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Abstract

The subcooled boiling flow in a heated rod bundle was analyzed using a commercial
computational fluid dynamics(CFD) code. The volume fraction of vapor and velocities and
temperatures of liquid and vapor were predicted by applying the multidimensional two—fluid
model and the subcooled boiling model to the rod bundle. The wall heat partition model due to
forced convection, evaporation and liquid quenching was used and the vapor condensation
and/or evaporation in the bulk were also taken into account. The vapor—induced turbulence was
linearly superposed with the shear—induced liquid turbulence. The predicted void fractions in the
mainstream and radial directions agree with the experimental results fairly well. The distributions
of the liquid velocity and temperature, and rates of the vapor condensation—evaporation in the

bulk were also reasonably predicted.
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turbulent dispersion force) S UEHHD 229 AlAE2

—

—/ o
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M =-Mg =Clagp, (Ug U, )x(VxU,) (7)
Ug-U,)
me = g = %A Us 70, -Max(cﬁczi, OJﬁ (8)
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WIS 2L JIE EQF 222 JIEH Zxi9 2& 20| 20lA 0101 HAZ8H bt
Qb 20| CFX-4.4 D=0 2= HS2Y2 RPI(Rensselaer Polytechnic Institute)2l KurulOl Xl
Otet 2102 ¥ NI LS Fig. 20l SAIS HIQH 20| 300 B22=2 U=l =, JigH) A

M Atol2l CHR(convection) EEZE(Q), JIEIL IHEHE O

LS AN MI|l= S (evaporation)
HLE(Q,) & JIEII M X2l WHII SUZHAN LM 252 (quenching) SHEE
Q)2 PEStCE =, 8 MM €95 Qu2 3w 201 E&g 5 UL
Qv =Q; +Q.+Q, (17)
oJIA
Qf :hf (Tw _TL) (18)



(20)

rrrrrrtrrrrrreat

= S %) ¥ © o = ce)
oo un Q) o 8y o o
<F
5 H
m
ol R
ETRES
L. <
& ol -
] Klo <
H o=
S = RM
al Y
) S
110 U_I ﬂAl._
00 O
o - -
o w 5
< o =4 -
I °— = i O 0
w el - ol 70 =
ol % et W g Al
o) U =) X 25 I -
= 2 = ol - =3 < 8
[ = CL vl al = < | W .7 S
S s g 5 4 Eog w3y s
wo 0 % = s g T E 3 3|
| A.. N — o S Y—
Ay __“ ) | S R m__ ﬂ\ __m __f __,. (__\ |
= ~ = = c =1 nl c ko] < < u— -
—_ © o
B oA Hh o
= )
om < 4wz
= <k 1S
= N 0l
m_ . noal =
m :_u_ AT B M
K = n
o B ouw "=
2y ‘=
) 3 U
JJ - ¢n ol ok
.lW m|_ @ = —
:.oﬂ_ w __o_. “I\
=) ~ B W
o S ~ 1)

Qw

Fig. 2 Wall heat partition model



T= S0 2

-

HEHUAL B2 & =5 URHAL S

f(Inter—-phase mass transfer)
JIEHUMN XX SEH 2

C
=

T

EN =14
= o

HH

9

2
o

2.3

o)

e

b

g
=

-
1o

(29)
410t

X

-/

oél'—lj— OH

= Ol l:éI-AH

=
-/

o

(=)

A =2

(hS _hL)+CpLTsub
0t DFHAEHOIH DM Z2H

Ar
nl

0l

Kl

DES0IH HHM=ZRH JIMZ2

(30)
(31)
=, A
(32)
(33)

HAIO JIZER

0l

Ruzeg 3

NOoZ ZFHOIN AtZstCt.
k—¢

IRCIERIC)
L T HL
d
=p.Cy ba(3|U<3_UL|

L=
t(Bl)
L

t

AH=S2 shearOll 2t

HIIM

= 1.20IC}.

H== Cy

<l
1l

t

At
=}

OIIM

i)l
-

0
xr

b
1o
-

<
KJ

b

SCt



gt
=

tXI[15]12 61 SCh

SH X
=]

FRIGG Al

Ol=otd 3

=
=

HE CFD ZEQl CFX-4.4

o

o

o

oM

9]

hybrid XMtIE24AlE2 0/

Ol&tst=

Il

180

A2 algebraic

~
=

-
1o

Ok

ol
i

-
1o

&

oJ
Rl
K0

N=
S

multigrid 282

2= g 20U (FT-6a) AIEEE LIE
71 mmOl Jrg=

o
[

F

FRIGG AIS&E X0 A

o
o

Fig. 3

AN
>

K0

tH

ANE 22

Z2 13.8 mmoOlILCt.

PN
o~

e =

=
I A" &2 1/10

X

=1
==}

= 4.22 m, Al
= JAHGHH

21
=

oJ
ar
80

40
OF
i

il
il
i
W
0l
8

9]
RO

HAZHEZ M

=2
=

&

10260 cells)E

H

HaAX

t

S
[kl

ok

FA O
2220] 1163 kg/m’s, &3

9]

1.2 m&

OF
3

)l
3l

(P) 50 bar, & Jt

0.01-0.204 CH

A =(COHE

3

(o]
o

I
>4

ol
00
30

m

IH
IH
i00
0
id0

ol
O
I+

J

b,

oIc

2

(Qw) 522 kW/m

=
=

J

9]

o

ol

180
0
RO

5= BWR

Fig.

1

= HLH0 A

0.5 mOILCt.

ao Aols

A
~

14.5 mm2t 18.7 mmOIH & &Fol

HaxZH2 A

1007H)OICk.

3

XoOoE=4dks
TITS oS

250000 (=2 =& 300,

[=}

i

Al A
= T

A2A XS

&

b 1000 KW/m? It

2 5 m/s, It

20l 76 barOlH, 7 R=
13.0 K (T

o}
=

B3t Al

& 210l A

H=+=E 0.03-0.1

sat™

“supporting parts of a spacer

heated rod OD 13.8

modelled section 36°
__shroud ID 71

y
(all dimensions in mm)

zone 1 OD 29.2
zone 3 OD 71

e L e e e e

T———

0TZy Y8us] pajesy

Fig. 3 6-rod bundle(FT-6a) of the FRIGG test facility



e
v

==
7

v
e

o
-
e

s

i

s

7

X

it

K
Lo

ravsy

R

Zz

—
X
=2

-
=%

e

Eapi=

Z 7

pa—r

vy
e

e

s

P
=

T
2

S

T

e

7
L

o

e

7=~

Z

7

-
i

T

7z

Py g Y i g
T s

7

7=

7

s
ot

S

Z=t

=

=
ey

Vs
Z

i
TR
s

bl
25
o

s

s

<

A
e

e
e
=
L
T

s

£
25¢
s

e

=
e

i

e

[
N
I
i\

o
i
7
=7
=
=
=1
=

Z
=
P

s
T
L
S

o

s

!

oI
il i i

J
' I
il!
B .lmm,l
Lf

b 1l
‘.#.1.'

o
=

Sz

s

b

L2

e
o

S

£

B

5

s
AR
SRR
l““‘:“‘s‘o
!

¢

)
A
sl ey
i,
e e
ey
/

iy

e e

ot ]

G L

AR
LT

4
e
A

Fig. 5 CFD model and computational mesh for modeling the BWR square fuel assembly

4. 20 & 1)

9. 62 AlE =CHzo
B 2000 F SwEaE



1.36

J1(819tZ) AtO12

130

!

(7.7 mm)0l 2

ol

ol
1

0
=
18

4

ol
RO
Kt

| )
[

J

=
=}

@

o O
= I

Jtotd HIot

=
=

IES 2HUA A

t=

X101l A

Itigt= LA

=0 UER 2N =

HES F20M

o
ju—

(from left)

temperature and void fraction

Fig. 6 Distributions of the liquid velocity,

1148 mm downstream from the inlet

Fig. 7 Distributions of the bulk condensation and evaporation 1148 mm downstream

from the inlet (x10” kg/s m®)



e =0

o4 %

Il 5= = & LH Ol A

o4 %

b

1L
—

S0 OIEE DI
(ka/s m°)E LIEHH 20ICH =,

o
[

Fig. 7

KIo

1
B

1<}
K
olo

H

IH

t

K

%

a,

oll
x
I
i d

H
0l

==

=
alr

i)

i00

=g
=o

—l
EE9

2o Jl

A (zone 1, zone 2, zone 3)

24
2

049
2 XHANglart

2 Mg SU& FT-6a &

Fig. 8

J

(el

=
[=)

&l

b0

i
It

@

o0

Olth =

F

@

o
e

2t2 OH

RO
KIr

H
It

O
i

I3
=0

-
[w]

-

aJ

3+

[[e]
uir

o3
3+

oll

o
Gy

JJ

9]

il
2

JUJ
e
=

o

R

il

AE
Cta EO

3l

ot

OICt.

B
3K

O
&

0l

80
KD
oJ

10
ol

-

o0
Kt

Ju

&bz )

gTZ2H 304 mm ot=FUHAMS = A

N
. —
= ©
o B
Egxc o
oy M
Qg O
X = C
N wa <
] N o0
1 L R
S = 1 o
N 1
L <©
o
L <
o
L N
o
V| ©
T T T T 0
Q @ © < N Q
— o o o o o
uonoel) PIOA
= ©
© B
Egxc
= O ®©
o Pl
Qo (o]
x 0 c
—wa <
I i
on 1
N |
Q @
— o

uonoely pIoA

Distance from inlet [m]

Distance from inlet [m]

N
. —
g =
(0]
EE o o
SR i
L =
Qg o
X = C
ba< =
s . o E
(O | " © g
= \ =
© §
o £
(O]
(8]
[
< 8
o 2
[a)
N
o
| | o
S © © >
i o o
uonoelj plIoA
N
—
£ =
£=2 °
.ﬂ%ﬂ I
o 8=
wn
Qg O
X = C ‘m_
nod.vEDlA.n | 00—
C u I oo
(@] | =
N | £
©5
L2 2
[
(8]
c
L~
sl
L N
o
Q
T T T
°© @ o % o®
— o o o o

uonoely ploA

Fig. 8 Axial variations of the zone-averaged void fraction in FT-6a



1.0

® = 3 <k of O W
= = 43. — A Bl A - I_L
. ~ mE RO ) 8 w o
2 & @ © W &EEJ@K#
= ° LT e e Wl
5 3 o I W £ x T 2 X o o ol
EEg€c LS c T o 33 = ~ 3 H 0 % o
E223 S E 5 ol ¥ T H =5 ~ 8 3
EZCE = 0 - Bl o . & O
oo g £ S 5 % o DR 5
| i R SR I
° b g 9 = o oW - I
8 € = AR = mabxﬂo_o.@uﬁvﬁ
s £ 2 £ Ba Dzwp =Dy
3 = s M S5 3 8 ﬂ o
-mm = 4] mwlDlD_ :|m.o|rmwM o O
! s A .mmm -m 3 w8 of K Ko m 5 0w M
! ET O 5 = = ¢ — AR s I
' S ESgD °“E g w o= oMz 20
2 gua< o @ - = Y ol < ’ool = O
5 ¢ < 4 o 0 "8 8§ wmmnD :I___Wwo.fm_w
= 8 S8 S s 3 St B S el U R g
HOHOEA PIOA ER- T T o Umoa g 1©
@ = M = ol = N = o R§
3 ng 2 Ty . Ooa w5 &g
g © ) = S mw o O N X X
2.8 18 s £ g Wsl w_xclmv__mmxﬁ
£E5 /3 = = = |_.ME|m._ w3 o Kz g
Ecds E 3 ° A § o 51 B
EgSZ ry o oo Iy 8 Vo Womer
o < —_ = )
™ u ; @ o @ © ; o = - 0 MWD ol
g | [ |° g 4 © oS S5 o S R g W WoW ook« o X g
- |o O uonoe.) pioA a = = M <~z
) S € =) R o o= 1o "
S S o 0| Bl 3 © RU-ol mp Q Ok i
g S ow iy W Ron__lgﬁm_#
o £ = DI SN 3 = H LN
\ |85 s . © = U ol A
' S A g ool o 0 TR - R A
n S z X T 780 S o o MoK N
' = = = kg 0 — WH i = & r
E 2 B g ®AE % o WA~ M X o
- £ HEw® =<3 g Sk 2 S
° 39 I RN = 8o
T o nv. | =
S s S & 3 0 Exa ¢ = o8
uoljoel) pioa



Fig.

H

Ae=2 Lt

=
=

Jtot

Hz BIIGHYOL MAWAS AHE WY 17%)2 KX

Klo

H
(=]

HOlAS D[4

ol

00
0
i

<]

U

e]

o3
3+
cl
oI
B

1!
6
=
ol
H
70
ur

ol
I

561

0.5 m)

Fig. 10 Contours of the liquid temperature and void fraction at the outlet (z

Wal Temperature §K)

I'!-Tl. 3

Flow direction

5

IH?.]

567.3
545

'

565 K)

sat™

Fig. 11 Contour of the wall temperature (T



S = = =l =
< B ar - B - I
o) 5 W - mﬁ RI i)
® _ i ~ K Il =
< S W S Ol J = O
> W 30 & 53 Oy 0 P
5 OF RO 4 © 1N ) =
E W £ & o~ = < 0 ~
o 5 5 % Ml om O -
3 30 K K W B o5 =
< " Hw s 5 5o =
To) Q ol ﬂﬂ fmaj EREE N = .
© £ ol = W og O X = =
2 o L= W = 5 o S
T ST = &
T~ 3 B g Moy L 0
E o = K H o - 3
c Ol N
o s3 0 Wy @A S
€ o = © wy L M-
™ c o _ 00 o1 ™ —n B0 ll
s 2 5 W o N m g < S
s B s K o LoE o W
£ £ © g ook MW o = M
e 3 o KW s o= ol
N2 L we o> ot
© 9 T o H 00 I 4 o0 ol
c 2 m = s W i w80
- uw = - Ko == — o
o 2 G = LH ) ~ %0 Ol 3 m_w
s B8 = =% O o) oy o 2o m K2 o
) ﬁ.ﬁlufmnog_x/_ow oy RrS =
£ 7@@&&%% I_imu_ ol
- or . T o = o
J o T ofy 0 ¥ oS Ly
b o 4 S Lopaow s gn oy ® o ~
(uonoey) O °O 0 & Cmp WSS g By <
T = ko WoxToa o By
> ul oy 3, RO el
o m o oF A 3 H O o OF T iol =
= o X DWWy TS e B
N o s@pRPams s 3 u 3 Ilg
- ) <D W - oA O R M Al B
. o <F 30 T Tn o e — I-
S {1 0 e © 4 R0 0=~ K _ w Ul il
i Pwtos ~ =

R. T. Jr., and Drew, D., The current state—of-the—art in the modeling of

Ishii, M., Thermo—fluid dynamic theory of two—phase flow, Eyrolles (1975).

Lahey,

(1)
(2)



vapor/liguid two-phase flow, ASME Reprint, 90-WA/HT-13 (1990).

Bertodano, M. L., Lahey, R. T. Jr., and Jones, O. C. Jr., "Development of a model for
bubbly two-phase flow," J. Fluids Engineering, 116, pp. 128-134 (1994).

Sato, Y., Sadatomi, M., and Sekoguchi, K., "Momentum and heat transfer in two—phase
bubbly flow = I," /nt. J. Multiphase Flow, 7, pp. 167-177 (1981).

M. Kurul, Multidimensional effects in two—phase flow including phase change, Ph.D.
Thesis, Rensselaer Polytechnic Institute (1990).

H. Anglart, “Modelling of vapor generation rate at wall in subcooled boiling two—phase
flow,” First CFDS International User Conference, Oxford, UK, pp. 183-207 (1993).

AEA Technology, CFX-4.2: Solver, Oxfordshire UK (1997).

G.G. Bartolomei and V.M. Chanturia, “Experimental study of true void fraction when
boiling subcooled water in venturi tubes,” 7Thermal Engineering, 114, pp. 123-128 (1967).
H. Anglart and O. Nylund, “CFDS application to prediction of void distribution in two—
phase bubbly flows in rod bundles,” Nucl. Sci. Eng., 163, pp. 81-99 (1996).

O. Zeitoun and M. Shoukri, “Axial void fraction profile in low pressure subcooled flow
boiling,” /nt. J. Heat Mass Transfer, 40(4), pp. 869-879 (1997).

J.Y. Tu and G.H. Yeoh, “On numerical modeling of low—pressure subcooled boiling
flows,” /nt. J. of Heat and Mass Transfer, 45, pp. 1197-1209 (2002).

E. Krepper, “CFD modeling of subcooled boiling,” The 10" Int. Topical Meeting on
Nuclear Reactor Thermalhydraulics(NURETH-10), Seoul, Korea, October 5-9 (2003).
oI, MEE, 2sM, MEE, “+HAZS WHHIS FS0 et Moo =
Hal, st=2Xsts (2003).

AEA Technology, CFX-4.4: Solver, Oxfordshire, UK (2001).

Nylund O., Becker K.M., Eklund R., Gelius O., Haga I., Hansson, P.T., Hernborg G. and

Akerhielm F., "Measurements of hydrodynamics characteristics, instability thresholds,

s

o

A
=

and burnout limits for 6—rod clusters in natural and forced circulation," FRIGG—-1 report,
ASEA and AB Atomenergi, Sweden (1967).
W.E. Ranz and W.R. Marshall, Chem. Eng. Prog., 48, pp. 141-148 (1952).



	분과별 논제 및 발표자

