09974 09974  0.9974 09973 09973 09973 09973 09972 09972 09972  0.997] 0.9971
0.3 0.9961 0.9961 0.9961 0.9960 09960 09960 G995  0.9959  (.9958 09958 09958 09957  0.9957
04 09948 09948 09948  0.9947 (09947  0.9946 09946  0.9945 (L0945 09944 09943 09943  (.9942
0.5 09935 09935 09934 (9934 09933  09%33 09932 09931 09931 09930 09929 09929  0.9928
0.6 0.9923 09922 0.9921 0.9921 0.9920 09919 0.9918 09918 0.9917 0.9916 0.9915 0.9914 099123
0.7 09910 09909 09908 09907 09907 09906 09905 09504 09903 0.9002  0.9901 0.9900  0.9899
08 09897 09896 0.9895 09804 09893 09892 (9891 09800 09889 0.9888 (9887 09886  0.9834
0.9 0.9884 09483 0.9882 ) 9881 (01,9880 09879 0.9878 0.9877 0.9875 0.9874 0.9873 0.9871 0.9870
i.0 0.9871 0.9870 09869 09868 09867 0.0865 09854 09863  0.986) 09860 09859 09857 09855
1.1 0.9858 (} 0857 (.9856 0.9854 09853 09852 0.9851 0.6849 0.9848 0.9846 0.9844 09843 09841
12 0.9845 (1.5844 0.9843 0.9841 0.9840 0.9838 0.9837 0.9835 0.9834 0.9832 0.9830 0.9828 0.9826
1.3 0.9832 09831 0.9829 0.9828 0.9827 0.9825 0.982) 09522 0.9820 .9818 0.08186 09814 09812
1.4 09819 U.9818 0.9816 0.9815 (19813 0.5812 0.YEI0 0.9808 0.9806 0.9804 0.98N2 0.9800 06798
1.5 09806 0 9805 0.9803 0.9802 (0 9B00 09798 0.9796 09794 09792 0.9750 0 Y788 09786 0.9783
1.6 0.9793 09792 09790 09788 09787 09785 09783 09781 09778 09776 (09774 09771 09769
1.7 0.9780 0.9779 09777 09775 09773 0.9771 0.9769 0.9767 0.9764 0.9762 0.9760 0.9757 0.9754
1.8 09768 09766 09764 09762 09760 09758 09755 09753  0.97%5) 0.9748 09745 09743 09740
1.9 0.9755  0.9753  0.9751 0.9749 09747 09744 (09742 09739 09737  0.9734 Q973 09728 09725
2.0 DO9742 09740 09738 09735 09733 09731 Q9728 098726 09723 09720 09717 Q0974 09711
2. 0.9729 05727 0.9725 0.9722 0.9720 0.5717 09715 0.9712 0.9709 0.9706 0.9703 0.9700 0.96%6
2.2 09716 05714 09711 0.9709 0.9706 0.9704 0.9701 09698 0.9695 0.9692 0.968% 09685 0.9682
23 09703 08701 09698 09696 09693 09690 09688 09685  0.9681 0.9678  0.9875 09671 0.9667
z4 0.9690 0.9688 0.9685 0.9683 . 0.9680 0.9677 0.9674 09671 0.9668 0.9664 0.9561 09657 0.965)
25 0.9677 0.9675 0.9572 0.9669 0.9666 0.9663 0.9660 09657 0.9654 0.9650 0 9646 09643 0.963%
2.6 09664 09662 09659 09656 09653 09650 09647 09643 09640 09636 09632  0.9628 0.9624
2.7 09651 0.,9649 0.9646 0.9643 0.9640 0.9637 0.9533 N.9630 0.9626 0.9622 09518 09614 0.9610
2.8 09638 09636 09633 0.9630 09626 09623 09620 08616 09612 09608  (.9604 09600 09593
29 0.9625 09623 (09620 09616 09613 09610 0.9606 09602 09598 09504 09590 09385  0.9581
3.0 09613 09610 09606 09603 09600 CG9596 09592 09588 09584 09580 09576 09571 0.9566
3.l 0.9600 0.9597 0.9593 0.95%0 0.9586 0.9583 0.9579 0.9575 0.95M 0.9566 09562 0.9557 09552
3.2 09587 09584 (9580 09577 09573 09569 09567 09561 09557  0.9552  0.9547 09542  0.9537
33 0.9574 09571 0.9567 0.9554 0.9560 0.9556 0.9552 0.9547 0.9543 09538 0.9533 0.9528 0.9525
34 0.9561 0.9558 0.9554 0.9550 0.9546 0.9542 0.9538 0.9534 0.9529 0.9524 0.9519 09514 0.9508
35 0.0548 09545  0.9541 09537 09533 09529 09524 09520 09515 09510 (09505 09500 0.9494
36 0.9535 0.9532 0.9528 09524 09520 09515 09511 09506 09501 09496  0.9491 09485  0.9480
3.7 09552  0.9518 09515  0.9511 09506 09502 09497 09492 09487  0.9482  (0.9477 09471 0.9465
3.8 09509 09505 09502 09497 (0.5493 09488 09484 09479 09474  0.9468 09463 09457  0.9451
3.9 0.9496 0.9492 0.9488 09484 0.9480 0.9475 0.9470 0.9465 0.9460 0.9454 0.9448 09442 ' 0.9436
4.0 0.9483 0.9479 0.9475 0.947¢ 0.9465 0.9462 0.9457 0.945] 0.9446 0.9440 0.9434 0.9428 0.9422
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SECTION 3—CONCENTAIC, SQUARE-EDGED ORIFICE METERS, PART 3—NATURAL GAS APPLICATIONS 49
Table 3-B-7—F,, Factors Used to Change Froma | Table 3-B-8—F,, Factors Used to Change From a
Pressure Base of 14.73 Pounds Force per Square Temperature Base of 60°F to Other
Inch Absolute to Other Pressure Bases Temperaturs Bases
F o 14.73 E = Base °F + 459.67
i Contract pressure base, psia * 60 + 459.67
Pressure Base Temperature Temperaume
(pounds force per square (nch absolute) Fou °F) Fy (°F) Fa
14.4 1.0229 40 09615 65 1.0096
14525 1.0141 41 0.9634 66 1.0t15
14.65 1.0055 42 0.9654 67 L0135
14.696 1 0623 43 09673 68 10154
14,70 1.0020 44 0.9692 69 10173
14.725 1.0003 45 09711 70 1.0192
14,73 1.0000 46 09731 T 10212
14.735 0.9997 47 0.9750 72 1.0231
14,775 0.9970 a8 0.9769 73 1.0250
14.90 0.9836 45 0.9788 . 74 1.0269
15.02% 0.9304 50 0.9808 75 1.0289
15.15 0.9723 51 0.9827 76 10308
15223 0.9675 52 0.9846 77 10327
15.275 0.9643 - 53 0.9865 78 1.0346
15 325 0.9612 54 0.9885 79 1.0366
15.40 0.9565 55 0.5904 80 1.0385
15.525 0.9428 56 0.9923 81 10404
15.65 0.9412 57 0.9942 2 1.0423
15,775 0.9338 58 0.9962 83 1.0443
1590 0.9264 59 0.9981 84 1.0462
16.025 0.9192 60 1.0000 25 1.0481
16.15 0.9121 61 1.0019 36 1.0500
16.275 0.9051 62 10038 87 .1.0520
16.40 0.8982 63 1.0058 88 «1.0539
16.70 0.8820 64 1.0077 : 89 1.0558
90 1.0577
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CHAPTER 14—NaTURAL 3AS FLUIDS MEASUREMENT

Table 3-B-3—F, Factors Used to Change From a Flowing
Temperature of 60°F to Actual Flowing Temperature

60 ~ 439.67
Ef = f——
T, + 459.67

Tcmpcralurc "I"mnpcraturc Tempetatuie

(°F) Fy ) Ty (°F) Fy
=20 1.0872 37 1.0229 94 0.9688
-19 1.083% R 1.0219 95 0.9679
-18 1.0847 39 1.0208 96 0.9671
=17 1.0835 40 1.0198 97 0.9662
~16 1.0823 4i 1.0188 98 .9652
~15 1.0810 42 1.0178 99 0.9645
-14 L0798 43 10158 100 0.0636
-13 1.0785 44 1.0138 101 0.9627
-12 1.0774 45 1.0148 102 09619
~11 1.0762 46 1.0137 103 0.9610
=10 1.0750 47 1.0127 104 L.9602
-9 1.0738 48 Lo117 105 0.9593
-8 1.0726 49 1.0108 106 0.9585
=7 1.0713 50 1.0098 107 0.9576
-6 1.0703 51 1.0088 108 09568
-5 1.0691 52 1.0078 109 09559
-4 1.0679 53 1 0068 Lo 09551
-3 1.0668 54 1.0058 111 0.9543
-2 1.0656 55 1.0048 112 (.9534
-1 * 1.0644 6 1.0039 13 0.9526
0 1.0633 57 1.0029 114 0.9518
1 1.0621 58 1.c019 115 0.950%
2 1.0610 59 10010 1é 09501
3 1.0598 60 1.0000 17 09493
4 1.0587 61 (.9990 Ia 0.9485
5 1.0575 62 0.9981 119 0.9477
6 1.0564 63 0.9971 120 09468
7 1.0553 64 09962 121 09460
8 10541 65 0.9952 122 09452
9 1.0530 66 0.9943 123 0.9444
10 L0519 67 0.9933 124 0.9436
11 1.0508 68 0.9924 125 0.9428
12 1.0497 &9 09915 126 09420
13 1 0485 70 09905 127 09412
14 1.0474 71 0.9895 128 N 9404
15 1.0463 72 0.9887 129 09396
16 1.0452 73 0.9877 130 0.9388
17 1.0441 74 0.9868 131 09380
18 1.0430 75 0.9859 132 09372
9 1.0419 76 0.9850 133 09364
20 1.0409 77 0.9840 134 09356
21 1.0398 78 0.9831 135 0.9348
22 1.0287 79 0.9822 136 0.9340
23 10376 80 0.9813 137 0.9332
24 1.0365 a1 0.9804 138 0.9325
25 1.0355 82 0.9795 139 0.9317
26 10344 83 09786 140 09309
27 1.0333 84 09777 141 0.9301
28 1.0323 83 0.9768 142 0.9294
29 1.0312 36 0.9759 143 0.U286
0 1.0302 37 0.9750 144 3.9278
31 1.0291 B8 0.9741 145 0.9271
32 1.0281 29 0.9732 145 09263
kx) 1.0270 90 0.9723 147 0.9255
34 1.0260 91 09714 148 0.9248
35 1.0250 92 0.9706 149 0.9240
36 1.0239 93 0.9697 150 0.9232

b L

Copyright by the AMERICAN PETROLEUM INSTITUTE (API)

Tue Cet 08 14:17:18 1996



API MPMS%14.3.3 92 EE 0732290 0503902 24bL W

SecTioN 3— CONCENTRIC, SQUARE-E0GED ORIFICE METERS, PART 3 —NATURAL GAS APPLICATIONS 51

Table 3-B-10—F,, Factors Used to Adjust for Real Gas Relative Density (G,):
Base Conditions of 80°F and 14.73 Pounds Farce per Square Inch Absolute

£-= G
F,
0.001 0002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
1,3472. 0.3460 13447 1.3435 1.3423 1.3411 1.3399 1.3387 1.3375
1.3351 1.3339 13327 13316 13304 1.3292 1.3280 1.3269 1.3257
1.3234 1.3222 Lazn 1.3199 1.3188 13176 1.3165 1.3153 1.3142
13119 1.3108 13097 13086 1.3074 1.3063 1.3052 13041 11030
1.3008 1.2997 1.2986 1.297% 1.2064 §.2953 1.2942 1.2932 12921
1.2899 1.2888 12878 12867 1.2856 1.2846 1.2835 1.2825 1.2814
1.2793 1.2783 12772 12762 1.2752 1.2741 1.2731 1.2720 1.2710
1.2690 1,2680 1.2669 1.2659 1.2649 1.2639 1.2629 1.2619 1.2609
1.2589 1.2579 «1.2569 1.2559 1.2549 1.2539 1.2529 1.2520 1.2510
1.2490 1.2480 1.2471 1 2461 1 2451 1.2442 1.2432 1.2423 1.2413
1.2394 1.2384 12375 1.2365 1.2356 1.2347 12337 1.2328 12318
1.2300 1,2290 1.2281 1.2272 1.2263 12254 1.2244 1.2235 1.2226
1.2208 L2199 12190 1.2181 12172 1.2163 1.2154 1.2145 12136
12118 1.2109 12100 1.2091 1.2082 1.2074 1.2065 12056 1.2047
1.2030 1.2021 1.2012 1.2004 1.1995 1.1986 1.1978 £.1969 1.1961
t 1944 1.1935 11927 1.1918 1.1910 1.1901 11893 [.1884 11876
| 1859 1.1851 11843 11834 1.1826 11818 L1810 1.1802 1.1793
1.1777 1.1769 1.1761 1.1752 1.1744 1.1736 L1728 1.1720 1.1712
1.1696 1.1G88 1.1680 1.1672 1.1664 §.1656 1.[648 1.1640 1.1633
L1617 1.1609 1.1601 1.1593 1.1586 1.1578 1.1570 1.1562 1.1555
1.1539 1.1532 1.1524 1.1518 1.1509 [.1501 1.1493 1.1486 1.1478
1.1463 1.1456 [.1448 [.1441 1.1433 1.1426 1.141R L1411 1.1403
1.1389 1.1381 L1374 1.1366 1.135% 1.1352 1.1345 1.1337 1.1330
1.1316 1.1308 11301 1.1294 1.1287 1.1279 11272 1.1265 1.1258
1.1244 1.1237 1.1230 1.1222 1.1215 1.1208 1.1201 1.1194 1.1187
1.1173 1.1166 1.1159 1.1152 1.1146 1.1139 1.1132 1.1128 1.1118
1.1104 1.1097 1.1080 1,1084 11077 1.1070 1.1063 1.1087 £ 1050
1.1036 1.1030 11023 1.1016 1 1010 1.1003 1.0966 1.0990 1.0983
1.0970 1.0563 1.0957 1.0950 I (944 1.0937 1.0930 1.0924 1.0817
1.0904 1.0898 10851 1.0883 1.0878 1.0872 1.0866 1.0859 10853
10840 1.0834 1.0827 1.0821 1.0815 1.0808 1.0802 1.0796 1.07%90
1.0777 1.0771 1.0764 1.0758 1.0752 1.0746 £.0740 1.0733 1.0727
1.0715 1.0709 1.0703 10696 1.0690 1.0684 1.0678 1.0672 1.0666
1.0654 1.0648 1.0642 1.0636 1.0630 1.0624 1.061% 1.0612 L0606
10594 1.0588 1.0582 1.05876 1.0570 1.0564 1.0558 1.0553 1.0547
1.0535 1.0529 10523 10518 . Los12 1.0506 1.0500 1.0494 1.0489
1.0477 1.0471 L0466 1.0460 1.0454 1.0448 1.0443 1.0437 [.0431
1.0420 1.0414 1.0409 1.0403 1.0398 1.0392 1.0386 1.0381 10375
1.0364 1.0358 1.0353 1.0347 1.0342 1.0335 1.0331 1.0325 1.0320
1.0309 1.0303 1.0298 1.0292 1.0287 1.0281 1.0276 1.0270 1.0265
1.6254 1.0249 1.0244 1.0238 1.0233 1.0228 1.0222 1.0217 1.0212
1.0201 1.0196 10190 1.0185 1.0180 1.0174 1.0169 1.0164 1.0159
1.0148 1.0143 10138 1.0132 L.0127 1.0122 1.0117 1.0112- 1.0107
1.0095 1.0081 10086 1,0081 1.0076 L0071 1.0066 1.0060 1.0055
1.0045 1.0040 1.0033 1.0030 1.0025 1.0020 1.0018 1.0010 1.0005
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CHAPTER 14 —NaTURAL GAS FLUIDS MEASUREMENT

Table 3-B-11—Supercomprassibility Factors (F,,) for
G. = 0.6 Without Nitrogen or Carbon Dioxide

Temperature (°F)
Pressure
(psia) 20 40 60 80 100 120
100 1.00547 1.00807 1.00687 1.00504 1.00496 1.00419
200 1 02058 1.01762 to1512 1.01294 1.01114 1.00953
300 1 03218 [.02748 1.02355 1.02022 1.01740 101487
400 1 04427 1.03764 1.03216 1.02756 1.02367 1.02035
500 1 05688 1.04810 1.04093 1.03497 1.02996 1.02572
600 1.06999 1.05884 1.04983 1.04243 1.03625 1.03104
700 [.08360 1.06983 1.05885 1.04990 1.04251 1.03631
800 1.09766 1.08103 1.06793 1.05737 1.04871 - 04149
900 1 11209 1.09237 107703 1.06479 105482 1 04656
1000 1,12679 1.10375 1.08G08 1.07211 1.06081 1.05150
1100 1.14156 1.11508 1.09501 1.07927 1.06663 1.05628
1200 1.15616 1.12621 1.10372 1.08622 1.07225 1.06087
1300 1.17029 1.13696 111211 © 1,09289 1.07763 1.06524
1400 1.18358 1.I4715 1. 12007 1.09922 1.08271 1.06935
1500 1 19565 1.15657 1.12749 1.10512 1.08745 1.07318
1600 1 20615 1.16504 1 13425 1.11054 1.09180 1 076689
1700 121481 1.17237 1.14025 1.11540 £ 09573 1.07986
1800 1.22146 1.17845 1 14541 1.11965 1 09919 1.08267
1900 1.22606 1.18318 1,14965 1.12324 1.10216 1.08509
2000 1.22868 1.18655 1.15294 112615 1.10462 108710

Note: The data in this table were generated using the A.G.A Gas Measurement Program. Copyright © 19388

American Gas Association. All rights reserved. Gas input data are as follows: % CO, = 0; % N, = O; specific
gravity = 0.6. This table was developed for infermational purposes only and 18 specific to the gas quality Listed.
The data in thig toble are #o¢ subject to odjustment tor mitrogen or carbon dioxide content and, because of their
broad range, should not be interpolated, With the A.G.A Program, the user establishes the gas composition
parameters and specifles the table range that is consistent with fleld or measurement conditions.
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APPENDIX 3—C—FLOW CALCULATION EXAMPLES

3-C.1 General

This appendix presents two methods for caleulating the volume flow rate of natural gas
through an orifice meter equipped with fAange taps. The first method uses the equations pre-
sented in 3.3 through 3.5. The second method is based on the more traditional calculation
format, which involves the computation of various factors. The equations used for the factor
approach are presented in Appendix 3-B.

To assist the user in interpreting the calculation methodology, the data set given below,
which is for a single orifice meter, is used consistently throughout the flow calculation ex-
amples, The volume flow rate is computed under the assumption that the measurements are
absolute and without error. It should be noted that depending on the type of instrumentation
used and the calibration methods employed, calibration and cormrection factors may need to
be applied. For simplicity in using hand calculations and for ease of interpretation in the
following examples, intermediate values are rounded to six significant digits. Part 4 should
be used for any implementation of the equations.

3-C.2 Given Data

The orifice meter consists of a carbon steel meter tube equipped with fange taps and a

Type 304 stainless steel orifice plate. Static pressure measurements are taken from the up-
stream tap.

d. = mean orifice bore diameter at 7, of 68°F, in inches
= 4.000. .
D, = mean meter tube internal diameter at 7, of 68°F, in inches
= B.0O71, :
G, = real gas relative deaosity (specific gravity)
= 0.570. '
h,. = average differential pressure, in inches of water at 60°F
= 50.0.
P, = contract base pressure, in pounds force per square inch absolate
= 14.65.
£}, = avernge upstream absolute static pressure, in pounds foree per square inch absolute
= 370.0. - .
T, = contract base temperature of 50°F, in degrees Rankine (50°F + 459.67)
= 509.67.
T; = flowing temperature of 65°F, in degrees Rankine (65°F + 459.67)
= 524.67.
xc = carbon dioxide content, in mole percent
= (.00.
xn = nitrogen content, in mole percent
= 1.10.
& = isentropic exponent (c,/c,)
= 1.3.
&, = linear coefficient of thermal expansion for a stainless steel orifice plate, in inches
per inch-°F
= 0.00000925.
&, = linear coefficient of thermal expansion for a carbon steel meter tube, in inches per
inch-°F
= 0.00000620.
M = dynamic viscosity, in pounds mass per foot-second
= 0.0000069.

53
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3-C.3 Calculation Examples

3-C.3.1 METHCD 1: VOLUME FLOW RATE CALCULATION BASED ON
3.3 THROUGH 3.5

3-C.3.1.1 General

Using the given data set, the volume flow rate of natural gas, in cubic feet per hour at
standard conditions, can Le calculated using Equation 3-6b:

£2h,

(3-6b)
GZT

0, = 7709.61C,(FT)E Y d*

Note: Since the given data contain values for the contract base pressurs (14,55 pounds force per square inch ab-
solute) and temperature (50°F) thut differ from the values established in Purt 3 as standard conditions (14.73
pounds foree per squaie inch absoiute and 60°F), the mitiat calculated low rate at standard conditions will require
conversion to the flow rate at base conditions of 14.65 pounds force per square inch absolute and 50°F,

The systematic approach to solving the volume flow rate equation above involves the cal-
culation of the intermediate values described 3-C.3.1.2 through 3-C.3.1.7.

3-C.3.1.2 Flange-Tapped Orifice Meter Coefficlent ot Discharge [C,(FT}]

The following equations are used to calculate the coefficient of discharge, C,(FT):

. 5 4.7
C,(FTIh = C/(FT) + 0.000511[%] + {0.0210 + 0.00494)3°C (3-i1)
D
CA(FT) = C,(CT) + Tap Term (3-12)
C,(CT) = 0.5961 + 0.02918% - 0.22908" + 0.003(1 - B)M, (3-13)
i
Tap Term = Upstrm + Dnstrm (3-14)
Upstrm = [0.0433 + 0.0712e7" — 0.1145¢ %M (1 - 0.234)8 (3-15)
Dnstrm = -0.0116[M, — 0.52M;°18"(1 - 0.144) (3-16)
Also,
‘Bl
B = - _ -17
- g 3-17
M, = max[Q.S - TVQ’ 00] (3-18)
2L
M, = —2_ 3-19
1 -3 ( )
38
4= [19,000,3) (3-20)
Re,
106 033
= [ ] (32D
Re,
Where.
C4FT) = coefficient of discharge at a specified pipe Reynolds number for a flange-
tapped orifice meter.

C/(CT) = coefficient of discharge at an infinite pipe Reynolds number for comer-
tapped orifice meter.

C{FT) = coefficient of discharge at an infinite pipe Reynolds number for a flange-
tapped orifice meter. .
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d = orifice plate bore diameter calculated at T}, in inches.
D = meter tube internal diameter calculated at T}, in inches,
& = Napierian constant
= 2.71828.
L= L
= dimensionless correction for tap location
= N,/D for flange taps.
Ny = 1.0 when D is in inches.
Kep = pipe Reynolds number.
B = diameter ratio
= d/D.

Note: For this example. M, 15 equal to 0.0, since the given meter tube diameter (£ is greater than or equal 10 2.8
inches. For meser tube diameters (D) less than 2.8 inches, M, = 28 — D. The solution of the intermediate equa-
tions presented above for the flow coelficient calculation follows,

3—-C.3.1.3 Mster Tube Diamsater, Oritice Plate Bore Diameter, and
Dlameater Ratlo (2, d, and 8)

Calculate the values of d, D, and B at a flowing temperature of 65°F from the given di-
ameters &, and D,.:

d

4l + a(f, - T)] : (3-9)
4.00001 + 0.00000925(524.67 - 527.67)]
3.99989

[}

And

o
|

= D[l + ayT, - T} (3-10)
8.071[1 + 0.00000620(524.67 - 527.67)]
= B.07085
Substitute the given values of d and D at 65°F into Equation 3-8:
B=4d/D . (3-8
3.99989/8.07085
0.495597

[

3-C.3.1.4 Velocity of Approach Factor (E,)
The following equation is used to calculate the velocity of approach factor:
1

E, = (3-22)
Ji-8

1

~ 1 - 0.495597°

1.02160

]

3-C.3.1.5 Expansion Factor (Y)

The following equation is used to calculate the expansion factor:
¥ = 1- (0.41 + 0.353% )[it) (3-32)

The intermediate value, x,, is calculated as follows:
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£ - B h

nr| -f! L
x = = 3-33
B P 27.707E (-39

Substitute the given values of A, and £}, into Equation 3-32:
. = 50.0
T (27.707)(370.0)
= 0.00487729

Substitute the values for £, x;, and B into Equation 3-32:

Y, = |- (0.41 + 0.35,8‘)(—%—] (3-32)

Il

[ - {0.41 + 0.35(0.495597)‘1(&—00-@)

1.3

"

0.998383

3-C3.1.6 Compressibility (Z,, Z,, and Z,)

The derivation of the equation for compressibility 1s presented in A.G.A. Transmission
Measurement Committee Report No. 8. It is not within the scope of this example to present
the calculation procedures necessary for determining the compressibility at base conditions
(Z,), standard conditions (Z,), or flowing conditions (Z,,). The following values for gas comn-
pressibility at the conditions given in the data set were obtained from the A.G.A. computer
program that uses the calculation given in A.G.A. Transmission Measurement Committee
Report No. 8. At G, = 0.57,

Z, = 0.997839 at 14.65 pounds force per square inch absolute and 509.67°R (50°F)
Z, = 0.997971 at 14.73 pounds force per square inch absolute and 519.67°R (60°F)
Z; = 0.951308 at 370 pounds force per square inch absolute and 524.67°R (65°F)

3-C.3.1.7 Reynolds Number (Re;)
The following equation is used to calculate the pipe Reynolds number:

Re, = 0.01 14541(MJ (3-28)
.szh,,,

Substituting the calculated value for D, standard conditions for £, and T}, a value of

0.999590 for Z,,,, and the data set values for G, and g in Equation 3-28 produce the follow-

ing:

Re,

Q. (14.73)(0.570) J

(0.011454 l)[
(0.0000069)(8.07085)(519.67)(0.999590)

3.32449Q,

When the flow rate is not known, the Reynolds number can be developed by assuming an
initial value for the flange-tapped orifice meter coefficient of discharge, C,(FT), and iterat-
ing for the correct values, as stated in 3.4.5. The following flow rate caleuiation provides
the initial iteration of the Reynolds number. This initial iteration is based on an assumed
value for CAFT) of 0.60. Based on experience, from three to five iterations should provide
results consistent with the requirements of Part 4,

3-C.Ja.1.8 Volume Flow Rate (@, and Q,)

The volume flow rate can be calculated by substituting the given parameters, the inter-
mediate calculated values, and an assumed value of 0.60 for C{FT) in Equation 3-6b and
iterating for the final solution:
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BZh,

GZT,

7709.61(0.60)(1.03160)(0.998383)(3.99989)

3 \l {370.0)(0.99797 1)(50.0)
{0.951308)(0.570)(524.67)

614,033 cubic feet per hour at standard conditions

[This is an estimate of the initial flow rate based oa an assumed C,(FT) of 0.60.]
Substitute the estimate of initial flow rate into the Reynolds number equation and calcu-
late the estimated initial Reynolds number;

Re, = 3.324490,

3.32449(614,033)

2,041,347 (initial estimate of Reynolds nurmber)
Substitute the calculated value of 7 into Equation 3-17:

7708.61C(FT)E.Y d* (3-6b)

0
I

]

ﬁd

B = 5 (3-17)
0.495597*

T 1< 0.495597°
0.0642005
Substitute the calculated values of fand D into Equation 3-19:
2L,
1-8

M, = (3-19)

2
8.07085(1 — 0.495597)
0.491284
Substitute the calculated values of Rep and f into Equation 3-20: :

04
A= [19.000,BJ (3-20)
Re,

Il

19,000(0.495597) "
B [ 2,041,347 ]
0.0135261
Substitute the caiculated value of Re, into Equation 3-21:

5 033
c = (;‘: } (3-21)
D

I(f 0.33
B [2.041.347 )

0.778985

Substitute the appropriate calculated values into Equation 3-13 to determine the C,(CT)
term of the coefficient of discharge, C(FT):

C,(CT) = 0.5961 + 0.02918' — 0.22608" + 0.003(1 - f)M,  (3-13)
0.5961 + 0.0291(0.495557)* — 0.2290(0.495597)

+ 0.003(L' - 0.4953597H0.0)
0.602414

I

u

"l
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Substitute the applicable calculated values into Equation 3-15 to compute the Upsirm
term of the coefficient of discharge, C(FT):
Upstrm = [0.0433 + 0.0712¢** — 0.1145¢7 %4 %(1 — 0.234)8  (3-15)
[0.0433 + 0.0712¢' %™ — 0.[145¢ %om)
x [1 — 0.23(0.0135269))(0.0642005)
0.000851774

Substitute the applicable calculated values into Equation 3-16 to compute the Dastrm
term of the coefficient of discharge, C(FT?:
-0.0116[M, - 0.52M,*18"(1 - 0.144) (3-16)
~(.0116[0.4912B4 — 0.52(0.491284)(0.495597)"
x [1 — 0.14(0.0134223)}
- 0.00149777

Substitute the applicable calculated values into Equation 3-14 to compute the Tap Term
of the coefficient of discharge. C,(FT):

Tup Term = Upsirm + Dnstrm (3-14)

0.000851774 + (-0.00149777)
=0.000645999

Substitute the applicable calculated values into Equation 3-13 to compute the C,(FT)
term of the coeflicient ol discharge, C,(FT):

1]

Dnstrm

]

1}

[

C(FT) = C(CT) + Tap Term (3-12)
= 0.602414 - 0.000645999
= 0.601768

Substitute the value for C{FT) and the intermediate values into Equation 3-11 to calcu-
late the discharge coefficient, C;(FT):

10°8

C,(FT) = C,(FT) + 0.000511[ =

I

0.7
] + (0.0210 + 0.00494)B*C (3-11)

€y

n

(] Q.7
| 0.601768 + 0.00051 1[%}

2,041,347
+ [0.0210 + 0.0049(+.5135261))(0.495597)* (0.778985)
0.602947 (second estimate of the coefficient of discharge)

I

By substituting the value of C{FT)} into the applicable cquations, the volume flow rate
can be recalculated following the same process outlined in this example. The resulting vol-
ume flow rate value is as follows:

Q, = 617,049 cubic feet per hour at standard conditions
Lbased on C,(FT} = 0.602947]

And
Re, = 3.324490Q, = 3.32449(617,049)
= 2,051,373 (second estimate of Reynolds number)
Resulting in
C,(FT) = 0.602944 (third estimate of coefficient of discharge)
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Following the same calculation procedure for iteration of flow rate, the resulting volu-
metric flow rate is as follows:

@, = 617,046 cubic feet per hour at standard conditions
[basedon C,(FT) = 0.602944]
And

X
o
]

3.324490, = 3.324495(617,046)
2,051,363 (third estimate of Reynolds number)

v

Resulting in
C,(FT) = 0.602944 (four:h estimate of coefficient of discharge)

The volume flow rate calculation based on the fourth estimate of C,{FT) follows. As
stated above, three estimates of C,{FT) should normally provide volume flow rate calcula-
tion results that are consistent with the requirements of Part 4,

{2, = 617,046 cubic feet per hour at standard conditions
[based on C,(FT) = 0.602944}

Since the given data contain values for the base pressure (14.65 pounds force per square
inch absolute) and temperature (50°F) that differ from the values established in Part 3 as
standard conditions (14.73 pounds force per square inch absolute and 60°F), the initial cal-
culated flow rate is the standard volume flow rate. To calculate the flow rate at the given
base conditions (£, = 14.65 pounds force per square inch absolute and 7, = 509.67°R),
the standard volume flow rate and the appropriate values for £, T, and Z are substituted into
Equation 3-7 as follows:

o(#7)2)
b ] ]

617.046(509'67 J( 14.73 )[0.997839)
519.67 \14.65 A 0.997971

608,396 cubic feet per hour at base conditions

U

2

]

3-C.3.2 METHOD 2: VOLUME FLOW RATE CALCULATION BASED ON
THE FACTOR APPROACH PRESENTED IN APPENDIX 3-B

3-C.3.2.1 General

Using the given data, the volume flow rate of natural gas, in cubic fcct per hour at stan-
dard conditions, can be calculated using Equation 3-B-2, as stated in Appendix 3-B:

Q. = E(E + B)YNEFREEE BR (3-B-2)

Since the given data contain values for the base pressure (14.65 pounds force per square
inch absolute} and temperature (50°F) that differ from the values established in Part 3 as
standard conditions (14.73 pounds force per square inch absolute and 60°F), the initial cal-
culated flow rate requires conversion to the {low rate at base conditions of 14.65 pounds
force per square inch absolute and 60°F.

The systematic approach to solving Equation 3-B-2 involves calculation of the individual
factors as shown in 3-C.3.2.2 through 3-C.3.2.10.

3-C.3.2.2 Numeric Conversion Factor (F)

Equation 3-B-5b is used to calculate the numeric conversion factor:

E = 338.196E,Df" (3-B-5b)
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Where
1 2
E, = (3-22)
yi- 8

Calculate the value of 4, D, and Jat a flowing temperature of 65°F from the given diam-
eters d, and D,

d = dll+ el - T) (3-9)
= 4.000(1 + 0.00000925(524.67 ~ 527.67)]
= 3.99989
And
D =Dl + ayT - T)] (3-10)
. = 8.071[1 + 0.00000620(524.67 — 527.67)]
' = 8.07085
] B =4d/D (3-8)
= 3.99989/8.07085 -
i = 0.495597
| Substitute the values for fand D into Equation 3-B-5:
F = 338.196E D°f3? (3-B-5)

338,196 —_ D*@?
Ji-

338.196 ! (8.07085)*(0.495597)*

Y1 - (0.495597)*
5581.82

3-C.3.2.3 Fiange-Tapped Orifice Meter Coefficient of Discharge [CAFT)]
The following equaticn is used to calculate the coefficient of discharge:
C,(FT) = E + E, (3-B-6)
Where:
E = 0.5961+ 0.02913% — 0.22903°

151 4
+(0.0433 + 0.07126'% - 0.11456™% )| 1~ 0.23 19.0008 A .
Re, 1-8

I3 o3
- z 2 ul'y - o,14] 12.9008 B-
0‘0116’:0(1 5 0.52(‘0(] - ,B)) ],B [1 0.14( e J ] (3-B-7)

0.7
E = 0,000511(wa
Re,
0og a3is
+ [o.oz1o-+ 0.0049[19'0()%] }ﬁ‘[I'WO‘OOOﬁJ (3-B-9)
Re, Re,
QbeGr
= 0. 41| —=pee .28
Re, = 0.01145 1[!107;2% (3-28)
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LB .
B= Tt (3-17)
= 2L2
M= T (3-19)
08
A = [ 12:9008 (3-20)
Re,,
108
= (EJ | (3-21)

Note: In this example, since the given meter wube dlameter (D) is greater than 2.8 inches, Equation 3-B-7 is used
to calculate the F term. For meter tube diameters (2} less than 2 8 inches, Pquation 3-B-8 must be used io calcu-
late the £, term. The solution of the intermediate equations presented above for the flow coefficient calculation fol-
lows,

Substiteting the calculated values of §and D gives the following:

Bt _ _(0.495597)*
1- B% 1 — (0.495597)*
. = 0.0642005
2 - 2
DOl - B)  B8.07085(1 — 0.495597)
= 0.491284

As discussed in 3.4.5, the Reynolds nuinber (Rep) for natural gas can be approximated
using Equation 3-28. Note that the parameters of this example are within the recommended
tolerances for viscosity, temperature, and specific gravity, Furthermore, 3.4.5 states that
when the flow rate is not known, a more preeise value for the Reynolds number can be de-
termined through iteration of Equation 3-28 and that three to five iterations will provide re-
sults that are consistent with the requirements of Part 4. The initial assumption needed for
the first iteration can come from assuming a value for C,(FT) as in the previous cxample or
from assuming an initial Reynolds number for the pipe Reynolds number. Table 3-B-1, Ap-
pendix 3-B, provides values for pipe Reynolds numbers versus nominal pipe diameters for
the purpose of initiating the iteration process. This example uses Tabie 3-B-1 for the initial
estimate of pipe Reynolds number.

Rey, = 2,000,000 (initiat assumption from Table 3-B-1)

Substituting the values of Rep and g gives the following:

[19,000,8)“ [19,000(0.495597)}“‘

Re, 2,000,000
= 0.0137493
106 033 _ 106 Q3
(Ee—) ) [2.000.000)
= (.784584

Substitute the appropriate calculated values into Equation 3-B-7 to determine the orifice
calculation factor, F.:
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E = 0.5961 +0.02918° — 0.22908°

08 4
+(0.0433 + 0.07128"% - 0.1145é'”’)[1 - 0.23(19‘000‘6J } £

Re, 1-p¢

13 08
B 2 2 ol 19,0008
0'0“6[_9(14) 0.5;(—_0(1_@] }[3 [1 (1.14[———RED ] }

= 0.5961 + 0.0291(0.495597)* - 0.2290(0.495597)*
+{(0.0433 + 0.07126"%m — 0,1145¢"%=w )[1 - 0.23(0.0137493)}(0.0642005)

- 0.0116[0.491284 - 0.52(0.491284)1*(0.495597)''[1 - 0.14(0.0137493)]
= 0.601767

Substitute the applicable calculated values into Equation 3-B-9 to compute the orifice
slope factor, £,

E, = 0.0005] 1[

UE] Q25
+ {0.0210 + 0.0049(—‘9'000‘B ] }ﬁ.(__moo,ooo,a J (3-B-9)
. Re, Re,

1,000,0008 Y
¢p

or
= 0.00051 :( 1,000, 000(0.4955972)
2,000,000
+ [0.0210 + 0.0049(0.0137493)](0.495597)*(0.784584)
= (.00118960
l, Substitute the values for F, and F in Equation 3-B-6 to calculate the discharge
f coefficient, C,(FT):
: CAFT) = E + E,
= 0.60i767 + 0.00118960
= 0.602957

3-C.3.24 Expansion Factor (Y;)

The following cquation 18 used to calculate the expansion factor:

Y, = 1- (0.4 + 0.3513‘)({@ (3-32)
The intermediate value, x,, is calculated as follows:
e - P
x, = A —L < i (3-33)
I 27.707P,
Substitute the given values of A, and F; into Equation 3-33:
. = 50.0
' 27.707(370.0)
= 0.00487729

Substitate the values for &, x|, and finto Equation 3-32:
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Y, = 1-(0.41 + 0.3513‘)(%) ) (3-32)
= 1-[0.41 + 0.35(0.495597)‘][%17ﬂ]

= 0.998383

3-C.3.25 Compressiblity (Z,, Z,, and Z;)

The derivation of the compressibility equation is presented in A.G.A. Transmission Mea-
surement Commitiee Report No. 8. It is not within the scope of this example to present the
procedures necessary for calculating the compressibility at base conditions (Z,), standard
conditions (Z,), or flowing conditions (Z,,). The following values for gas compressibility at
the given conditions were obtained from the A.G.A. computer program, using the A.G.A.
Transmission Measurement Committee Report No. 8 calculation. .

AtG, = 0.57, ‘

Z, = 0.99783% at 14.65 pounds force per square inch absolute and 509.67°R (50°F)
Z, = 0.997971 ar 14,73 pounds force per square inch absolute and 519.67°R (60°F)
Z; = 0.951308 at 370 pounds force per square inch absolute and 524.67°R (65°F)

3-C.3.26 Base Pressure Factor (F,)

The base pressuré factor is calculated using Equation 3-B-10 as follows:

14.73
= &0 3-B-10
£y A ( )
1473
T 1473
= 1.00000

In this example, £, has been calculated for a base pressure of 14,73 pounds force per
square inch absolute, instead of 14.65 pounds force pet square inch absolute as in the given
data, and a base volume at the given base conditions has been calculated after the standard
volume was determined. This procedure was necessary because of the use of the base com-
pressibility of air (Z, ) of 0.999590 at 14.73 pounds force per square inch absolute and
60°F in the development of the numerical constant 338.196 in the &, factor (see Appendix
3-G).

3-C.3.2.7 Base Teamperature Factor {F,)
Equation 3-B-11 is used to calculate the base temperature factor:

[N
519.67
519.67
519.67
= 100000

In this example, F, has been calculated for a base temperature of 519.67°R (60°F) in-
stead of 509.67°R(50°F) a3 in the given data, and a base volume at the given base condi-
tions has been calculated after the standard volume was determined. This precedure was
necessary because of the use of the base compressibility of air (Z,_) of 0.9995%0 at 14.73
pounds force per square inch absolute and 60°F in the development of the numerical con-
stant 338.196 in the F, factor (see Appendix 3-G).

E = (3-B-11)
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3-C.3.2.8 Flowing Temperature Factor (F,)

The flowing temperature factor is calculated using Equation 3-B-12 as follows:
519.67

b

Substitute the given flowing temperature, 7T, into Equation 3-B-12:

_ [319.67
i

319.67
524.67
0.995224

LIS (3-B-12)

SOl

3-C.3.2.3 Real Gas Relative Density Factor (R

Equation 3-B-13 is used to calculate the 1eal gas relative density factor.
= J— (3-B-13)

Substitute the given specific gravity, G,, into Equation 3-B-13:
M
E = |—
x V G,
1
0.570
1.32453

3-C.3.2.10 Supercomprassibility Factor (Fav)

As stated in the calculations in 3-C.3.1, the derivation of the equation for compressibility
is presented in A.G.A. Transmission Measurement Committee Report No. 8. It is not within
the scope of this example to present the procedures necessary for calculating the compress-
ibility at standard conditions (Z,) or at flowing conditions .

Z, = 0997971
Z, = 0951308

Equation 3-B-14 is used to calculate the supercompressibility factor:

A= 2
4

~ [0.997971
0.951308

1.02423

3~C.3.2.11 Volume Flow Rate (Q,)

The volume flow rate is calculated by substituting the given parameters and the interme-
diate calculated factors into Equation 3-B-2:

Q. = E(E + EMEEEFEE,[Ph, (3-B-2)
= 617,057
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The calculated flow rate above is based on an initial assumed value for the Reynolds
number {Re,) of 2,000,000. For the second estimate, the value of Rep is calculated as fol-
lows: ;

0.0114588[-@&)
uDT

kg

Re,

1]

= 3.32449Q,
3.32449(617,057)
2,051,400 (second iteration)

fl

By substituting the second estimate of Re, into the applicable equations, the volume fow
rate can be recalculaled by following the process outlined in 3-C.3.1. The resulting volume
flow rate is as follows:

Q. = 617,013 (based on the second cstimate of Rep)
The same calculation procedures are used to obtain the third estimate of Rey,.
Re, = 3.324490,

3.32449(617,013)
2,051,254 (third iteration)

1

The volume flow rate calculation based on the third estimate of Rep follows, As stated
above, three to five estitnates of Re, will provide calculation results that are consistent with
the requirements of Part 4.

o, L+ Er)ﬂF»FmF;rﬁrF;rV%hw
(5581.82)(0.601767 + 0.001i7736)(0.998383)(1.00000)(1.00000)

x (0.995224)(1.32453)(1.02423)+/(370.0%(50.0)
617,044 cubic feet per hour

]

Note: The calcetated volume flow rate is based on the third estimate of Rep. The small discrepancy between the
calculated volume flow rate, {,, in Methods 1 and 2 results from the rounding techniques used in the series of
equations in the examples.

Singe the given data included values for the base pressure (14.65 pounds force per square
inch absolute) and temperature (S0°F) that differed from the values established in Part 3 for
standard conditions (14.73 pounds force per square inch absolute and 60°F), the inirial cal-
culated flow rate is the standard volume flow rate. To calculate the flow rate at base condi-
tions (P, = 14.65 pounds force per square inch absolute and T, = 509.67°R), the standard
volume flow rate and the appropriate values for P, T, and Z are substituted into Equation 3-

7 as follows:
PN Y Z
|| 2 || 2 3-7
Q'(HJ(TIJ(Z,} e

617,044( 509.67 J[ 14.73 J(0.997839)
519.67 A 14.65 /A 0.997971

608.394 cubic feet per hour at base conditions

127
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3-D.1 Symbols, Units, and Terminology
3-D.1.1 GENERAL

Some of the symbols listed in 3-D.1.2 are specific to this appendix. Unless otherwise
noted, all of these symbols are dimensionless. Symbols that are used in this appendix but
not listed in 3-D.1.2 are defined in 3 2.2.

3-D.1.2 SYMBOLS AND UNITS
Symbol Description Cnus/Value

c’ Orifice flow constant —
F,  Basic orifice factor —
K, Coefficient of discharge when Reynolds number = (1,000,0004)/15 —
K, Coefficient of discharge for infinite Reynolds number —
p  Specific weight of a gas at 14.7 pounds force per square inch
absolute and 32°F Ibm/fe

3-D.2 Scope
3-D.2.1 INTRODUCTION

Recent research work on orifice measurement has been restricted to flange, comer. and
radius tap meters. It is recognized that a number of “pipe tap” meters continue in operation
in natural gas measurement in the United States. The provisions of the second (1985} edi-
tion of Chapter 14, Section 3, that are applicable to pipe tap configurations are included in
this appendix. The dimensional information, tolerances, and computation metheds in this
appendix are only applicable to pipe tap meters,

This appendix provides recommendations and specifications relating to the measurement
of natural gas and other related hydrocarbon fluids by means of orifice meters equipped
with pipe taps. It includes definitions, construction and installation specifications. and 1n-
structions for computing flow rate and volume. Also included are equations and tables that
provide factors necessary to apply adjustments to the basic pipe tap orifice flow,

This appendix covers the measurement of natural gas by pipe tap orifice meters, includ-
ing the primary clement and the methods of calculation. It does not cover the equipment
used to determine the pressure, temperature, specific gravity, and other veriances that must
be known for the accurate measurement of natural gas. -

3-D.2.2 GENERAL

Unless specificaily noted in this appendix, all information and data presented in the body
of this standard—including recommendations, specifications, and symbois— are applicable
to pipe tap orifice metering.

'3-D.2.3 TYPE OF METER

This appendix is limited to orifice meters that have circuiar orifices located concentrically
in the meter tube, having upstream and downstream pressure 1aps as specified for pipe taps.

3-0.24 DEFINITION QF PIPE TAP PRESSURE MEASUREMENT

‘The definition of pipe tap pressure measurement is based on the position of the pair of
tap holes: The upstream tap center is located 2.5 times the inside pipe diameter upstream
from the nearest plate face, and the downstream tap center is located 8 times the inside pipe
diameter downstream from the nearest plate face (see 3-D.3.4.1).

Copyrlight by the AMERICAN PETROLEUM INSTITUTE [ARI)

Tue Qct 08 14:17:18 199



72

APT MPMS%}4.3.3 92 @M 0732290 0503920 2kl W8

CHAPTER 14 —NaTURAL Gas FLUIDS MEASUREMENT

3-D.3 Construction and installation Specifications
3-D.3.1 BETA RATIO LIMITATIONS OF ORIFICE PLATES

The orifice-to-meter-tube (pipe) diameter ratio {(§ = /D) should fall within the range
trom 0.20 to (.67 inclusive. These limits, with an uncertainty as high as £0.75 percent, may
be exceeded when additional flow uncertainty is acceptable. Beta ratios that excecd the
range from 0.20 to 0.67, with an uncertainty as high as £1.5 percent, may be used: however,
the flow constants for these extreme values of B are subject to higher tolerances, and the use
of these exiremes should be avoided.

3-D.3.2 METER TUBE SPECIFICATIONS
3-D.3.2.1 Definition

The term meter tube refers to the straight upstream pipe of length A or A4’ on the instal-
lation sketches in Part 2 (including the straightening vanes, if used), the orifice flanges or
fittings, and the downstream pipe {(length B on the installation sketches in Part 2) beyond
the orifice. The length of upstream and downstream pipe is specified in Part 2. The toler-
ances for the diameter and the restrictions on the inside surface of the meter tube are
specified in 3-D 3.2.4. There shall be no pipe connections within these distances other than
straightening vanes, the thermometer wells specified in Part 2, and the pressure taps
specified in 3-D.2.4 and Part 2.

3-D.3.2.2 Inside Surface

The sections of pipe to which the orifice flanges or fittings are attached and the adjacent
pipe sections that constitute the meter tube, as defined in 3-D.3.2.1, shall comply with the
following:

a. The roughness of the inside pipe walls shail not exceed 300 microinches. Carefully se-

lected smooth commercial pipe may be used. Seamless pipe or cold drawn seamless pres-
sure tubing may be used, provided its inside wall is smooth. Drawn-over-mandrel (DOM),
clectric-resistance-welded (ERW), straight-seam tubing manufactured to the requirements
of ASTM A 513, T-5, may also be used. To improve smeothness inside the meter tube, the
inside pipe walls may be machined, ground, or coated.

b. Grooves, scoring, pits, and ridges resulting from seams; distortion caused by welding;
offsets; and other irreguiarities (regardless of their size) that affect the inside diameter at the
peints identified in Figure 3-D-1 by more than the tolerances shown are not permitted.
When these tolerances are exceeded, the irreguiarities must be corrected.

¢. The interior of the meter tube shali be kept clean and free from accumulations of cont-
aminants, such as dirt and liguids, at all times.

3-D.3.2.3 WMeter Tube Diameter
The mean inside diameater of the meter tube shail be determined as follows:

a. Measurements shall be made on at lcast four diameters equally spaced in a plane 1 inch
upstream from the upstream face of the orifice plate. The mean (arithmetic average) of these
measurements is defined as the mean meter tube diameter to be used in calculating the flow
coefficient when minimum uncertainty of this variable is desired.

b. Check measurements of the upstream inside diameter of the meter tube shall be made at
two or more additional cross-sections. The actual locations of the check measurements of
the diameter, circumferentially and axially atong the tube, are not specified. These checks
should be taken at points that will indicate the maximum and minimum diameters that exist
and should cover at least two pipe diameters from the face of the orifice plate or extend past
the {lange or fitting weld, whichever distance is greater. Check measurements are used to
verify the uniformity of the upstream meter tube but do not become a part of the mean me-
ter tube diameter.

v

td
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Figure 3-D-1—Maximurmn Percentage Allowabls Meter Tube Tolerance
Varsus Beta Ratlo

¢. The inside diameter of the downstream section of the meter tube shall be measured in a
plane 1 inch downstream from the downstream face of the orifice plate. Check measure-
ments of the diameter of the downstream section of the meter tube, similar to those de-
scribed in Item b above, shall be made at two additional cross-sections.

3-D.3.2.4 Tolerances and Restrictions

The tolerances for the diameter and the restrictions on the inside surface of the meter tube
are as follows:

a. The difference between the maximum measured diameter and the minimum measured
diameter on the inlet section shall not exceed the tolerance shown in Figure 3-D-1 as a per-
centage of the mean diameter defined in 3-D.3.2.3, The relationship beiow may be used to
calculate the variance of the diameter of the upstrearn section of the meter tube:

Maximum diameter — Minimum diameter
D

b. Abrupt changes in diameter (shoulders, offsets, ridges, and so forth) shall not exist in the
meter tube (see 3-D.3.2.3, Item b).

c. When Table 3-D-1 is used for flow measurement estimation, the meter tube diameter, as
defined in 3-D.3.2.3, shall agree with the inside diameters listed in the tables within the tol-
erance shown in Figure 3-D-1.

d. Any diameter measurement in the downstreamn section shall not vary from the mean di-
ameter of the meter tube, as defined in 3-D.1.2.3, by inore than the tolerance shown in Fig-
ure 3-D-1. The following relationship may be used to calculate the variance of the diameter
of the downstream section of the meter tube:

% 100 < Percent tolerance in Figure 3-D-1

| Any diameter ~ D|
I D !

x 100 < Percent tolerance in Figure 3-D-1

Application of this equation doubles the tolerance for the downstream section of the meter
tube,
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¢. The temperature at which the meter tube measuremenits are made should be recorded for
correction to the operating conditions.

For new installations, in which the beta ratio is likely to be changed, the tolerance per-
mitted for variations in pipe size, as shown in Figure 3-D-1, should be the same as that
given for 4+ maximum orifice plate diameter ratio () of 0.73.

3-D.3.2.5 Use of Table 3-D-1

[f Table 3-D-1 is used for flow estimation, the mean inside diameter of the upstream sec-
tion of the meter tube should be as nearly the same as the published inside diameter given
in Table 3-D-1 as is possible. The inside diameters given in the table were used to calculate
the constants in the table. If the mean meter tube diameter differs from the table inside di-
ameter by an amount greater than the tolerance set forth in Figure 3-D-1 or if minimum un-
certainty is desired, the mean meter tube diameter should be used to compute the orifice-
to-meter-tube diameter ratio, f, as well as the flow coefficient. Other factors should be cal-
culated for this exact value of 8.

3~-D.3.3 LENGTH OF PIPE PRECEDING AND FOLLOWING THE ORIFICE

The installation sketches and accompanying graphs are not duplicated in this appendix
but are available in Part 2, Figures 2-5 through 2-9. The graphs show the minimum lengths
uf straight pipe required (expressed in nominal pipe diameters) versus beta ratio, It must be
noted that when pipe taps are used, lengths A, A} and C shall be increased by two nominal
pipe diameters and length B shall be increased by eight nominal pipe diameters. The lengths
of straight pipe should be those required for the maximum beta ratio that may be used.

3-D.3.4 PRESSURE TAP HOLES
3-D.3.4.1 Location .

Meter tubes that use pipe taps shall have the center of the upstream tap hole located 2 5
times the published or actual inside diameter from the upstream fuce of the orifice plate.

Table 3-D-1—Basic Orifice Factors (F,) for Pipe Taps (All Dimensions In Inches)

Published Inside Dismeters at % Published Inside Dismerers ut Published Inside Diametars at -
Nominal Pipe Size of 2 Inches Noruinal Pipe Size of 3 Inches Nominal Pipe Size of 4 Inches
Drifice .

Diameter 1.687 1.939 2.067 2.300 2.624 2900 3.068 3.152 3.438 3.826 4,026
0.250 12,850 12.813 12.800 {2.782 22,765 12,754 12,748 12.745 12.737 12.727 12.723
0.375 29.362 29.093 29.006 28.883 28.772 28.7H 28.582 28.670 28.635 26.599 28 585
0.500 53.713 52.817 52.482 52.020 51.594 51.354 51.244 51197 51.065 50.937 50.887
0.625 B2.237 84,920 84.085 82.924 81.802 81.143 80.837 80.704 B80.334 79.976 79.837
0.750 132.29 126.87 124.99 122.45 120.08 118.67 118.00 117.20 116.87 116.05 i15.73
0.875 192.87 181.02 177.09 171.93 167.26 164,58 163.31 162.76 161.17 159.58 158.94
1.000 275.73 251.1t 241.28 233.30 224,61 219,717 217.53 216.55 213.79 21103 209.92
1125 392 50 34299 327.99 305.44 293.87 285.49 281 67 280.03 275.43 270.91 269.10
1.250 466.00 438,00 404,53 377.50 363.41 357.13 354.45 347.04 335.88 337.06
1.375 583.98 524.69 478.89 455.83 445.75 44149 429.84 418.80 414.51
1.500 679.11 602.80 565.80 549.95 543.32 525.41 508.77 502.39
1.625 755.89 697.45 672.96 662.83 63577 611.12 601.81
1750 G47.87 B56.39 819.07 803.79 763.53 727.55 714.17
1.875 1,050.4 994.01 9Nz 912.00 860.19 841.21
2.000 1,290.7 1,205.6 1,1719 1,085.5 1,011.7 985.07
2.125 1,465 1,415.0 1,289.7 1,185.4 1,1484
2.250 1,532.0 1,385.4 1,334.5 °
2.375 1.822.9 1.617.2 1,547.4
2.500 1.887.7 1,7923
2.625 2,206 2,076.0
2.750 24070
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Tabie 3-D-1— Continued
Published Inside Diameters a Published Inside Diameters at  Published inside Diametsrs at Published Inside Diameters at

Nomunal Pipe Size of 6 Inches Nominal Pipe Size of 8 Inches  Nomunal Pipe Size of 10 Inches  Nomtnal Pipe Siz¢ of 12 Inches
Onfice
Diameter 3 B97 5187 5.76% 6.065 7625 7.981 3071 9562 10.020 10136 11374 11.933 12.090
0.500 50.740 50.707 50.653 50 629
0.625 79,338 79.351 9219 79 164
0.750 11481 114,62 114.32 114.20
Q875 157.11 156.72 156.13 155 89 155,11 15499 154.97
1.000 206.63 20591 204 85 204 41 20301 20280 202.76 202.16
1125 263.T1L 262.52 260.72 25959 257.62 25728 23720 256.23 256.01 25596
1250 128,73 326 87 32403 322 87 319.10 31857 11844 316.90 316.57 31649 315.82 31557 315.51
1.375 402.07 399.32 395.09 39334 IR7.63  ed1 18663 38430 383 80 383 68 18267 382.31 382.22
1.500 48421 480.26 474,21 471 70 463.4) 46220 46193 458 53 457 8O 457.64 456,17 455.65 455 33
1.625 57575 570.19 561.74 558 25 546.62 54493 54454 539.73 53870 538.47 536.40 53567 535.49
1.750 677.39 669.69  658.09 65334 637.52 63320 63467 62505 62663 62630 62346 62246 622.22
1.875 790.00 779.49 76379 757 41 736.36 73325 73253 723.63 721.72 721.28 717.45 716.12 715.79
2.000 914,59 900 39 879.40 87095 84336 83931 83837 826.66 824.14 B13.56 818.51 816.75 816,32
2125 1,0523 1,033.4 1,005.6 904,54 958.80 95361 95240 %37 ) 934.04 933.29 026,74 024 .46 923 90
2250 12047 11796 11432  1,1289 10830 10764 10749 10558 10516 10507 1.0423 11,0394 10337
2375 13734 1,340.5 1,293.2 1,274 6 12163 11,2080 12061 1,182 3 11770 LI758 1.165.3 1.161.7 L1608
2.500  1.560.5 1.517.5 1,456.5 14328 1,592 13489 13465 1.316.9 1,310.5 1,309 0 1.296 0 1,291.4 1,290 3
2625 1.768.3 1.712.6 1.634.4 1,604 3 15121 14993 14964 1,460 1 14522 1,450.4 1.434 4 1,428 8 1,427 4
2750 1.999.9 1.928.1 1,828.3 1,7%0.4 1,6754 16597 1,656.1 1,611.8 1.602.3 1.600.1 1.580.7 1,5739 1.572.2
2875  2,258.6 2,166.5 2,040.0 1.992.3 1,8499 11,8307 18263 1,771 6 1.76i.1 1.758.4 1.735.2 17270 1.725.0
3000  2.548.6 2,431.0 2272 22116 20361 20127 20074 1,942.6 1.928.8 19256 1.3979 1.8882 1,885 8
3125 28753 27253 25243 24502 223347 22064 22000 2,122.2  2,1058 2,1020 2.069.1 20576 20547
3250 3,244 9 30540 28019 27100 24466 241285 24048 2.311.8 2,292.3 2,2878 22490 12354 22321
3375 3,665.7 34224 21069 29934 26725 26317 16224 2.511.7 2,488.7 24834 24378 24219 24180
3.500 38376 34431 33031 29137 28648 28537 27225 26954 26892 16358 26172 26127
3.625 4308.1 38145 36424 31712 31128 30996 29445 29128 29055 28432 28216 28164
3750 4,226.4 41149 3,446.1 33767 33611 31784 31413 31328 3.060.3 30354 3.029.3
3.875 4,685.0 44252  3,7399 36577 36393 34246 33814 33715 32875 12588 12518
4 000 5,1979 4,878.5 4,043 39571 39353 31,6839 3.6336 36222 353352 34921 3.484.0
4.250 47516 46167 45867 42442 41769 4,161.7 4.033.1 3.989.6 3.979.1
4.500 53548 53691 53281 48656 47763 4,756.2 4.587.4 4,530.9 4.517.3
4750 64855 62311 61754 55556 54380 54116 51919 5,119.1 5,101.6
5.000 TS5 6 7,2245 71488 6,3221 6,169 4 56,1350 5.851.1 575879 57356
5.250 88505 83766 82742 7.178.8 6,979.1 65,9346 5.570.1 64517 6,423.4
5.500 59,7240 95834 81355 78774 782012 73549 12083 7.169.7
5.750 92088 88766 88033 82124 R0244 79798
§.000 10418 9.991.5 9.898.0 5.150.7 89156 8.860.0
6,250 11,786 11.240 11.12] 10.179 3.886.4 98175
6.500 13,344 12,644 12,493 11.309 10,946 10,860
6.750 14231 14,038 12,552 12,103 11,998
7 000 16,035 15,790 13.925 13371 t3,242
7250 15,446 14,763 14,605
7.500 17.135 16,295 16.102
7.750 19,021 17,986 17,750
8.000 19,8561 19,572
E.250 21,948 21,594

‘The center of the downstream tap hole shall be located eight times the published or actual
inside diameter from the downstream face of the orifice plate. Figure 3-D-2 shows the al-
lowable tolerances. A maximum beta ratic of 0.75 should be used in the design of new in-
stallations.

3-D.3.4.2 Fabrication

Meter tubes that use pipe taps shall have a hole of the proper size drilled through the pipe
wall. Proper hole sizes are listed in Table 3-D-2. The hole shall not be threaded. A fitting
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Table 3-D-1—Continued
Published Inside Diameters at Published Inside Diameters at Published Inside Diameters at Pubhshed Inside Diameters at
Nominal Pipe Size of 16 Inches Nomunal Pipe Size of 20 Inches Nominul Pipe Sice of 24 Inches  Nununul Pipe Size of 30 Inches
Crifice
Diameter 14.688 15.000 15,250 18812 19 000 19.250 22.624 23.000 23.250 2K.750 29.000 29.250)
1.5C0 453.93 453.79
i.625 533 28 533.09 33294
1730 61920 c18.94 618 74
1.875 711,75 71141 Til.14
2.000 811.01 810.55 310.21 306.73 806.59 80642
2,125 917.03 916.45 916.01 211.54 91137 911.15
2.250 1.029.9 1,029.2 1,.028.6 1,229 1,0227 10225
2375 £,149.7 i,148.8 1,148.1 L1410 £,1407 1,i404 1,1368 L1265 11,1363
2.500 1,276.6 1,275.4 1,274.5 1,265.7 1,265.4 1,265.0 1,2606 1,260.2  1,260.0
2.625 1.410.5 1,409.1 1,408.0 1.392.2 1.396 8 1.396.3 1.390.9 1,355 1,390.2
2.750 1.551.7 1,550.0 1,548.6 1,535.5 1,5350 1,534 4 1.527.9 1,527.4 15270
2.875 1,700.2 t .698.1 1,696.5 1,680.7 1,680.1 1.679.4 1.671.6 1,670  1,670.5 1,663 7
3.000 1.856.1 1,853.6 18517 18328 1,8321 | 1,831.2 1,8219  1.821.1 1.820.6 1.821.6 18123 18121
3.125 2.019.6 2,016.6 2,004 1,991.9 1,991 1 1,990.0 [,979.0 1,978.1 1,977.5 1.968.0 19677 1,967.4
3.250 2,190.7 2,187.2 2,184.6 2.158.1 2,157.1 2,155.8 2,142.9 22,1418 2,141.1 21300 2,1297  2,129.3
3.375 2,369.7 2,365.6 2,362.5 2,314 2,3303 2,328.8 23136 23123 23115 22986 22982 22978
: 3.500 2,556.5 2,551.7 2,54B.1 2,512.0 2,510.6 2,508.9 24912 14898 24333 24739 24734 24729
' 3.625 2,751.5 2,745.9 2.741.7 2.699.8 2,698.1 2,696.3 26758 26741 2673.0 26558 26552  2.654.7
' 3.750 2,954.6 2,948.2 2,943.4 2.895.1 2,89313 2.891.0 28674 2.B655 28642 28444 28437 28411
. 3875 3.166.0 3,158.7 3,1532 3,097 8 3,095.7 3,093.1 30661 30638 30624  3,0397 30390 30383
) 4.000 3,3858 33775 33713 3,308.1 3,305.7 3.302.7 32719 32693 3,267,7 3,241.B 32410  3,2402
{ 4,250 3,851.7 38410 38329 37518 3,748 8 3,744 9 3,705.1 37018 36997 36665 31,6654  3.664.4
! 4.500 4.3153.5 4,339.9 4,329.7 4,226.9 4,223.1 4,218.2 41,1617  4,163.5 4,160.8 41187 41174  4,116.1
i 4.750 4,893.0 48759 4,861.0 4,734 3 4,729.5 47234 4,660.2 46549 45515 45989 45972 45955
5.000 54721 5,450.6 54345 52747 5,268.8 52613 51831 35,1766 51724 54073 51052 50034
! 5.25Q 6.092.7 6,066.0 60460 5,849 2 58420 58328 57312 57392 57241 3643 56418 56393
; 5.500 6,757.2 6,724.3 6,699 6 6,458.8 6,450.1 6.438.8 6,323.1 63134 6,307.2 62104 62073 672043
5.750 7.468.2 7,427.8 7.397.6 7,104.7 7,094.2 7,080.6 69415 69298 69224 63060 68023 6.798.7
6.000 8.228.7 8.179.4 8.142.5 7.178.2 7,775.3 7,759.3 75931 71,5792 75703 74315 74270 14228
E 6.250 9.041.9 §581.9 8.937.2 8,510.8 8.495.6 8.476.2 8.278.6 8.262.2 8251.7 80875 B.0822 B.077.1
i 6.500 9.91L.4 9.838.9 9,784.9 9,273.8 9,255.8 v.2327 3.999.1 89797 89672 87743 B768.1 47621
i 6.750 10,842 10,754 10,689 10,079 10,058 10,031 9.755.4 97326 97181 94926 94854 94784
i 7.000 11,837 11,732 11,654 10,929 10,903 10,871 10,548 10,522 10,505 10,243 10,234 10,226
! 7.250 12,902 12,777 12,684 11,824 11,795 11,757 . 11,380 11,349 11,329 11,026 1,016 11,007
i 7.500 14,044 13,894 13,784 12,768 12,733 12,689 12,250 12,214 12,19t 11,841 11,830 11,819
' 7.750 15,269 15,091 14,959 13,763 13,722 13,671 13,161 13,119 13,093 12,691 12,678 12,666
8.000 16,583 16,372 16,216 14,811 14,764 14,704 14,113 14,065 "14,035 13,573 13,560 13,546

should be fastened to the pipe at this point, and great care must be exercised to ensure that
the inside of the pipe is not distorted in any way. '

The diameter of the tap hole shall not be reduced within a [ength equal to 2.5 times the
tap hole diameter as measured from the inside surface of the meter tube. If the {itting is
welded to the pipe used to fabricate the meter tube, the tap hole shall not be drilled until af-

ter the welding is done.

In Table 3-D-2, the finished tap hole shall be * !4 inch from the selected nominal tap hole .

diameter along the dnilled length of the hole.

3-D.4 Computing the Flow of Natural Gas and Other
Related Hydrocarbon Flulds Through Orifice
Meters Equipped With Pipe Taps

3-D.4.1 GENERAL :

The recommendations i 3-P.4.2 through 3-D.4.8 concerning calculations and compu-
tations are confined strictly to pipe tap orifice meters installed and operated according to the
provisions of this appendix. The equations use inch-pound units and absolute values
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Table 3-D-1—Continued
Publisked Inside Diameters at Published Inside Diameters at Published Inside Diameters at Published Inside Diameters at
Nomunal Pips Size of 16 Inches Nominal Pipe Size of 20 Inches Nominal Pipe 8122 of 24 Inches Nomtinal Pipe Size of 30 Inches
Qrifice
Dinmeter 14.688 15.000 15.250 13 812 19.000 19250 22,624 13.000 23,250 28.750 29.000 29.250
§.250 17,5496 17.746 17.562 15915 15,861 15,791 15,109 15,085 15,020 14,494 14,477 14,451
§.300 19,517 19,221 19,004 17,079 17016 16,935 16,150 16,088 16,048 15,348 15,429 15,411
8.750 21,157 20,807 20,551 18,306 18,233 18,140 17,238 17,166 17,121 16,439 16,418 16,398
2.000 22927 22,515 22214 15,600 19.515 19.408 18,374 18.293 18,241 17,468 17.444 17,421
9.250 24,842 24,357 24,004 20,964 20,867 20,744 19,561 19,463 19,410 18,535 18,508 18.482
9.500 26917 26,347 25932 22,404 22,293 22,151 20,801 20,695 20,629 19.642 19,612 19,582
9,750 29,173 28,502 28015 23,925 12,797 23,635 22,056 21,976 21,901 20,789 20,755 20,722
10.000 31,630 30,840 30,269 25,331 25384 15,159 23,448 23,313 23,228 21,977 21,939 21,90
10.250 34316 33,384 12,714 27229 27,062 26,850 24,861 24,708 24,612 23,208 23,165 23,124
10.500 36,161 315,373 29,026 28,834 28,593 - 26,337 26,165 26,057 24,482 24,435 24 38%
10.750 30,928 30,710 30,435 27879 27,686 27,564 25,802 25,749 25,698
11000 32,944 32,695 32,382 29,492 29,274 29,137 27,168 27,109 27,053
11,250 35,082 34,799 34,444 31,177 30933 30,780 24,582 28517 28,454
(1.500 37,353 37,031 36,627 32,941 32,667 32,495 30,045 29,973 29,904
11.750 32,766 39,401 38,942 34,786 34479 34,286 31,559 31,480 31,403
12.000 42,336 41,921 41,400 36,717 36,374 36,158 33,126 33,038 32,953
12.500 47,998 47,462 46,791 4,859 40,430 40,162 36,426 35319 36,216
13.000 54,472 53,779 52915 45410 44 378 44 545 39,960 39,830 39,705
13.500 50,425 49,765 49,3153 43,746 43,590 43 438
14.000 55,965 55,148 54,640 47 805 47,4617 47,435
14.500 62,106 61,096 60,469 52,159 51,933 51,715
15.000 68,938 67,689 66,917 56,833 56,563 56,303
15.500 76,572 75.027 74,075 61,857 61,535 61,225
16.000 83,233 82,057 67,263 65,879 66,511
16.500 73,087 72632 72,195
17.000 70,372 78.833 78,315
17.500 36,165 85,227 84915
13000 93,522 92,767 92,044
18.500 101,506 100,614 99,761
19.000 110.192 109,137 108,130
19.500 119,667 118420 117,231
20000 130036 128559 127,153

throughout. Constants and variables that have a subscript of | indicate upstream measure-
ments; those that have a subscript of 2 indicate downstream measurements.

3-D.4.2 EQUATION

In the measurement of most gases, especially natural gas, the general practice is to ex-
press the flow rate in cubic feet per hour at some specified reference or base conditions of
pressure and temperature (that is, in standard cubic feet per hour). To calculate the quantity
of gas, the following equation shall be used:

Q = CJhE (3-D-1)
Where:
C* = orifice flow constant,
h,, = differential pressure at 60°F, in inches of water.
£, = static pressure, in pounds force per square inch absolute.
. = volume flow rate at base conditions, in standard cubic feet per hout.

3-D.4.3 ORIFICE FLOW CONSTANT (C)

The orifice flow constant, C; is defined as the rate of airflow as a real gas, in standard cu-
bic feet per hour, when the extension, (h.P)", equals unity. The orifice flow constant
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Figure 3-D-2—Allowabls Variations in Pressure Tap Hole Location

should not be confused with the flow coefficient or coefficient of discharge (K}, The follow-
ing equation is used to calculate the orifice flow constant:

C' = REYEEEEE, 3-D-2)
Where:
F, = basic orifice factor.
£, = real specific gravity {relative density) factor. -~
F,, = base pressure factor.
F,, = supercompressibility factor (from A G.A. Transmission Measurement Committee
Report No. 8).
F. = Reynolds number factor.
F, = base temperature factor.
Fy = flowing temperature factor.
¥ = expansion factor.

Tahle 3-D-2—Meter Tube Pressure Tap Holes
(Dimensions in Inches)

Meter Tube
Nominal Nominal Tap Hole Diameter
Inside
Diameter Recommended Maximum Minimum
<2 4 K %
Zor3 ® E %
24 % U ]

Note; The finished tap hole shall be 344 inch from the selected nominat tap
hole diametsr along the drilled length of the hole.

i fargpsioria -
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The sequence of multiplication in Equation 2 is not binding; however, to duplicatc the re-
sults obtained using Equation 2, the sequence of multiplication and the manner of rounding
or truncation should be agreed upon and practiced. Trim factors to compensate for the type of
instrumentation used, the calibration methods, and the elements of meter location are treated
scparately (sec Appendix 3-A). These trim factors may be applied as a multiplier to !

The values of all the C” factors are detailed in subsequent sections of this appendix. Both
equations and rabular data based on the equations are provided. The tables are to be used
as an alternative o calculations by equalions or to check computed results.

3-D.4.4 COEFFICIENTS OF DISCHARGE (K)

To calculate the coefficients of discharge, K, the following empirical equations are used:

K )
K= — (3-D-3
1,000,000d
Where
K, = 0.5025 ~ %0182 (0,44 . 2,92)[,: . (0.935 N 0'225]ﬁ’
D D D
| w . 143 y
+ L3ISBY + =(0.25 - B) (3.D-4)
VD
E = d(830 — 50008 + 90005 — 42008° + B) (3.0-5)
8= %5 75 ' (3-D-6)

Note: In Equation 3-D-4, the signs of some of the terms with fractional exponents become negative for some val-
ues of A, In such cases, these terros are to be neglected or their value treated as 2¢ro, and where these terms are a
factor to another term, the whole produc: is to be reated as zero.

Where:
d = measured orifice diameter, in inches.
D = measured inside meter tube diameter, in inches.
K, = coefficient of discharge when Reynolds number is equal to (1,000,0004)/15.

K, = coefficient of discharge when Reynolds number equals infinity, which will be the
minimum value for any particular orifice and meter tube size.

beta ratio

d/D.

™
noi

These values will be used in subsequent intermediate calculations of the orifice flow con-
stant factors,
3-D.4.5 BASIC ORIFICE FACTOR ()
To calculate the basic orifice factor, £, use the following equation and note the standard
conditions:
F, = 33B.1784°K, 3-D-T)
When

F, (base pressure) = 14.73 pounds force per square inch absolute
Specific gravity = 1.000
T, (base temperature)} = 60°F (519.67°R)
Table 3-D-1 was developed using Equation 3-D-7 and various combinations of 4 and D;

to use it, however, the measured inside diameter (D) of the meter tube must be within the
limits specified in 3-D_3.2 and Figure 3-D-1. Table 3-D-2 may not be interpolated.
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3-D.4.6 REYNQOLDS NUMBER FACTOR (F)
To calculate the Reynolds number factor, £, use the following equations:

Fo=14 L (3-D-8)
Re,
Re, = 220,8584F,Jph,

% (0.613408 - 0.1527563 + 0.8038334° - L.7011113" + 1.5693368") (3-D-9)

B .
p=|—L 49167 (3-D-10)
w7 7
Where:
G = specific gravity.
Re, = orifice hore Reynolds number.
T; = absolute flowing temperature, in degrees Rankine.
p = specific weight of a gas at 14.7 pounds force per square inch absolute and 32°F.

Table 3-D-3, which may not be interpolated, may be used to determine the value of #;
this value may then be applied to Equation 3-D-11:

+

Table 3-D-3—b Values for Determining Reynolds Number Factor ~ for Pipe Taps (All Bimensions in Inches)

F =1+ b
B2
|
| Published Inside Diameters at Fubhished Inside Diameters at Published Tnside Diametersat -
Nominal Pipe Size of 2 Inches Neominal Pipe Size of 3 Inches Nomunal Pipe Size of 4 Inches
Orifice
Diameter 1.687 1.939 2,067 2,300 2.624 2.900 3.068 3152 3.438 3.826 4026
I 0.250 0.1106 0.1091 0.1087 0.1081 0.1078 0.1078 0.1079 0.1079 0.1081 0.1084 0.1085
0.375 0.0890 00878 0.0877 0.0879 0.0838 0.0898 00903 0.0908 00918 0.0932 0.0929
0.500 0.0758 00734 0.0729 0.0728 00737 0.0750 Q0758 0.0763 00773 0.0800 00810
! 0.625 00694 0 0647 0.0635 0.0624 0.0624 0.0634 00642 0.0646 00662 0.0685 0 0697
: 0.750 0.0676 0.0608 0.0586 0.0559 0.0546 0.0548 00552 0.0555 0.0568 0.0590 0.0602
! 0.875 0.0684 0.0602 0.0570 0.0528 0.0497 0.0488 (0.0488 0.0489 0.0496 0.0513 0.0524
! 1.000 0.0702 00614 00576 - 0.0522 0.0473 0.0452 0.0445 0.0443 0.0443 0.0453 0.0461
! 1.£25 0.0709 00635 0.0595 0.0532 0.0469 0.0435 0.0422 0.0417 0.0407 0.0408 00412
1.250 0.0650 0.0617 0.0552 0.0478 0.0434 0.0414 0.0406 0.0337 00376 0.0377
1.373 0.0629 0.0575 0.0496 0.0443 00418 0.0408 0.0379 0.0358 0.0353
1.560 0.0590 0.0518 0 0461 0.0431 00418 00382 0.0350 0.0341
1.625 0.0539 0.0482 0.0450 0.0435 00392 N.0351 00336
1.750 0.0554 0.0504 0.0471 0.0456 0.0408 0.035% 0.0340
1.875 0.0521 0.0492 0.0477 0.0427 0.0372 0.0349
2,000 0.0532 0.0508 0.0493 0.0448 0.0388 0.0363
2.125 0.0519 0.0509 0.0467 0 0407 0.0380
2.250 0.0483 0.0427 0.0398
2.375 0.0404 0.0445 0.0417
2.500 0 0461 0.0435
2.625 0.0472 0.0450
2.7150 0.0462
Note: ‘Lhe b values are calculatzd from the following equation:
_ E
12,8354X
Where!
d = mean onfice dinmetsr, 1o nches. -
E = value from Equauon 3-D-5.
K = value epproximated from Table 3-D-4. .
hee
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b
F =1+ (3-D-11)
h,,f}
E
= —— 3-D-12
12,835dK ( )

Table 3-D-3— Continued

£ =1+ b
b.G
Publistied [nside Published Inside Published Inside Published [nside
Diameters at Diameters at Diameters at Diameters at
Nominal Pipe Size of Nominal Pipe Size of Nominal Pipe Size of Nominal Pipe Size of
6 [nches 8 Inches 10 Inches 12 Inches
Onfice
Diamneter 4.897 5.187 5.761 6.065 1.625 7981 .01 9562 10.020 10.136 11.374 11938 12.090
(3 500 0.0850 0.0862 0.0883 0.0893
0625 0.0747 0.0762 00789  0.0802
0.750 0.0655 0.0572 0.0703 0.0719
0.875 00575 0.0892 Q0625 00642 0.0716 00730 0.0734
1.000 00506  0.0523 (00556  0.0573 00652 Q0668 0.0672 (00728
1.125 0.0448 0.0464 00495 00512 00593 00609 0.0613 00674  0.06%1  0.0695
1.250 0.0401 00414 00442  0.0458 00538 00555 0.0560  0.0624 0.0641  0.0646 0.0687 00704  0.0708
1.375 0.0363 00373 00397 00412  0.048% 00506 0.0511 00576  (0.0594 00599 0.0643 00661 0.0666
1.500 0,0334 00341 00360 00372 0.0445 0D462 0.0466 00532 0.0550 0.0555 00601 00620 0.0625
I 625 0.0313 00315 00329 0.0339 0.0405 0.0421 0,0425 0.0490 0.0509 0.0514 0.0561 0.0580 0 0585
1.750 00300 0.0298 00304 00311 00369 003R4 DOIRR 00452  0.0471 0.0476 0.0523 0.0543  (.0548
1.875 0.0293  0.0287 00285 0.029  0.0338 00352 00355 00417 00436 00440 0.0488 D.O0SO8  0.0513
2.000 00202 0.0281 0.0273 0.0273 0.0311 0.0323 0.0327 0.0385 0.0403 0.0407 0.0454 0.0475 0.0480
2,125 0.0297 00281 0.0265 0.0262 0.0288 00258 0.0301 00355 0.0373 0.0377 0.0423 0.0443 0.0449
2.250 0.0305 0.0285 0.0261 0.0256 0.0268 0.0277 0.0280 00329 0.0345 0.0349 0.0394 0.0414 0.0419
2,375 0.0316 00293 00262 00253 0.0252 00259 0.0261 00305 0.0320 00324 00367 0.0387  0.0392
2.500 0.0330 0.0304 0.0267 G 0254 0.0235% 0.0244 0.0246 00283 0.0298 00301 0.0342 n o036l 0.0366
2.625 0.0345 00317 0.0274 0258 00230 00232 00233 0.0265 0.0277 0.0281 0.0319  0.0337 00342
2.750 00362 00332 00284 00265 (0224 00224 00224 00248 0.0260 0.0263 00298 00316  0.0320
2.875 0.0379 00348 . 00295 0.0274 0.0220 00218 0.02{8 (0234 00244 0.0246 00279 (.0295 0.0300
3.000 00395 0.0364 0.0308 00285 06219 00214 0.0213 00222 00230 00233 0.0262 00277  0.0281
3.125 0.0410 00380 0.0323 00297 00220 00213 00211 0.0212 0.0218 00220 00246 00260 00264
3250 0.0422 00394 0.0338 0.031 0.0223 00214 00212 00205 00209 00210 00232 00245  0.0249
3375 0.0433 0.0408 0.0353 0.0325 0.0228 00217 0.0214 0.0199 0.0201 0.0202 0.0220 0.0232 0.0235
3.500 0.0419 0.0367 0.0339 0.0235 0022 0.0218 0.0195 0.0195 0.0196 c.0210 0.0220 0.0223
31625 0.0428  0.0381 00354 0.0243 00227 0.0224 00i93 00191 00198 0.0200 00209 0.0212
3.750 00393 00367 00252 00234 00230 00192 00188 00188 00193 0.0200 0.0202
3.875 0.0404 00380 00262 00243 00238 00193 00187 00186 0.0187 CO0192 00194
4.000 0.0413  0.0391 00273 00252 0.0248 00195 O0O0IB?  0.0186 00182 0.0185 0.0187
4.250 0.0297 00273 00258 00203 0.0192 00189 00176 00176 00177
4.500 0032t 00296 00290 0.0215 00200 00197 00175 00172 00171
A4.750 0.0344 00320 0.0314 0.0230 0.0212 0.0208 0.0178 0.0171 00170
5.000 00364 00342 0.0336 0.0248 00228 0.0223 0.0185 Q0175 00172
5.250 0.0381 00361 0.0356 00267 0.0245 0.0229 0.0195 CO0I181 00178
5.500 00377 00373 00287 0.0263 00257 0.0207 0.0190  0.0186
5750 0.0307 00282 00276 00221 0.0202 0.0197
6.000 00326 00302 0.0295 00236 0.0215 0020
6.250 0.09343 0.0320 0.0314 00253 0.0230 0.0224
6.500 0.0358 0.0336 0.0331 00270 0.0246 0.0240
6.750 0.0351  0.0346 00288 0.0262 . 00256
7000 0.0363 0.0359 0.0304 0.0279 0.0272
7.250 00320 0.0295 00288
7.500 00334 00310 0.0304
7.750 0.0347 0.0325 0.0318
8.000 00338 00332
8.250 00349 00344

W AT
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Table 3-0-3— Continued
F=14+ 4
- JfhE
Pubiished Inside Published Inside Published Inside Published Inside
[narmeters at Diametars at Diameters at Diaraeters at
Nominal Pipe Size of Nomunal Pipe Size of Nomtnal Pipe S1ze of Nomunal Pipe Sizc of
16 Inches 20 Inches 24 Inches 30 Tnches
Qrifice
Diameter 14.688 15.000 15.250 18812 15.000 19.250 22624 23,000 23.250 28.750 29.000 29.250
1,500 0.0697 C.0705
1.625 0.0662 0.0670 0.0676
L7350 0.0628 0.0636 0.0642
1.875 0.0595 0.0603 0.0610
2.000 0.0563 0.0571 0.0578 0.0663 0.0667 (1L.0672
2,125 0.0532 0.0541 0.0548 0.0835 0.0639 0.0545
2.250 0.0503 G.0512 00519 00609 0.0613 00618
2,375 0.0475 0.0485 0.0492 00583 0.0588 0.0593 0.0658 0.0665 0.0669
2.500 0.0449 0.0458 0.0166 0.0558 0.0562 0.0568 0.0635 0.0642 0.0646
2,625 0.0424 0.0433 0.0441 0.0534 0.0538 N 0544 00613 00620 0.0624
2,750 0 0400 0.0400 00417 0d510 0.0515 0.0520 0.0591 00598 0.0503
2.875 0.0378 0.0387 0.0394 00488 0.0492 0.0498 0.0570 0.0577 00582 0.0669
3000 0.0356 0.0365 0.0372 0.0466 0.0470 0.0476 00549 00556 0.0561 00650 0.0634 0.0657
3125 00336 0.0343 0.0352 00445 0.0449 0.0455 0.0529 0.0536 0.0541 D632 0.04836 0.0639
3.250 0.0317 0.0326 0.0333 00425 0.0429 0.0435 0.0509 0.0517 0.0521 00613 00618 0.0622
3.375 00300 00308 (.0314 0 0405 00410 0.0416. 0.0490 0.0497 0.0502 00597 0.0601 0.0604
1500 00283 0.029! 0.0297 0.0387 00391 0.0397 0.0471 0.0479 0.0484 00580 0.0584 0.0587
1625 0.0268 0.027% 0.0281 0.0369 00373 0.0379 0.0453 0.0461 0.0466 00563 00567 0.0571
3350 00254 00261 0.0267 1.0352 00356 0.0362 00436 00444 0.0449 0.0547 0.0551 0.0554
3.875 00240 0.0247 0.0253 00326 00340 0.0346 0.041% 0.0427 0.0432 00530 0.0534 0.0538
4.000 00228 0.0235 0.0240 0.0320 00324 0.0330 0.0403 0.0411 0.0416 (L0515 (L0519 0.0523
4250 00207 00213 0.0217 0.0291 00295 0.0301 0.0372 00380 0.0385 0.0484 0.0488 0.0492
4,500 0.0i90 0.0194 0.0198 0.0265 00269 0.0274 0.0343 0.0351 0.0356 0.0455 0.0459 0.0463
4750 0.0176 0.0180 0.0183 0.0242 00246 0.0250 a0s 10324 00329 0.0427 00431 00435
5.000 00166 00168 00171 00221 00225 00228 0.0252 00299 0.0303 0.0401 0.0405 .040%
5.250 0.0160 0.0161 0.0:62 0.0203 00206 0.0210 0.0269 00276 0.0280 0.0176 00380 0.0384
5.500 0.0156 00156 0.0156 00188 00190 0.0154 0.0248 0.0255 0.0239 00352 00336 0.0360
5.750 0.0153 0.0154 0.0153 0.0175 0.0177 0.0180 0.0230 0.0236 0.0240 0.0330 00334 0.0%38
6,000 0.0157 0.0154 0.0153  0.0l64 0.0165 0.0168 0.0213 00218 0.0222 0.0309 00313 0.0317
6,250 00161 0.0157 00154 7 00155 00136 0.0158 0.0197 0.0203 0.0206 0.u2gy 00293 0.0297
6,500 0.0167 0.0162 0.0159 00148 00149 00151 0.0184 nQI89 00192 0.0271 00274 '0.0273
6.750 0.0175 00169 0.0164 00144 00144 00145 0.0172 0.0176 0.0179 0.0253 00237 0.0261
7000 0.0184 00177 0.0172 0,014} 00141 0.014! 00162 Q0.0166 0.0168 0.0237 0.0241 0.0244
7.250 (L.U195 G 0187 0.0181 0.0140 0.0140 0.083% 0.0153 0.0156 0.0159 0.0223 0.0226 00229
7.500 0.0206 0.0198 0.0191 0.0i40 00140 0.0139 0.0146 0.014g 0.0150 0.020% 0.0212 0.0215
7.750 0.0219 0.0209 0.0202 0.0143 00141 0.0140 0.0140 0.0142 00144 0.0196 00199 0.0202
8.000 0.0232 0.0222 00214 0.0146 00144 nol42 0.0136 00138 00139 00185 0.0187 0.0190
Table 3-D-4 must be used to determine the value of X in Equation 3-D-12. First-order
. linear interpolation of Tabie 3-D-4 is permissible. In calculating the extension for detenmi-
nations of F,, average or eslimated values may be used.
3-D.4.7 EXPANSION FACTOR (Y)
3-D.4.7.1 Expansion Factor Based on Upstream Static Pressure (Y))
If the static pressure is measured at the upstream pressure tap, the calculations for the ex-
pansion factor, ¥,, use the following equations:
X
Y, 1 - [0.333 + L145(3* + 0.78° + 12}3")]761 (3-D-13)
2
-
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k = ratio of specific heats, ¢,/c, (that is, the ratic of the specific heat of a gas at con-
stant pressure to the specific heat of the gas at constant volume at standard con-
ditions),

x,/k = acoustic ratio.

Table 3-D-5 was developed using Equations 3-D-13 and 3-D-14 with a value of £ = 1.3,
First- or second-order linear interpolation of Table 3-D-3 is permissible.

The values of ¥, are subject to an uncertainty varying from 0 when x; = 0to £0.5 per-
cent when x, = 0.2, For larger values of x|, a somewhat larger uncertainity can be expected.
Equation 3-D-13 may be used over a range of 0.1 < 8 < 0.7,

SECTION 3—CONCENTRIC, SQUARE-EDGED ORIFICE METERS, PART 3—~NATURAL GAS ARPLICATIONS 83
Table 3-D-3— Continueg
T = |+ b
kB
Published Inside Published Inside Published Inside Published Inside
Dinmeters at Diamelers at Diameters at Diameters at
Nominal Pipe Size of Nominal Fipe Size of ' Nomunal Pipe Size of Nominal Pipe Size of
16 Inches 20 Inches 24 Inches 30 Inches

Onfice
Diameter [4.688 15.000 15.250 18.812 19.000 19.250 22,624 23.000 23.250 28,750 29.000 29.250
8.250 0.0246 0.0235 00227 0.0151 0.0149 0.0146 0013 00134 n.o35 no174 0.0t77 0.0179
8 500 0.0260 0.0249 0 G240 0.0157 G054 0.0151 0.0132 0.0132 0.0132 0.0165 D.o167 04170
8.750 0.0273 0.0262 0.0253 0.0163 0.0160 0.0157 0.0131 0.0130 0.0130 0.0156 0.0158 G.0161
9.000 002806 0.0276 0.0267 0.0t71 0.0168 0.0163 0.0131 0.0130 0.,0130 04149 0.0151 0.0153
9.250 0.0299 0.02838 0.U280 0.0180 00176 0.0171 0.0133 0.0131 0.0130 0142 00144 .0146
9.500 0.0311 0.0301 0.0292 0.0189 0.0185 0.0180 0.0136 0.0133 0.0132 0.0137 0.0138 0.0140
9.750 0.0322 0.0312 0.0304 0.0198 0.0194 0.0t89 0.0139 0.0136 0.0134 0.0132 0.0133 0.0133
10,000 0.0332 0.0323 0.03t5 0.0209 0.0204 0.0198 00143 00140 0.0138 0.0129 0.0129 0.0130
10.250 0.0341 0.0333 00326 0.0219 0.0214 0.0208 0.0149 0.0144 00142 0.0126 0.0126 0.0127
10 500 0.0341 0.0335 0.0230 0.0225 0.0219 0.0154 0.0150 c.0147 0.0123 0.0124 0.0124
10.750 0.0241 N 0236 00229 00161 0.0153 0.0152 00122 00122 0.0122
11.000 0.0252 0.0247 0.0240 0.0168 0.0162 0.0158 0.0121 00121 0.0121
11.250 *0.0263 0.0258 0.0251 00175 00169 0.0165 0.0121 0.0121 00121
11.500 0.0273 0.0268 0.0261 0.0183 00176 0.0172 0.0122 0.0122 0.0121
151.750 0.0284 0.027% 00272 0.0191 0.0184 0.0180 0.0124 0.0123 0.0122
12.000 0.0293 0.0288 0.0282 0.0200 0.0192 00188 0.0126 0.0124 0.0123
12.500 0.0312 0.0307 0.0301 0.0218 0.0210 0.0205 0.0131 0.0130 0.0128
13.000 0.0327 0.0323 0.0318 0.0236 0.0228 0.0222 0.013% Q.0137 00135
13.500 0.0255 00246 0.0240 0.0148 0.01456 0.0143
£4.000 0.0272 00264 00258 00159 0.0156 0.0153
14,560 0.0289 0.0280 0.0275 00172 0.0168 0.0165
15.000 0.0304 0.0295 0.0291 0.0185 C.0181 0.0177
15,500 0.0318 0.0311 0.0306 0.019% 0.0194 0.0191
16.000 0.0323 0.0319 00213 0.0209 0.0205
16.500 ’ 0.0228 0.0223 0.0219
17.000 0.0242 0.0238 0.0233
17.500 00257 0.0252 0.0248
18.000 0aQ270 0.0266 0.0261
18.500 0.0283 0.0279 0.0275
19,000 00296 0.0252 0.0288
19.500 00307 00303 0.0299
20,000 0.0317 .0313 00310

E - P h
x = A—L = ~ (3-D-14)
I 21.707 8 :
' 5
Where:

i

N4
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Table 3-D-4—Values of K'to Be Used in Determining
R, for Calculation of £ Factor

B K (pipe)
0.100 0.607
0.125 0.608
0.150 0.611
0,174 0614
0200 0.618
0225 0.623
0.250 0.628
0.275 0.634
0.300 0.641
0325 0.650
0.350 0.658
0.373 . 0.668
, 0.400 0.680
! 0425 0.692
; 0450 0.107
X 0475 0.724
; 0.500 0.742
; 0525 0763
| 0.550 0.785
I 0.575 0.810
g 0.600 0.837
! 0.625 0.869
! 0.650 0.904
0675 0.943
0.700 0.988

3-D.4.7.2 Expansion Factor Based on Downstream Static Pressure (¥;)

If the static prcssure 1s measured at the downstream pressure tap, the calculations for the
expansion factor, 13, use the foltowing equations:

Y, = J1+ x, - [0.333 + L.145(8" + 0.78° + 123")17*2_. (3-D-15)
k1 +

X

-5 ___*

= {3-D-16)
s 27.707 8

Table 3-D-6 was developed using Equations 3-D-15 and 3-D-16 with a value of & = 1.3.
First- or second-order linear interpolation of Table 3-D-6 is permissible.

3-D.4.8 OTHER C'FACTORS

The remaining orifice flow constant C’ factors (namely, £, £, F, F,, and F,,} are calcu-
lated exactly as described in the bedy of this standard. Computations using equations or ta-
bles are permissible with these factors when calculating the flow of natural gas through
orifice meters equipped with pipe taps.

3-D.4.9 EXAMPLES
3-D.4.9.1 Example 1

Giiven the following physical parameters and flowing conditions, calculate the low rate
for a pipe tap orifice meter through one meter tube:

Tube diameter 2.067 in
Orifice diameter 1 in
Static pressure 500 psig (measured upstream)
Differential pressure 50 inches of water at 60°F

X =

Copyright by the AMERICAN PETROLEUM INSTITUTE [APL)
Tue Qct 08 14:17:18 199



API HPHS;!:];':}-E-B 92 B@ 073c290 0503933 917 ER

SECTION 3-~CONCENTRIC, SQuUARE-EDGeD ORIFicE METERS, PART 3—NATURAL (GAS APPLICATIONS

Copyright by the AMERICAN PETROLEUM INSTITUTE (API)

Tue Oct 08 14:17:18 1996

85
Base pressure  14.73 psia
Aumospheric pressure  14.7 psia (barometric)
Flowing temperamre  100°F
Base temperature  60°F
Relative density (specific gravity) 0.600
Carbon dioxide 0.5 mole percent
Nitrogen 0.5 mole percent
Differential pressure device Bellows (recorder, dry)
The solution is calculated as follows:
Diameter ratio (8) = 0.483793
Extension = 160.421
Basic orifice factor (F,) = 243.279
(from Equations 3-D-3, 3-D-4, 3-D-5, 3-D-6, and
3-D-7; or Table 3-D-2}
Table 3-D-5— Expansion Factors for Pipe Taps (Y;): Static Pressure Taken From Upstream Taps
B =4diD
hotF, 0. Q.2 01 0.4 043 0.50 0.52 0.54 056 058 0.60
0.0 1,000 1.000 1.000 1.000 1.000 1000 1.000 1.000 Lo00 1.000 1000
0.1 0.9990 0.9989 0.9938 0.9985 0.9984 09982 0.9981 0.9980 0.9979 0.9978 0.9977
02 0.9981 0.9979 0.9976 0.9971 0.9968 0.9964 0.9962 0.9961 09959 0.9957 09954
0.3 0.9971 0.9968 0.9964 0.9956 0.9952 0.9946 0.9944 0.9941 09938 0.9935 0.9931
0.4 0.9962 0.9938 0.9951 0.9942 0.9936 09928 05925 0.9921 0.9917 0.9913 0.9908
0.8 0.9952 0.9947 0.9939 0.9927 0.9919 09910 0.9906 0.9902 0.5897 0.9891 0.9885
0.6 0.9943 0.9937 0.9927 0.9913 0.9503 09892 0.9887 0.9882 0.9876 0.9870 0.9862
0.7 0.9933 0.9926 0.9915 0.9898 0.9887 0.9874 09869 0.9862 0.9856 0.9848 0.9840
0.8 0.9923 0.9916 0.9903 09883 0.9871 0.9857 0.9850 0.9843 09815 0.9826 0.9817
0.9 0.9914 0.9905 0.9891 0.9869 0.9855 0.9839 0.9831 0.9823 00814 0.9805 0.5794
1.0 0.9904 0.9895 0.9878 0.9854 0.59839 0.9821 0.9812 0.9803 0.9794 0.9783 0.9771
1.1 0.9895 0.9884 0.9866 09840 0.9823 0.9803 0.9794 0.9784 0.9773 0.9761 0.9748
1.2 0.9885 0.9874 0.9854 0.9825 0.9807 0.9785 09775 0.9764 0.5752 0.9739 0.9725
13 0.9876 0.9863 0.9842 0.9811 0.9791 0.9767 09756 0.9744 19732 0.9718 0.9702
L4 0.9866 0.9853 0.9830 0.9796 0.9775 0.9749 09737 0.9725 09711 09696 0.9679
15 0.9857 0.9842 0.9818 0.9782 0.9758 09731 05719 0.9705 09690 0.9674 0.9656
L6 0.9847 09832 0.9805 09767 0.9742 09713 0.5700 0.9685 09670 0.9652 0.9633
1.7 0.9837 0.9821 0.9793 09752 0.9726 0.9695 G.9681 0.9666 0.9649 09631 0.9610
L3 0.9828 0.9811 09781 0.9738 0.5710 0.9677 0.9662 0.9646 0.9628 0.9609 0.9587
L9 0.9818 0.9800 0.9769 0.9723 0.9694 0.9659 0.9643 0.9626 0.9608 0.9587 0.9565
2.0 0.9809 0.9750 0.9757 0.9709 0.9678 0.9641 0.9625 0.96067 09587 0.9566 0.9542
2.1 0.9799 09779 0.9745 0.9694 0.9662 0.9623 09606 0.9587 09566 0.9544 0.9519
22 0.9790 0.9768 0.9732 0.9680 0.9646 0.96035 0.9587 0.9567 09546 0.9522 0.9496
23 0.9780 09758 0.9720 0.9665 0.9630 0.9587 0.9568 0.9548 0.9525 0.9500 0.9473
24 19770 0.9747 0.9708 0.9650 09612 0.9570 0.9550 0.9528 0.9505 0.9479 0.9450
2.5 0.9761 09737 0.9606 0.9636 0.9547 0.9552 0.5531 0.9508 05484 | 0.9457 0.9427
26 0.9751 0.9726 0.9681 0.9621 0.9581 0.9534 09512 0.9489 1.9463 0.9435 0.9404
27 0.9742 0.9716 0.9672 0.9607 0.9565 0.9516 0.9493 0.9469 0.9443 0.9414 0.9231
2.8 0.9732 0.9705 0.9659 0.9392 0.954% 0.9498 0.9475 0.9449 0.9422 0.9392 0.9358
29 09723 0.9695 0.9647 0.9578 0.9533 0.9480 0.9456 0.9430 0.9401 09370 (.9335
30 0.9713 0.9684 0.9635 0.9563 0.9517 0.9462 0.9437 0.9410 09381 0.9348 0.9312
3.1 0.9704 0.9674 0.9622 0.954% 09501 0.9444 09418 0.9390 0.9360 0.9327 0.9290
32 0.9694 0.9663 0.9611 0.9534 0.9435 0.9426 0.9400 0.9371 0.9339 0.9305 0.9267
33 0.9684 09653 09599 0.9519 0.9469 0.9408 0.9381 0.9331 0.9319 0.9283 0.9244
34 0.9675 0.9642 0.9587 0.9505 0.9452 0.9350 0.9362 0.9331 0.9298 0.9261 09221
15 0.5665 0.9632 0.9574 0.9490 0.9436 £.9372 09343 09312 09277 0.9240 0.9198
36 09656 " D962t 09562 0.9475 0.9420 0.9354 0.9324 0.9292 0.9257 09218 0.9175
37 0.9646 0.9611 0.9550 0.9451 0.9404 09336 0.9306 09272 0.9236 09196 0.9152
38 0.9637 0.9600 0.9538 0.9447 0.9288 0.9318 0.9287 0.9253 09215 09173 0.9129
3.9 0.9627 0.9590 0.9526 0.9432 09372 0.9301 0.9263 0.9233 0.9195 0.9153 0.9106
4.0 0.9617 0.957% 09514 0.9417 0.9356 0.9283 0.9249 0.9213 09174 0.9131 0.9083
. [ — "
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Table 3-D-5-—Continued

B'=dip
b, 061 0.62 0.63 0G4 .55 066 067 0.68 0.69 0.70
00 1000 1.000 10600 1.600 1 000 1.000 1.000 1 000 1.000 1,000
0.1 0.9976 0.9976 0.9975 06974 G.9973 09972 0.0971 19970 94969 0 9948
0.2 0.9953 0.9951 .9954) ).9948 0 9947 0.9945 0.9943 0.9941 09938 0.9935
0.3 0.9929 0.9927 0.9925 09923 09920 09917 09914 0.9911t 0.9907 0.5903
0.4 09906 0.9503 0.9900 0.5897 0.9393 0.9890 0.9986 0.9831 0.9876 09871
0.5 09882 0.9879 0.9875 09871 U, 9867 09862 (0.9857 Q9851 09845 0.9389
0.6 09859 0.9854 0.9850 0.9845 0.9840 0.5834 0.0828 0.9822 0.9814 1.9806
0.7 0.9835 0.9830 0.9825 0.9819 0.9813 1 9807 0.9800 09792 09784 09774
0.8 n9811 0.9806 0.9800 0.9794 09787 05779 0971 0.9762 0.9753 0,9742
09 09788 0.9782 0.9775 0.9768 0.9760 0.9752 0.9742 0.9733 0.9722 0.9710
1.0 0.9764 0.9757 0.9750 0.9742 0,9733 09724 0.9714 L9703 0.9691 0.5577
1.1 05741 0.9733 0.9725 0.9716 0.9707 0.9696 0.5585 09673 0.9660 0.9645
1.2 0.9717 2.9709 Q.9700 0.9690 0.9680 1.9669 0.9557 09643 0.9629 0.9613
1.3 0 9694 0.9685 0.9675 0.9664 0.9653 0.9641 0.9628 0.9614 0.9598 0.9381
14 09670 0.9660 09650 ©  0.9639 0.9627 0.9614 0.9599 0,9584 0.9557 0.0548
1.5 09646 0.9636 09625 0.9613 0.9600 0.9536 0.9571 0.9554 0.9536 09516
1.6 0.5623 0.96i2 09600 0.9587 0.9573 06558 0.9542 09525 0.9505 0.9444
1.7 0.9569 0.9587 0.9575 0.9561 0.9547 0.9531 0.9514 09495 09474 0.9452
18 0.5576 0.9563 {19350 0.9535 0.9520 . 09503 0.9485 0,9465 0.9443 0.9419
. 1.9 09552 ¢.9539 09525 0.9510 0.9493 0.9478 0.9455 09435 0.9412 0.0387
2.0 0.5529 06,9515 0.9500 ©.9484 0.9467 0.9448 0.9428 0.0406 0.9381 0.9355
21 0.9505 0.9450 0.9475 0.9458 0.9440 0.9420 0.9399 09376 09351 0.9323
22 0.5481 0.9466 0.9450 0.9432 0.9413 0.9193 0.9371 09346 0.9320 09290
23 (0 9458 N.9442 00425 0.%406 D 6387 0.9365 0.9342 09317 0.9289 0.9258
24 0.9434 0.9418 09400 0.9381 0.9360 0.9338 0.9313 0.9287 0.9258 0.9226
2.5 0.5411 0.9303 0.9375 0.9355 09333 - 0.9310 0.9285 09257 0.9227 Q9{94
2.6 0.5387 0.9369 09150 09329 0.9307 0.9282 0.9256 0.9227 09196 09161
2.7 0.5364 0,9345 0.9325 1.9303 0.9280 0.9255 0.9227 09198 0.9165 09129
2.8 0.9340 0.9321 0 9300 0.9277 09253 0.9227 0.919% 0.9168 0.9134 0,907
2.9 0.9316 0.9296 0.9275 0.9252 09227 0.9200 0.9170 00138 0.5103 0.9064
3.0 0.9293 0.9272 0.9250 0.9226 0.9200 09172 0.9142 09108 0.9072 09032
3.1 0.9269 0.9248 09225 0.9200 09173 0.9144 o913 0.9079 90,9041 0.9000
12 0.9246 0.9221 0.9200 0.2174 0.6147 09117 0.9084 0.904%9 0.9010 0.8968
33 0.9222 0.9199 09125 0.9148 09120 0.9089 0.9056 0.9019 _ (LB979 08935
34 09199 0.9175 09150 09122 05093 0.9062 0.9027 0 8990 C.8948 0.8503
35 09175 0.9151 0.9125 0.9097 0.5067 0.9034 0.899% 0.8560 0.3918 0.8817
36 0.9151 09126 0.91110 0.907t 0.9040 0 9006 08970 08930 0.8887 (,8839
.7 09128 09102 0.9075 0.9045 0.9013 0.3979 0.8941 0.8900 - 0.8856 0.8806
3.8 0.9104 0.9078 0.9050 0.9019 0.8987 0.8951 0.3913 0.8871 00.4825 0.8774
39 0.9081 0.9054 0.9025 0.8993 0.8960 0.8924 0.8884 0.3841 0.8794 08742
1.0 09057 09029 @ 9000 0.8968 0.8933 0.8856 0.8856 0.8811 0.8763 0.8710

Reynolds number factor (F,) = 1.0004
(from Equations 3-D-5, 3-D-8, 3-D-9, and 3-D-10;
or Table 3-D-1 and Equation 3-D-11; or Table 3-D-3
and Equations 3-D-5, 3-D-11, and 3-D-12)
Expansicn factor (¥;) = 0.9983
(from Equations 3-D-13 and 3-D-14 or Table 3-D-4)
Base pressure factor (£,) = 1.0000
Base temperature factor (F,) = 1.0000
Flowing temperature factor (F = 0.9636
Relative density factor (F,) = 1.2910
Suparcompressibility factor (£,} = 1.0299
Orifice fiow constant {C"} = 311.284
(from Equation 3-D-2)

*

gt
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Flow rate (Q.) = 49.9367 MSCFH
= 1.19848 MMSCFD
(from Equation 3-D-1)
3-D.4.9.2 Example 2
Given the following physical parameters and flowing conditions, calculate the flow rate
from a pipe tap oritice meter through one meter tube:
Tube diameter 10.020 in
Orifice diameter 4.5 in
Static pressure 350 psig (measured upstream)
Differential pressure 40 inches of water at 60°F
Base pressure  14.73 psia
Atmospheric pressure 14,7 psia (barometric)
Table 3-D-6—Expansion Factors for Pipe Taps (Y2): Static Pressure Taken From Downstream Taps
B =dip

bt Py 0.l 02 0.3 0.4 045 0350 Q.52 0.54 G 56 0.58 0.60

0.0 1.000 1.000 1000 1.000 1.000 1.000 1.000 1.000 1 (00 1.000 1000
i 1.0008 1.0008 1.0006 1.0003 1.0002 10000 0.9999 0.9998 0.9997 0.9996 0.9935
0.2 £.0017 1.00LS 1.0012 - 10007 1.0004 10000 0.9999 0.9997 0.9995 0.9993 0.9990
0.3 i.0025 1.0023 1.00t3 1.0010 1.0006 1.0000 0.9998 0.9995 0.9992 0.9989% 0.9986
04 1,0034 1.0030 1.0024 1.0014 1.0008 1.0001 0.9997 0.9994 0.9990 0.9986 0.9981
0.5 1.0042 1.0038 1 0030 1.0018 £.0010 1.0001 0.9997 0.9992 09988 0.9982 0.9975
0.6 1.0051 1.0045 10036 1.0021 1.0012 1.0001 0.9996 0.9991 0.9585 0.9979 0.9972
0.7 1.0059 1.0053 1.0041 1.0025 1.0014 1,0002 (4.999¢ 0.9990 0.9983 0.9975 0.9967
0.8 1.0068 1.0060 1.0047 1.0028 1.0016 1 0002 0.9995 0.9938 09980 09972 0.9962
0.9 1.0076 1.0068 1.0053 1.0032 1.0018 1.0002 0.9595 0.9937 09978 0.9969 049958
1.0 10083 10073 1.0059 1.0036 1.0021 1,0003 0.9994 0.9%86 0.9576 0.9965 0.9954
L1 1.0093 1.0083 1.0065 1.0039 1.0023 1.0003 0.9994 0.9984 09974 0.9962 09949
1.2 1.0102 1.0091 1.0071 1.0043 1.0025 1.0004 0.9994 0.9983 09972 0.9959 0.9945
1.3 1.0110 1.0098 1,0077 1.0047 1.0027 1.0004 0.9994 0.9982 0.9970 0.9956 0.9941
i.4 1.0119 1.0106 1 0083 1.0051 1.0030 1.0004 0.9993 0.9981 0.9968 0.9953 0.9936
1.5 1.0127 1.0113 1.0089 1.0054 1.0032 1.0005 0.9993 0.9980 0.9966 0.9950 0.9932
L6 1.0136 1.0121 1.0096 1.0058 1.0034 1.0006 0.9993 . 0.9979 0.9564 0.9947 0.5928
t.7 10144 1.0128 1.0102 1.0062 1.0036 1.0006 0.9992 0.9978 09962 0.9944 0.9924
1.8 1.0153 1.0136 1.0108 1.0066 1.0039 1.0007 0.9992 0.9977 09960 0.9941 0.9920
1.9 1.0161 1.0144 1 g114 1.0070 1.0041 1.0008 0.9992 0.9976 0.9958 0.9928 0.9916
2.0 1.0170 1.0151 1.0120 1.0073 1.0044 1.0008 0.9992 09975 09956 0.9935 0.9912
21 1.0178 1.0159 1.0126 1.0077 1.0046 1.0009 0.9992 09974 0.4954 0.9932 0.9908
2.2 1.0187 1.0167 10132 1.0081 1.0048 1.0010 0.9992 0.9973 09952 0.9929 0.9904
23 1.0195 1.0174 1.0138 1.0085 L0051 1.00i0 0.9992 0.5972 0.9950 0.9927 0.9900
24 1.0204 1.0182 10144 1.0089 1.0053 1,00t1 0.9992 08971 0.9949 0.9924 0.9896
2.5 [.0212 £.0189 10150 1.0093 1.0056 1.0012 0.9992 0.9971 09947 0,9921 0.9893
2.6 1.0221 1.0197 1.0156 10097 1.0058 1.0013 0.9992 0.9970 0.9943 0.9919 0.9889
2.7 1.0229 1.0205 1.0162 10101 1.0061 1.0014 0.9992 0.9969 0.9%44 0.9916 0.9885
1. 1.0238 1.0212 1.0169 1.0104 1.0063 1.0014 0.9992 0.9968 0.9942 0.9914 (9882
29 1.0246 1.0220 1.0175 1.0108 1.0066 1.0015 0.9992 0.9968 0.9941 0.9911 0.9878
30 1.0255 1.0228 1.0181 1.0112 1.0068 1.0016 0.9993 0.9967 0.9939 0.9908 0.9874
11 1.0264 1.0235 1.0187 LO1l6 1.0071 1.0017 0.9993 0.9966 0.9938 0.9906 0.9871
32 1.0272 1.0243 1.0193 1.0120 1.0074 1.0018 0.9993 0.9966 0.9936 0.9904 0.9867
33 1.0280 1.0250 1.0199 1.0124 1.0076 1.0019 0.9993 0.9965 0.9935 0.9901 0.9864
34 1.0289 1.0258 1.0206 1.0128 1.0079 1.0020 0.9994 0.9965 0.9933 0,9899 0.9860
35 1.0298 1.0266 1.0212 10133 1.0082 1.0021 0.9994 0.9964 09932 0.9896 0.9857
3.6 1.0306 1.0273 1.0218 1.0137 1.0034 1.6022 0.9994 0.9964 0.993t 0.9894 0.9854
3.7 1.0314 1.0281 1.0224 1.0141 1.0087 1.0024 0.9994 0.9963 09929 0.9892 0.9850
13 1.0323 1.0289 1.0230 1.0145 L0090 1.0025 0.9995 0.9963 0.9928 0.9890 0.9847
39 1.0332 1.0296 1.0237 1.0149 1.0093 1.0026 0.9995 0.9963 0.9927 0.9888 0.9844
4.0 1.0340 1.0304 1.0243 1.0153 1.0095 1.0027 0.9996 0.9962 0.9926 0.0885 0.9840
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Table 3-D-6—Continued

B =diD
hiB, 0.61 0.62 063 064 0.65 0.66 0.67 0.68 069 0.70
0.0 1.000 1.000 © 100D 1C00 1.000 1.000 1000 1 000 1.0co 1.000

0.1 0.99%4 09994 0.5993 0.9992 09991 £ 0.9990 0.9989 0.9988 0.9987 0.9956
0.2 0.998% 0.9988 0.5986 . 09985 09983 0.5981 0.9979 09977 09974 0.9972
03 0.9984 (9982 0.9979 09977 09574 09572 0.9969 09963 09962 0.9658
0.4 0.9978 0.9976 0.9972 0.996% 0.9966 0.9962 0.9958 (.9954 09949 0.9944
0.5 0.9973 0.5970 0.9966 0.9962 0.9958 0.9953 0.5048 09942 09936 0.9930
0.6 0.9968 0.9964 0.5959 0.9954 0.9949 0.9944 0.9938 09931 0.9524 0.9916
0.7 0.9962 0.9958 0.9953 0.9947 0.9941 0.9935 0.9928 0.9920 0.9912 0.9902
0.8 0.9957 0.9952 09945 . 09940 0.9933 0.9926 0.9918 0.9909 0.9899 0.9889
0.9 0.9952 0.9946 0.9940 0.9932 0.9925 0.9917 0.9508 0.9898 0.9887 0.9875
10 0.9947 0.9940 0.9933 09925 09917 - 0.9908 0.9898 0 9887 09875 0.9862
1.1 0.9942 0.9935 0.9527 0.9918 0.9909 0.9859 0.9388 0.9876 0.9863 0.9848
1.2 0.9937 09929 09920 09911 0.9501 0 9890 0.9878 0 9865 0.9851 0.9835
1.3 0.9932 0.9924 n.99t4 0.9904 0.9893 0.9881 0.9868 0.9854 0.9839 0.9822
1.4 0.9928 09918 0.9908 0.9897 0.9885 0.9872 0.9859 0.9844 0.9827 0.9809
1.5 0.9923 0.9912 0.9902 0.9890 0.9877 0.9864 0.9849 0.9833 09815 0.9796
i.6 0.9918 0.9907 0.9896 09883 0.9870 0.9855 05840 0.9822 0.9804 0.9783
L7 0.9913 0.9902 0.VBEY 0.9876 0.9462 0.9847 0.9830 0.9812 0.5792 0.9770
L8 0.9908 0.9896 0.9383 0.9870 0.9854 0.9838 0.9821 0.9801 0.9780 0.9757
19 0.9904 09891 09877 0.9863 0.9847 0.9830 0.9811 0.5791 0.9769 0.9744
20 0.9859 0.9886 0.9872 0.9856 0.9840 0.9822 0.9802 0.9781 09757 09732
2. 0.5895 0.9881 0.9866 0.9849 0.5832 0.9813 0.9793 0.9770 0.5746 0.9719
22 0.9850 0.9876 0.9860 09843 0.9825 09805 0.9784 0.9760 09734 09706
-2.3 0.9886 0.9870 0.9854 0.9836 0.9817 0.9797 0.9774 0.9750 0.9723 0.9694
24 0.9881 0.9865 0.9948 0.9830 0.9810 0.9789 0.9765 0.0740 09712 0.9681
25 0.9877 0.9860 0.9842 0.9823 0.9803 0.9780 0.9756 0.9730 09701 0.9669
2.6 0.9873 (1.9855 19837 0.9817 09796 0.9772 0.9747 09720 0.9650 0.9657
27 0.9868 0.9850 0,083 0.9811 0.9788 0.9764 0.9738 0.9710 05679 0.5644
2.8 0.9864 0.98486 0.9826 0.5804 0.9781 0.5757 0.5730 0.9700 09668 0.9632
29 09860 0.9841 0.9820 0.97198 0.9774 09749 0.9721 0.9650 09657 0.9620
30 0.9856 0.9836 0.9815 0.9792 09767 0.9741 0.9712 19681 09646 19608
31 0.9852 0.9831 0.9809 0.9786 09760 0.9733 0.9703 09671 0.9635 09596
32 0.9848 0.9826 0.9804 0.9780 09754 0.9725 0.9695 0.9661 09625 0.9584
3.3 (.9343 0.9822 0.9798 0.974 0.9747 0.9718 0.9686 0.9652 05614 09572
34 0.9839 0.9817 0.9791 0.9768 0.9740 0.9710 0.9678 0.9642 0.9603 0.9561
35 0.9835 0.9812 0.9788 0.9762 0.9733 09702 0.9669 0.9633 0.9593 0.9549
36 0.9832 0.9808 0.9783 0.9756 09727 0.9695 0.9661 0.9623 0.9582 " 09537
37 0.9828 0.9803 0.9778 0.9750 0.9720 0.9688 0.9652 0.9614 0.9572 0.9526
38 09824 0.9799 0.9772 0.9744 09713 0.9680 0.9644 0.9605 09562 09514
39 0.9820 0.9794 09767 0.9738 0.9707 09673 0.9636 0.9596 D 9551 0.9503
4.0 0.9816 0.9790 0.9762 0.9732 09700 0.9665 0.9628 0.9586 0.9541 0.9491

Flowing temperature  60°F

Base temperature  50°F

Relative density (specific gravity) 0.620

Carbon dioxide 2 mole percent
Nitrogen 3 mole percent

Differential pressure device

The solution is calculated as follows:

Diameter ratio (8)

Exlension

Basic orifice factor (F,)

Reynolds number factor (F,)

. Expansion factor ()
Base pressure factor ()

Bellows (recorder, dry)

0.449102
120.781
477630
1.0002
0.5982
1.0000

]

n

1}
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Base temperature ractor (Fy) = 1.0000
Flowing temperature factor (F) = 1.0000
Relative density factor (F,) = 1.2700
Supercompressibility factor (F,) = 1.0273
Onfice flow constant (C*) = 6221.53
Flow rate (Q,} = 751.441 MSCFH
= 18.0346 MMSCFD
3-D.4.10 ADJUSTMENTS FOR INSTRUMENTATION
CALIBRATION AND USE
Other multiplying factors may be applied to the orifice low constant, C' as a function of
the type of instrumentation applied, the method of calibration, the meter environment, or
any combination of these, These factors are discussed in the body of the standard and in
other appendixes to the standard. These factors are calculated and applied independently of
tap type. With these tactors, the orifice flow rate is calculated using the following equation:
Q-' = CJF;rg Fa‘ Pt;m F:d 'F-:r ]:nl Fl‘:;m Flm hu ij (3'D' 17)
Where:
F,, = mercury manometer factor (formerly F,).
F, = vrifice thennal expansion factor.
., = correction for air over water in a water manometer during differential instrument
calibration.
F., = local gravitational cormrection for water column calibration.
F,, = water density correction (temperature or composition) for water column calibra-
tiom.
F.., = local gravitational correction for deadweight tester static pressure calibration.
Fly= = correction for gas column in a mercury manometer.
Fyu = mercury manometer span conection for instrument temperature change after cal-
ibration.
- ¥
i

B A
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APPENDIX 3-E—SI CONVERSIONS

This appendix contains tables of SI conversions that are pertinent to the information in
this part of Chapter 14, Section 3. For additional information on SI units, refer to Chapter
15.

™M
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Table 3-E-1—Volume Reference Conditions for Custody Transfer Operations:
Natural Gas Volume .

Common Reference

Conditions (ft*) . To Convert From
Pressure Temperature fid tom3, m? to fi3,
(psia) °F} Multiply by Multiply by
14.4 60 0.02769321 36.10994
14.63 60 0.02817399 35.49373
14.696 60 0.02826245 35.38263
14.7 60 0.02827015 35.37300
1473 &0 0.02832734 35.30096
14,7147 60 002833688 15.28970
14.735 60 0.02833746 3528898
14.9 60 0.62865478 34.89819
15,025 &0 0.02889517 34.60786

Nate: The following standard condliiens were used for Inch-pound units—a temperature of 60°F and a pressure
of 14.73 pounds per square iach absolute, The following standard conditions were used for SI units—a
temperature of 15°C and an absolute pressuie of 101.325 kPa. The following values were assumned: 1 ft = 0.3048
m; 1 psi = 6.894757 kPa. The following methedology was used to obtain the conversion factors:
¥
('&TJ(L: —}}*—] = factor
m T, AL

1y

Tabie 3-E-2— Energy Referance Conditions

To Convent Bruto J,
Unit Used in Definition Multiply by

Brug Intemational 1 Bru/lbm = 2326 J/kg 1055.056
steam tables

Table 3-E-3—Heating Value Refarence Conditions

Reference Conditions (R?)

Pressure Temperature To Convert From Brug/ft! to
(psia) {°F) MI/m!, Multiply by
14.4 60 0.03809801
14.65 60 0.03744787
14.606 60 0.03733066
14.7 60 0.03732050
[4.73 60 0.03724449
14,7347 60 0.03723261
14738 &0 0.03723185
149 60 0.03681055
15025 60 0.03651323
Note: The following standard conditions were used for inch-pound units—-a temperamre of 60°F and a pressure S

of 14.73 pounds per square inch absolute, The following standard conditions were used for SI units-—a
temperature of 15°C and an absolute pressure of 101,325 kPa The following valyes were assumed: ! ft = 0.3048
m; 1 psi = 6.894757 kPa: 1 Btuge = 1055.056 J. The following methodology was used to obtain the conversion

factors:
A ;]
(& &) = £ | =
BuAl x 10° JAm Iy AP -
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APPENDIX F—HEATING VALUE CALCULATION
3-F.1 General

Heating value i & gus property evaluated on a per-unit muss basis (H,,). This propeny is
technically termed an *ideal propenty™ (H,,"}. From a practical standpoiat, in mass meuasure-
wment there is no ditference between the “ideal” and the “real.” The value is converted to o
heating value per cubic foot (HV) using the following relationships. The more common

convention b been applied in this appendix.

nl

uy = H, b = Hp,

3

(3-F-1)

The value of HV is used a5 a factor in caleulating the energy flow rate, or the totul energy
passing through the flow meter. 1V is also used for product specitications.
It is also convenient to define the following:

H.l.l
HY = - (3-1-2)
n
3-F.2 Heating Value Symbols
Symibol  Dosciiption ' Unurs
#,,  lHeating value per pound mass Btu/thm
11,/' Ideal heating value per pound muss Btu/ibm
H"  Tdeal heating value per cubic foort Bru/tt'
HV  Gross heating value Buyft®
My, Molar mass of component Ibm/ih-mol
P, Basc pressure Ibt/in® (abs)
£}, Flowing pressurc (upstream tap) Ibtfin? (ubs)
P Vapor pressure of water IbFfin® ¢abs)
R Absolute temperatare —
T, Base temperature ‘R
7 Gas compressibility at base conditions (P T.)  —
P Density ut base conditions (£, T,,) 1o/’
pud Ideal density at base conditions lom/tt*
¢ Mole traction % /100)
¢, Mole fruction water %6/ 100
3-F.3 Heating Value
The gross heating value is an ideal gas property based on the ideal reuction:
Fuel + O — CO{ + H,0, + SO (3-F-3)

Where:
Superseript id = ideal gas.
Subscript = liquid.

(Euch fucl reyuires different stoichiometric coefficients.) This gross ideal heating value in-
cludes the eacrgy obtained from the condensation of the water vapor (formed by the ideal
reaction expressed in the equittion) to the liquid phase.

It should he noted that the gross heating value is expressed per unit (pound mass or cubic
foot) of dry gas. Although water is a product of combustion, it is not indicated on the left-
hand side of Equation 3-F-3 incither the fuel or the oxygen: water is a result. not a part. of
the wcaction.

Heating value may be determined directly by a calorimeter, either ont line or from u sam-
ple eytinder. Heating value may also be caleulated from gas analysis.

95
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3-F.4 Physical Properties

Table 3-F-1 lists physicat properties of many of the compounds present in natural gas in
various hydrocarbon mixres. The data in Tabte 3-F-1 have been adjusted to base or stan-
dard conditions, as defined in 3.2.3.4.

Table 3-F-1 piovides 1he best currently available data on physical properties and is taken
trom GPA 2145-91. These data are subject to modification yearly as additional research is
accomplished. Future revisions to GPA 2145 may include updated values. The values of the
most recent edition of GPA 2145 should be used. The uset of the GPA tables 15 cautioned
that the information presented in them is calculated from different base conditions and that
conversion is required when the information is used with Pait 3 (see 3.5.2).

3-F.5 Heating Value Determined on a Volume Basis

A calculation of a mixture's gross idcal heating value, using A, values trom Table 3-F-
1 and using mole fractions of the gas composition, involves determining the heating value
per unit volurme of real gas, HV can be determined by using Equation 3-F-2 and the follow-
ing relationship:

Table 3-F-1—Physical Properties of Gases at Exactly 14.73 Pounds Force per Square inch Absolute and 60°F
{(See Note 1)

Thermal Encigy

Ideal
e, T. Density Viscosity H,* HM
M {psia) ("R) G, (bm/ft™) (Lpy (Btu/lbm) (Btu/ft))
Compound Formula (Note 2} (Note 3) {Note 3) (Note 4) (Note 5) (Note 6) (Note 7) (Note 7)
Hydrogen H, 20159 187.5 59.36 0.06960 0.00532 .00871 61,025 3249
Helium He 4.0026 329 0.34 0.13820 0.01057 0.01927 0 Q
Witer H;0 180133 32001 [,164.85 062202 0.04758 1,05%.8 50.4
Carbon monoxide co 28.010 507.5 219.26 096711 0.07358 0.01725 4,342 .4 3213
Nitrogen N, 28.0134 493.1 227.16 0.96723 0.07399 0.01735 0 0
Oxygen 0, 31.9988 731.4 278.24 1.10484 0.08452 0.02006 1] 0
Hydogen sulfide H,S 34,08 1306 672,12 1.17669 0.09001 0.01240 7.094.2 618.6
Argon Ar 39.948 7104 271,55 1.37930 0.10551 0.02261 0 0
Curbon dioxide CQ, 44 010 1,071.0 547.42 151955 01624 00039 0 0
Al (Norte 8) 28.9625 546.9 238.36 1.00000 0.07650 o0 ) 0 4]
Methane CH, 16.043 667.0 343.00 0.55392 004237 0. 23,891 10123
Ethane C,H, 310070 7078 545.76 103824 0.07942 Gr. 22,333 17737
Propane CyH, 44,097 G15.0 645.64 1.52256 0.11647 o1 21,653 25219
iso-Butanc CHyp 58,123 5219 724.13 2.00684 0.15351 0.007 32 21,232 32504
n-Buene C.Hyy 58.123 5488 T65.25 2.00684 0.15351 0.00724 2E,300 3,269.8
150-Pentane CH,; Te.150 490.4 828,70 249115 0.19057 21,043 40102
n-Pzntane CH,; 71,150 488.1 845.44 249115 0.19057 21,085 4018.2
#-Hexane C.Hy, 86.177 439.5 911.47 297347 0.22752 20,943 4,766.9
n-Heptane C,Hy, 100.204 974 970.57 3.45978 0.26466 20,839 55152
n-Octane CgH,,y 114,231 361.1 £017.67 31.94410 0,30172 20,759 65,2634
#-Nonane CoHap 128,258 330.7 1,070.57 4.42842 0.33876 20,71 TM27
n-Decane CinHypy 142.285 304.6 1,111.87 491273 °  0.37581 20,651 7.760.8

Notes:

1. The source for the dara n this table is Gas Processors Aysocistion 2145-9 1. The accuracy of the experimentai numbers 15 estimated to be 1 in 1000; the
additional figures are for calculation consistency.

. The following molecular weights were used: C = 120150 H = 1.0079%4;, 0 = 159994 N = 14.0067, and § = 32.0G (1979). -

. The datn in these columns come from the ‘Thermodynamics Research Center, Texas A&M Unaversity, IUPAC and Natwonal Bureau of Standards selections.
. The ideal telative density is the ratio of the molecular weight of the gas to that of air (Mr/Mr,).

. Ideal density = 0.0026413Mr at 60°F and 14,73 pounds force per square inch absolute.

. The data in this column are from N. B. Vargufiik, Tables on Thermodynamic Properries of Liguids and Gases (Ind ed.), New York, Wiley, [975.

. See Equation 3-F-3. Depending on the fuel, the reaction has various stoichiometric coefficients The H,¥ column comes from data, whereas the 4, comes
from multiplying H,, by the ideal gas density. The ideal energy released as heat 1s M, multiplied by the real gas flow 1ate (in cubic feet per hour) divided by
Z. Water has gross values for 4, and #, (the 1deal enthalpy of condensation).

8. The data tn this row are from F. E. Jones, Nanonal Bureau of Standards Journal of Research, 1978, Volume 83, p. 491,

Y )
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0 = 0D, + 0y(HD), + .o+ 9 (H, (-F-4)
Or
lq.nt = ZQ([‘!;'L l’;-F-S)
1=t
When
ol
IV = K (3-F-2)
Z,
Where:

¢ = mole friuction (percent/1{{)).

3-F.6 Heating Value Determined on a Mass Basis

The question of compressibility factor disappeuts when the ideal heating value per pound
mass is used with the mass tlow rate. The following equation is applicable for using /1, and
Mr values from Table 3-F-1 to calculute the heating value:

OME(H), + 0,Mu(HY), + ...+ O Mr.(H™).

o= (3-F-6)
’ SMi + .Mn + o+ ¢ M,
Or
Y aMrHD,
Hi = S—— (3-F-7) .
> o.M, .-
1=l

“The result trom Lguation 3-F-7 can be converted to the gross heating value per cubic toot
of real gas at base conditions by using Equation 3-F-1:

Hv = mr2= = Hlp,
z,

3-F.7 Heating Value of a Natural Gas Mixture
Containing Water

To detine heating value on a dry basis for gas containing water, the relationships in Equa-
tions 3-F-1 wet 3-F-2 are valid if the mole fractions of the components are corrected for wa-
ter content by using Eyuation 3-F-8 and the compressibility (Z) reflects the water comtent:

o, = ¢oll-19) (3-F-8)
Wihere thie zas is water suturated under flowing conditions, Raoult’s law may be used to
cstimare the mole fraction of water:

P
= = (3-F-9
P P }

Where:
P, = ubsolute vipor pressure of water at Rowing conditions ot Tj.

Therefore,

5

0, , = ¢,(1 - %‘—J (3-F-10)

A -

vy, ‘=i
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APPENDIX G-——DEVELOPMENT OF CONSTANTS FOR FLOW EQUATIONS
3-G.1 General

The practical orifice Aow equation wsed in Part 3 is given in Part | of this stondard as
Fauation [-2;
0. = NCEYd \p, AP (1-2)
Where:
C D) = coetticient of discharge at o specitic pipe Reynolds number tor a fiange-
rapped oritice meter.
o = vrifice plute bore diameter calculated at Howing temperature,
Al = orilice differential pressure.
E = velocity of approach factor.
¢, = nuss flow rate.
2. = density of fluid at tlowing conditions (8. £; ).

And .
Ny = factor that incorporates the "constants™ fromn Equation -1 and the required
numeric conversions. including the following: r
4159 . .
-IT = coustant in FEquation 1-1.
F2(32.1740) = constant in Fquation 1-1,
{62.3603 S . . .
\6—_;—’— = converts differential pressute (AP) from pounds foree per square toat to
12 inches of water at 60°F.
IEs = converts the diameter of the oritice bore {d} from teet w inches.
Thevefore.
) 214159 ) =—=—— {62.3663( 1
N, = (—-—-—)\'2(32.]740] ""-_("'-';'
4 Yoz b2

. 0.0997424
(This is showi us the tactor for U.S, units in Part I, Table 1-2.)

Note: SOme munkeie coustuts do not ave gbsolute valuss ttor eaamiple, Tamdg k- To cvpress s sigaibant digis
seenately, e valugs sware computed usisng double precision (16 sigmticant dagitsd, The resulis were then rounded
el vadnes showon, T this appendix. for ease of indaetuwding, the computinions are sown to only < sizniticant
digits,

Maiss flow cun be moditied to provide volume units by dividing the mass by the denaity
at base conditions:

4 =L
P.
Where:
i = tss flow rate, in pounds mass per second.
¢, = volume flow e at base conditions, in cubie feet per seeond. .
. = density at base conditions, in pounds mass per cubic foot. '

3-G.2 Symbols and Units
3-G.2.1 GENERAL

Sotne of the symbols and vnits listed below are specitic to Appendix 3-B and were de-
veluped based on the customary inch-pound system of units. Regular conversion factors can

99 ‘
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CHAPTER 14—NaTuRAL GAS FLUIDS MEASUREMENT

be used where applicable: howevey, if SI units are used, the more generic equations in Part
1 should be used for consistent results.

3-G.22 SYMBOLS AND UNITS

Symbol
CAFT)

Oip
"Pipy

Description

Coefficient of discharge at a specified pipe
Reynolds number for Aanged-tapped erifice
meter

Orifice plate hore diameter calculated at
Howing temperature, T;

Meter tube (nternal diameter calculated at
flowing temperature, T

Velocity of approach factor

Temperature, in degrees Fahrenheit
Temperature, in degrees Rankine

Numeric conversion factor (see Appendix
3-B)

Guavitational constant

Ideal gas relative density (specific gravity)
Real gas relative density {specific gravity)
Orifice differential pressure

Numeric conversion fuctor (see Part 1)
Pressure

Basc pressure

Flowing pressure {upstream tap)

Standard pressure

Mass flow rate per hour

Volume fiow rate per hour at standard
(base) conditions

Universal gas constant

Temperature

Base temperature

Flowing temperature

Standard temperature

Expansion factor (upstream tap)
Compressibility at base conditions
Compressibility of air at 14.73 psia and 60°F
Compressibility at upstream flowing
conditions

Compressibility at standard conditions (5, T;)
Ratio of orifice plate bore diameter to meter
tube internal diameter (d/D) calculated at
flowing temperature, 7

Universal constant

Gas density at buse conditions {P,, T, and Z,)
Density of air at base conditions (P, T,,

and Z,)

Density at flowing conditions (£, T, and Z))
Density at lowing conditions (F,, 7, and Z,)

Units/valuc

459.67 + °F

32,1740 (Ibm-f1)/(Ibf-sec’)

inches of water column at 60°F
Ibt/in? (abs)

ibf{in? (abs)

1bffin? (abs)

14.73 1bf/in? (abs)

Ibm/hr

ft’/hr
1545.35 (1bf-ft)/(1b-mol-°R}
CR -

°R
°R
519.67°R

0.999590

3.14159
1bmy/fe?

byt
Ibm/f1?
Ibm/fed

3—-G.3 General Numeric Constant for Mass Flow

Equation 3-1 expresses flow in pounds mass per hour (Q,,) rather than pounds mass per
second (g,) and requires an additional factor, 3600, to convert from seconds to hours.

ES _43?".
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SECTION 3—CONGENTRIC, SQUARE-EDGED ORIFICE METERS, PART 3——NATURAL GAS APPLICATIONS 101

Therefore, in Equation 3-1,

N, = 0.0997424{3600)
= 359.072
And
Q, = I9.012C(FTIEYd' \[p, b, 3-1
Equation 3-4a is Equation 3-1 divided by p,, as described above. The numetic constant
is the same.

359.072C,(FT)E Y,d*\[p,, A,
= d - 19 N Pu (3-4a)
]

]

3-G.4 Numeric Constant for Mass Flow Developed From
Ideal Gas Relative Density

Equation 3-2 substirutes Equation 3-55 for g, ,, in Equation 3-1.
( 22 G,(28.9625)(144)h,
y ZRT,

0, = 359.072C,(FT)EYa

Where:
28.9625 = molecular weight of dry air.
1545.35 = universal gas constant (R).
144 = factor to convert pressure from pounds force per square foot to pounds

force per square inch.
In Equation 3-2, therefore,

, .
N, = 359.072 28.9625( L4 )
1545.35
= 589.885
And
[G.ER
0, = 589.885C(FT)EYd* 21— (3-2)

V &7
3-G.5 Numeric Constant for Mass Flow Developed From
Real Gas Relative Density
Equation 3-3 substitutes G, for G, in Equation 3-2 through the use of Equation 3-48:
Z,GEh
Q. = 589.885C,(FT)EYd? |——t—=.
Zb..zﬁ T;'
And for standard conditions,

2, = Z_ = 0.999590 at 14.73 psia and 519.67°R (60°F)

In Equation 3-3, therefore,
589.885

N =
! J0.999550

590.006

’ZGPh
0, = 590.006C,(FT)EYd® | ——L— (3-3) .
ZT%

i ——r
g ——
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CHAPTER 14— NATURAL GAS FLUIDS MEASUREMENT

3—~G.6 Numeric Constant for Base Volume Developed From

Ideal Gas Reiative Denslty

The constant 359,072 in Equation 3-4a was developed 1n 3-G.3, Equation 3-5a substi-

tutes Equation 3-55 for p, ,, and Equation 3-56 for p, in Equation 3-4a,

359.0T2CAFTYE N d* \jp, , b,
2y

, =

[P G (28.9625)(14), |

Q, = 359.0726;(FT)E,}’,d21J

Where:

154535 = universal gas constant (R).
28.9625 = molecular weight of dry air.

ZRT, \ 2 G,(28.9625)(144)

(3-4a)

144 factor to convert flowing pressure () from pounds force per squate foot
to pounds force per square inch.
144 = factor to convert base pressure (P,) from pounds force per square fool to

pounds force per square inch.

In Equation 3-5a, theretore,

!
359.072\} 1545.35( 144 )

v - 28.9625
‘ 144
= 218.573
And
Eh
0. = 28BNy b2 | M
R YGZT
For the following standard conditions: )
B =F
= 14.73 Ibffin’ (abs)
T, =T,
= 519.67°R (60°F)
Zb Zx

compressibility of the gas at B and T,
In Equation 3-5b,

2
it

218.573(519'67)
14.73

711119

Therefore,

Q. = TNLISC(FT)E Y,d*Z _ih
v . o wiy JV G'ZII?;-

(3-53)

(3-5h)

3-G.7 Numeric Constant for Base Volume Developed From

Real Gas Relative Density

Equation 3-6a substitutes G, for G, in Equation 3-5a through the use of Equation 3-48.

The inclusion of p, moves this correction to the numerator:

Copyright by the AMERICAN PETROLEUM INSTITUTE {ARI)
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7,2, Bh
0, = 218.5T3C,(FT)E Y d* [2.2, B,

In Equation 3-0a, therefore,

For the following standard conditions:

BY GZT

N, = 218573

F, =F
= 14.73 ibt/in? (abs)

T, =1,
= 519.67°R (60°F)

Zh.m = zrm

= 0.999590

In Equation 3-6b,

=
|

= 218.573(5 19.67 )VO.999590

14,73

7709.61

’ PZh
Q, = 7709.61C(FT)E Y,d* c:_zir‘ {3-6b)
Lo (4

3-G.8 Numeric Constant for Standard Volume Developed
From Real Gas Relative Density

In Appendix 3-B, £, as expressed in Equation 3-B-5, includes additional numeric ratios,
as stated in Equation 3-B-1, including the following:

519.67
1
14.73
I

519.67

+/0.999590

It

base temperature at 60°F, expressed in degrees Rankine.

base pressure of 14.73 pounds force per square inch absolute.

flowing temperature at 60°F, expressed in degrees Rankine.

compressibility of air at the base pressure of 14,73 pounds force per
square inch absolute and the base temperature of 519.57°R.

In Equation 3-B-5, therefore,

Or

519.67 1
N, = 218.573
‘ ( 14.73 ) 519.67
= 338.196
E = 338196E,d’ (3-B-5a)
E = 338.196E,D'f* (3-B-5b)

L
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Company Mainframe -
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". Dispatch Center

DEC VAX Mputer
Enterprise Server
—

DECNET ar
SNA Link

LEWELL

i Enterprise Workstations . =,
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keyboards

‘-\ /-
Media Access Unit !
(MAU} " Ethernet -~
Local Area Network

VAX-Based _
Enterprise System
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Telecontrol
System
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Remuote Enterprise
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Network
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The DPC 3330
Designed for those low 1O count
applications for which the budget is
limited but capability cannot be
compromised. The DPC 3330 s
the choice when that PLC, RTU,
batch controller or flow computer
you've budgeted won't do the job.
- Upto 96 DI/DO or 48 AIAC or a
combination
- Low power consumption
- Wide aperating range: -40°C to
+70°C

The DPC 3335

An extremely space-efficient,
5 1/4" high rack-mounting version of
the DPC 3330. Use it alone for a
unit process or multi-drop up to ten
RIO 3331 racks tor large DCS
instalfations.

- Upto 80 DVDO or 40 AUAO ora

combination
- With RO 3331 racks: Up to 880

DIDO or 440 Al/AQ or a comb|~ i

nation
Hoi replacement of IIO cards

The GW-3000

{Gateway 3000)

' Bristol Babcock's 80386-based
communications controller which
interfaces our DPC "33XX"‘controi-
lers to our Ethernet LAN. The
GW-3000 also has redundancy
capability (optional).

Audltlonal ggtwork 3000 Products

The RSP 3332
Redundancy Switch

Panel
Used with dual DPC 3330 or DPC
3335 units when hat standby
redundancy is reqﬁired. The main
processof, communication and
power supply units are redundant;
110 is provided by RIO 3331 racks.
- Triple redundant switchover logic
- Two-to-one voting scheme
- Manual switchover from front
panet

The RIO 3331
An intelligent IYO rack used to
expand the /O for the DPC 3330 as
well as the DPC 3335. Like the
DPC 3335, the RIO 3331 is
-Lontained in a low-profile, 5 1/4"
'«rack N T teepit 2wl T Dyl
- Upto 80 DHDO or 40 AIH\O of a
combinalion
- Upto 10 RIO 3331 racks per
DPC 3330 or BPC 3335 [main umt
2" 1M baud communication with”
main unit ) )
© --Hot replacement of VO cards

-

AccuRate Flow

Computer
Applies full "33XX" capability to
gas measurement and contiol. It
satisfies advanced applications
- such as custody transfer.
- Class |, Division ! rated
- - Integrated package with solar
panel and battery
- AGA 3, 5,7. 8, NX-19 calculations
- Flow/pressure control
- Network cammunicalion
Audit trgil and historical database
- Canfiguration via laptop computer

A S B SRR e 2
R

The RTU 3301 family
of small, low 1/0 point
RTUs

Provides economical gathering ot
remote data such as tank levels
and status inputs. .Maodels include:
- Analog input - 1Al 1 D), 2 DO
- Discrete - 15 BIO
- Analog output - 1 AQ, 3 DI
- Frequency input - 1 FI. 1 DI
- Thermocouple - 1 T1, 201, 3 DO
- ATD - 1 RTD, 1 DI

Network 3000
Hardware

Intelligent distributed
controllers for a real
world environment.

Qur "33XX" series controllers are
designed to be your hardest workers
Equally appropriate on a pipeline. waler
tank or plant floor, they offer maximum

B price/performance and are effective in

configurations of a few to lew thousand
1O poinls.
Every “33XX" controller provides a

| wide variety of process 1/0 - analog

inputs/outputs, discrete inputs/outputs,
high-speed puise inputs and low level

B (mitlivolt, RTD, thermocoupte) inputs —

allowing them to wire into any iNstrumen

-tation sysiem

To satisfy every application, we ofter
modular wall-mounting and rack-
mounting components, tecal and Jle
I/O terminations, stand-up or NEMA 4
cabinets and single or redundant
hardware.

Every "33XX" controller features the
!ollowmg

16-bit 80C 186 microprocessor

Optional math coprocessor

Up 10 512K EPROM and 128K RAM

{ - Optional RAM expansion

Up to 4 serial RS 423/485 ports

standard, rates to tM baud

- Private and swilched lelephone line.
radio, coaxial cable or fiber oplic
communications

- Modular process /O

- Class !, Diwision 2. Groups A-D
certified

- C37 90 surge protection
ACCOL 1l modular, high-level languac

- Optional LCD with keypad (DPC 333¢

DPC 3335)

R © 1991, Brstol Babcock Inc
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DPC 3330 with M & R Software

Why use a flow computer when you
can take control of your M&R station?
The DPC 3330 allows you to custom
program your measurement angd con-
trol system to meet the specific
requirements of any M&R station.
Don't want to program? Then use one
of our standard M&R software pack-
ages that offer a comprehensive
assortment of functions.

Unlike most flow computers, the
DPC 3330 is not an RTU adapted to
gas measurement. [nstead, it is an
intetligent distributed process control-
ler which has been applied to a wide
range of tasks, including pipeline
compressor automation as well as
measurement.

The Package
The DPC 3330 employs a modular,
low power-consuming design that
makes extensive use of CMOS elec-
tronics Full sixteen-bit architecture
provides the performance necessary
for today's intensive applications
The process /O subsystem is com-
pletely modular, allowing the user to
tailor the (/O to specific tocations Two
package sizes —one accommodating
six /0 modules, the other, twelve —
are available. The modules can be
used in any combination. All include
surge protection meeting the |IEEE-
472 test. The following are available:
+ Four analog inputs (4-20 mA/
1-5V or 0-10V)
» Two analog outputs (4-20 mA/
1-5V or G-10V)
+ Eight discrete inputs
+ Eight discrete oulputs (open
collector)
= Four discrete outputs (refay)
+ Four counter/frequency inpuls
{0-10 KHz)
» Four low level inputs (RTD,
Thermocouple)

The DPC 3330 operates over —40°C
to +70°C temparature range. It is FM-
certified for Class |, Division 2 loca-
tions and 1s available in an optional
NEMA IV enclosure. This low-cost
platform is designed for ease in instal-
lation and maximum serviceability.

Communication
The communication capabilities of
the DPC 3330 are very extensive:

« Four serial communication ports

* Up to two built-in modems (private-
line or dial-up)

» Modems are radio-compatible

» Fully programmable ASCH com-
munication with hand-held termi-
nals, printers, computers,
chromatographs, etc.

« Network communication as both a
master and slave

* Multipi- ~yiit-in communication
protoc-  .ncluding Bristol
Babcoc.  Modbus (ASCI, binary,
and flow computer variationsj,
Teledyne Geotech, and more

* Up 1o two ports can connectto a
187 5K baud LAN

+ Built-in LCD/keypad, for focal oper-
ations, does not use a serial port

A full complement of peripherails and
networks can be connected, simulta-
neously. For example, a hand-held
terminal, printer, Bristol Babcock net-
work and another network can all be
used at once.

Software

The DPC 3330 uses ACCOL ™,
Bristol Babcock's high-level measure-
ment and control language. Program-
ming is as easy as filling in blanks on
menu displtays ACCOL Il features:

* Forty software modules, including:
Gas Fiow Modules — AGA3,
AGAS, AGA7, NX19, AGAS, and
characterizer
Control Modules — averager, com-
parator, integrator, multiplexer,
PID controlier, sequencer, timer
Full math calculator (twenty-three
functions)

Audit traii
Data storage
ASCHI communication, network
communication
Display/keypad
*+ Multitasking: Up to 127 tasks per
DPC 3330
« Minimum task execution interval:
0.02 sec
* Twelve programming statements

» Advanced debugging and docu-
mentation utilities

Standard M&R Software

Features

» Two preconfigured packages allow
immediate start-up without
programming

« Three-run packags, for six /O
module DPC 3330

» Six-run package, for twelve I/O
module OPC 3330

* Three-run package available on
PROM

» AGA3INX19, AGAS, AGA7 per run

« All calculations done once per
second

» Run switching

= Auto-selector flow/pressure controller

+ Stacked transrnitter on primary run

+ Input linearization

» Thirty-five day storage

« Audit trail

« Overrides on all inputs

-5~

« Sampler trigger

+ Communications ports
Hand-held terminal/data
storage device
Printer (with preconfigured
reports) or a customer ASCII port
Chromalograph
Bristol Babcock network

Since the M&R software 1s written in
ACCOL It, it can be modiflied, by the
user, for specific requiremeants.

Bristol Babeock

Bristol Babcock is a leader in instru-
mentation used in the gas industry
and has been in measurement for over
100 years We were a pioneer in
mechanical, analog. and digital flow
compulers.

Today, we offer not only a complele
product tine, but atso a full comple-
ment of services to meet your needs.
Our application services, systems
engineering, and radio communica-
lion services are avallable to help you
with any size project Please call us to
discuss your requiremnents

ACCOL f1s a registered trademark of Bristol
Babcock

(

Babcock Industries Inc.

Bristol Babcock

U.S.A.

Bristol Babcock Inc.

Process Conlrol Group World Headquarters
1100 Buckingham St . Walericwn CT 06795
Telephone (203} 575-3000

Telex. 96-2417 BRIS BAB WBY

Fax- {203) 575-3170

U.K. and European Headquarters
Bristol Babeock Lid.

Vale Industnal Estate

Stourpor! Road. Kidderminster,
Worceslershire, DY11 7QP, Engtand
Telephone Kidderminster (0562) 820001
Telex 339586

Fax, 0562 515722

Canada

Bristol Babeock Canada
234 Altwell Drive

Toronto, Ontano M9W 583
Telephone {416)675-3820
Fax' (416}674-5129

France

Bristol Babcock s.a.

31, rue du General Leclerc
60250 Mouy France
Telephone- 44 56 52 08
Telex 140397 F

Fax 44264373
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NETWORK 3000

Standard Metering and Regulation Software
Package for the DPC 3330 and DPC 3335

HNM

SPECIFICATION SUMMARY
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NETWORK 3000 =%

AccuRate ADVANCED GAS SPECIFICATION SUMMARY

FLOW COMPUTER

Model GFC 3308
-7

TYPICAL AccuRate INSTALLATION
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SPECIFICATION SUMMARY. =—

]

NETWORK 3000

AccuRate ADVANCED GAS FLOW
COMPUTER
Model GFC 3308

The AccuRate is an advanced singte-run gas flow computer
that performs highly accurate calculatlons, performs flow/
pressure control, stores extensive audit trail and historfcal
records, and communicates on areal-lime network.

Designed for low power consumption and instafiation [n
remote areas, the AccuRate provides the capabilities of Bris-
lof's Network 3000 1o gas measurement and control. 1ts
ACCOL software and multipla communication protocols ara
fully compatible with our other "33XX" products such as the
OPC 2330.

APPLICATIONS

The AccuRate is appropriate to any application that requires
gas flow/energy calculations and flow/pressure control.

Production walls

Injection wells

Separation ptants
Transmission metering stations
Distribution gate stations
Storage facilities

Custody transfer stations

000000 o

FEATURES

Class 1, Division | package

High accuracy calculations

AGA 3, 5, 7,8, and NX-19

Programmed in ACCOUL I

Praprogrammaed, PROM-based appllcation

Real time communication

BSAP, MODBUS, TGPL communication protocols
Comprehensive 35 day hourly/daily data base
Audit trail alarm/evant data base

Auto selector flow/pressure controller
Canfiguration via standard 1BM-compatible |ap top ¢com-
putar

o Operating temperature range: -40°Cto 70" C

| PRELIMINARY

OQ0O0Q0QOO0OQO00O0
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The AccuRate is available in two basic packages that allow
flexibility with respect to the transducer inputs:

The *XM® version includes a smart DP/P integratac
transducer and an RTD interface;

Tha *Al” varsion includes a 3 Al/1 AQ interface board that
accommodates external 0P and P transmitters and an
ATD.

OPTIONS
¢ Solar power package, including solar panel, battery,
charger

o Switched network auto-dial/auto-answer modem
Private ling modem
o UHF radio

o
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PROCESSING POWER MODBUS
o Processor: 80C188 o Slandard Gould Modicon Modbus
o Speed: 12 MHz o ASCIl and Binary Versions
o Firmware EPROM:" 256K bytes ‘ o Additicnal Daniel Chromategranh and Flow Comouter
o Appheation EPROM: 84K bytas Functions
o RAM: 256K bytes
o Realtime clock: DS 1287 accurate to cne second per day TGPL
g ?gggsz:‘i:igg back-up: 4000 hours o Teledyne-Geotech with Tenneco Function Codes
o ldle LED '
o Watchdog LED visible externally ENVIRONMENTAL SUITABILITY
o Software selectabie network address (Range 1 to 127)

Operating temperature: -40" Cto 70° C
Relative humidity: 5 to 95%, noncondensing

COMMUNICATION CAPABILITY o RFI susceptibility: Per SAMA standard PMC 33.1-1978,
using fleld of 10 V/Meter from 20 MHZz to 500 MHz
o Vibration: 5-15Hz: 1 mm peak-io-peak constant disptace-

Qo

The AccuRate includes three asynchronous serial pons:

ment
Network Port 15-150 Hz: 4.9 M/sec constant accelaration
o RS$S232 o NEMA rating: NEMA 4 (cerufication pending)
o Media: Multiconductor cable o NEC environmental rating: Ctass |, Division |, Groups C
o BaudRates: 300, 1200, 2400, 4800, 9600, 19200, 38400 and D {cenificatian pending)
o Can be used with optional modem o Dimensions; pleass refer to diagram
o Weght:

Infrared Port for LLap Top Computer XM Package: TBO pounds

Al Package: TBD pounds
o Modulated IR interface ‘ . Modem/radio package: TBD pounds
o Baud Rate: 9600 @ Powerinput: 9.0t5 15.0 VvOC

o JR/RS 232 Adaptor available for tap Top Computer

[=]

Noise and ripple: 2.0 VOC peak-to-peak
o Power requirements:

Smart DP/P Transducer Port XM package: 1.5 watts at 12.0 VOC
. Al package: 3.5 watts at 12.0 VOC
¢ TiLlevelinterface
o Baud Rate: 1200 Modem: 1.5 watts at 12.0 VOC
Optional Modems for Network Port ANALOG INPUTS (Al version)
0 Baud Rate: 300 or 1200 o 1-5VDC/4-20 mA OC, switch selectable
o Swiched Network Modem allows auto-dial and auto- o 12bitA/D
answer o Conversion time: 200 usec
o Private Line Modem is Bell 202 o Accuracy: 0.1 % at25C
0.2% cver-20°C1070°C
Pleasa refer to Specification Summaries D453 SS8-6 and 0.3%over-40°Cla70'C
0453 $3-7 for turther information regarding the modems, o input fitering: singie pole SO msec time constant; 300
) A msec to 0.1 % of input value
{COMMUNICATION PROTOCOLS o Settling time: 18 psec 10 0.01 %
' o Surge protection: meets C37.90-1983
. ABSAP- o Screw compression terminations
o Bnstol Standard Asynchronous Protocol
o SO Standard 1745/2111/2629 ANALOG OUTPUTS (Al version)
o Compatible with all Bristol Network 3000 Products
- R fectabl
o Local Addressing: 127 Nodes z ?;gimg C, swhch ssiectable
S 2 e oo
: . -20°Cto70°C
o Contantion Schema: Polled 0.2% over -20 C 0

03%over-40°Cto 70" C
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o Signal conditioning: 100 usec time constant PERFORMANCE
o Surge protection: Meats C37 90-1983

. 1 Is multi-tasking, the various software ragh
o Screw comprassion terminaticns Sinca ACCOL Hf Is multi-tasking, the 3 asks

can ba performed on selected intervals. The following tabia
relates how oflen the primary functions are performad Onae

HIGH SPEED COUNTER INPUTS teason for tha high accuracy of the AccuRata Is tha executizn

Intervals of functions such as input sampling, averagng,

¢ 0Oto 5 volt range o .
totalizin dthe AGA calcutations.

o Off/on threshold. 0 5/4.5 VDC '2ing, an

o Frequency range: O to 10I'_( Hz EXECUTION INTERVAL

0 ::t?;ar:lon. Cptlcal lsolatian; 1500 volt common mode Iso- FUNCTION (seconds)

o Surge protection: meets C37.90-1982 Input Sampling (XM) 03
Input Sampling {Al) 1.0

ACCESSORIES Avaraging 10
Totalizing 10

LAP TOP COMPUTER AGA 3¢ ‘o

o 18M-compatible with 640K RAM © AGAS : g

o Hard disk drive and floppy disk drive required ig‘: ; 10'0

o MS/DOS oparating system required

P 95 9 NX-19 10

Alarming 10

IR CONVERTER Flow/Prassure Control 10

o Converta AS 232 to Infrared . -

o Bracket attaches to Accurate package * MNote: This |s the full AGA 3, Including the Extensien
gnd C Prime, )

LIQUID CRYSTAL DISPLAY

o Standard, bullt-In accessory AGA3J3 CALCULATION

0 4lina by 20 character LCD

Currently, the AccuRata uses the standard ACCOL il
o Backlight included

‘AGAT3" medule, which 3 axactly the same as the "AGATY’

module, but with the C Prime Factors all available as signals.
Operation of the Display:

_ iculati
Instaad of pushbutlons, two Infrared proximity sensors are 'IMt ih::ev;dtlng; the fr[ 'S‘W:”gi aane:r::ﬂ:;:j:u;: ?"f“g:
used. One sensor allows the user to saquence through a list nten as a revision to ’

available as &8 new ACCOL module that can be selacted as an
of manus whila the other allows the user to saquence through i Uvetothe AGAT3. The AP! standard is scheduled tobe
individual items in a selected meny. When no operations are :atama V: :l B‘h A .Fiale b l: 2 nd of 1991
in effect, the display reverts to an auto-scroll of common input neorporated in fna Accuniale by The @ '

and flo a
W dat The AGAJ Module perfarms the gas flow calculations spect-

T sty s temdonny Thetap opcompute o communt . Tra oot s noers
cation natwork 1 b d , ’ " . .
on network must be used to ma{ca value changes rate of flow of a gas through an orifice plate in cubic feet par
hour (SCFH).

SOFTWARE FUNCTIONS

The AccuRate is programmed In ACCOL il, Bristol's high- The general form of the AGA3 equatlon is:

level, modular, mufti-tasking measurement and control lan- Q = | h

guage. ACCOL !l performs all calculations and data " - P Eq. 3-1
manipulation, Including input sampling, scaling, flow calcula- whare:

tlons, avaraging, totalizing, alarming, data storage/retrieval,

modae selaction, and flow/pressure control. Q, = Quantlty rate of flow at basa condilons, standard

cublc feet per hour (SCFH)
C' = Orffice flow constant
h, Oitferential pressure, inches of waler at 60 F

p, = Absolute static pressure, psia

&
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The crifica flow congtant, C', Is composed of various factors,
some of which ara fixed by tha physical aguipment and soma
that vary with the state of tha flowing gas. The orifice flow
constant Is defined as follows,

C=F F YF _F F F F_ K €q 32

wherg,

n
1]

Baslc orifice factor for a given orifice size and pips
diametar :
Reynolds number {actor

Expansion tactar

Pressure base factor

Tamperature base factor

Flowing temperature factor

Specific gravity factor

Supercompressibility factor

Combined orifice constant

[ 1]
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K

F,Is computed using the equations contained in Appendix B of
the AGAJ report.

Theterm F_, tha Reynolde numbar cerrection factor, Is caicu- |

lated from:

F, =1+ b
- P Eg. 2-3

where bis aconstantfor a given orifice size and pipe dilameter.
It is computed using aguations in Appendix B of the AGA3
report and is combined with tha linear interpalation of Table 18,

K. the combined orifice constant, is obtained from the expres-
sion;

K=F,F,F, Eq. 3-4
wherg
F. = Manometer factor for mercury-type flowmeters only
F, = OQrifice thermai expansion factor
F, = Gravitational correction for mercury manometer fac-

tof

"Y,-lhe expansion factor, ls caiculated using the equationg
‘described in tha Amaerican Natlonal Standard Documant, Orl-
fice Metering of Natural Gas, Appendix B, Sectlon 8.

These squations are broken up into two factors, one of which
depends on the physical aquipment, and the other which
depends on the state of the gas.

The other faclors are calculated as follows:
F o 2 14.73
P Eq 3-5

-13-

where P = czntract base pressure

F, = T, +459.67
519 67 Eq 3.6

where T,_la the basa temperature in degrees F

Fg = l 519.67
T, +459.67 - Eq 3.7

Fg Is deflnad by the following expression:

JG ' Eq 3-8
where G I3 the spectfic gravity of the gas.

Combining tha various expressions, the basic equation sclved
by the gas flow block |s: .

Oh = K'Fb - 1 »* b - Y - 14 ?3 ']
h, P, P,
T, + 459.67 « Fw . 51867 « i h_ P,
519.67 T, + 459.67 G
Eq.

AGAS CALCULATION

For snergy calculations, the AccuRate uses one ACCOL Il
AGAS module.

The AGAS Module performa AGA 5 calculations for conversion
of computed gas volumae o energy equivalants as descnbed
in the American Gas Assoclatlon Report No. §, reference
Catalog No. XQ0776. Thse equation implemented by this
module is taken from Section it of AGA Report No. 5. This
particular equation dovetails the requirements of the orifice
metering approach and the volume metering approach, As
such, saevetal of the factors are not required far tha arifice
metered volume to energy conversions. This module is only
used when acalorimater signal la not available. It performsthe
following equation for gas volume-to-energy conversic.:,
* [ ] L
U =U *E *F_ *F, £q 313

“



ACCO .
Network 3000° Software

ACCOL Il is the most advanced control language
available for process controllers. It is a set of forty
preprogrammed software modules (software
algorithms) that perform process control functions.
They provide powerful computational and arithmetic
functions as well as control functions.

ACCOL Il is essentially a symbolic language easily
understood and implemented by the process engi-
neer. It can handle control chores ranging from

-14-

simple sequencing and control interlocks, to per-
formance calculations and state evaluation in real-
time. Through the power of ACCOL Il, process
modeling, simuiation and optimization can be
accomplished an even the smalles! control system
budget. Below is a sample of these ACCOL Il
blocks. In addition to those shown are high speed
counter, encoder, command,-scheduler, stepper,
storage, PDO, iow level input, AGA 8, audit trail,
keyboard, and custom protocol communication.

Resel Track
- - Siate 1 State 2 E'f::‘:f“' oot
Inputs = J] C¥— Outputs Inpui Output Input Qutput }——
- -
3 H— Scate Time '
ikl .
sTaomE | sTat( Integral ‘ . Reset Zero
9 Derlvative
SEQUENCER LEADYLAG AVERAGER ANALOG IN
Ay
avg
Fiow Tews BEATATIVE . > Q04
waeurs VG Dev, INTEGRAL
P tnputs -_———_e' PAQRCR [HONAL :m- TEWP
Soec Giav Qutput o ¢ GRav
P Format Inputs utputs ol 3
= o v . o i
Strobe Reset :m
FPv LOGGER CALCULATOR PID CONTROLLER AGA 3
' Mawl
Track e p
Qutput-1 .
Input
P Cutput-2  'nput-1 e outeut Electrical '"P;HS Output osear]
Setpoint Time Input-2 xn Qutput Qutput e » GaAr
Aeset N :::: TEWD
Scale State
TIMER FUNCTION ANALOG COUT MULTIPLEXER'DEMULHFLEKER AGA S
Scale 1 war pow
Scale lnput 1 ) .
Zerg 1 Input — ™ .
Elec Input Input Electrical 2 g2 Z g
—— Scale 2 Selpoint . 4 H a2 a v
Z!i'__ utpul 2 g u_‘: = £ :::I Tue
State 28102 peadband — T —
POM INPUT COUNTER INPUT COMPARATOR DIGITAL IN AGA T
ntwore Input HOuR
— L— D&y ALY &
n - ot ] oA rur
| o woo
E‘ ’ t ﬁ .‘?." woea Time — tud
> - 5 e rerram— ] on
° *ldo e | Inputs =} e
STATUS #1 J CEMVYATIVE
STATUS #3 !
DIGITAL OUT INTEGRATOR MMFFERENTIATOR MASTER/SLAVE TOTALS TREND
-
Babcock Industries Inc.
-
Bristol Babcock
US.A U.K. and European Headquarters Canada France
Bristol Babcock Inc. Bristol Babeock Ltd. Bristol Babcock Canada Bristol Babcock s.a.

Process Control Group World Headguarters Vale Industnal Eslate
1100 Buckingham S1.. Watertown, CT 06795
Telephone (203} 575-3000

Telax 96-24 17 BRIS BAB WBY

Fax {203)575-3170 Telax. 339586

Fax 0562515722

ACCOL Il and NETWORK 3000 are trademarks of Bristol Babcock

Stourport Road, Kiddermmnster,
Worcestershire, DY 11 70P, England
felephone Kidderminster {0562} 82000t

234 Atiwell Drive

Toronto, Ontario MOW SB3
Telaphone {416) 675:3820
Fax (416)674-5129

31, rue du Genperal Leclerc
60250 Mouy Mance *
Telaphone 44 56 52 08
Teler 140357 F
FFax 442641 /3
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GENESIS" Network 3000 Software

Foatures

* Runs on IBM AT and PS/2 or
compatible compulers

= DOS compatible

= ICON-driven graphic display builder

+ Graphic animation

» Easy-lo-use darabase builder

+ Comprehensive alarm reporling

« Alarm, even!, and report logging

= Historic data archive and repiay

* Reallime and historic trending

« LOTUS 1-2-3 compatible

* On-line file transler utility

* Password protection

« SPC/SQC

+ Networking sofiware

+ Report generation

Introduction

GENESIS Is a powerful operator
interface software package for Net-
work 3000 products including DPC
3330, DPC 3335, RDC 3350, and UCS

3380 Distributed Process Controliers.

In process control, industrial auto-
mation, and SCADA applications,
GENESIS provides data acquisition,
operator graphics, trending, alarm log-
ging, dala lagging, historical replay,
report generation, and SPC/SQC
functions,

GENESIS consists of two main parts:
the system configurator which runs
under DOS and the run-time system
which is a real-tirme muiti-tasking
operating system that is co-resident
with DOS. The system configurator is
a CAD-like system development
environment which includes the data-
base builder and the graphics builder.
The run-time syslem executes the
data collection systemn and provides a
graphical operator interface.

Database Bulider

GENESIS includes a utllity which
extracts all database signals from the
ACCOL II™ program files and automat-
lcally generales an Interface file for
each Netwark 3000 process controtler,
Signals are then selected for inclusion
into the database by simpla selaction
with the click of the mouse. Alsq,
using the mouse you can selgct from a
library of acquistion, mathematical,
logie, and calcuiation lunctions, posi-
tion them on the screen and connect
them to database signals.

Graphlc Dispiay Bullder

The graphic display builder also uses
ICON selection via mouse Interaction.
These ICONS allow drawing
of lines, boxes, bars, circles, ellipes,
arcs, area fill, and text.

Objec! oriented editing funclions
include move, copy, change color,
change size and rotate.

Once a symbol, such as a vailve
motor or faceplale, is created it can be
stored in a symbol library for later use,

Run-Time System

The run-time system provides real-
time and historical data acquisition for
color graphic display, trending, and
reporting functions. Data eniry fields
allow selpoint changes, on-off status
changes, and manual override of
signal values.

GENESIS provides outstanding
display capability with graphic anima-
tion, multiple dynamic color changes,
dynamic messages, and on-screen
trend windows.

Alarm System

Network 3000 Distributed Process
Controllers provide a unique alarm
system whereby alarms are delecled
and lime stamped in the process con-
lrolier al the time of occurrence and
transmitted to GENESIS.

Data Logging

GENESIS provides two dilferent data
logging models with the standard
package: the Event-Driven Historian
and the Shifl Historian. Both models
produce delimited ASCII files
designed to be directly imporied by
LOTUS 1-2-3. You ¢an select cne of
the models according to the needs of
your application. These files can be
replayed in a tabular or graphical
trend format, During historical replay,
the system maintains {ull operation
inciuding data logging and short term
trending.

System Trend Display

System trending is a dedicated dis-
play with an internal data storage
buffer. it allows up (o 20 variables to
be trended simuitaneously. System
trending also provides a trand
*SNAPSHOT" aflowing the operator
to instantly capture any number of
trend curvas for later replay.

Optlanal Packages
Host Communication Package
Provides aulomatic or demand file
transfers lo a host computer using the
Industry standard KERMIT file transfer
protocol. All file transfers are accom-
plished concurrently with full
GENESIS run-time functions.

Remote Supervisory Statlon

The Remote Supervisory Statlon
(RSS) is a full network product allow-
Ing a master GENESIS system 1o be
accessed by up lo eight remote sta-
tions for fonitoring and supervisory
control, Each of the remote siations
function as a full oparator console
allowing access tolive data, operator
graphics, trend charts, historical files,
and statistical data resulis. In addition,
each of the remote stations have the

—-15-

ability to modily set poinis, select and
modify operating limits, totals, and
other parameters influencing overall
systam cperation, The physical inter-
face supports ARCNET running at
2.5m baud belween slalions.

spc/sac

The Statistical Process Control
option for GENESIS is an independent
module allowing on-line calculation
and storage of statistical information
vital to the process. GEN-SPC pro-
vidaes automatic or manual sampling
of process data, calculates averages,
X-bar, standard devialion, S, and
range, R. The slatistical option gener-
ales mulliple types of alarms based on
whether the upper or lower control
limits for the X-bar, Ror S are
exceaded.

Hardware Requirements

+ |BM AT, PS/2, or compalible

= 286 or 386 CPU

» 640 Kb memory minimum

= 10 Mb fixed disk minimum

* Floppy disk i

* Math coprocessor

« EGA or VGA card with 256K memory

* EGA or YGA color monitor

* 1 serial port

* 1 parallel port

* Mouse {three button recommended}
required for configuration onty

1-2-3 is a rademark of Lolus Development Corp
MS-0085 is a irademark of Microsoll Corp’
GENESIS Is & tragemark of ICONICS Inc

ACCOL Il and NETWORIK 3000 are tragomarks
of Brisiol Babcock,

Babcock Industries Inc.

Bristol Babcock

U.S.A,

Brigtoi Babcock Inc.

Process Control Group World Headquartess
1100 Buckingham St , Walertown, CT 06795
Telephona (203) 575-3000

Telex: 96-2417 BRIS BAB WBY

Fax (203) 575-3170

U.K. and European Headquarters
Bristol Babcock Lid.

Vale Indusleial Eslale

Stourport Road, Kidderminsler,
Warcestershire, DY11 70P, England
Telephone: Kigdermingler (0562) 820001
Telex. 339586

Fax 0562 515722

Canada

Brislo! Babcock Canada
234 Altwell Drive

Teronto, Ontario MW 583
Telephone (416) 675-3820
Fax (416)674-5129

France

Bristol Babcock s.a,

31, rue du General Leclerc
650250 Mouy France
Telephone 44 565208
Telex' 140397 F

Fax: 44264373 s 18
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Sakura Endress | _17-
Member of the International E+H Group

The International
E+H Group

The Group employs more than 4500
people working in 13 production cen-
tres and 15 sales centres on 5 continents.
The Group manufactures a broad range
of process control instrumentaticon in-
cluding the following-

Measurement of levels — liquid and
‘solid; flow - liquids and solids; tem-
perature; density; pressure, moisture;
analysis and tank level gauging.
Endress+Hauser tank level gauging
and inventory control systems are .
designed and manutactured by
Endress+Hauser in Tokyo, Japan.The
tank inventory systems are sold and
serviced worldwide by the international
Endress + Hauser network,

The Sakura Endress
Program:

Servo balanced tank level gauges
. Data communication instruments
. Temperature gauges
. Float tank !evel gauges -
. Remote and on-site indicators, limit
switches .. = . -
All Endress + Hauser instruments are
certified worldwide. T
The Endress + Hauser factory, estab-
lished in 1955, is located near Tokyo, . - -
Japan. R Sl
The new production {acilities, surrounded
by cherry trees (Sakura}, house the think -
tank for a dedicated and well trained
stalf of technicians and engineers. . |
Endress + Hauser inventory systems are
found worldwide in refineries, chemical
and foodstuffs tank farms.

s Wwho =
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The dedicated stalf is proud
. olits newsst 1ank lavel
gauge: the TGM 4000,




Intelligent Tank Level Gauging -18-

Intelligent Tank Gauges

The TGM 4000 senes of inteligent tank
gauges, working with the servo-balance
displacer gystem, features an inte-
grated calibration chamber for ease of
handling. The self-diagnosing unit em-
ploys direct torque detection with cou-
pling magnets (Hall effect). The TGM
4000 has an operating range of 27 me-
ters in tanks pressunised up to 25 bar
The compact tlank gauge is highly ac-
curate (0.9 mm) and can be upgraded
to provide measurement of

* yolume

« specific gravity

s interface

Modular Program

Endress +Hauser inventory control sys-
tems provide tank gauging for 1 tank,

1 .. 20tanks, 1 ... 140 tanks Signat
transmission is by low-cost, 2-wire line
or 1 core optical cable on which
external field instrument signals are
also transmitted.

The complete Endress+Hauser program
includes an ericompassing i
process control system from straight-
forward level swilches to complete data
transmission networks {with appropriate
software)

The TGM 4000 can be
accessed, programmed,
manitored and read by
hand-held terminal HHT

Tank side Monior -

DHM 9700E

is a lame-prool, remote
indicaior. The tank side
monilor leatures an inte-
graled cdisplay of both
level and temperalure
values. A magnetic key
allows DRM display 10 be
changed exlernally,

Certification

TGM t1ank fevel gauges
are certified by important
instiutions for hazardous
and tax and weight appli-
calions




Data Communication Networks | ~19-

MIC 1000
with TGM or LT+TMD

The single tank monitoring unit MIC 1000
1s designed for standardized control
panel installation.

The unit offers:

» ndication of level » temperature

s alarm signal = operation switch,

]

BBB 1000
with TGM or LT+TMD

The BBB receiver, together with TGM
4000 or LT+TMD is designed for tank
farms with a maximum of 20 tanks. The
BBB receiver is available for panel
mounting ar desk top installation.

The unit indicates:

tank level » temperature * 40 alarm sig-
nals. Connection,to the tank is by serial

N drgnal communlcallon
!M iﬁ 'F’!‘ R‘

%"aﬁ% :




Tank Inventory Management
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MDP II I/F V1
with TGM or LT+TMD

ur 7014 () Tanks

The personai computer based MDP || If
F V1 system is designed 1o display the
latest information of up to 140 tanks
(standard) on a colour screen A variety
—— of tank information I1s gbtained by con-
—— tinuous scanning of the field sensors.
The field data 1s collected and processed
with an interface unit and displayed and
‘ operated on a computer screen.
The Data includes:
¢ Menu e System menu ¢ Level » Tem-
perature » Product identification  Gross
volume ¢ Standard volume (converted
ai 15°C or 60°F in compliance with
ASTM table) = Specilic gravity = Level
and lemperature alarm status * Options

MDP-II Multiproces-
| sing System

This receiver system is based on the
most advanced microcomputer/micro-
processer technology MDP systems
. consist of cantrol/interface and display
E : unit with keyboard. The contro¥finterface
unit processes data signals of surface
—— . and interface,-level, temperature, specific
gravity and alarm signals from the field
gauges The tank data s indicated on
the associated colour screen In various
: dispiay and format pages and can be
modilied by simple keyboard operation

i

Il

L
1.M52Z 208

G54, LA

All the avallable data are accepted di-
rectly by hand-heid terminat The MDP il
15 a highly flexibie system with auxiliary
data processing and communication
units, e.g. data logger, sub-receiver
and hosi-computer connections.

Operator Capabilities

1. Tank Detail

Continuous data provided by the sys-
tem includes - real ime check, tank
number, product identification, level,
temperature, alarm, gross volume, spe-
cific gravily, interface and surface level.
2. Large Character Display

Tank number, tevel, temperature, gross
and standard volume of a single tank
are displayed n large characters. Con-
venignt for remote monitoring of tanks in
operation.

3. Automatic Volume Calculation
Gross volume af product in any tank,
calcutated automatically from the tank
strapping data in the memory and the
actual value The system wil correct
gross volume using the temperaiure
data and specific gravity enlered by the
operator lo the corrected volume (ASTM
standarg).

4. Alarm Message

Display at 4 poinls level and 2 paints
temperature on all pages. The annun-
ciator continuously sounds and the
alarm message flashes until acknowl-
edged.

5. LAN Communication
(ETHERNET)

6. Operation Data Set

Screen operation can correct conditions
7. Tank History Data

For one month

8. Transfer Expectations



Float Gauges LT Series
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Transmitter TMD/AT Series

)

Float Gauges

Some 1ank level applications require
purely mechanical, float operated tank
gauges.

Endress+Hauser float gauges, LT 1000
series, are used widely in the measure-
ment of petroleum products and ali other
types of liquids where a maximum of
reliability and accuracy is required. Float
gauges are Installed on different tank
constructions: cyhndrical, spherical,
floating roof, etc.

Digital Technology (tank gauge
LT 1000+ TMD transmitter)

The instrument range contains the float
tank gauge LT 1000 senes, featunng a
measuring range of 40 meters The
instruments work in conunction with
TMD digital transmitiers

Flexible pipe configurations make the
system adaptable to a great vanety of
tank constructions.

TMD

This is a digital transmitter used in con-
junction with LT fank gauges. 12 module
card technology altows for changes of
inputfoutput transmission, temperature,
alarm, status and valve control

Analogue Technology
Tank Gauge LT 1000 series with trans-
mutter AT 1000 s a simple, trouble-free,
analogue instrument The Ex-procf
gauge with up to 6 alarm outputs has
voltage, current and resistance outputs




Temperature Measuring Bulb

RCV/RCS Series

Temperature
Measurement
in Inventory Control

Product temperature significantly influ-
ences the volume n tank inventory man-
agement. As the mean product
temperature In large tanks varnies greatly

“from 1op to bottom, the temperature of

the product within the entire tank must
be measured and averaged with great
accuracy.

RCV Average
Temperature Bulb

The RCV temperalure bulb detects a
maximum cf 10 peints {optionally more).
Highly corrosion resistant platinum
elements measure temperature 1o an
accuracy of + 0 25°C to meet custody
transfer requirements. The temperaiure
signal i1s picked up by the switching
circuit in the TGM tank gauge or TMD
transmitter. The RCV unit accurately
measures over a flexible iube with vertl-
cally arranged sensing elements (Pt_100).
Individual temperature segments within
the tank can also be averaged to ex-
clude temperature vanauons in phases,
e ¢ oil/water.

RCS Spot
Temperature Bulb

The RCS temperature bulb employs a

Pt 100 sensing element encased in the
thermowell to measure the spot tem-
perature of liquid in the tank. The signal
is converted into digial values for
remote transmissicn by TGM tank gauge
or TMD transmitter.

Level Limit Switches - Overspill Protection

Ligquiphant

Level limit switch for all liquids. Ap-
proved overspill protection for flam-
mable and water polluting liguids.
Instruments in the Liguiphant range
are distinguished by a constant
switchpoint featuring greatest accu-

racy without the need for calubrallon.

Certificates:
far hazardous apphcations and
overspill protection.

Float type Level Switch-CS series
Compact consiruction for upper and
lower hmit alarms. Range features ex-
plosion proof models.

Displacer type magnetic Level
Switch MPC series

This displacement switch provides 1

l0-4 oulpul:conlacls Crh|5rrellab1e hmul S
SWitch' &an be mounled vemcally or
horizontally on-aivariety of liquid tanks.




Tank Level Gauging
Instrument Line up

Tank Level Gauge
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:
Transmitter eqrated TMD 1000 AT 1000

AT 5000
Temperature RCS, RCV, field instruments connectable
Probe
Receiver MDP BBB MIC
Interface
Supervising PC/Host PC (RS 232)
optional

Instrument " Working Press.  Measuring Accuracy
line up Max. (kg/cm?}  Range Max.

Servo Gauge Series TGM 4100 05 27m * 0.9 mm
Built in micro-processor

urwversally applicatle .

for higher demands Series TGM 4400 6 27 m + 0.9 mm
Remarks:

Wire employed, .

budlt-in fransmitter Series TGM 4800 25 27m £09mm
Float Gauge Series LT 1100/1200 0.2 30m +20mm
Spring balance, univer-

sally apphcable Series LT 1600 25 I_m  +£20mm

Remarks:

Tape employed.
separate transmitler
connectable

For detailed technical information ™ se ‘.
on E+H tank gauging equipment, “ﬁgﬁf .

please contact SN »1' 7 ’»“‘" .uc i
Sakura Endress Co,, Lid. - :;ggx&'
3-4-22 Naka-Machi

Musashino-Shi

Tokyo 180

Tel. {0422) 540611
Fax {0422) 550275 -
Telex 028-22 615

 165S DE MEXiO, S.A. Bt c.y.
“av CUITLAHUAC No 1422
 COL. AGUILERA

SEXICO 02900, D. F.

TELSs 5581942 556-19-21  FAX: 556-17-01




‘MDP-II-PC

Remote Tank Gauging
& Inventory Control System
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GENERAL
MOP-Il MULTI-DATA-
PROCESSING SYSTEM

Receiver system for tank in-
ventory management based on
the most advanced micro-
processor/microcomputer
technology. The system has a
capability to meet a variety of
user’s demand with SAKURA’s
unique software acquired as
an essence of references
based on more than 150 instal-
iations over the world since
1970.

The system consists of Inter-
face Unit and Personal Com-
puter, Interface Unit processes
signals of level, temperature
and alarm from tank gauges
and the processed tank data
are indicated on the display of
Personal Computer in various
display format/pages. User’s
tank data and basic data regis-
tration for computation can be
pertormed or modified through
simple keyboard operation.
And it is very flexible with aux-
iliary data processing units,
e.g. printer, data logger, sub-
receiver and host computer.

® Madule units prepared for option-
al choice permits low cost tank
remole gauging system.

B 2.way 2-wire data communica-
tion system employed permits
hoist-up of the displacer and
repeatability check remotely
from a control room in addition
to valve control at the tank field.

® Self-diagnosis function for the
entire tank gauging system ena-
bles highly retiable inventory
management.

= Micropr6cessor adopled to
equip the small receiver with a
variety of functions.

® Clearly visible indication with the
Liquid Crystal Display (LCD).

® Receive dimension in accor-
dance with [EC standard to facili-
tate panel mounting on 19 inch
rack mounting.

& CPU interface, other modules
are prepared for optional choice
according to application modes
of the receiver.

® Lightning arrester prowded as
standard.

' MIC single receiver o

. -

. ' .Tank data monitoring al cont ol.panel
N
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TGM SERVO TANK GAUGE

8

DATA INPUT:

& Temperature data: Resistance
® Analog data: 4—20mADC
¢ Status contact: 4 points max.

LOCAL EQUIPMENTS:

: Hand held terminal (HHT-1)

: Local indicator (DRM-9700E)

: Average, multi point temperature (RCV)
: Spot temperature (RCS)

BBB series modular receiver
Max. 20 tank monitoring at contral panet




-~ DATA OUTPUT:

® 2-way 2-wire senal
Digital pulse:

® DC 4—20mA

® 2-way 1-wire optical
All the tank data:

L Status, etc.

MDP-I! Multi-Data-Processor

The system consists of an interface
unit personal computer system with
keyboard. The interface unit
processes data signals of level, tem-
perature and alarm from the
gauges. The processed tank data 1s
indicated on the associated CRT-
Display in various display for-
mat/pages. Customer’s tank data
and bastc data registration for com-
putation can be performed or modi-
fied through simple keyboard

operation. MDP-II-System is very:

flexible with auxiliary data process-
ing and communication units, e.q.
data fogger, sub-receiver and host
computer.

Operation Capabilities

® Stlandardization has realized the
compact design and low price.

® Tank data s acquired and com-
puted incessantly for displaying
accurate data at any time
desired. Inventory and condition-
al variations can therefore be
managed easily and accurately.

e The CRT display provides legi-
ble lists of data in numerous
tanks, facilitating centralized
controf.

® Data acquisitions and basic data
registration for computation can
be performed by simple opera-
tions on a keyboard, Therefore,
the microprocessor/receiver sys-
tem permits modifying types of
measuring liquids and alarm set-
lings as well as data registration
for additional tanks in a short
time.

* The system aulomatically de-
tects and displays troubles in
transmitters and transmission
cable, providing highiy reliable
data.

-26-

Level, Alarm, Sp.Gr., Temperature
Interface Level, Pressure Data,

® Registered data is stored in a
mint-floppy discs, eliminating the
necessity of aback-up power
supply against power failure.

® Test program and monitor pro-

Personal (

gram are built in the system for
speedy trouble shooting.

A variety of optional functions
are prepared to make the system
applicable to numerous fields.

TGM-servo
tank gauge £

3D & PRS- T TRV 3

2= wQil leak detector
N2R7TTIE SAKLT

level alarm

=y J:‘%J A i o
Fixed/Floating:roof tank..:
LI NER

ngaP et Dol anz

¢

RCS



TECHNICAL SPECIFICATIONS
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ltemn Field Communication unit Real-time W
clock Clock with calendar (battery back-up}
Heousing Standard cabinet rack arrangements
mounting
Power supp! 100V -~ V ~ 220VAC 50/60 Hz
Capacity Tank selecting capacity PRly | 100V ~ 120V 200
140 tanks {Standard package) Printer High-performance 24-wire letter quality prnter
Data Tank-levei: 0 to 99999mm Item Display tunction by CRT screen
Temperature: —5Q to + 199.9°C
Alarm 4 points Display Menu 1 page ’
function Index of registered tank No.(Index}. 2 page
Accuracy Tank level =09mm [option +0.5mm) Tank data get (table): 140 page max. make tanks
e | Temperature. 04C e table for 80 points
Commurica- One twisted-parr max, connection to MDP- senal Operation data set (OP stet)l: 140 pages max
ation card with RS-232C I/F for 5 channels System data set (sys set). | page
&00 ~ 9600 BPS Tank group set (gr. set): 99 groups/13 pages max., .
Tank detail data (Cetaill. 1 page
_ Large character (Large): 1 page
Cantroi-uait I: VCC-11 main card , :] Standard Tank group date ust. 15 tank/page — 99 pages max.
card VCD-10 (2-way 2-wire transmission) Transfer expectation (Expecty 1 page
[ ggesgffﬁngﬁ{ia & 64 bit ] Tark historical (Histol, 1 page
ra i Cption CRT olf {off): 1 page
VDO alarm annunciator card: 64 bit P - foft: 1 p2g
CRT data Afl registered data
Connector Optical nng connecm_r display Month, day, 0'cock and minute
E;\éMkE buiul%?e pin Product: registered name in 8 digits max.
RS 222?;% usb QN 64 pin Tank No.: registered name 1n B digits max.
RS-2320 D-sub 5 i 2 Level measured value 5 digits max.
- -sub 25 pin. 3 Temp measured value 4 digits max.
Research- . SP. Gr measured value and registered
funchon Watch dog timer value 5 digits max
Net volume at 1SC computed value in 9 digits ({)
Power voitage | DC &5V £ 5% Gross volume. computed value in 9 digits (£)
Signal- 2-way 2-wire senal digital pulse inkage Alarm message T:nk Nto. & t;dpe OI E:)Iarm n 4
transnission | 2-way 1-wire optical optical data linkage characters (red colo
Connect- L . Alarm Level ailarm displayed on CRT with annunciator
cont'l unit Multi paint: puli ring form Sound and optical annunciator
- Programmable level alarm set by keyboard
Trzgsm:ssmn vV, transmission 7 bit ASCH Upper-upper, upper, lower, lower-lower limits
~code + 4 pornts status-level alarm (2 points)
Allowable R Temp alarm. high temp.. Low temp. by keyboard
bransmission Max. 0.3 #F capacitance Computed based on measured level and registered
way 120 ohm per line wire resistance alarm setting
Setting of data collection mode. registered by key-
Signal voltage | DC + 6V £ 23V (rimmer adjustable) board operation and by HHT-1
Signal Vi transmission: command pulse {cument pulse) Alarm All kinds of alarm and Errar displayed on CRT
Vi transmission: response pulse {valtage pulse) {message Annunciator sounds with Error code
Optignal contents)
status alarm | 24 point/per card (VDO) Message Status in all tanks and Registrabion In maintenance
busy condition displayed on CRT
Transmitter o
applicable TGM 4000 series, TMD100O senes Computation | Computed from measured level and tank table with 80
function strapping points applicable
Data collec- Free scan of all tanks at ail times : pping B e
tion mode 180 ms/per tark Gross volume | valume converted at 15'C according 1o ASTM
Power V 110V " . / Net volume table
supply 100V 110V 120V 200V 220VAC (£ 10%), 50/60 Hz Computed based on gross volume, temperature
P registed Sp. Gr. weight of floating roof
ower- - Conversion of Sp Gr. according to ASTM table
consumpticn Approx-500 VA
Print out Set the continuous print out
ltem Processing display unit {Logging Determines the prnting format with time n the
Micro time) 1.Daily report
rOCessor IBM P.C. or compatible (386 or 486 type) g 2.All group data report
P 3.5pecial group data report
Memory- RCM: 2MB 4,0ne tank data report
,Flngy;gi memory: 1.4 MB
capacity . .|| a0l E i¥: 20 MB -
IR TS & 84 56 MEPG T
CRT display " | 147 €510t CRT %25 lines. (Standerd)
Key board Alp\ﬁé’ﬁﬂmé_rlc kéyboafd, Key 'érrangement
- according 16 1BM-P.C. / U.S. English type
UL T e -

Sakura Endress Co., Ltd.

o
—

3-4-22 Nakamachi, Musashino-shi
Phone. 0422-54-0611

Telefax. 0422-55-0275

Telex, 02522615 SAKURA J

\\\\

Modifications to data reserved. Printed in Japan
3031T1
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‘omputer System Auxiliary Host Computer System
tc.) Equipments
5 - \
I Ty ’
— |
ik Inventory System
- - Optical
RS232C RS232C RS232C RS232C Connection
Multi Data Processor Interface Unit O
HHT-1 Hand Held Terminal

. Remote calibration for TGM-4000
tank gauge from a contro! room.

o me et .
P T T P, Kao ¥ s " [ -

Vi: 2-way 2-wire serial pulse data communication

.-

Transmitter
combined with
LT 1000/3000 series
local tank gauge

Spherical tank



CRT DISPLAY MODE

* MENU (Mode of screen)

Tank detall (product tank data)
Large character for a single tank
Group tank data list (Daily report
page)

* Multi tank data

Product tank level bargraph

-20-

Transfer expectation (move-
ment/h or m)

Tank historical data per tank
Index of registered tank No.
Tank data set-up

Tank table data set-up
Logging time sel

System data set

Operation data set

*

-

TYPICAL DATA DISPLAY FORMAT

W e
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Menu page
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Tank level bargraph page

BRIEF SYSTEM REVIEW

The personal computer-based MDP-II
system s designed to display the latest
information up to 140 tanks on a color
CRT screen. A variety of tank informa-
tion can be obtaned by continuous
scanning of the outputs of field transmit-
ters installed tank-side to collect data in
a real-time mode showing the current
status of individual tank,

lan_lai/num mu
$53. 4
-4- 5|‘c1
19.141.483
VOL13 13,387.229.
ALARM

0T AL ool i IO el SITim

TANK NO.
LEVEL
TEMP.
VOL.G

eI WOOr WLl KRN SIDUT FUD o 0T YOI e

o TR EIFTMIOCLL MTH iy
T v, M FEALt (il

R BTN e

[BHTEILRLind RAFAT ENLIT LN LYV R R |

Tank historical data page

The data to be collected includes:

1) Level

2) Temperature

3) Product identification

4) Gross velume

5) Net volume (converted al 15°C m
compliance with ASTM TABLE)

6) Specific gravity

7) Level and temperature alarm status
and error alarm

8) Flow rate

9) Others (option)

Tank group set

Alarm display for all tanks,
etc.

Printer print-out function

Others on request

*  Percentage bargraph
* Volume, Temp. bargraph
*  Product weekly movement

= ORI BIE L] —
THE AL 10 Y

AN
! [LHLRE[T 3

Ull‘llml‘llﬂﬂ ™ nnm-mn
[PLTATLEOT 3] 1 3 ] 1 1 (3 ]
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System data set page
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REPASO DE CONCEPTOS BASICOS 730~

INTRODUCCION

"¢Puedo usar un capacitor de 0.22
uF en lugar de uno de 0.01 ufF?".

"¢FEs correcto sustituir un resis-
tor de 10 000 ohms por uno de
12 0oQ0o2".

Esta seccifén contestari esas
preguntas comunes y muchas otras.
Dominelas y estard bien preparado
para comprender los circuitos que
se explican en este libro.

RESISTORES

Los resistores limitan el flujo
de la corriente eléctrica. Un
resistor tiene una resistencia
{R) de 1 ohm, si una corriente
(I) de 1 ampere fluye por ella
cuando se aplica en sus extremos
una diferencia de potencial (E)}

de 1 volt. En otras palabras:
R=E 61=EGE=IR
I R

Estas f6rmulas (tiles expresan

la ley de Ohm. Memoricelas, yva
gue tendrd que usarlas con fre-
cuencia.

Los resistores se*identifican por
un c&digo de colores:

Ay

COLOR 1 2 3 (Multiplicador)
NEGRO 0 0 1
MARRON 11 10
RCJO 2 2 100
ANARANIADO 3 3 1 000
AMARILLO 4 4 10 000
VERDE 5 5 100 000
AZUL 6 6 1 000 000
VIOLETA 7 7 10 000 000
GRIS 8 8 100 000 000
BLANCO 9 9 {ninquno)

Puede estar presente una cuarta
banda de color que especifica la
tolerancia del resistor. El1
color dorado indica + 5%, el pla-
teado + 10% y la ausencia de la
cuarta banda de color indica +
20%. -

]
Puesto que ningln resistor tiene
una tolerancia perfecta, con fre-
cuencia se sustituyen. Por ejemplo,
casli siempre se puede emplear un
resistor de 1.8 K en lugar de uno
de 2 K; Gnicamente trate de mante
nerse entre el 10 y el 20% del

" valor especificado.

¢Qué significa la K? Es la abre-
viatura de 1 000. 20 K significa
20 x 1 000 & 20 000 ohms. M es
la abreviatura de megaohm &

1 000 000 ohms; asfi, un resistor
de 2.2 M tiene una resistencia de
2 200 000 ohms.

Los resistores que soportan mucha
corriente deben poder disipar el
calor producido. Utilice siempre
resistores con la capacidad de
disipacidén especificada. ¢No se
especifica la disipacifn? Enton-
ces (Uselos de 1/4 6 de 1/2 watt.

Casi todos los circuitos electré-
nicos utilizan resistores. A con-
tinuacibtn se indican tres de los

uscos mids importantes:

1. Para limitar la corriente de
los diodos emisores de la luz
(LED), transistores, altavoces, etc.

2. Dividen el voltaje; por ejemplo:

El voltaje en ¢ es I X
+10vy ‘R2. I expresala corrien

te a través de Rl y RZ,

de modo que I= 10/(R1 +

RL R2) 6 0.005 amperes. Por

1X . consecuencia ?= (0.005)
» - x (1000) 6 5 volts.

a1 Observe que la resisten

1K cia total de Rl y R2 es

simplemente Rl + R2. Es
ta regla proporciona un
medio Gtil para hacer re
sistencias a la medida.
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Los divisores de voltaje se usan
para polarizar transistores:

— +

DIVISOR
DE VOLTAJE
SALIDA

ENTRADA

También son una fuente conveniente
de voltaje variable.

+io0V

O-10 voLTS
(VARIABLE
RESISTOR)

Y tambi&n son Gtiles en circuitos
sensores de voltaje. Véanse los
circuitos comparadores en este
cuaderno.

3. Controlan el tiempo de carga de
los capacitores. Siga leyendo...

CAPACITORES

Los capacitores almacenan energia
eléctrica e impiden el flujo de la
corriente directa, dejando pasar
la corriente alterna. la capacitan-
cia se especifica en farads. Un
farad representa una capacitancia
inmensa, de modo que la mayoria de
los capacitores tienen valores de
pequenas fracciones de un farad.

1 microfarad (uF) = 10
-12

farad

1 picofarad (pF) = 10 farad

6
1 uF = 1 000 000 pF

El valor de un capacitor por lo
general estd impreso sobre el com
ponente. Las designaciones uF y pF
pueden no estar presente. Los peque-
nos marcados del a 1000, estin es-
pecificados en pF; los mis grandes,
marcados de .001 a 1 000, est8n
especificados en uF.

Los capacitores electroliticos propor-
cionan alta capacidad en espacio redu-
cido. Sus terminales estfn polarizadas
y deben conectarse en el circuito en
la direcci6n apropiada.

ﬁ

ESTAS TERMINALES Dﬁagg
IR AL PUNTO DE CONEXION
N MAS POSITIVO.

Los capacitores tienen especifica
cibn de voltaje, impresa general-
mente bajo el valor de la capaci-
tancia. La especificaci6n de vol-
taje debe ser mayor qgue el maximo
voltaje esperado (usualmente el vol-
taje de la fuente de alimentacifn).

Precaucifn: un capacitor puede
almacenar carga por tiempo consi
derable después de desconectar 1la
energfa. jEsta carga puede ser
peligrosa! Un capacitor electroll
tico grande, cargado s6lo a 5 6
10 volts puede fundir la punta de
un destornillador colocado entre
sus terminales. jLos capacitoras
de alto voltaje pueden almacenar
cargas letales! Descargue un
capacitor conectando cuidadosamen
te un resistor a sus terminales 1
K o m8s; use la ley de Ohm. Use
s6lo una mano para evitar tocar
ambas terminales del capacitor.

Aplicaciones importantes de los
capacitores: '

1. Eliminan los transitorios de
la fuente de alimentaci6n (Conecte
un capacitor de 0.01 a 0.1 uF a las
patas de la fuente de alimenta-
cién en los CI digitales; esto
evita el disparo en falso.)

2. Suavizan el voltaje alterno
rectificado, convirtiéndolo en
voltaje directo (Conecte de 100 a
10 000 uF a la salida del rectifi-
cador. :

Q| [=1=

Vol TIERRA
RECTIFICAR

>t




3. Blogquean la sefial de CC y de—
jan pasar la senal de

4. Dejan pasar la seral de
alrededor de un circuito o a tierra.

5. Filtran las componentes no
deseadas de una senal variable.

6. Se emplean con resistores para
integrar senales variables.

7. O para diferenciar sefales va-
riables:

T

8. Realizan funciones de tempori-
zacidn:

. OPR:ﬂA R
..__m_l
A
AL
I =
C se carga ripidamente... des-

pués se descarga lentamente a -
través de R.

9. Almacenan carga para mantener
un transistor en corte o en con-
duccidn.

10, Almacenan carga para vaciarla
através de un tubo de destello o

un LED, como un pulso ripido -y po
tente. -

¢Puede usted sustituir capacito-
res? En la mayor parte de los
casos, el cambiar el valor de un
capacitor en 10% o aGn en 100% no
causard fallas, pero puede afectar
al funcionamiento del circuito.

En un circuito temporizador, por
ejemplo, el aumento de valor del
capacitor de temporizacifn alarga-
ri el perfodo de temporizaci®n,

El cambio de los capacitores en un
filtro, alterard la respuesta en
frecuencia del filtro. Asegfirese
de usar la especificacibn adecuada
de voltaje y no se preocupe por la
diferencia entre 0.47 y 0.5 uF,

-32- SEMICONDUCTORES

Generalmente se fabrican de si-
licio. Asegfirese de observar

todas las restricciones de ope-
racién. He aqui unas breves des
cripciones de dispositivos semi
conductores importantes: -

D10DOS

Permiten el flujo de corriente en
una sola direccidbn (polarizacién
directa}. Se usan para rectificar,
permiten que la corriente fluya
hacia un circuito pero bloquean su
retorno, etc.

_— — DLAON_LD

DIODOS ZENER

El diodo zener es un reguladeor de
voltaje. En este circuito tipico,
el voltaje que excede al voltaije
de disrupcifn del diodo se deriva
a tierra:

1.8
+ _ + “
SALIDA 3
ENTRADA D1 SALIDA {v) o
TIERRA

D1 = DIODO ZENER DE & VOLTS

I 6L 9 I
ENTRADA (V)

Los diodos zener también pueden
proteger los componentes sensibles
al voltaje y proporcionar voltajes
de referencia convenientes.,

DIODOS EMISORES DE LUZ (LED)

Los LED emiten luz verde, amarilla,
roja o infrarroja cuando estén
polarizados directamente. Debe
emplearse un resistor en serie
para limitar la corriente a menos
de la maxima permitida:

\Y -V

Ry = _cc__LED
Ve TLED
Ra Ejemplo: VLED de un LED

rojo es 1.7 volts. Para
una corriente en sentido
LED directo (IIED) de 20 mA
. aVv=0>5wvolts, R = 165
ohms. {No excedd la I1gh!



Los LED infrarrojos son mucho més
potentes gue los visibles, pero
su radiacifn es totalmente invisj
ble. Uselos para detectores de
objetos y para comunicadores.

TRANSISTORES

En estos apuntes los transistores
se utilizan como simples amplifi-
cadores e interruptores que
encienden los LED. Esto se logra
con cualquier transistor de
conmutacibn de propSsito general.

CIRCUITOS INTEGRADOS

Puesto que un CI es un circuito
completo en una pastilla de
silicio, se deben observar todas
las restricciones de operacién.
La polaridad invertida, el
voltaje excesivo de alimentacién
y suministrar o extraer mucha
corriente pueden destruir un CI.
Asegfirese de prestar mucha
atencidén a la ubicacibn de las
patas de la fuente de alimentacién.
La mayorfa de los CI est8n
encapsulados en pl&stico de 8, 14
6 16 patas (DIP o Duan In-line
Packages) .

Cuando el CI estd de cara hacia
arriba, la pata 1 se encuentra
en el extremo inferior izquierdo:

FABR@ANTE.(MOTOROLA)
(F%[—X‘ l[leﬁlfulr_] NUMERO DE PARTE

(402))

@ MCI402|B —t—
-‘//,,—ﬂ“CLA%F DE FECHA:
CPB624 B S s semana
T B AMEE T

A propésito, la clave de fecha
puede no estar presente, pero
otros nlmeros si... y la clave de
fecha no siempre est& debajo del
nGmero de dispositivo:

-33—

G 35 |\ [ 1820
21i4L CI.AVE 0 4pp6 DM
MmSpob BN
2114L F&CHA 4066

Almacene los CI en un gabinete de
pléstico, si puede conseguir uno,
o bien insértelos en una bandeja
de espuma de pléstico (como las
que se emplean para la carne en
las tiendas de autoservicio).
PRECAUCION: nunca guarde los

CI MOS/CMOS en pléstico ordinario
nc conductivo.

CONSTRUCCION DE CIRCUITOS

Construya sus circuitos en una
tablilla de las gue no requieren
soldadura, para hacer cambios y
encontrar errores; después haga
versiones permanentes. Son
ideales las tablillas modulares
de plastico, Radio Shack (276-
173, etec.) Incluyen dos filas de
contactos para las fuentes de
alimentacién y rieles de sujecién
para unir las tablillas. Los
componentes y alambres pueden
insertarse directamente en los
agujeros de la base.

En el caso de los circuitos per- ;
manentes, utilice circuitos im-
presos Radio Shack; los que tie-
nen nfimeros de catflogo 276-024
y 276-151 son ideales para pro-
yectos simples con CI. Para pro
yectos mds complejos utilice
circuitos impresos universales
mayores (276-152 y 276-157).
Puede cortarlos en secciones més
pequefias con una segueta.

Yo prefiero usar alambre enrro-
llado para los proyectos con CI.
Inserte las bases para arrolla-
miento en el circuito impreso y
efectlie las conexiones con una
herramienta enrrolladora de alam
bre (como la 276-1570). Aplique
este alambre directamente a las
terminales de los transistores,
resistores, etc. y sé6ldelo.

SNl
€~ BASE PARA ARROLLAMIENTO
W CIRCUITO IMPRESO UNIVERSAL

-
1 ALAMBRE ENROLLADO

SOLDADURA



CIRCUITOS INTEGRADOS LINEALES

INTRODUCCION

LA SALIDA DE UN CI UINEAL ES PROPORCIONAL
A LA SENAL EN SU ENTRADA. EL CI LINEAL
CLASICO ES EL AMPLIFICADOR OPERACIONAL,
LA GRAFICA MUESTRA LA RELACION LINEAL
ENTRE LA SALIDA Y LA ENTRADA DE UN
CIRCUITO TIPICO CON AMPLIFICADOR
OPERACIONAL

Yy

3
SALIDA 2
{(voLtsy

0

.02 .04 .06 .0B
ENTRADA (VvOLTS)

MUCHOS C1 NO DIGITALES, ENTRE ELLOS (05
AMPLIFICADORES OPERACIONALES, PUEDEM
usaRsE  TANTO EN EL MODO LIMEAL COMO EN
EL NO LINEAL,K AVECES SE LLAMAN CI
ANALOGICOS,

LOS CI LINEALES GENERALMENTE REQUIEREN
MAS COMPONENTES EXTERMAS QUE LDS
CI DIGITALES, LO QUE AUMENTA SU SUSCEP-
TIBILIDAD AL RUIDO EXTERNO Y HACE QUE
U USO REQUIERA MAS CUIDADO, POR
OTRA PARTE, ALGUNOS CT LINEALES PUEDEN
HALER ESENCIALMENTE LO MISMO QUE
TODA UNA RED DE CI DIGITALES,

HE AQUI UNA BREVE DESCRIPCION DE LoS,
CI LINEALES INCLUIDOS EM ESTA SECCION,

REGULADORES DE VOLTAJE

PROPORCIONA UN VOLTAJE ESTABLE, YA SEA*
FIJO © AJUSTABLE, AL QUE NO AFECTAN
LOS CAMBIOS EN EL VOLTAJE DE ALIMEN-
TACION, MIENTRAS QUE SE MANTENGA

POR ARRIBA DEL VOLTAJE DESEADO
DE SALIDA,

AMPLIFICADORES
OPERACIONALES

ES CAS! EL AMPLIFICADOR IDEAL. ALTA
GANANCIA B IMPEDANCIA DE ENTRADA.

LA GANANCIA SE CONTROLA FACILMENTE
CON UM SOLO RESISTOR DE RETROALL-
MENTACION, LOS AMPLIFICADORES
OPERACIONALES DE ENTRADA POR FET

~34-

(BIFETS) TIENEN UNA RESPUESTA EN FRE-

TCUENCIA MUY AMPLIA, GEMERALMENTE

PUEDEN SUSTITUIRSE LOS AMPLIFICADORES
OPERACIONALES CUANDO LA ALIMENTACION
NORMAL OFE AMPOS SE REALIZA CON FUENTE
BIPOLAR (/2 LF 353 POR UN 74IC, BTC.)..
PERO EL DESEMPEND SERA MEJOR O PEOK DE
ACUERDO CON LAS ESPECIFICACIONES DEL
NUEYO AMPLIFICADOR,

COMPARADOR

ES LD MISMO QUE DN AMPLIFICADOR OFERA-
CIONAL SIN RESISTOR DE RETROALIMENTA-

CIBN. TIENE GANANCIA ULTRAALTA QUE
DA UNA RESPUESTA DCE TiPD ESCALON AL
VOLTAJE APLICADO A UNA ENTRADA, CUANDD
EXCEDE AL VOLTAJE DE REFERENCIA QUE SE
APLICA A UNA SEGUNDA ENTRADA,

TEMPORIZADORES

USELOS SOLOS O CON OTROS I PARA MUMERD-
SAS APLICACIONES DE TEMPORIZACION

DE PULSODD,

CI PARA LED

LOS MAS IMPORTANTES SON UN CI DESTE-
LLADDR ¥ UN CONYERTIDOR ANALOGICO
DIGITAL PARA UNA PANTALLA DE PUNTOS
Y BARRAS. SON FACILES DE USAR,

OSCILADORES

UM OSCILADOR CONTROLADD PCR VOLTAJE Y
UN CONNERTIPOR COMBINADO DE VOLTAJE A
FRECUENCIA Y DE FRECUENCIA A VOLTAJE,
SE INCLUYE TAMBIEN UM DECODIFICADOR
DE TONO QUE PUEDE USARSE PARA
INDICAR UNA FRECUENCIA ESPECIFICA.

AMPLIFICADORES DE AUDIO

ESTA SECCION INCLUYE VARIOS AMPLIFICA-
DORES DE POTENCIA DE USO FACIL, QUE 50N
IDEALES PARA QUE UND MISMO CONSTRUYA
ESTEREOS, SISTEMAS DE SONIDO,
INTERCOMUNICADORES Y OTRAS
APLICACIONES DE AuDIO,



REGULADORES DE VOLTAJE =  _ss
7805 (5~ VOLTS) .
78'2 ( '2- vO LTS ) Dl,snggoOR

TERMICO

7815 (|5~ VOLTS) 81 SE REQUIERE

ALETA
METALICA

' L~ ENTRADA
REGULADORES DE VOLTAJE FIJO, SOM IDEALES 27 SALIDA 2
PARA FUENTES DE ALIMENTACION AUTONOMAS, 3-TIERRA 3

REGULADORES &NBRE TABLILLAS, PROYECTOS '
PARA AUTOMOVILES CON ALIMENTACION DE

BATERIA, ETC., TIENEN SALIDAS HASTA DE

1.5 AMPERES 6! SE TIENE DISIPACION TERMI-

CA ADECUADA ¥ SUFICIENTE CORRIENTE DE

ENTRADA. UN CIRCUITO DE CORTE TERMICO

APAGA EL REGULADOR S| EL DISIPADOR

ES MUY PEQUERND.

FUENTE DE ALIMENTACION DE. 5 VOLTS TTL/LS CONECTADA A LA LINEA

1! PRIMARIO
CUIDADO : | DEBE
AISLAR ESTAS

CONEXIONES |
LINEA DE
CARGA

. - ra
SECUNDARIO f *_‘L t]_ *'_]_ 7808 ':.[

Tl

Tt - TRANSFORMADOR DE 17 A 12,6 V, .2 0 3A(273-|505 0 273-15i1)
Bl - RECTIFICADOR DE ONDA COMPLETA | A4 A (276 — 1164, 2761151 0 276-1111)
(ENTRE PARENTESIS LOS NUMEROS DE CATALOGO RADIO SHACK)

REGULADOR DE VOLTAJE  REGULADOR DE CORRIENTE

LOS UsOS
VoLeE '] 78 xx 2 +5, 2 'l yawx 12 INCLUYEN

\ ENTRADA - POLARIZACION
ENTRADA +! N O 15 VOUTS ESTABLE PARA
3 ) LED, LAMPARAS,

T Cenr Caar T 1 3 ETC.
» TIERRA cl
F d

- 33

5AL|DA %CARCA

e

Cent - OPCIONAL 3 USE 0.33 uF O UN VALOR L
. SEMEJANTE 5| EL REGULADOR ESTA LEJOS =

) DE LA FUENTE DE ALIMENTACJQN_ _ VOLTAJE DEL REGULADOR
CsAL~ OPCIONAL; USE 0.1_uF 0 MAS PARA ELIMINAR CORRIENTE DE SALIDA = R1

PICOS QUE AFECTEN A LOS €1 LOGICOS




AMPLIFICADOR OPERACIONAL

T41C (B8 | T8 e

- INE\':‘ET&;‘S&A Z = 7 V+
ES EL AMPLIFICADDR OPERACIONAL MAS
POPULAR, USELD ENTODAS LAS APLICACIO™ o ENTRADA, 3 N 6 caLion
NES DE PROPGSITO GENERAL. (PARA OPERA-
CION CON UNA SOLA FUENTE Y MUY ALTA v- 4 5 avusTE
IMPEDAMCIA DE ENTRADA UTILICE O0TROS ; (OFFSET)
AMPLIFICADORES OPERACIONALESDS
INCLUIDOS EN ESTE CUADERNO.)

AMPLIFICADOR INVERSOR  AMPLIFICADOR NO INVERSOR

+V

SEGUIDOR DE VOLTAJE ' "~ COMPARADOR
DE GANANCIA UNITARIA S
USELD PARA V=t5-1gv V= T8y
AZOPLAR ALTA : ‘ FA
IMPEDANCIA : .
A BAJA Vaer a3 .
IMPEDANCIA | 2 . APLICACION

TIPICA MOSTRADA

. —\{ ABAJO. ——\
DETECTOR DE NIVEL

FUENTE DE UNA SOLA POLARIDAD Y

Q2 ‘ Vin

Venr o0——]

+V= 5-1av

ESTE CIRCLITO MUESTRA
:E;{qgeg?&zo LA OPERACION COMO UN
R COMPARADOR CON
FUENTE DE UNA SOLA
<~  POLARIDAD,

Venr 0—AM
: - VsAL

R1 AJUSTA EL UMBRAL DE DETECCION DE VOL -
TAJE ( HASTA + 9y ). CUANDO Vgny EXCEDE

- - 4

US0S TIPICOS : AMPLIFICACION DE VOLTAJE AL UMBRAL (TAMBIEN LLAMADO REFERENCIA),
€L Y PULSOS . . EL LED SE ENCIENDE. )



AMPLIFICADOR OPERACIONAL (coNTiNvACIEN)  -37-
741C

INTEGRADOR BASICO DIFERENCIADOR BASICO

RL 10 KH 2

l o 1o KH : — AN DE ENTRADA
V=15"l8\1 ' ’ DE smranA: V= tS‘IBV ey = -OOOZ‘Z’MF
AAA } c= .00 +V Rl = 100K
R Rlz iDK R Q1 Rz,R3 =10k
+V Rz = ook A/ O_/\A/\_\E_J
O RY 7 ' RI= |OK ENTRADA _,,‘_']—LF
[T AN SALIDA
ENTRADS L 7/\‘/‘
_L_Nv\__L SALIDA = - cuaNpo V=1 AV
R3 : YLA ENTRADAZY 25V,
= -y CUANDO V=X qV satipa =+ 25V

YLAENTRADA =% 25V,
satioa =2t | v

AMPLIFICADOR DE PUENTE
AMPL|FICADOR RECORTADOR B s - R

o D2 L___l
v=tg-av Ol Y DZ = L
) R2 DIGDOS ZENER. p

+ O-1 wA
*
b AL sl vz = ey, 3 ®
ENTONCES LA SALIDA o
+V NO PUEDE EXCEDER y.
R DE Y &7 V. =
/ .
V. r 0—MA 2 é R Ry RY: BALANCE i
b > SALIDA 100K L™ Re:
3 -9
—..[_:— T Vew = Venr (B2), .
- HASTA V, + O.7V R1 ES UN RESISTOR DE VALOR DESCONOCLDO.
-v USE UNA CELDA DE CdS EN LUGAR DE R1 FARA

HACER UN MEDIDOR DE LUZ MUY SENSIBLE.

' AMPLIFICADOR SUMADO
LIFICADOR SUMADOR —  MPLIFICADOR DE DIFERENCIA

R Ry

100K tO0K - .
| oA N V=ts5-18v ok |
Venr RZ )
* OOk 21
2 oA 12 lOOK
iy . VSAL_‘ | o—AAAL z
' VENT L—r VSAL
L e 2 oM ] 3
. 174 R .
- ook R3
' : : looK -V
1 —VSAL:—(VENT I+ Venr 2) ’ ‘ \ ol -L Vo =
L NOTA ! VeaL No PueDE - saL ™ Venr 2 - Venr

EXCEDER DEL V
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CIRCUITOS INTEGRADOS DIGITALES
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INTRODUCCION

les €1 DIGITALES SOM DISPOSITINOS DE
o5 BESTADOS., UN ESTADO ESTA CERCANO
A O VOLT, 0 TIERRA {BAJO O L ) y EL
GTRO ESTA CERCANG AL VOLTAJE DR
ALIMENTACIGN DEL I (ALTO & H).
SURSTITUYENDD L PoR O ¥ H POR 1, LOS
C1l DIGITALES PUEDEN PROCESAR mc.nos
BINARIOS (BITS) 0 PALABRAS DB MOL-
TIPLES BITS, UNA PALABRA DB 4 BITS
SE LLAMA NIBBLE Y UNA

PE. B BITS SE LLAMA BYTE |

EL SISTEMA BINARIO

ES DF_ LAAN AYUDA SABER LO%S PRIMEROS
16 uumt-.n.os BINARIDS; SV O =L ¥ 1= H,
ENTOS NUMERo‘b SOMN .

r

O-LLLL g8~ HLL L.
I - C Lt H T-HLLH
2 -L LHL lo- HLHL
3 -LLHKHH H=-HLHH
Yy LALL 1T -HHLL
s LHLH 13 - H HL H
- L HHL M- HHHL
7-LHHMH IS~ HH HH

NOTESE QUE LLLL(0) ES ON NUMERO
IGUAL QUE CUALQUIER OTROD.

COMPUERTAS LOGICAS

LOS CIRCUITOS Loolc.os SE FORMAN
INTERCONBCTANDC DO% c MA":» DE BSTAS
COMPUERTAS LOGICAS BA‘.‘:ICAS.

A
5
. :D-—o ALIDA

AND

A SALIDA
]

NAND

SALIDA

xcrriy
xrzrim
xXrrr

SALIDA .

rxrri>»
zrEC|®
rrxrxxrxr

A :D—> SALIDA A __Bjsatioa
8 L ] v
L H H
OR WLl R
H H H

A:D>—> SALIDA A__8]saioa
5 L L| W
L M| L
NOR H L L
“ H H L

Aj > SALIDA A B ISALIDA
8 ! [ L L
: L H| H
OR EXCLUSIVO w o} w
H H L

) A SALIOA A 8]saupa
‘:)): L L| H
' L H|
NOR- EXCLUSIVO H ; ¢
: H H

SALIDA
A

Fi>
r

SALIDA

_SEPARADOR (BUFFER) |

A

SALIDA i A 1sALIDA
: : E LI M,
INVERSOR " nlt

LOGICA DE 3 ESTADOS

CoNTROL

Ve

CONT!OL

SALIDA
SALIDA B

ﬁ%

Q_QE'I'!OLEISM
L L| L
L H N

M LIZ-ATA

Z-ALTA: SALIDA EN ESTADD DE ALTA IMPEDANCIA.



Dlgital Instrumantation

‘
i

TABLE 3.1 Standard Symbols for Logic Elements

-

‘239

Cirourt 1EC rorm Dl:?:;'“~ ¢ Armerican , m
e
— ] ‘- A
AND A i |—x A x x X Ag
8 — 8 8
oR A > X A — x A— x X - A&t
a 1 a
} NAND A — A “ A X x- X0
8 — b e 8 — .
- -t
NOR A.—in < A . A % v |
3 :} 2
NANQ wrth ona A—la x A — < x x-33
WrTerTIreg ou q P— 8 —
" -
R wrh A} ; A
NOR ~reh e P _fl < X x-Xa8.
wrvarting :put a B._vF~ a f
A N A
T it quen E x E) X - (A-a)C
c
A ) A A ‘. \
¢ Exshuars OR a _ %X a x a0 x x-a8.X%8
A+ B
A . L_ x i, A -
‘C.-m-u-rnnr 8 3y ) :‘. x 3 x E.Aa._?g
. A =18

Diserdyutmd AND

_JI'_?_I

v

L_qa_Jl_fp_J 'C;j

4

S

5| ()




CIRCUITOS INTEGRADOS TTL/LS
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INTRODUCCION

LA FAMILIA TTL ES LA MEJOR ESTABLECIDA Y
MAS DIVERSIFICADA DE LOS CIRCUITOS INTEGRA-
DOS., LA FAMILIA LS ES FUNCIONALMENTE -
IDENTICA A TTL, PERO ES UN POCO MAS RAP!-
DA Y CONSUME ao% MENOS POTENCIA, LOS
CIRCUITOS (NTEGRADOS TTL/LS REQUIEREN
UNA FUENTE DE VOLTAE REGULADA DE 4.75

A B.25 VOLTS. HE AQUI UNA FUENTE SIMPLE
CON BATERIA @

f‘o/__o_ﬁrl_—) -
N Yoo
6-VOLTS pal I .

- 110 F

TIERRA

' ¢
EL DIODO REDUCE EL VOLTAJE DE LA BATE RI‘A

A UN NIVEL SEGURO. AMBOS CAPACITORES DE-
BEN INSTALARSE EN LA TABLILLA DEL CIRCUITO
TTL/LS. LOS CIRCUITOS CON MUCHOS CIRCUL-
TOS INTEGRADOS DE TTL/LS PUEDEMN CONSUMIR
MUCHA CORRIENTE, USE UNA FUENTE DE ALI-
MENTACION COMERCIAL DE 5 VOLTS CONEC-

TADA A LA LINEA PARA AHORRAR BATERIAS

. O CONSTRUYA LA SUYA PROPIA -

(YEA EL 1805 EN LA PAGINA 86).

REQUERIMIENTOS DE GPERACION |
1. Vec NO DEBE EXCEDER DE 5,25 VOLTS,

2. LAS SENALES DE ENTRADA NUNCA DEBEN EXCE-
DER A Vec NI SER INFERIORES AL NiVEL DE TIERRA,

3. LAS ENTRADAS TTL/LS NO CONECTADAS
FOR LO.GENERAL TOMAM EL ESTADO H... - -
i PFERO NOCUENTE COM ELLO! SI UNA ENTRA-
DA DEBE ESTAR FiJA EN H, CONECTELA A Vee,

4. S! UNA ENTRADA DEBE ESTAR FIJA EN L,
CONECTELA A TIERRA,

5. CONECTE LAS ENTRADAS NO USADAS
DE AND/NAND/OR A UNA ENTRADA USADA

L~

PEL M|SMO CT, .
6. OBLIGUE A LAS SALIDAS DE compu&rms ‘

NO USADAS A ESTAR EN NIVEL H PARA AHO -
RRAR CORRIENTE (NAND- UNA ENTRADA H'
NOR-TODAS LAS ENTRADAS L),

T USE AL MENOS UN CAPACITOR OE DESA-
COPLAMIENTO (0.01 - 0.1 _uF ) POR cADA 5 ALD
PAQUETES DE COMPUERTAS, UNO POR CADA
2ZA S CONTADORES V¥ REGISTROS Y UNO
- POR CADA MOMNOESTABLE, LOS CAPACITORES
DE DESACOPLAMIENTO NEUTRALIZAM LOS
PICOS DE_VOLTAJE DE LA FUENTE DE AL|-
TMENTACION QUE OCURREMN CUANDO UNA
SALIDA TTL/LLS CAMBIA DE ESTADO . LOS
CAPACITORES DEBEN TEMNER TERMINALES
CORTAS Y CONECTARSE ENTRE Vee Y TIE-
RRA LO MAS CERCA POSIBLE PE LOS
: TTL/LS,

B. EVITE (0% CABLES LARGNS DENTRO DE LOS
CIRCUITOD.

9. SILA FUENTE DE ALIMERNTACION NO ESTA
SOBRE LA TABLILLA DEL CIRCUITO, CONECTE
UN CAPACITOR DE | A 10 i F A LAS TERV\INA-
LES DE LA FUENTE Dg ALiMENTACION A 5U
LLEGADA A LA TABLILLA.

lNTERCO_NEXlON DE TTL/LS

1. UNA BALIDA TTL PUEDE ALIMENTAR HAZTA
1D ENTRADAS TTL O 20 LS, .

2. UNA SALIDA LS PUEDE ALIMENTAR HASTA
S ENTRADAS TTL O 40 LS.

3. EXCITADORES DE' LED c‘o.-a TTL/LS,

. .
1 V(c

' R N
oo \L—.D peasnl

ENCIENDE CUANDO L .. ,ENCIENDE'CUANDO H
- ! _ ]

LOCALIZACION DE FALLAS EN TTL/LS
i d.vAﬁ‘f;)oAs-L_.Aé E;NTF;\AﬁAs A ALGUNA PARTE ?
2. J ESTAN TODAS LAS PATAS DEL CL INSERTA-

OAS EN LA TABLILLA 0 .EN SU BASE ‘."

3, & CUMPLE EL CIRCUITO ¢ON TODOS LoD RE-
QUERIMENTOS DE OPERACION D& TTL/LS 7

4, d'NO OLVIDS ALGONA CONEYION e

5. ¢ usé SUFICIENTES CAPACITORES DE DESA-
COPLAMIENTO P ¢ SON coRTAS SUs TERMINALE‘: ¢

6. ¢ ESTA Yec DENTRO DE LOS Lmu'as
EN CADA C1 ? : VIR




V7 L. SILDS VOLTAJES DE A}lqgnygc‘du 50N ;GUAITE.‘b?:‘

5 (Vo)

Roy !  Ree <470 —41x
RESLSTOR FARA TTL
cE -
gv‘ALdAf-\ON Ix, 10K

PARA | g,

oaauwese. QU! LoD CIRCUITOS CMOS. -DEBEN
AummrAn%& POR LO MENOGS CON S VOLTS

CUANDO SE INTERCONECTAN CON CIRCUITOS

TTL., DR OTRA MANERA LA ENTRADA AL

cmos uc’eozmA A Voo

_ SRS

-

3, EXCITADORES DF: LED cON CMOS.

Voa (f\ Sv)
-43- .

\ ]
mcntnoe . (
CUANDO . *3-15Y¢
ES BAJO EN(JENDE

CUANDO
: 10
_ S Vee(azaisy) E3A
. -] \ ﬁ,
Vo — 1.7 =
R= o1 PARA CCRRIEMTE DE LED DE 10 mA

-y
t .
U3t {0060 oHMS PARA LA MAYORIA DB APLICACIONES,

--RELOJ-L.6GICO CON CMOS

MUCHOS CIRCUITOD DE BSTA SEc.r.lON REQUIEREN
UNA FURNTE DB Pul_sos‘ He AQUI UN RELD)
SIMPLE CON CMOS

- IA- " -'a-- T ! $

'hn.v"t) [

VALoRF.': TIPICOS ! R oo K, C=0.0l-O.1 uF

H e

. PUEDE USAR EL 4o4q .. PERO CONSUMIAN
UNA CORRIENTE MUCHO™ MAYOR,

" LOCALIZACION
“DE . FALLAS EN CMO0S

i B z, VAu A ALGUNA PAP\TE«TODAS 'LAS ENTRADAS 7

2. ¢ earm TooAs r.As‘ PARTES OEL CI
INSERTADAS EN LA TABLILLA O EN LA BASE 7
ol

AR! . .
. 'I

8, c" ‘£STA CAULNTE ELS cl? 81 &9 Asl YEA
Los” Numaaos 1r2 ANTleoRes vAs!.nuae.sE
DB QUE LA SALICA NO ESTE SOBRECARGADA.

4. d CUMPLE EL CIRCUITO TODOS LOS ;
R.aamowos D& OPERACIGN PARA CMOS e

5. < OLvIOG ALGUNA CONEXION &

'y

WL -
PR erey

L BT A b

SR




NOMERO BINARIO BA S5E HACE . .~
ALTAS CUANDO “~ HABILITAY ES H.
16

£0 s

COMPUERTA NAND oo (s3-15V)
DE 4 ENTRADAS DOBLE- 4012 - fun| of uf o 9| s

2]
p—
MUY UTIL PARA CONSTRUIR DECODIFICADO - LT (

RED. TAMPIEN TUEDE USARSE FARA ANADIR
UMA O MAS ENTRATAS DE HABILITACION

A VARIDS CIRCOITOS, 1{—\]

I T BT B AR

HABILITADOR DE ENTRADAS
DECODIFICADORES BCD

0O DECIMAL

ENTRADAS Voo
: : SALIDAS tLlL= K
1 ’ ¥YXXX = L
| Yo L
10] 4otz s
ENTRADAS ] B o
FARA ) r_‘ 5 CALIDA

HABILITAR, . e L1 345

S/ 4049

Nop
1 v Y
L
- ) 3 i H
, o © AXXK = L
5]
VDO 3]
’ ” 2 -
Ash 4 ‘ 2 T S } SALIDA
g 2! Jo 12,39
Y oaf 191 /3 4oud
e 2 oo »
PR re |n T Y -
all
1 S
= 12 8,4 54 e
S/ qou9 E
1]
: ! el
HABILITA 1 S S

CUANDO “"HABWLITA"ES L, LA
SAUIDA CORRESPONDIENTE AL

BAJA. TODAS LAS DEMAS SALIDAS :SE TORNAN - * °



