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SUMMARY

The boiling phenomena may occur near the heater surface, which has
higher temperature than the liquid saturation temperature, although the liquid
temperature doesn’t reach the saturation temperature. This is called the
subcooled boiling flows. These phenomena could occur in transient state such
as LBLOCA(Large Break Loss Of Coolant Accident), and lead the
precipitation of boron at the surface of fuel. Therefore, it is important
phenomena on operation and safety of nuclear reactors.

Many studies have focused on flow boiling at high—pressure conditions.
However, the low—pressure subcooled boiling could take place in the passive
heat exchanger and severe accident mitigation features. There 1is the
difference of thermal-hydrodynamic characteristics at low-pressure from those
at high-pressures, such as the behavior of vapor bubbles, density of liquid
and vapor. Because the flow becomes consequently complicated, assessment
and verification of related models are required.

Existing CFD(Computational Fluid Dynamic) codes have been mostly
adopting the heat partition model as the wall boiling model. The results of
simulation may sensitively vary with sub-models of major parameters on this
model. For the above reasons, it is not appropriated to directly apply the
same models on major parameters both to high-pressure and low-pressure
conditions. Therefore, it is required to sensitivity analyses of sub-models for
accurate simulations.

In this study, subcooled boiling experiments were analyzed using a
commercial CFD code, ANSYS-CFX, 17.2, that adopts the heat partition
model. The experiments for simulation includes those conducted at high- and
low-pressure conditions. The predicted distribution of the wvoid fraction are

compared with the experiment results. The ANSYS-CFX code was applied to

_Vi_



the experiments of Bartolomey and Christensen at high—pressure conditions,
and showed good agreement with measured data for the void fraction. On the
other hand, at low-pressure conditions, the distribution of void fraction did
not match for SUBO and JNU experiments. In simulation of both
experiments, the concentration of bubbles is near the heated surface with
default models. Therefore, the sensitivity analysis of bubble departure

diameter, D, in the heat partition model was performed to evaluated the

parametric effect on void fraction distribution and to improve the prediction
capability. As a result, it was improved to predict the area-averaged void
fraction along the axial direction for the experimental data.

Furthermore, the simulation of IVR-ERVC(In-Vessel corium Retention
through External Reactor Vessel Cooling) was performed for innovative safety
plant, iIPOWER. The iPOWER adopts the PMCCS(Passive Molten Core
Cooling System) for the severe accident mitigation features. The PMCCS
considers not only IVR-ERVC but Core Catcher. Both of them, there may be
the subcooled boiling flow under the low-pressure conditions during
mitigation of accidents as the indirect cooling method. Therefore, in this
study, two-phase flow was investigated through the multidimensional
numerical analysis of IPOWER IVR-ERVC under the low-pressure subcooled
boiling flow using ANSYS-CFX code.
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<Table 1> The models of wall nucleation site density

Author Model

Cole (1960) n=[185(7, — 7,,,)]"*"

Lemmert and

E3 — 21 T _T 1.805
Chwala (1977) n=[210(T,,— T,)]

n=10.34x10"*(1— 0039)( T,— Teat)m
0K < (T,,— T, )< 15K

U sat

n=0.34x10"'(1—cost)( T, — T,,.)"°

Basu et al. (2002)
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6 W57}
T, B L32%




ELE =901 ANSYS-CFX FEoAE o] mellS zielstar gt}

<Table 2> The models of bubble detachment frequency

Author Model

[49(p—p,)
Cole (1960) _ |2\ Py
d 3D,p,
4g(pl - p( )
Kurul and Podowski =4 [N T9)
/ 3CpDap,

(1990)"

C), ' drag force coefficient

3) 71¥o|&=# 7, D, (bubble departure diameter)

Fritz(1935)= F&xH]5 A =3 xWld= 9] static equilibriums 3L

A

sto] 7EolGAA S =& Rdoltd [14]. Cole and Rohsenow(1969)+ &
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<Table 3> The models of bubble departure diameter

Author Model

g
D, =0.02080 4/ ——
! 9Ap

Fritz (1
ritz (1935) f : contact angle

o . surface tension

5/4
for water

D, =1.5x10 /-2 (pfOPfTs“t
‘ 9ip \ pyhy,

o p;Cpr T, /4
Cole and D;=4.65x10""4/ X ( ! ;; Sat) for other liquids
Rohsenow (1969) g=p Po"1g

q,f . specific heat at constant pressure for

saturated liquid

Tolubinsky and
Kostanchuk (1970)"

L‘”_ﬂ 00014)
VTR L

D, = min(0.000G Xexp

Kocamustafaogullari
and Ishii (1995)

109
Dd:2.5><105(pl p") 0 7
P, 9o —nr,)
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olatH Tt Eiu] RS o] &3ty fg ST ZE YA 7|EAHo = A
g3t Qe AHAS AEsdoew, i1 44 A st k—e

model, &3 (drag force)& Ishii-Zuber(1979)¢] = &S &

MESHE AP B, AP ol 2 W Bt /L&l G v

-
7heety] Wl v de e Vxe 2XS FAY 5 glvh webs 7 AR
of #Z&et= AW e AdEs LdehA g M-S et

<Table 4> Major parameters for heat partition model of ANSYS-CFX code

Parameter Model
Active nucleate site Lemmert and Chwala (1977)
density, n n=[210(7,— ;)]

Kurul and Podowski (1970)
Bubble detachment 1 ( )
g\p— P,
frequency, f = 1/7‘(’
f 3CpDp;

Tolubinsky and Kostanchuk (1970)

Bubble departure

];at_];} 14)
_4—5 ,000

diameter, D, D, = min(0.006 Xexp

Bubble waiting time, Tolubinsky and Kostanchuk (1970)

0.8
tﬂ) tw =
f
Area influence factor, Kurul and Podowski (1990)

F F=2
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(1) (2)

(a) Computational domain of Bartolomey’s experiment

; (1) side view, (2) top view
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[Fig. 2] Mesh optimization for the Bartolomey’s experiment
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and the measured void fraction; Bartolomey’s test
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(1) (2)

(a) Computational domain of Christensen’s experiment

; (1) side view, (2) top view

06 . R Height [m|
- b - —a—(.063
—A—(.368
2> P> > —v—0.520
o 04r ——0.673
Q ——0.977
= 03F e 113
H‘: W ¥ 24 v -
=
‘s 0-2 A A 2
>
0.1 [*® ® ¢
ol— o "

0 10000 20000 30000 40000 50000
Mesh number

(b) Void fraction with different mesh number

[Fig. 4] Mesh optimization for the Christensen’s experiment
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[Fig. 5] Comparison of the calculation result of ANSYS-CFX
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<Table 5> Test condition of SUBO experiments for ANSYS—CFX code analyses

Inl

C Pressure Heat flux Mass flux bn eil:.
ase subcooling
[kPa] [EW/m?] [kg/m?/s]
[A]
Base-RB 161.6 473.7 1124.7 17.5

QIRB 155.1 373.6 1122.9 17.2
VZ2RB 162.1 563.7 2086.6 18.2

(D (2)

(a) Computational domain of SUBO experiments

; (1) side view, (2) top view
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(c) V2RB case
[Fig. 7] Comparison of the calculation result of ANSYS-CFX and

the measured area-averaged void fraction with default models
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[Fig. 8] Comparison of the calculation result of ANSYS-CFX and the

measured void fraction along the radial direction with default models
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[Fig. 11] Comparison of the calculation result of ANSYS-CFX

and the measured area—-averaged void fraction with default models
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[Fig. 12] Comparison of the calculation result of ANSYS-CFX and the
measured void fraction along the radial direction with default models

_29_



B
il

oy
B

=K

delE7F AlghA o] 7]

Ujo

BH

—_—

i

B!

A7t 4

-
R

]_

o

o

A= o]

o
T

x3}

o] A717F A AL 7

14171 o

9]

73

ol

;](jL

5 RETE} B

-
T

o] 4

o

olH7} & o R HRITh webA E Aol A

SUBOS}H JNU 4

B

e
ol
2

ﬁo

3|5 oA ANSYS-CFX

1=

H

op

)

A

weka Bl ol A

ol

H] 74 ¢l ¥ (non-drag forces)S F7}&

al

—~
fite)

oF

—

jut

)
N

[8,14]. <= (lift force)<]

3|
ZS|

ANSYS-CFX =& oA &sta 9=

ge 77}

}1\_]__

R

e

7

Antal(1991)3} Favre Averaged Drag(FAD) modelS % -&3}91th.

==
=

o
ok
B
|

ol

=
=]

|

Al S

Ay} g Zo| A ‘Default' =

23

=i}
P

o7 s Antsh v

p—

0

[

o

ok
>

}312 ‘Non-drag' =

S

o]

314

ary

19 13(a), (b), (0)°ll 27+ Base-RB, QIRB, V2RB 7|o]2=2] 17

s Aol thEA o

T oA

_30_



PN
T 3

& ¥A7t olE s As &

hya
-

NM L& PR7IAI R 7]

Eal

< F3l QIRB #Al°]

13(h)=

th 19 VZ2RB Aol A3l 19 13(0)ol M= &L

mjn

Base-RB, QIRB, V2RB #|o]~9] =

0.246,

-
R

]_

el

= >
=2

7} sl AddlolElske]

d 14(a), (b), (o)l HErAAT.

Iz

ﬁo

3} Feol

& 4 Atk QIRB Aol ¥ 14(bh)e] 4%,

she] zfolz} ek WAy

Gl

T

3l

0.141, 0.148 o]t} 19 14(a)ollAl A= S 11

& 2

v
X

bgout, Ao 7]

[

Base-RB #Alo]2H 1t} ]

Gebdl 12

=
=

o7} 0.004= 7] wjZel A Wslrt fltk V2RB #Alo]2=9] A

14(c)o A &= o] A

Witk 2 QIRB o] ~s) v}

=
=

o} okzke] Aol

&9 7 Fd <F 001002 Z W3y} Qi

hYA
-

7= 7]

Zr

dlolel s urx)

A4

o] ol M

of

)

i

o] Azl dF=

kel
T

golA o2

o

w

—

T

iy
|
N
el

;00
jpace]

_3’]_



0.6

0.5

0.4

Void fraction

P:161.6 kPa
q" : 473.7 kW'

G: 1124.7 kg/m'/s
AT:175K

(a) Base-RB case

L/Dh
184
43.3
68.2
93.1

4 bonm

P:155.1 kPa
q" : 373.6 kWm'

0.4+ G: 1122.9 kg/m'/s

Void fraction

*\ AT: 172K

! ) 4 | b 2

4 > o n

184
43.3
68.2
93.1
117.5
—184
—433
—68.2
—9.1

117.5

| Y

0.

0 0.2 0.4 0.6

(b) Q1IRB case

_32_

0.8

1.0



0.8

P:162.1kPa L/D,
q":563.7kWm’ | u 184
G:2086.6kgm'/s || e 433
0.6 - AT: 182K A 682
- v 931
i
§ — 832
= — 682
:g —931
> 1175
0.0 = 14 2 Y
0.0 0.2 0.4 0.6 0.8 1.0

(c) V2RB case
[Fig. 13] Comparison of the calculation result of ANSYS-CFX and the
measured void fraction along the radial direction with non-drag models
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[Fig. 14] Comparison of the calculation result of ANSYS-CFX and

the measured area—averaged void fraction with non-drag models
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<Table 6> Selected models of bubble departure diameter for sensitivity analysis

Name Model

Tolubinsky and Kostanchuk (1970)

Default T.,— 1)
D, =min|0.006 X exp|— T} , 0.0014
Cole and Rohsenow (1969)
M1 C..T . \P/4
— IO Sa
D,=1.5%X10 4\/ 7 ( i t) for water
gap 'Oghfg

Fritz(1935)

M2 \/T
D, =0.02080 4/ ——
I gAp

Kocamustafaogullari and Ishii (1995)

M3 P Py o

0.9
D, =25%x10 | ——2| 0, ——
! Py ) gl —r,)
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<Table 7> Heat flux distribution along the angle of RV lower plenum

Number of heaters Angle [°] Heat flux [ MW]/m’]
1 0745.68 0.21
2 45.68770.60 0.50
3 70.6779.05 0.68
4 79.05790.00 1.05

<Table 8> Test conditions for preliminary simulation of IVR-ERVC

Outlet pressure Coolant velocity Inlet temperature
[kPa] [m/s] [A]
101.3 0.5201 368.15
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[Fig. 18] Computational domain for IVR-ERVC of iPOWER
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<Table 9> Mesh optimization data of iPOWER IVR-ERVC

Name Elements Averaged outlet velocity
Coarse (C) 35,559 0.472 m/s
Medium (M) 70,449 0.438 m/s

Fine (F) 94,847 0.451 m/s
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[Fig. 20] Coolant temperature distribution during IVR-ERVC
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