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Abstract

Wat er evaporation and boiling exhibit di ffer
esesnt i al in dettermi evofutliommgs of mass and en
bodi eshapthexpelri ments with a | ocalized heat S

conditiaomeal yazreetk mpsirmg ure evol utioasBsepanpbeat
di meonnsliess quantihtei epsr ocess of moiddeaht. i o&r t hi @a
combined Reduced COmpget atMioadra I FIl uid Dynamics
that the heat transafiegr ssutrifraccieg hwitththe owatwert h o u
the mogtni ficant di ssipation mechani sms. Final
concluded to be a viable approach for confi gt
100 KW/ m

| thapttere 2nanofl ui dg riammpdetranhsmeaduen tandonyv
conduction effects, as we l | as during phas
i mpl ement atandpyOhsifandif Oui ds properti elsydrnaudFiDc a
t wo phatsreanlsD ent model-Bbhlasreau toinfJeTSRACTRAG oduce
a sywtec and ongoing attempt to incoBFhb.rate

The analysis uses the opthaptaendd fao dneold ed e vdeel voepl
in TRACI t is found that the i mpact on the

mechani sm osff dhteeetndsti t gn appear s tfoi cbhaentt hpea rnaonsett ¢
bot h model s considering t he five properties

nanofl ui ds.

|l chapttte Besuthapfeoml aasds wehptas a@n additio
prihespexperiments are used to draw concl usi c
the ESBWR passive cooling systems. It i's foul
preferabl e over -cao nppdoelt ewiitnhveantroegaar at hi gher
TPCT lceodo by air that removes decay heat whil e
PCCS pool s coupl ed wi t h a shroud favoring t

exchangers seems | ike the opti mal alternative



systemmitasngs cprobably bounding the PCCS act.

nanofluids .are identified



Resumen

La evaporaci -n y ebull8micas deil f eargarat eesx he b ea|
espaci o gue son esenciales para aetler mMmansaar yl al
energ?a en cuerpos de agua calentados. En el
de cal or |l ocali zada vy di ferentes condicione
evoluciones de temperatur a, tasas de evap
adi méemnal es en el proceso de verificaci -n y
combinado de un Model o de Orden Reducido y Di
encontr - gue |l as transferencias e realcom a ftst
tranepdet masa son | os mecani smos de disipaci
se concluye que un simple an8lisis de evapor a
densidades de potenci®a menores a 100 kW m

En el cap?2tulo 2 el I mpoasc tnoe cdaen i Isamo sn am@e ft|r uaindsc
calor debido a efectos de convecci-n y conduc
es analizado a trae®snddel has mpaemekbidiades de

y 84en CFD y un model o teframods dt BahsicboriDo dlea

rutinas -Blel TRARKAG introducido como un esfuerz
de incorporar nuevosBFRles aHkIr odn ®Isi seins TWRsAL e | n
desarroll ado para el cap2tol oRACYSel emoaretl o-
el i mpacto en el sistema depende del mecani sn
La densidad parece ser el par 8metro m8s signi
|l as cinco propiedades modi fi amadad fen dlos.i mpl e
En el cap?2tulo 3 |l os resultados del cap?2tulo
experi mentos basados en primeros principios ¢
acerca demejocli s ea | des ekt igpgesdded - BES B VER

encontr - gue perder refrigerante por evapor acf
i nventari o casi compl et o a nmay aard ot epnop e raa truer ag.u
el calor de decai miento mientras conserva el

PCCS junto a una cami s a favoreciendo el c a



intercambiadores de calor parece ser |l a alter
refrigeraci-n pasiva del ESBWR. Se identific
acotan ¢ataespal del PCCS al agregar nanof |l ui



Acronyms and Nomencl atur e

Acr onyms

CFD Computational Fl uid Dynamics
ESBWR Economic and Simplified Boiling Water
ROM Reduced Order Model

TPCT Two Phase Closed Ther mosyphon
T RA-O Tramdi eReadinal yJSiUNAGIod e

Nomencl atur e

a mas s, k g

0 ti me, s

o specific heat capacity at constant p
Y temperature, AC

0 transferred power, W

0 heat transfer *Klefficient, W (m
o ared, m

O height, m

Q0 gendrzald nd function

Q0 gener agpregedre function

QY gener aleingpeedr at ure function

0 | atent heat, J/ kg

Greek symbol s

N emi ssivity



, St efBan t zmann vy pstt \W/n@EmR

” densit¥y, kg/m

temperature constant, AC

— weight wvariable for wind function

T ti me constant, S

Subscripts
Q¢ power source

i radiati on

() convection
0 evaporation
o boiling
Na ambi ent

i 61 Q surface (plastic or water)

Oaa plastic wall

I initial condition

0 | oss

DaéeeEl plastic floor

W pl aswalcl (temperature)
dow ma x i mum

W Qi air (temperature)

an equilibrium

W vapor



0 i quid

Supecripts
W water

0 pl astic



|l ntroducti on

The objective of the curpesangi bilreveesnhagmade menti

ESBWRassive cooling systems, including the po
The original hypot hesis was that adding nanof
or |l ead to faster cooling in comparison with
wer e notnt awg meT he i nvestigat i ast amals ng o treod e o
reported in the |iterature for certain config
Neverthel ess, along the progress of the inve
identified. Naanrey ynat ihree pofopthet i nformation a
systems, nstitsd eintgyo i n the | iterature about the
to nanofl ui ds, the significant comphasei 8bal
transient, among others.

Seer al approaches were tried in order(a)o cir

purchasing Zd@snamopanmntattemhtandoeapgui ercefi
nanoparticles, (b) trying sever al CFD model s
pactical yet insightful approach, and (c) des
the main heat transfer mechaninsmsappolri cdaibflfee rte

passi viengc osoylst e ms .

With all this experiencea, otfhe 1f)i neaslt i armapri magc h r
transfer me crheaxng esrmsmeinnt ad prot ot ydpewns ipra d sairv et
cooling system, usi ng a Reduced Order Mo del
Dynamics, (2) anal ympragtt h esafmemaof & ni sidso due

convection and conduction effects anW) ,duandg
(3) studying first principles experiments to
rate of di fferent passives, cexlpiamg i sgstdéams ad @ |

enharnrnce EESBWR passive cooling systems beyond n



The ncehxaapt er s, each one reprederntlionmg cd osel ¢
approach, l i sting concl udiinwgi trye.makakssta | stphieacpi tf & ec
collects the major findings reached during th
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Esti mati on of He at Transfer Mechani sms |
Reduced Order Myd€lompusgiast echal Fluid Dyn

Abstract

Wat er evaporation tandi flfcirleinng deyxhaimb cs i n tin
essenti al i n detrer meivnoi Inugt i loomrsg o f mass and en
bodi edh.e Ipmesent study experiments with a | oc

boundary coadat yapt mereantgur e evol ut i o nask evap
separate dimensiiomlthbhse mpuanesdsi ef madeit.i ver i f
With a combined RedCoempguDatdeon&ModEl ui d Dynami
found that the heat aransf srug f abeowdgh ht oe w
transport are the most significant dissipatio
analysis is concluded to be a viable approach
l ess thanj 100 kW m

Keywords: Heated water body, Localized heat source, Long-term evolution, ROM, CFD
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1 Introduction

The phase change of a |liquid substance into
evaporation or boiling, particularly when the
water evaporation and boiling exhibit di fferce
essenti al i n detrer meivnoi Inugt i loomrsg o f mass and en

bodi es.

According to Cengel and Boles [ 1 ] i ao-vaporpliasedchange process is called
evaporation if it occurs at a liquidi vapor interface, and boiling if it occurs at a solidi
|l iquid interfaceo. Il n addition to the interf;
processes are the speed of the phase change, the formation of bubbles, the bulk
temperature of the system and the source supplying the required energy. Specifically,
evaporation is a gradual phenomenon that takes place when the vapor pressure in the
air is less than the saturation pressure at the liquid surface temperature, does not
present bubble formation, the bulk temperature of the system is below the boiling point,

and does not require an external energy source.

Therefore, evaporation and boiling must be ac
of theeilat eboentswheiepn humans and water resources
when the analysis is constrained by ti me, cCo
whet her the application is the design of indu

systems.

Co mp u toanta | FIl uid Dynamic (CFD) anal yses tend

when the phenomena studied can be narr-owed d

known model s or when ther e S experiment al
simul ati ons. iHowehvoesre oecaseens, these calcul ati or
l ongrm predictions in the presence of t wo ph
detailed three di mensional geometries. | n s

enough datar twalviedatfeg the underl ying assumpt.

relationships or reduced order models (ROM) m
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2. Methods

2.1 System configuration

Two configurations were used during this study. The first one was designed to
investigate the impact of boundary conditions in an evaporation system with a volume of
190 dm? and a submerged electrical resistance with an approximate power of 1600 W
as external energy source. These parameters were chosen to allow a water volume loss

of 50% in a period of 72 hours without uncovering the electrical resistance.

The experiments with this configuration were conducted at 77 and 85 kPa. The
temperature was registered at three separate levels and three radial locations as
detailed in Figure 2 trying to detect local temperature variations as shown in Figure 3 for
the experimental data and Figure 4 for the CFD simulation, and keeping track of the
surface water level throughout the experiment. Power was monitored through the
supplied voltage and current to avoid significant variations in the energy source of the
system. The data acquisition interface was implemented with Arduino and open source

software as summarized in Figure 5.

0 = 120[]

Surface

77.0 ;

Top Sensors

63571

Mid Sensors

50.0 -

Bottom Sensors
36.54

Energy Source (Edge;]
el 9y (Edge)

® =56

Fi gEv&poration experiment fijrAltl clomdgtghurwanii tos
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Different boundary conditions for this configuration were examined as part of this study
while keeping constant the power supplied to the system. The impact of reducing fluid
loss due to evaporation at the cost of increasing vapor pressure was analyzed by
adding a lid to the container close to the surface, with and without a fin submerged in
the water body. The effect of fast heat removal in the container lid was also considered

by using a fan to cool its external surface.

The second configuration of the evaporation experiment displayed in Figure 6 consisted
of a small-scale system with a volume of 0.6 dm3 at a pressure of 77 kPa, where the
power supplied was varied to study the effect of the power density. Experimental data
for this configuration was collected until at least half the volume was evaporated. The
only exception was the case run with a power density of about 1 kW/m?, that was ended

after 72 hours.

No substances or additives were added to the water in any of the configurations,
although Wong and De Leon [3] show that suspensions of nanoparticles in fluids, or
simply nanofluids, have a wide range of possible applications to enhance the heat

transfer even at modest concentrations.
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Evaporation Heat Map
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2.2 Deder model

The evaporation rate in water bodies with or without localized heat sources competes with
different mechanisms that supply and dissipate energy from the system. In addition,
geometric characteristics and other factors such as dissolved particles or additives to the fluid
can have a significant influence in the evaporation rate by modifying the system configuration.
If these water bodies are used as thermal reservoirs, the material properties of the container
or surfaces that transfer heat, and the medium that receives the evaporation flow may also
play dominant roles on the accuracy of the calculated reservoir conditions. Regarding the
heat source, in the most general case it is accompanied by mass sources. Nevertheless, this
analysis is limited only to those cases where they are negligible.

Given all the parameters that can interact in the process, an approach using a zero-order
model was selected with the assumption that every mechanism involved can be grouped in a
linear or exponential contribution as indicated in equation (1). Moreover, this approach is
assumed reasonable as long as the balance is not disturbed by water loss associated with
evaporation. When that disturbance occurs a second phase with a new non-linear behavior

will appear until the bulk temperature of the system reaches saturation.

YO 0 60060Q p

2. Beduced Order Mo d el

Fundament al heat transfer mechanisms associate
may not highly depend on fluids motion, as is |
but undbmdéecti on or radiati on. Based on this a
di fference i n the body water temperatures were
experiment al runs, a ROM ( Re dtwcceodne Or Wyl e ra n do dy
ther modgnagomrameters was considered as a first
transfers taking place. Her e, i nternal convect

i qui d, cor r ehsapnadn dsii ndge toof leegfutat tham d( &)i ,deewsciolnlesel tc
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energy system inlets and outlets, t hat I s, t he
with or without | oss of mass.
QY . S - SR
aooaoLHndl ¢ d ¢ M ¢

Finch aphd] Hamémti drhet domi nant met eorol ogi cal f e

evaporation in bodies of water with a diamete
received by the surface. On the other hand, t
systems eo$caslmalis generally an external sourc

exchanger or an electric resistance heater s u
i npldt corresponds t o t he submerged el ectrical

acqui sitm.on syste

As to the dissipatiseocamecbkgsitems, radi harge can

the dominant factor, and PiermameS ]or &n anoydged rsft dl@ek i
radiati on, although mor e accur atthee pesetdiincatiioonms
avail able energy. Such estimation requires acc

energy transferred tyo boyr oftrhoemn tshoeurweetser Thad r €
directly or indir e&dtilny,e fa6sgd tiwa ltt.hh et hreo diedt rodfduct i

temperature and the corresponding time constant
Il n general, i f the 1 iquiadtit@memnirtatteud ebyi sa ksnwmwin
esti mat ed uBsalntgz ntatnenféasn | aw as s howaca m§7pergturad a tos
the emissivity of water approxi mately as one.

& 7 Yo Y o

For ssntaalllee nssy,stext er nal convection with the surrt

the floor of the container ara gémndradl I[desmorn @t
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geometric configuration must be incorporated I

convecll i,ongoverned by Newtonds | aw of 4cooling a

iy Q0 YUY 1

Conduction at the body boundaries can be thoug

t he heat tr anssf ear fcuonecftfiiocni enft t he conductivity
consequence, it is lumped with the heatd dinssip

t he ROM, wusing the floor area ash)a weighting f

(o)
Q
c
o
o
<
<
c

The mass | oss effect iIis also coupled in equat:i
area that depends oextérenalatetempewvat ur dhef the
temperature in the ROM, derived from experi me
equateé) on (

The energy dissiopmtleas sbyc aermnv alpeoraappr oxi mated by
propos&dnok an&@] Xaus shown in equation (7), wh e
domi nant factor for mont hly or greater ti me s
duration, otfhe hiempvaontd function or forced conve«
ROM model

3 "5 Q60 QY 0¥

For this study, t he evaporation mo d &le Wwas ctr

® described in equation (8) assuming the press
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mass rate can be dempmpastedetdepemsdence if t h

temperatures near the surface are known.

PN

M Qo Y'Y ¢

The wind function is i mplemented through a wei

modi fies thatare &abompe the water surface to ac

temperature primarily due to mass transfer.
Yo =Y p =YY

Finally, the ROM also includes the mass | oss

heat es.ouAccorBekirmggnano & &loiling fAoccurs when t
surfaerecdeds the saturatoonespomperagutre The | i
in gener al I's characterized by a complex dynami
However, i f tharext drispll alysata scaonstant behavio
the generation of bubbles is instantalleawms,beth

estimated by comparison with the response of t
accounts for the bubble coll apaerdsurhgcéeheasrtr

equation (10).

o . W pQ
¢ o — p p Tt
p
Table 1 contains all/l the parameters used duri:

parameters not related to the geometry were ¢

derived fromdexperi ment al



TablReduced order mo d e |
Parameter Value Units
3 . 1600 W
i 1 -
Q2 43 _©
a L
0 0.56 m
Y 18.7 °C
,,Qa 8 (:0
a 0
oY P 17.9 °C
_° 21 °C
0 77 @
a L
_ [ .
C
¢l 285.6 W
0 43,340 S
T 10, 550 s

aDi mensionl ess

PExperi ment al

anal ysis

dat a

par ameters
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2.@omputational FIl uid Dynamics model

The COMMOLti physicsE CFD modeling softwame wa:
group of experiments <carried out to investiga
conditions abaivre ¢ ilref ancaet ean t he system respon
temperature distribution for the gasd¢ wiptphh oxi fm

3 hours into.the experiment

Time=10800 s Temperature (degC)
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: : 36.5

36

355

35

345
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y<—1 33

FigLid temperature diwirhbatsobméogedhei o

The CFD code eepbémgptd mMenhods to solve for the
the water, wall andel idéntsemnyeraat wokipg .wihd4gle -vialm i &
di mensi onal geometry was simplified assuming

composed of triangular el ements widmd Safrteern aa gt

refinement stduidsyplItahyee d elsouw tssensi ti vity to the g

'coMsSOL was selected due to its large |library of physics
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The heat transfer coefficients in the solid in
di mensionless analysis used in the ROMmodedbul
[0 due to its appdndcadlifliaeawsdtpbheaphase change
i mpl emented through boundary conditions derivec

A thour period was simulated for each bourRdary
in the time dependent sol ver. The results agr
relatirveferdress thah 3% in all cases.

3. Results and discussion

Heat and mass transfer parameters involved in this study were estimated through the
computation of separate dimensionless numbers using a quasi-steady approximation with
special emphasis at the beginning of the experiment and at the temperature reached once a
close balance between the heat source and the body water energy losses was observed.
Figure 8 summarizes the results obtained from this analysis indicating the dominance of

convection over conduction.
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3.1 Boundary conditions impact

Figure 9 shows the experimental water body temperature evolution for different boundary
conditions above the surface-air interface at an ambient pressure of 77 kPa. In particular, by
including a lid to limit fluid losses due to evaporation, it can be noticed that the benefit of
retaining more liquid in the system does not overcome the temperature increase associated
with a rise in the local pressure. This observation holds whether or not the lid has direct

contact with the liquid through a submerged fin®, or if its external face is cooled down by
forced convection®.

85.0 — Molid e
Lid =

Ty Fin ot
O s50
e, FirFan
E o
= .
o
& [0
=%
E 25.0
=

15.0

o §O000 10000 18000 20000 28000 30000 35000
Time [s]

FigTem@perature evolution for d@iwkfPfae3@msy sbtoaum)d ar

The i mpact of conduction on the fin is |idchited
is the dominant heat transfer mechanism. A set
to cool the system but the setup with an acti
saturation above the water reservadgiironhasatae, s e\

gets saturated the reservoir temperature wil/
inhibited.

There is an initial period of time during which the body water heat-up when natural convection
is the dominant mechanism of energy transport from the heat source to the surroundings.

Naturally, the initial temperature affects the global response due to the energy already stored

*The fin had 3acHh,eiag htth ibchknp e s do fwasSc nh oacvaatye df r om t he pl ast i
approxi matel y.

‘Fan vel ocity around 5 m/s
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in the system, therefore this period can be estimated by studying the interval starting at the
moment with the lowest common temperature until the observed system response remains
virtually identical for all cases. For this configuration, that period of time corresponded to 3.3
hours approximately and a temperature less than 38.2 °C.

On the other hand, Figure 10 displays the impact of the ambient pressure in the experiments
without the lid, where the relative humidity and the ambient temperature become as relevant
as the water body surface temperature in regulating the evaporation rate. The case with the
lid at 77 kPa is included in the figure as a reference. The experimental system and zero-order
model responses after 24 hours for the setup without the lid at a pressure of 85 kPa can be

observed in Figure 11, where the error bars are plotted assuming the experimental data as
reference.

B5.0 MoLid (77 kFa)
Lid (77 kPa) =
550 —— NoLid (85 kPa)
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When the exponential behavior is dominant, it can be inferred based on the experimental data
that coefficient A is associated with the water body temperature at balance, coefficients B and
D correspond to the permanent and transient responses of the system respectively, and
coefficient C; is determined by the initial conditions of the experiment. All of them were
derived without segmenting or adding weights to the experimental data using a code written in
Matlab, whose output was verified analytically for the case with ideal conduction at constant

wall temperature.

Table 2 contains the values of those coefficie
the first confcgurasponds wheréeéhe time conktant
and coefifriecpireensten@ s the tot al variation in wat
conditions to the temperature at bal ance. Me ar
storaedthe system and coefficient A acts as a f.
power . The i mpact of the | id can be noticed i
respect to coefficient D, i mpl yi rognithtaeent e x g oan gre
the Henm reservoir temperature response depend:e
on the ambient pressure. It is observed that a
similar response to a bDO0OrkBarptesgutbaintheacse®
of the stored energy, as the setups with | id cl

Table 2 Zero-order model coefficients for different boundary conditions at 77 kPa (190 dm3

system)
Pressure Agg\:vagre Duration| To Lid A B Cy D (25
[kPa] [W] [h] [°C] |Presence| [°C] | [°C/s] | [°C] [1/s]
77 1569 265 | 24.0 No 65.7 /0.000002| 41.7 /0.000051 0.9955
85 1600 265 | 24.0 No 71.2 /0.000002| 47.2 /0.0000550.9975
85 1532 65.1 | 24.0 No 70.2 /0.000011| 46.2 |0.000057 0.9953
77 1559 10.0 | 18.7 Yes 72.1 /0.000421| 53.4 /0.000029 0.9998
77 1839 10.0 | 18.7 Yes 92.3 |0.000451| 73.6 |0.0000240.9994
°The coefifs cdemitv ed usi ngofMat 6 acbst.aGoestdness



27

Figure 12 shows the evaporation rate measured through the liquid surface depth, depicting
the essentially immediate loss of water that occurs in the system, as well as its corresponding

second-order polynomial fit. The gap in the frequency of the error bars is due to time periods
without recorded measurements.

3.2 Power density as a figure of merit

The experimental data from the second configuration was obtained using the power density to
differentiate evaporation with local boiling where bubbles remain mostly attached to the
heated surface, from non-local boiling, where the phase change implies an abrupt separation
and chaotic movement of the bubbles. Table 3 describes the transition of these stages in

relation to the power density.
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system)

A summary of the behavior of the small-scale system under different power densities is
shown in Table 4. The form of the model for these cases was assumed identical to that of the
larger-scale experiments to estimate the conditions in which such approach no longer
represented the dynamic of the system.
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Table 3 Characteristics of evaporation transition between local and non-local boiling (0.6 dm?3

system)
Power
Density Temperature| Power Bubb-le Bu.bb:)e Bubble Bubble d
kW/md] [°C] Balance Formation® Size® Dettachment® Movement
1+ 31.9 Yes None - - -
10 56.6 Yes Minimal | Small Slow -
100 54.7 No Minimal Small Slow -
100 77.8 No Constant | Small Frequent Steady
100 87.5 No Constant |Medium| Frequent Steady
100 90.0 Yes Constant | Large Frequent Turbulent
1000 70.4 No Constant | Small Frequent Steady
1000 92.2 Yes Constant | Large Fast Turbulent

®Minimal refers to sporadic nucleation of bubbles over the heated surface, constant indicates no apparent

change in the frequency of formation during the complete test. Bubbles collapse before reaching the surface at

1+ kW/m® as well as at the other power densities when the system temperature is low with respect to the

equilibrium temperature.

®Medium denotes ¥ of the heated surface diameter, small and large indicate sizes above and below ¥4 of the

heated surface diameter

‘Frequent

bel owof

a

correspondppnox iimasfleday saedord dsa

second.

indicat e

dSteady and turbulent refer to the apparent motion of bubbles after they have been detached from the heated

surface.

det ac|
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Table 4 Zero-order model coefficients for different power densities (0.6 dm3 system)

Power T A
Ii)ken7ity]a [08] °C] B [°C/s] | C:[°C]| D[1/s] | r?
W/m3

2.2 16.5  31.4 0.000003 14.9 |0.000243|0.845

10.6 16.3 | 55.1 |0.000039| 38.8 10.000271/0.994

107.4 | 15.1 4 92.1 0.000001| 77.0 |0.001188|0.985

1023.4 | 18.2 | 92.3 |0.000001| 74.1 |0.005686 0.946

8A ctual values shown

Coefficient A bears a good relationship with the temperature at balance for this configuration.
For a power density equal or greater than 100 kW/ms3, coefficient B denotes that the system
evolves too rapidly for the linear component to be relevant, having the ambient temperature a
similar effect for values around 1 kW/m3. Additionally, above 100 kW/m3 coefficient D tends to
predict the temperature reached at balance more slowly than in the actual large-scale system,
but shows good agreement with the response of the system in the other cases.

It can be seen from Figure 13 that the coefficient of determination (r2) associated with the
output of the zero-order model correlates well with the previous assessment and can be used
to estimate a region where the transition in evaporation between local and non-local boiling
occurs under this approach. Figure 14 shows the effect of ambient temperature in the
oscillating temperature at balance for the case with a power density close® to 1 kW/m3. In
contrast, the temperature at balance for 10 kW/m?3 presents a clear linear component

contribution.

On the other hand, for power densities larger than 100 kW/m3 and due to bubble mass
transport the non-local boiling has a dominant effect in the heat transfer to the surface over
natural convection. This effect brings proportionally closer the bulk temperature of the system

to the saturation temperature.

®Actual power densityS. was around 2.2 k W/ m
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Furthermore, three distinct regions can be identified in each curve: A flat region where
convection is the main mechanism of heat transport, a transition region characterized by a
competition between sensible and latent heat, and a power-balance region where evaporation
becomes the prevailing mechanism of heat transfer. The duration of the first region, the slope
of the second region and the temperature behavior during the third region can be all related to
the power density. For example, in the lowest power density case, the convection is the
dominant mechanism for around 1000 s, taking approximately 10000 s after that to reach its

balance temperature, with an oscillating temperature of around 32 °C.

For power densities of different order of magnitude, the time to reach power-balance and the
difference between the balance and saturation temperatures appear to have a linear
relationship. As shown in Figure 15, increasing the power density reduces the time the
system has to dissipate energy, except for the case with the lowest power density, where the

influence of the ambient temperature is more significant.
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In accordance with Figure 16, the evaporation mass flow exhibits a non-linear behavior that

tends to increase as the water volume loss takes place and evaporation becomes the main

dissipation mechanism, where the transition time is determined by the power density in the
system
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3.3 Scaling effects

Another important factor that has to be considered to determine the methodology to be used

in the analysis is the time-space scale of the problem. The test without lid at a pressure of 77
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kPa from the first configuration was compared to the case with the closest power density from
the second configuration to get insight into the impact of the scale in the response of the
system.

Table 5 shows how the temperature increase to reach power balance is roughly the same in
both cases, even though the initial temperature was different. The time constant is an order of
magnitude faster in the small-scale configuration and the linear component is significant an

order of magnitude earlier, although non-dominant in both cases.

The surface to volume ratio for the small-scale configuration in this study is one order of
magnitude higher than in the large-scale configuration as detailed in Table 6, resulting in an

evaporation rate three times as fast in comparison with the large-scale system.
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Table 5 Zero-order model coefficients comparison between cases with similar power density

_ Power _
Experiment ) Vo To |Duration| A B Ci D @
Configuration o> [dm | [°C] | [ | [°C] [Cls] | [C] | [us] | [s)
onfiguration m ° ° °Cls ° S S
J [kKW/m3]
1 8.3 190 | 24.0 26.5 65.7 10.000002| 41.7 |0.000051|19608
2 10.6 0.6 | 16.3 19.3 55.1 10.000039| 38.8 |0.000271| 3690
2to 1l
_ 1.28 |0.003 - - 0.84 19.5 0.93 5.31 0.19
Ratio

Table 6 Time response comparison between cases with similar power density

] Power 50% _
Experiment ~ Volume| S/V . Time to 50%
_ | Density Height .
Configuration [dm3] [m] Height [h]
[kKW/m3] [cm]

1 8.3 190 1.3 38.5 71.7

2 10.6 0.6 11.9 4.2 23.3
2t01

. 1.3 0.003 9.2 0.1 0.3

Ratio




3.4 ROM results
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The water body temperature evolution rredioogtded 4
the ROM are depicted in Figure 19, including t
the estimated air temperaifbeeROMovemphbeatvat er (
good agr eemern/tk Pmai telx ptere ment al rdpatea) ,( Gonndt iintu oiuss
the behavior of the more detailed 8SbkPaaekperF
20 contains the ROM prediction regarding mass
( Bl aen)d bubbles that-airnerakdidRed,h)ea swaweelrl (aYsel il osw)

comp ed with the experimental data (Purple).

Figure 21 shows the evolution of the different
The dominant mechani sms correspond ®@omutbBaced w
(Convection in dark blue, andl leer@tpiowalt)yRakuni davni loans
heat (Red) 1s the |l east signif i cTahret pnrbeackhaanncies m, ¢
reached approxhmatrely after

Finally, Figure 22 dettearinmh sr etshpeo nwsaet eprr ebdoi dcyt i lonrsg
ROMdeparting babmnpewedue to th-eomhantgieon ndilsas

caused by water | evel reduction and its runawa
t he heat source has been partially ew@¥ased to
(@I . The Two Phase Closed Thermosyphon (TPCT)
secondary system sized to fully condlensprawdnt i

the departur-lealfamoe .pofwiemral sgumebethanacasée¢e eape

the surface is closer to the ambient— t-pmperaturt



37

T

Tair

Twall
70 Texpi7?kPa) || . e mm=mmm T TR

— = =-Texp(8SkPa) | | | ae=="T"TT
----------
- PEChe ___________——
60 - - I
- 4 /
-

Temperature [*C
w
=)

~
~
~
~
N
i
.
-~
.
\
)

3

30 .
¢
’

ZOV
0 1 2 3 4 5 6 7 8 9 10
Offset=0 Time (seconds) L 104
Fig.Telmperature evolution under the Redu:q
mv+mb
25 mv

mb
——— mexp

20

15 /

Mass Loss [kg]

]
P
/ _______.--”"'

-____———-__
[}
] 1 2 3 4 5 6 7 8 9 10
Offset=0 Time (seconds) 210

Fi g.Mazs0s | oss under the Reduced Order



38

Q's
Q'v
Q'b
1600 Q'c (Water)
Q'c (Plastic)
Q'r
1400 ———
1200
1000
E
& 800
2
=]
<
600
—T
400 /_._—-—-“'
/ | —
200 /’ ______—-—""—'
4]
-200
0

1 2 3 4 5 6 7 8 9 10

Offset=0 Time (seconds) L10%

Fi g.He2altsidpati on mechani sms under the Redu

80 r
70
%) 60
c.
&
2 50+
s
g ROM
ROM 4+ Shroud
= 40
] ROM 4+ TPCT
= ROM + Fan
20
20 F
i i i 1 i i i i i

0o 05 1 15 2 25 3 35 4 45
Time [s] « 107

Fig.LonPger m response predictions estimated us



39
3.5 CFD model results

Figure 23 displays the temperature evolution

resultsdand tkekeorded in the different boundary
corresponldsZAtdd fAerence in the case without |
approxi mations to the phase change dynamics in
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