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SUMMARY

Subcooled boiling is an important phenomenon for the design, operation and
safety analysis of nuclear power plant. However, the existing safety analysis
codes have some weaknesses in predicting subcooled boiling phenomena at
low—pressure conditions since they incorporates the wall boiling model developed
at high-pressure conditions. Thus, it is required to improve the predictive
capability of thermal-hydraulic analysis codes on subcooled boiling phenomenon
at low-pressure conditions. In this study, a couple of subcooled boiling
experiments at high- and low-pressure conditions are analyzed using a
three-dimensional thermal-hydraulic component code, CUPID. The CUPID code
was applied to the experiment of Christensen and Bartolomey performed at
high-pressure conditions, and it was shown that the CUPID code can provide a
reliable prediction on the propagation of the void fraction. However, the
simulation results of CUPID showed considerable discrepancies from the
experimental data of Zeitoun and SUBO test obtained at near—atmospheric
pressure when the default wall boiling models were used. The sensitivity
analysis of submodels in the heat partitioning model was performed to evaluate
the parametric effect of major factors on the void fraction distribution and to find
the optimized sets of submodels for low pressure conditions. Then, the modified
models of the CUPID codes are applied to perform the preliminary analysis of
the JNU subcooled boiling facility.
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[Fig. 1] Subcooled boiling phenomena



<Table 1> Previous experiments of subcooled boiling

Geometry Height Pressure Heat flux Subcooling
Publications Fluid
(mm) (mm) (bar) (kW/m?) (K)
Christensen Rectangle
1270 Water 276 - 689 212.8 - 496.6 29 - 144
(1961) 111 X 444
Bartolomey Circle
2000 Water 15 - 108.1 380 - 1130 226 - 914
(1967) D: 24
Zeitoun and Shoukri Annulus
306 Water 11 - 1.68 210.0 - 603.2 131 - 235
(1997) Dit 127, Do 254
Thorncroft et al. Rectangle
300 FC-87 1.01 1.3 - 146 1.0 - 50
(1998) 127 X 125
Basu et al. Rectangle
305 Water 1.013 25 - 96.3 6.6 - 525
(2002) 31.8 X 514
Situ et al. Annulus
2670 Water 1.03 54 - 206 15 - 20
(2004) Dit 19.1, Do 38.1
Yun et al. Annulus
3087 Water 1551 - 1.621 373.6 — 565.7 172 - 29.6
(2010) D 998, D, 355
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<Table 2> Scale of MARS, CUPID and CFX-12.1 codes

Code MARS-KS CUPID CFX-12.1
Scale System Component CFD
(m) (~ 109 (~ 10 (< 1072
Component 1
System scale <cale Meso-scale Micro-scale

I

MARS MASTER CUPID TransaT
SPACE CUPID NEPTUNE-CFD Trio-U
Upscaling |

Dominigue Bestion (CEA), NURESAFE Seminar, Budapest,17.06.2014

[Fig. 2] Scale of MARS, CUPID and CFX-12.1 codes
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O
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_EL
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A

7 (bubble departure diameter)S v gtth, o] F 7129 WFE AL, K W
of e A= A, A7E AR o R K g 45 AR&STH13]. A

B

" Kenning and Victor[14]% ©] #to]l 29} 5 Alolo] givte= Ho 2 HA HYS
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H oA A48S vgoz AALYAEE RS Atstdnt. o]5o] A|¢st =

doll = Fritz[22]¢] 7]ZeolgA o] 23tEo] glom, A3 HolHE 7Ivtew A4
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<Table 3> The correlation models of nucleation site density

Author Correlation model

Cole(1960) N = (185(7;, — T,,,)] -

Lemmert and

Chwala(1977)

= [210(]—1’1* - I;at ) ] 1809

,11,



<Table 3> Continue

Author Correlation model

N =D? /n*
n*= Fp*)R* **
R*=R/(D,/2)

«_ Ap
Kocamustafaogullari Py

and Ishii(1983)

he

FT(P*) =2.157 10" 7p*_ 3‘2(1 + 0_0049p*>4.13
207!

sat
R{ =
¢ pghfg(TzL - :Z:;at)

D,, =0.0012p*"" Dy,

m

g
=u. —_— itze| 7|3Eo E;i]ﬁ
Dy, p 0020801/9 ; Fritze] 7] ¥ 0]e2 7

N =0.34x10"(1 —cosd)(T}, — T.,,,)*°

sat ’

0K < (1,—-7,) < 15 K.

sat

Basu et al(2002)

N =34x10" (1—cost)( T, — T,,,)**

sat

15 K = (Zl:_];at)

Hibiki and Flp")=—0.0106440.48246p" —0.22712p" +0.05468p"
Ishii(2003) N . (ﬁ)
p =In
Py

- nt 472 x 10° site/m?, ¢ 0.722 rad, X 250 x 10° m

,12,



W3} 72 AE242 vehat SYUEE 57 ° 5 gle

o) <05 gtk o] 7oA nFo]l WASA gE

ke

0= <

rio

2l

rlr
b

o, ol (T, - T,
@ 71ZolgHl =S f
Cole[19]> ¢dntd o=z 2853 9l& Edoltd, Kurul and Podowski[24]+= Cole
of Aol FHAFE Adsto], FH gEEE =AU Ivey[20l= B A4
W= gE2A FEH v|EogA ARt oEste AuAs Atk EIh
Stephan[26]8 A#2le]l T AE 38 AMYst g on
o AHAs Adtednt. 4 e S £ 4o vErdih

-

<Table 4> The correlation models of bubble departure frequency

Author Correlation model
4gA

Cole(1960) f= 2=
3dBdPl

Kurul and e \/W
Podowski(1990) 3CHdpipy
Ivey(1967) F=0.9,/-2
dBd

_1 ]y
Stephan(1992) I= \ 2, [1+

40_ 0.5
& }
BiPI
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<Table 5> The correlation models of bubble departure diameter

Author Correlation model

Fritz(1935) dpyy = 0.02080 | ——
H 94p
_ -4 o %5/4

dpg=1.5X10" "4/ JAs Ja for water

dgg =4.65x10" "4/ ﬁ Ja**'* for other liquids

Cole and
Rohsenow(1969)
Ja’* = plC;Jl ];at/pghfg
plC;JlA T/pgh‘fg
>> Ja*+ modified jacob number.
. . (];at_ 7—2)
Tolubinski(1970)

dy = 0.0006e
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<Table 5> Continue

Author Correlation model
2.42 <10 5P ™
dpy =
VoD
0= (qw - hlA ﬂl/gkl k;u'pw CPw
20" hy TR0, Cpp, VK1 Cpy
Unal(1976) 1713
. hy oy | G/ (0.013R,, Pr7)]
(0/ Apg)™?
b= AT/2(1 —pq/pl)
0.47
( b ) for U, = 0.61m/s
?=110.61
1.0 for U, < 0.61m/s
Kocamustafaogullari

0.9
dpg = 2.64 10774 Z (Ap)
(1983) gap A Py

ojBAOR T, <1 xHo°] B 4 Utk ARt o]= nucleate boiling T-3Fo] of

W bulk boiling T7Fel™, dg= v AR = @do] HA g

2) CFX-12.1 Z=9 danzd o
CFX-121 2=+ H&

T f, 7112 AA dyoll el v

,15,



<Table 6> Submodels of CFX-12.1 code

Parameter Correlation model

Active nucleate site Lemmert and Chwala(1977)

”

density, N N = [210(7},— T,,)]"*°

Cole(1960)
Bubble departure
[ 4gAp
frequency, f= /=
f 3dpipy

Tolubinski(1970)

) ( ];(zr - 7—;)
diameter, dp, dp = 0.00066_ 1

Bubble departure

3) CUPID ZES dEmrd g 2ud

7171814 =9l CUPIDE #HwW H|E mdS My 93] Fo W0l A

<Table 7> Submodels of CUPID code

Parameter Correlation model
Active nucleate site Cole(1960)
density, N N'=[185(1, — 17;,,)]""
Cole(1960)

Bubble departure

[ 4gA
frequency, f f= 33 pp
Bl

,16,



<Table 7> Continue

Parameter

Correlation model

Bubble departure

diameter, dg,

Cole and Rohsenow(1969)

— —4 o %5/4
dpg=1.5x10" "4/ 9 Ja for water
dpy = 4.65x 10"/ —2— Ja**/* for other liquids
gAp

‘](l* = plC;)l ]Wsat/pghfg

,17,
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MARS-KS #=¢ I8 7|71ejA =2 CUPID ZE=& 3j41S 23838k 3]ch.

1) Christensen 29

Christensen 239 A&+ 11.1 mm x 444 m
1270 mmolth. AFZEAE 2ol A heat fluxE FUsHA FF8 AdS stgom,
AR Eolo] wet VX &S SAHSUT & Al A= Christensen 23 o]
% 4 7M1 E MAste] CUPID == 34S stgon, 48 AojAs % 8% I
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<Table 8> Test conditions of Christensen experiments selected for CUPID and
MARS code analysis

Inlet
Pressure Power Mass flux Temperature
Name subcooling
(bar) (KW) (kg/m®s) (K)

(K)
C_case 1 276 30 646.9 493.7 8.7
C_case 2 414 50 940.0 511.1 14.4
C_case 3 55.1 70 907.2 530.8 12.5
C_case 4 68.9 70 07.7 5459 12.1
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0w 95 A= Ay, A4 A3

3] a4 s MARS-KS =9 nodalization<
cell®2 Ao ulo]xx Ao heat

o Al A
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[Fig. 3] Mesh optimization of the cross-section with Christensen geometry
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[Fig. 4] Mesh optimization of the height with Christensen geometry
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[Fig. 5] MARS-KS nodalization of Christensen geometry
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Void fraction

0.6 y T y T T T T T y T y T
P: 27.6 bar
05 q": 212.81 kW/m®
7| G 646.9 kgim’s
AT: 87K
04 -
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0.2 A
0.1 m  Measurement]
—a— CUPID
— MARS
0.0 T T T T T T T T T T T
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[Fig. 6] Comparison of CUPID and MARS with C_case 1
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[Fig. 7] Comparison of CUPID and MARS with C_case 2
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Void fraction
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[Fig. 8] Comparison of CUPID and MARS with C_case 3
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[Fig. 9] Comparison of CUPID and MARS with C_case 4
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<Table 9> Test conditions of Bartolomey experiments selected for CUPID and
MARS code analysis

Inlet
Pressure Heat flux Mass flux Temperature
Name subcooling
(bar) (kW/m?) (kg/m?s) (K)

(K)
B_case 1 15 380 890 450.55 22.6
B_case 2 15 790 890 422.25 50.9
B_case 3 30 380 890 483.15 25.0
B_case 4 45 380 890 504.15 24.0

9H4d Christensen®] 23 343} sdstA A2 &4 3H(mesh optimization) 24
S sto] wh wheko] ARFE 1049 A, = wEke] ARSFE 40 ME AAEY
AA H A5l dolH = Appendix Aol o] ot 3 HluE 93 MARS-KS

9] nodalization= 18 103 #Zo] A3t}

SNG
i
g
b= 6
; 5
3 PIPE
A
gl 3
L=
8 2
B
= |
T TDVJUN

O T D\Jlr

[Fig. 10] MARS-KS nodalization of Bartolomey geometry
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[Fig. 11] Comparison of CUPID and MARS with B_case 1
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[Fig. 12] Comparison of CUPID and MARS with B_case 2
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[Fig. 13] Comparison of CUPID and MARS with B_case 3
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[Fig. 14] Comparison of CUPID and MARS with B_case 4
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29 11 ~ 14+ Bartolomey® 7z} 23 dlolg e} 77|87 =2 CUPID =,
AEaA =] MARS-KS :=9] 34 ZA3E el 19 o]t} Christensen® 4
Teb= F Adoldt darh wAdS st Bcase 1914 CUPID =E=ef Hst
©H= 0023014, MARS-KS == #i oibi 01172 vehusich =3

]

B_case 2|4 % CUPID ZE9] Hu 2= 0.056°] A8k, MARS-KS Z=9 ¥

EY

QAE 01635 YERRALE o] 7 7FA Alo] 2o A= MARS-KS Z=+% CUPID
o Hlgl 7|x2E eA7F AA HASEATE o] B_case 13 B_case 29 ¢¥ =7
o] 15 bardl HE& AR S wl, YA+ A2 ddhEth. MARS-KS I E9]
B_case 39} B_case 4914 ¥ 2ak+= Zb7Zb 0.091, 0.0326°0.= ¢ F ZAHT &
247F ZolHS #9139, B_case 39 B_case 49 ¢+¥ =d& 7zt 30 bar, 45
barZ4] B_case 13} B_case 29 &% 271l 15 bar®t} E& A7] wFo|th ¢

o 3 JaEFe Folatr]o] Ao]Av} HEFHAUA W o= FE = ¢ Bwe ug %

R

=
A HUpAly] R G d | EL oAy & FEE ol 75l
9 CUPID 2=+ AF dolgeohe A SHoA & Folhs g8
v}, waba okd 5 7FA](Christensen % Bartolomey) 2@ 14 2 MARS-KS =

=9t HWE E3to] CUPID &=% 10 bar o] ntzAdA 7E&S 2 o=

1) Zeitoun A&
Zeitoun ¥ SUBO 2382 A AFa 2 71A] A8 A= 24 AlgdRE i
of 3HE AtYste wwo] FFol BHS HAY. Zeitound AEF WAL 254

mmo]™, 389 AL 127 mmeo|tt. A3 A A (equivalent diameter)S 12.7 mmo©]
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<Table 10> Test conditions of Zeitoun experiments selected for CUPID and
MARS code analysis

Inlet
Pressure Heat flux Mass flux Temperature
Name subcooling
(bar) (kW/m?  (kg/m?s) (K)

(K)
Z_case 1 1.23 4785 283.1 358.97 19.7
Z_case 2 1.14 210 1889 365.09 114
Z_case 3 1.25 598.3 288.7 355.64 235
Z_case 4 15 705.50 411.70 362.02 225

Zeitoun®] Ad A A= A} FHAst(mesh optimization) 2HS dhe] ©H H
ko] Axg= 658 U, F W] Axes 10 NE AASATE A H 43t glo

B = Appendix Aol HFsFth Lok v E §3 MARS-KS F=29] nodalization
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[Fig. 15] MARS-KS nodalization of Zeitoun geometry
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[Fig. 16] Comparison of CUPID and MARS with Z_case 1
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[Fig. 17] Comparison of CUPID and MARS with Z_case 2
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[Fig. 18] Comparison of CUPID and MARS with Z_case 3
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[Fig. 19] Comparison of CUPID and MARS with Z_case 4

%Y 16 ~ 19% Zeitoune 7zt A& deolye} 77| m=2 CUPID Z=, A%
1A 2 =Ql MARS-KS #=9 A3 34 A3s yetd 2dolnh ekl gt 4
3¢l Christensen¥} Bartolomey¢t= thZ74 CUPID #Z=9] A% RE 7o) o)A
A9 dolHEY VEess =A AFTE st =3 MARS-KS sA:=+=
Z_case 35 AQeti A3 HolHREY VE&S 9 453 B

CUPID =9} A% dHolgeo Hit oA EE Aoj~dA 01 & 2o
o, Hd ext= 02167HA % 2HAE T g HUAg BE Ao|ixdA AY
tlolele] Hol 7[£&o] 04 olekd] A b Ads & exrp HAs &
Aottt o= oA AT EA oA dFF ol mtelA Jitd EES ARESH

wolgt #aEt MARS-KS ZE=+ vt @47F 7+ 0.032, 0.037, 0.047, 0.075=

A AR G FACAR, WA S5t ol AF dolH e Aols
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2) SUBO 23

SUBO 43¢ #AA= 5 dA48gAdTAKAERDAA 758 A3 Ao, SUBO
A As dA AdHdes vE2A BAFAME o] &8t WA VEes 5
gk Aoty AlgE A4S 355 mm, 3H WA 998 mmeolth 43 A
(equivalent diameter)< 2552 mmo] ¥, ¥F°]+= 3883 mmo = LolA AF3 A=
of Hl&] Zol7} X1 Alg ot

2 AFedA = SUBOS A3 F 2 7HA Alol~E 7HAa A7 34 S a9

W, ZF Ao tigk 252 5 Fagth

Bl

<Table 11> Test conditions of SUBO experiments selected for CUPID and
MARS code analysis

Inlet
Pressure Heat flux Mass flux  Temperature
Name subcooling
(bar) (kW/m?)  (kg/m?’s) (K)
(K)
S_case 1 1.616 473.7 1124.7 374.65 17.8
S_case 2 1.551 373.6 1122.9 374.25 17.2

SUBO A¢2 WEWFeR 7xas SASSI 2zl X S5 #ol7b
obd ' gro® YA ¢ g wAwEe] Zdojg $AAE F A 122 1
ERA A

P= '4 (12)

Zeitoune] Ad A= A HA5H(mesh optimization) 2HFS e ©H H
o] Azt 290 N, 5 WY Azg s 100 2 Aotk A 438 dlely

= Appendix Aol HFHo] itk SUBO Ade wt7Hrake] 7|8 Hlno]7] ufi-
ol MARS-KS ZE= Algdolds kA &gttt
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[Fig. 21] Comparison of CUPID and data with S_case 2
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a9 203 212 SUBOS 7+ A3 dlolH et CUPID #=9] AE a4 d3s v
Bhdl 2ot el #4223 dHelHE ¢nlsta, A4S CUPID f=9] a4
A5 ougit}y, 22 Aol £ Hol(L/DyE oudth. T1go A HupA g B
wolo Al 71X &S EA dSFTE BAth AR Eolvt =& AHRTE Eolv}
e A Ao e JEge zolrt AR wo] WASE EHS Holwd, oE

Zeitoun®] &AM = vz ZpA 2 WA Fgolr) vhe wolol A Aol 9f H]

A% 209 Zeitound SUBO AF sAollA velbte] 23 HolHEY =4

NEES dEse AFHL Rarh neb GAY ;oA /T 44e 244

G AFF AY A4 AAE 2@ CUPD m=E A% 2A0A EES 4
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<Table 12> Submodels for sensitivity analysis

Parameter Author Parameter Author

Cole Cole and Rohsenow

Lemmert and

Nucleation site Chwala Bubble departure
; Fritz
density, N’ Kocamustafaogullari diameter, d,
and Ishii

7y Aol 2o Yl AAS Rd2 ¥ 135 Faush F 12 /1A HFrd UiE
A AolA F ¥ 2% CUPID = Y 7|&€ 2Rt 7|2 &L 3 d=3 4 7}
A1e] Aol~E ekt CUPID =9 7|& RdE Ad 243 gid 7Ess =
A dSstnz, A A5g AolzoA Ay =19 EdS AAsAT =3 %
2 g A WASE defaults= CUPID Z= W] 7| 248 9 n|dht}
<Table 13> Conditions of submodel selected for sensitivity analysis
Nucleation site Bubble departure Bubble departure
Name ., )
density, NV frequency, f diameter, dg,
Default Cole Cole Cole and Rohsenow
M_case 1 Cole Cole Tolubinsky
Lemmert and
M_case 2 Cole Cole and Rohsenow
Chwala
M_case 3 Hibiki Cole Tolubinsky
Kocamustafaogullari
M_case 4 Cole Fritz
and Ishii
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[Fig. 22] Sensitivity analysis result of CUPID

<Table 14> Comparison of minimum and maximum errors Wwith sensitivity
analysis
Name Default M_case 1 M_case 2 M_case 3 M_case 4

Min error 0.063 0.016 0.057 0.003 0.004

Max error 0.218 0.069 0.218 0.029 0.024

I 4e MR 24 Ao AF dolee HA H HY Vx2S 2AE YEY
th M_case 49 mdlo] 4@ deleist muwAg u, 7Hg A7t 4% FAAs
thool= Aoy e 2 BtES ouetr] wiitel] M_case 49 REE 7]+ Atol
Zeitoun®] A3 & A 34 st

,36,



1) Zeitoun

49

R

Void fraction
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[Fig. 24] Comparison of default CUPID and modified CUPID with Z_case 2
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[Fig. 25] Comparison of default CUPID and modified CUPID with Z_case 3
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[Fig. 26] Comparison of default CUPID and modified CUPID with Z_case 4
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[Fig. 27] Comparison of modified CUPID and data with S_case 1
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3 Cp
Qg:ZTbagpllUg_U” (13)

o714 Cp= drag force coefficiento]™, Y=ol thet Reynolds number®] 3=
Fo]Rt}. o] Wl Reynolds numberi= 7]3¥9] ™3t Reynolds number=4, 2 149}
o] Folxlt,

—

o1 U,
Re, = 1 Uy (14)
1y
w2hA] drag force= d,. 5, bubble mean diametero] 9&FS P& AL QT &

ATH
@ Non-drag force

Non-drag force= U3 #2 2 1562 YEeRHH, lift force®} virtual mass force,

turbulent dispersion force, wall lubrication force®] &< & epit},
F;CZF;CL+F;€VAJ+F;€TD+F;€VV (15)

Lift forcex= Ad <t RE 7]

Fel

o gAYl b = GBe WAL YoM, o
o 2 A 163 2ol e
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Ff=a,pC(U, = U<V <0 (16)
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e
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Wall lubrication force:r= W™ Lajol A WAE= oz 7|XE ¥Ho|A Hoy

= e UEhie, thed ge 4 172 b

41—
max[O, Cy + C’my—b]n (17)

w

Wall lubrication forced] H37} (-)& YelyE= AL 7|27} dHoA Holx = v

AL udtt. O, 3 Oy, wall lubrication coefficiento]™, o] A4 Fk #] &9

w2} wall lubrication force7} WMol A dnputF J3FS v X =25 AAA =1}
Turbulent dispersion forcet™ turbulentel 2]3] ®WFEWEe] 7| ¥ & FulE HHP3}
A Eol F 9L YeRit
RP==CrpkVa (18)

Crp turbulent dispersion coefficiente]™, o] A4 ghol 713l wel Ad W 7|
& Tui7E FolA= 3L ATk sHAINE & AFeA e 7R X HU= 7]Ee
B4 e 7] el o] B2l teiM = Aeletlon, &5 olHd A
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[Fig. 29] Test loop of the JNU boiling facility
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<Table 15> Preliminary analysis conditions of JNU boling facility

Inlet
Pressure Heat flux Mass flux Temperature
Name subcooling
(bar) (kW/m?  (kg/m?s) (K)
(K)
J case 1 15 150 480.37 369.52 15.0
J_case 2 2 310 598.84 383.38 10.0
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[Fig. 31] Preliminary analysis of J_case 1
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APPENDIX A.

- Mesh optimization -

1) Bartolomey
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[Fig. 33] Mesh optimization of the cross—section with Bartolomey
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[Fig. 34] Mesh optimization of the height with Bartolomey
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2) Zeitoun
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[Fig. 35] Mesh optimization of the cross—section
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[Fig. 36] Mesh optimization of the height with Zeitoun

,54,

—— 22.96

1400

with Zeitoun



3) SUBO
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[Fig. 37] Mesh optimization of the height with SUBO
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