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Ol.Introduction

« Gas-liquid two-phase flow is typical phenomenon in accident scenario in NPP
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Bubble column-type gas-liquid two-phase flow
Extreme condition : Velocity of liquid phase is near zero and gas bubble is drlven by

buoyancy
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« Prediction of void fraction : drift-flux model

<j > « Predict the void fraction
<<vgl >> =20 =C{ j)+<<vgj >> =C, (( jg )+ { >)+<<vgj >> 2 - Incode: calculate the drag
(@) force
Distribution parameter(, Co =1.2-0.2 Py /pf Correlations based
Gas drift velocity v; <<ng >> = \/E(l— <a>)1'75 (GgAp | p? )0'25 on gas;—sl-elia\’fvwo-

— Problem of application :

1. Many correlations are based on the assumption of 1.2, which is applied in the gas-
two phase flow with large liquid velocity.

2. Property of LBE is different with Water.

3. The distribution parameter depends on several effect factor, not only density ratio

-

The limitation of existing study on LBE two-phase flow
1. LBE is not transparent so the visual observation is difficult
2. Correlations applied to gas-LBE two-phase flow is lack

-

v Based on theoretical analysis+experiment data, develop new model
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02.Evaluation of existing correlation

Developer Correlations Characteristics
((vg))=v2(1-(a)) " (c98p1 )" Bubbly flow
Co=1.2-0.2\/p, / ps - Gas-H20
1~3 Ishii : ({va)) =0359D, 207 o Slug flow |, ¢, small/medium tube

C, =1.35-0.35./p, /o,
(v ) =V2(c9sp! pt )" Churn flow

. _ *0.809 0157 | 0562 2\02% * Gas-H20
4 Kataoka & Ishii <<ng>>_0'0019Dh (oo lpi) " N (0gbpl pi) N, <0.00225,D; <30 for large tube

<( gj>> 0.54,/gD,Ap/ p, , D; <30 C Gae H20

5 Kocamustafaogullari & Ishii << >> So(agAp/p )o. D = 30
a// v f '~h

Co =exp 0475<Jg> Ll \/E] \/70<<JE><0.9
6 Hibiki & Ishii correlations (i pi ) Ne ()

( for bubbly flow ) i: (i) « Gas-H20
C, =| 4.08— 288( M 9 09< i>

. <J
(v )) = (), (139 (35)) ({3 )

/\\/

\//\

3 [1 exp 139 )]
]

1— ,ng /pg 0<<J ><1
7 Hibiki & Ishii correlatloné >18

Pg
( for cap bubble ) =0.6e Xp 18 1 \f
- _o\i57 N 0.25
((vgj ) 0.0019D;%* ( /pf #0562 ogAp/ p?)

c, =1. 2exp{0 110(j")”

/_\

Gas-H20

5Clean - Green: Nature
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02.Evaluation of existing correlations

Developer Correlations

Characteristics

8 Mikityuk(for pool) C,=24 <<ng >> = 0-61\/9DhAP et

Gas-Liquid metal

9 Mikityuk(for loop) C, =09 <<ng >> = 2.33{‘/90‘Ap / p?

Gas-Liquid metal

10 Shi C,=2218 ({v))=14.22j:" 4/gorp! p}

Gas-Liquid metal

< j+ >0-00102 p 0.0181 p 0.0181
C,=|1 d 1+4.82¢70180 ) 1| 2o Lk
i (+0.O667<jg>0'690+1.36<jf+>3'29]( T ){ (pr }(/OJ

0.25

0.548,/D, (cgAp/ p?) " D, <30, . -
((vy)) = o . o high wettability wall
11 Shen 3.0(cgAp/pi) " ,D; >30

<j +>0-143 P 0.0137 P 0.0137
C,=|1 : 1+1.40e %% ) 1-| £ =
" [ +o.0853<jg>°'”9+o.115<j:>1'°8]( T )[ [pr ]{pfj

. 0.508,/D; (cgap/ p?) ", D; <30

-

- o low wettability wall
2.78(cgAp/ p7) D, >30

Gas-Liquid metal

6Clean - Green- N‘s =
\
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02.Evaluation of existing correlations

Developer Test facility Characteristics

o - . . .
S - void fraction is measured
A g by neutron radiography
1 JNC & Kyoto MG e 3 NecPOIB o « N2-LBE
. . . Du' =182 .
UnlverSIty EXperlment il ;gw“ . iﬂﬁﬁﬁii’m’ E « for evaluation and
£ Bl tapi verification of correlations
— Drift model (with Eq. (8))
- Dimelr(::ionless gas ﬂu:l:;'; 8] v
0.4 T T -
o Y4 :
NN et o £ oab zig(mmmrbulm)
& N i - void fraction is measured by
. . £ nor & pressure diffenerce gauge
2 Saito Experiment 2 ol ‘&7 1 < N2-Gallium & N2-H20
0 $8  for evaluation and
Do SupsitalGes ey, 5111 verification of correlations
Px<}—=> Exhaust 0.15

D102 3 mim 75,1 mm r r
nner concentric pipe Poor wettability condition
Outer diameters

mm, 76.3 mm

27.2 mm,

D537 mun Dy-26.0 mm
Differantial pressura gauge @ ©

/ Cross-sectional View
of Flow Channels

v 2 {e+ void fraction is measured
ge%f@? - by conductivity probe
o D”:UIEJBm 1° N2-LBE
O DF00751m °
& oyowsn | for deV‘?lo%?a?n. Of Lo
correlations

3 Ariyoshi Experiment

2smm i | A

Averaged void fraction, <o -]

. A . .
0.00 0.03 0.06 0.09 0.12 0.15
Superficial gas velocity, </ > [m/s]
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02.Evaluation of existing correlations

0.8 0.8 0.8
5 . 5 s 5 an
*8 0.6 5 - g 0.6 ’ 5061
L ) L " T .
3 30 3 " 30% 2 " 30%
S04 o T 30% 0.4 $0.4+
1~3 E . ) b &% 3 5
8 e ks aa B
2 021 & g 0.2 AAA,, 502 V\EV
o o 8. o
o Ishii for bubbly flow 4 Ishii for slug flow v Ishii for churn flow
0.0 T T T 0.0 T T T 0.0+ . . .
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Measured Void Fraction Measured Void Fraction Measured Void Fraction
05 - 05 .
- +30%" - +30%
| 20.41 . C gl . 9 0.4 i
g , Obvious deviation is 5
i e . . R
503 o observed for void fraction sos a0
4 S @ oo g .
g2 prediction by most S02] e
L H k=] o 7
Sorl correlations based on gas- S0 e
a &o ©0.11
o o . _ o 5597
N N Kataoa & i water two-phase flow -+ Kovamstataoqulr &
: ' ' ' ' 0.0 : : : :
0 Olllvleasu?'eil VoidOI':?;‘actior?'4 o° 0.0 0.1 0.2 0.3 0.4 0.5
Measured Void Fraction
05 - 05 K
- +30% +30%.
S0.4] ’ S 0.4
g 20.
& &
5 03] 03] 2
— ‘>3 o =0 o
] . >
6 ~ 7 B 0.2 - o 0.2
o < 0% =
b= 5y [ .
For) o B0 A
s A
J:: o Hibiki for bubbly o i o |z
0.0 . , , . 0014 43 Ctibiki foECapen N‘. :
0.0 0.1 0.2 0.3 0.4 0.5 0+ T T ; ; R
Measured Void Fraction 0 01 02 ~ 03 04 05
Measured Void Fraction
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02.Evaluation of existing correlations

0.8 0.8 0.8 -
506 055 . 5061 ’ 5061
II 0on® ) . II - |I vy Vv , P
o 00g ’,," =] A L __," =} %VV /’I ’,-",
S 0.4 R 7 -30% S 0.4 . o T -30% S04 Jgw Lo 30%
o A e oW v
1~3 g | F T | T | 7
ke L 8 87 8 Al
502- ﬁ 50.2- Kﬁé EO.Z- VV
o o S o .
o o Ishii for bubbly flow - 4 Ishii for slug flow v Ishii for churn flow
0.0 . . . 0.0 . . . 0.0 . . .
0.0 0.2 0.4 06 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Measured Void Fraction Measured Void Fraction Measured Void Fraction
0.5 - 0.5 -
5 s s o
2041 ’ 204 o
8 g 0,0
T s o
03] 503 o
4 o 5 o o go®
> PR >  Dod O
:E’__,, 0.2 ‘@__, :qc__z 0.2 D,DDD
5] o.p o o
35 oD 0F = S f
£o.14 . ,_G,gﬂgtﬁ%ﬂ £0.14 oo -
° o Kataoka & Ishii 2 o Kocamustafaogullari &Ishii
0.0 . . . . 0.0 H£5 . . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Measured Void Fraction Measured Void Fraction
0.5 p 0.5 -
- +30% - +30%,
20.41 . . . « e S04
g The void fraction prediction 3
L - T B
0.3 H H . B [T
= o in Saito-Ga test is consistent z°3 o
> - . oy o S
6~7 go2] S with itin N2-LBE test  Zo:] _
B =P og 5 AAAD
o 5 kA
g o Hibiki for bubbly e 5 & Hibiki for Cap
0.0 . . . . 0.0 . . ; .
0.0 0.1 02 03 04 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Measured Void Fraction Measured Void Fraction
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02.Evaluation of existing correlations

0.5 0.8 - 0.5 ,
+30%" .. +30%
= % = 30%.
So+{Kataoka .. g . Ishii £0s{ Koca /
o O V.01 - o
o ° o ‘ = .
g .1H20 o 1 E 1 H20 s H20 :
=0 o _.-30% S e o L o L--30%
- o o . === (J o
_|5 s > 04 s S el .
E 0.2 ot B g /Af&A - E 0.2+ A =
o e o e o Ao .-
9 0.1 ﬁFF‘D 3 0.2 = o s
4 o Kataoka & Ishii A Ishii for slug flow ‘:’FPE o Kocamustafaogullari &Ishii
0.0 ¥—— ; ; ; 0.0 ; ; ; 0.0 ; ; ; ;
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6 0.8 0.0 0.1 0.2 0.3 0.4 0.5
Measured Void Fraction Measured Void Fraction Measured Void Fraction
0.5 - 0.8 - 0.5
+30%" s +30%"
s, Kataoka s | Ishii s 5..] Koca :
5 5 0.6 =) o
£ 1Ga | &7 Ga ' g1 Ga e
o 03 130% h= aps® L 503 o, 20 L S
S S04 o AT S S m"uu,u‘f:
— S02 : 5 Bet | 5021 o g
8 0 ,D,@/ 40—'-’ A};‘AA 8 . o0 o
Qo oo Q g = ol P
801 H'goo ° g 021 "y 301- ot -
£0. 6'3'68@ 2 2 55 £20. <
A ° o Kataoka & Ishii & 1shii for slug flow - o Kocamustafaogullari &Ishii
OO ; T T T T 0.0 T T T 0.0' = T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6 0.8 0.0 0.1 0.2 ) 0.3 ) 0.4 0.5
Measured Void Fraction Measured Void Fraction Measured Void Fraction
« The correlations based on gas-water two-phase flow data give better
prediction in Saito-H20 test e
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02.Evaluation of existing correlations

0.5 0.5 —~ - 05
- +30‘f/,o"’ - +39%/ - +300/Q,x"
S 0.4 S 0.4 ‘ 5041
(I - L . T .
0.3 0.31 300 L 0.3
8~9 |3 = Te30% = N T30 102 ﬂq&m:ﬁ comem R
> > AA/ > II,’ -7
g 0.2 /aél g 0.2 5 L ©0.2- .
L o L I3
sl AL —
go.l- D 80.1- 2 801_
o - a a
o Mikityuk for Pool data 4 Mikityuk for loop data o Shi
0.0 T T T T 0.0 T T T T 0.0 - . . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 02 03 04 0.5 0.0 0.1 0.2 0.3 0.4 Y-
Measured Void Fraction Measured Void Fraction Measured Void Fraction
0.5 , 0.5 -
- +30% - +3o?4;/”
.g 0.4+ - .2 0.4 -’
LL L M P
503 o 5 0.3 a0 Mikityuk (pool) and Shen
o0 . o s L . .
> > s correlations can give good
1 1 1 28 0.2 < 0.2 3
~ - Q ’ et M
S e g - agreement with test data
0.1 o ©01] o
o i o s
o Shen for low wettability 4 Shen for high wettablity
0.0 T T T T 00' T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

Measured Void Fraction

Measured Void Fraction
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02.Evaluation of existing correlations

0.5 : 05 : 0.5
- +30%" c aa® +30%” - 300,
S 0.41 4 2 0.41 Lo 25 2 0.41
o o a k3]
E E A Al o E
~ L e 7 LL o e L I,” Pt
8~9 |Sos3] | 1503 L | 105037 o
o . - o A, o %
> /DD 5o > a” > M‘:g aleia}
3 0.2 8 gho 3 0.2 s 30.2
5 R 5 Nt 5
Bo1] g Boa{ 2011
o e o a
. o Mikityuk for Pool data - 4 Mikityuk for loop data o Shi
0.0 . : : : 0.0 : : : : 0.0~ ; : : :
0.0 0.1 02 03 04 0.5 0.0 0.1 02 03 04 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Measured Void Fraction Measured Void Fraction Measured Void Fraction
05 0.5 -
+30% +3o%/1 .
S0.4] S0.4] - Summary
Q [S] .
g g Among 12 correlations
0.3+ ,/’", o} 0.3 ,,;",o T .
E R ) T € Only Hibiki’s correlations,
. o . o e
11~128°2 "o EO-Z- i Mikityuk, and Shen
2 oo 8- 2 Ao B . .
o1 LS Boi| A7 correlations can give good
o Shen for low wettablity ° o Shen for high wettablity predlctlon
0.0' 5 T T T T 00' T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

Measured Void Fraction

Measured Void Fraction
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03.Theoretical anal

-
Stepl:Theoretical

model

-
*Get the a and velocity

I —

distribution along radius

+Calculate CO by definition

o

Clark’ stheoretical model for bubble column

1

l-a . +a,

(r/R)’]
(1))
'5\0.14—0.08(52 —0-06(54

p(r):pf

ﬁ—pi(r)=pf( 2a°]

p+2

P &fxRARAR

China Nuclear Power Technology Research Institute Co.,Ltd.

-
Step2 : Influence
factor
a )
Change input parameter
S g 'P p
in theoretical model
«Analysis the influence
\ _J

du

dr

oS

(g g

Step3 : new

correlation

a4 | )
equantify the effect by
fitting

—

eget new correlation

START

/ get liquid velocity \
(Csmrr )
|

Input Nzo ——

[ solveeq.s), obtaindusdr |
Input a new Nrzo,
‘ Integrate dU/dr, obtain U(r) ‘
‘ Integrate U(r), obtain Wt ‘
S
Yes
get CO

1 az
I[au’+1 Fr}r’dr’

o =

Co = 2 )i - e
o |l-—— ‘[{u#Fr}r’dr’
p+2 )3 -«
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03.Theoretical analysis of drift-flux paramete

( (" ("
Stepl:Theoretical Step2 : Influence Step3 : new
model factor correlation
( ) é ) é )
| | oG'et t.he o.( and velocity. | -Fhange in'put parameter | -c!u:'antify the effect by
distribution along radius in theoretical model fitting
+Calculate CO by definition «Analysis the influence eget new correlation
_ _/ \_ J \_ J

In the center of the flow channel, the liquid metal is entrained by rising bubbles and flows upward. Correspondingly,
liquid metal near the wall flows downward to fill the vacancy after the fluid in center area leaves.

A flow circulation over radius forms. Because the liquid metal is contained in a static pool during experiment, the
overall volume flux over channel cross section and the liquid Reynolds number based on average velocity are zero.

Input Ariyoshi‘s test parameter
1.00 12
—— Fr=0.38 p=2.0 ac=0.18
0.75 — ,=0.18, Fr=0.38, p=2 1010 Freo 50 bz 0 o 1 Ga = ~v9bbp, € With Ga increasing, CO increases
¥

—— Fr=0.25 p=2.0 ac=0.18
—O— Fr=0.05 p=2.0 ac=0.18

0.50 1 84

downward flow

€ Ga>100000, CO keeps constant

~ 0.25 64
s o
B B e 4 o ]
€ Ga number of liquid heavy metal is
-0.251 upward flow 2]
larger than water
'0.50 T T T T O il T T T al T T T al
0.0 0.2 0.4 0.6 0.8 1.0 1EO 1E1 1E2 1E3 1E4 1E5 1E6 1E7 1E8 1E9 1E10 14Clean - Green - Nature
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03.Theoretical anal

-
Stepl:Theoretical

model

-
—]

\_

~

*Get the a and velocity
distribution along radius

+Calculate CO by definition

_J

1.00

0.751

0.50 1

T
—— Re=4
—— Re=27
—— Re=594
—— Re=8738
—— Re=22849 ]
—— Re=75865
—— Re=106884

0.251
—
S 0.00 - reemeemoe oo RN
-0.251
-0.50 : : : :
0.0 0.2 0.4 0.6 0.8 1.0
r
10.0
—v— Fr=0.5
——Fr=0.38
75 ——Fr=0.25
—— Fr=0.17
—=—Fr=0.1
_ 50 —e— Fr=0.05
®)
25
0.0 T T T T
0 25 50 75 100
Re/1000
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(" ("
Step2 : Influence Step3 : new
factor correlation
( ) é )
| -Fhange in'put parameter | -c!u:'antify the effect by
in theoretical model fitting
«Analysis the influence eget new correlation
. J . J

With Re decreasing (to Bubble Column) ,CO increase greatly
With Frincreasing, CO decrease
0.25

-«;J%?—«v;» 2,

2
Ps
€ For Saito or JINC&KU’s pool-type test, Re of liquid metal nears 0,
Co>>1
@ For loop-type test,

Fr

CO is smaller than it in pool-type test

15Clean - Green - Nature
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03.Theoretical analysis of drift-flux paramete

( (" ("
Stepl:Theoretical Step2 : Influence Step3 : new
model factor correlation
( ) é ) é )
| *Get the a and velocity «Change input parameter equantify the effect by
| distribution along radius | in theoretical model | fitting
+Calculate CO by definition «Analysis the influence eget new correlation
_ _/ \_ J \_ J
10.0
= Fr=0.38 p=2.0
754"
s 0, € With averaged void fraction increasing - CO
S . decrease
0.0

In summary, the influence factor include

€ Reynolds number ( liquid velocity, channel diameter )

€ Froude number ( channel diameter )

@ Void fraction ( gas superficial velocity ) 16Clean- Green- Naure
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03.Theoretical analysis of drift-flux

-

Stepl:Theoretical

model

—]

I
*Get the a and velocity

distribution along radius

+Calculate CO by definition

\_

~

_J

P &fxRARAR
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C, = f (Re)—[ f (Re)-1] ’;_j

f (Re)=1.39-0.0155In(Re)

paramete
(" ("
Step2 : Influence Step3 : new
factor correlation
( ) é )
| -Fhange in'put parameter | -c!u:'antify the effect by
in theoretical model fitting
«Analysis the influence eget new correlation
. J . J

» (Re)-|

Ishii correlation

X,9,(Fr),lg(Re)<3.26
X,9,(Fr)—X,9;(Fr)lg(Re),3.26 <Ig(Re)<5

9, =0.391-0.632In(Fr)

g, =0.449-0.58In Fr)
g, =—0.286+0.755In(Fr)

1 * Introduce new relation about Re and Fr

(

s+

Jg

(@)
-

C,=1.82-0.621g(«, ) +2.03[Ig(,)]

Fitting with

- it Ariyoshi’s test data
274" +3.77 )

: [

)

\

(o

+

]

-1

0.54,/gD;, D; <30
3.0,D >30

J

2 * Introduce the modification of a

17Clean - Green- Nature
3 * Compound with Vgj to get new correlations
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04.Development of new correlation

051

o
~
PR PR

data

Measured Void Fraction

=
2
=} ]
LL 1 .-
< 0.31 - 30%
S
] Ao
50.2: /U@D
= H3
L 0.1+ “
o ] -
| & o New model
00||||
0.0 0.1 0.2 0.3 0.4

0.5

Predicted VVoid Fraction

Comparing with test data ( left : JNCright :

Saito-Ga )

051

© © ©
N w R
NI N B

o
=
PRI B R R

o

a]

& o

C \
A .
e=l Nl ]

+30%°

. .
. .
A -

o0 -T30%

o New model

©
o
1

0.0

01

02 03 04 05
Measured Void Fraction

« void fraction predicted by the new correlations agrees well with test

18Clean - Green - Nature
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04.Development of new correlation

—] (1-Ishii for bubbly, 2-Ishii for slug, 3-Ishii for churn, 4-Kataoka & Ishii,
5-Koca & Ishii, 6-Mikityuk for pool
1cti 1 7-Mikityuk for loop, 8-Shi, 9-Shen(high wettability), 10-Shen(low
StatIStlcaI evaluatlon wettability), 11-Hibiki for bubbly,
12-Hibiki for cap, 13-New developed model)
1.5- 1.5 T T T a4l
1 ew 0' i
1.0 s 1.0 .
| nodel *°] oglel
0.5- 0.5 P
c 1 - ]
2 0.0 2 0.0
8 K-
& -0.5- - $-051
o ol (1) Gas LBE test data 0 ol (2) Gas Ga test data
g -Mean Relative Error o | e =Mean Relatlve Error - |
15. -RMS R | 15] ] RMS - ]
12345678910111213 12345678910111213
~No. of Correlations No. of Correlations
Comprehensive index : relative | Comelations  Gfor gas- T Gfor gas-Ga
number, j LBE test test
error+RMS I 0.168 0.066
. 2 0215 0.117 .
min . ‘g‘ min. 3 0.210 0.080 New correlations :
§ _ 117 + ] “RMSj 4 0.322 0.186 . L. .
i~ ‘g ‘ - 5 0.489 026t v The prediction is better than
] RMS] ‘ 0953 o other correlations for LBE
8 0.027 0.018
From Oto 1 - the larger 9 0.530 0.625
10 0.442 0.488
value means the better 11 0.856 0.376 19Clean - Green - Nature
o . 12 0.325 0.184
pFEdICtIOI’l 13 0.939 0.528
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05.Conclusion

Based on one-dimensional modified theory analysis, the distribution parameter is
estimated and the effect on which is quantitatively discussed, then a new correlation
considering is developed. The obtained conclusions and prospects are as follows:

» Analysis result based on modified Clark’s theoretical model shows that distribution
parameter is assuming very high values at low Re number. Besides, with Froude
number increase, distribution parameter tends to decrease. At lower void factions,
distribution parameter is also assumed to be high values. It indicates that the pipe
size, flow rate and void fraction can all influence distribution parameter.

» Considering the quantitative laws of above influence factors obtained by theoretical
— analysis and fitting the data of Ariyoshi’s test, a new correlation for gas-LBE two-
phase flow is developed and evaluated with JNC & KyotoU and Saito’s test. The new
correlation gives the good prediction for gas-LBE two-phase flow in the void fraction
range of 0~30%.
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