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Comparison for the Interfacial and Wall Friction Models in Thermal
Hydraulic System Analysis Codes

Summary

The average equations employed in the current thermal hydraulic analysis codes need to be
closed with the appropriate models and correlations to specify the interphase phenomena
along with fluid/structure interactions. This includes both thermal and mechanical
interactions. Among the closure laws, an interfacial and wall frictions, which are included
in the momentum equations, not only affect pressure drops along the fluid flow, but also
have great effects for the numerical stability of the codes. In this study, the interfacial and
wall frictions are reviewed for the commonly applied thermal-hydraulic system analysis
codes, i.e. RELAP5-3D, MARS-3D, TRAC-M, and CATHARE.
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7}. Bubbly flow, Slug flow: Drift flux model
F. = Ci|Vg|vy
_agai(pg —pg)gsing,
‘ng‘vgi

Ve =Cv, —Cyvq

. 1 9|9 {599 Drag coefficient model

S CAA
1

Ci =_pcsrangD
8

Vg :Vg -V

2.1.1.1 Bubbly Flow

Bubbly ¥ mist S5 BAFE (dispersed flow)o. & HFHth BAFEZ

B



M= AWHAYE= Wallis (1969) & Shapiro & Erickson (1957)9] mdo] AL&Ht}

dmaxpc(vg _Vf)z
O

We =

We =10.0  forbubbles
=3.0 for CHF droplets
=12.0 for post —CHF droplets

4kd 9 9] non-vertical &9l tdled+= Ishii & Chawla (1979)2] AF3t2] o]
1=

24(1+0.1Re%™)
D
Re,
eV, —V,|d
Rep _ ,0 g f‘ 0
H

p. = piy =" for bubbles

2%

=Py My = K for pre — CHF droplets

2.5
9

=Py Hn = Hy for post — CHF droplets

T213%42] bubbly A W3te] Putney (1988, 1988, 1988, 1989, 1991)% <
drift-flux 2 2o] A}g¥th RELAP5-3DoA] 7z} %9 &8 2 7882 27 o
sle] &= H1ol Al =o] At} Chexal & Lellouche (1986, 1991, 1997)2]
EPRI J3#2 %= WA= o] =1 global slip A+ o3 o] Fojxth
C, = L
Ky + (- Kp)a!




*

a, =max(a, ;107)

a; =min(l-«a, 107%)

L, =1-exp(-¢,C,) if «,C, <170
=1 otherwise

L, =1-exp(-C,) if C, <170
=1 otherwise

2,
Ko = Bl + (1_ Bl)(_g)lM

f

4P’

crit

P(Pcrit - P)

p

B, =min(0.8, A)
1

A =

= Re
1+ exp< max[—85, min(85,—
p{ [ ( 60’000)]}

Re=Re, if Re,=Re,; or Re, <0
=Re, otherwise

j.D
Re, :pfjf h

Hy
Reg =pgngh

Hy



1+1.57(p, ! p+)
- 1-B,

J, = positive when upward flow

Chexal-Lellouchel A+ ‘Oﬂ A}d‘lﬂk— 71749 local slip A9+ 923 2ok
oy —py)og |
Vg = 1.4{ L C,C,C.C,

C,=(-a,)* ifRe, >0
=(1-a,)" ifRe, <0

c,=1if Zi>18and C, >1
Py

—1if 2 >18and C, <1and C, <85
Py

__ 1 it P s18andc,<landC, <85
1—ep(-Cy) |,

0.7
—0.4757)In| max(.00001, 2= [V it £ <18
Py Py




C,=1if C,21
=; if C,<1
1-exp(-Cy)

D, =0.09144m (normalizing diameter)

J Zuksko] wel Gk =, ASHFY AodE G, 9 i B
T )
‘Ref‘
C, =max| 0.50,2exp| — —————
300,000
oy, 7Y AF (g ¢ ir EF &) % countercurrent flow (g © T, jif <
)78 5ol =
Cp )
A
2

]0.4
Re )0'4 . —IRe D.\? D\ |
Cyo =2€Xp (Loo% —1.7\Ref‘0035 eXpH—G(‘),OOfO‘J(ElJ ]{ﬁj \Ref\m

D, =0.0381m (normalizing diameter)

. Re,
1+0.05
350,000

9} o] FojZt}. Cy, Co--. Cio ¥ Chexal-Lellouche

gael olstel 239
Griffith 322

t}.
Nk aAl o =2 ALZEA| 3 (narrow rectangular channels)ol] 488 &
Ko g wEo T, EEASE Ishii (1977)00 2l3te] 7w



C, =1.35-0.35 |2
P+

o)™, drift velocity® Griffith (1964)9] 2&}o] t}&-3} 7Ho] Fo] At}

(o, - p, )93}1/2

v, =(0.23+ 0.13ﬂ)
S P

Aol W 59k =21l Q92 = (pitch, gap, short dimension)o]™ Si= |
g o] Zo| (span, long dimension) ©|t}.

2.1.1.2 Slug Flow
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1% 1. Slug Flow

T2 A2 slug flow o tste] drift—flux 22 o], non-vertical slug flow ©l
drag coefficient 2 2lo] AFg% Tt} Slug flow? drag model2 NA slug

skl A=
2 29 A%d Taylor 7128 2d3 Rog I AWudd=s g&3 g
a, 3.60(!]JS
a, =224 1-a
gf L do ( b)
a, —a
Ay = Qg exp{—Sg—Bs}
Usp — g



[shii & Chawla (1979)¢] Taylor bubbleo] W3t drag AlFE vt 7).

o =1O.93(1—ab)3

loll A D' Taylor bubble?] 2 7o, & = (&g —ay)/(-ay) o,
Non-vertical slug & W #& 7]¥0 3t drag AlFE S #ol
SEA=
0.75
_ 24(1+01Re}")

Re,

D

¥ 1. RELAP5-3Doll A}&-¥ drift—flux’ ¥4

Flow rates Rod bundles Narrow Small pipes | Intermediate | Large pipes
rectangular | D <0.018m pipes 0.08m <D
channels 0.018Sm<D<
0.08m
High upflow rates EPRI (2) Griffith (2) EPRI (3) EPRI (9) Churn-turbulent
G =100 (eprij) (erift)) (eprij) (eprij) bubbly flow
kg/m?es (14)
transition (15)
Medivm upflow Transition® (5) | Transition® (13) | Kataoka-Ishii
1‘3165 (16) (katokj)
50 kg/mes <G <
100 kg/m?ss
Low upflow, Zuber-Findlay | Churn-turbulent
downflow. and slug flow (4) bubbly flow
countercurrent flow (zfslg)) (10)
rates transition (11)
-50kg/mtes <G < Karaoka-Ishii
50 kg/m?ss (12) (katokj)
Medium downflow Transition® (5) | Transition® (13)
rates
- 100 kg/m?es < G
<= 50 kg/mPes
High downflow EPRI (3) EPRI (9)
rates (eprij) (eprij)
G <-100 kg.-‘"lllzds

a. F719 %S interpolationdte] A-&3Ht}.

2.1.1.3 Annular Flow



Set49l wES o] &5 annular S50 E ARMBAUEE g

e 360y
( ann)(1 ay) +(d—)(1—06ﬁ)

Slof 4 Cam =0 )™ o)ny o= oape] wrio] EASHE THFel o3
(roughness)& YEHT

o] EAshs Ao Fy 82 v o] Fojxidn

V. . Vv a
£, fil
ay = m —1—_—core _1_ 9
Vtot Vtot 1_afd
Ay —Qyg

2.1.1.4 Inverted Annular Flow

715 mel g s ARAYREE et o] Fojxith

3.6a
( ann )(1_ gann)1/2+(d—gb)(1_ag,ann)
0
V
ag,ann = o
Vtot
C nn — (30ag,ann)1/8
o] oA Bharathan & Ishii (1985)7} 7f¥sk AlAvtzA4 (Cpet 5L3H
&A@

f. = 4[0.005+ A(6*)®]



log,, A=-0. 56+¥

B= 1.63+ 474

1/2
o — D[M}
(02

o 5{(/% —pg)g}

(o2

o= film thickness

2.1.1.5 Inverted Slug Flow

DelJarlais & Ishii (1985)¢] E &S Ag3ghot,

2.1.1.6 Dispersed (Droplet, Mist)

Bubbly &5 dolA 7]&3t vlel 7o) pre-CHF mistol] talA=, We=3.0,
mist®} post—-CHF mistel] thsfA=, We=12.0 S A}-&3Ic}.
F2A e e] pre-CHF mistol] talAE EPRI drift-flux 29 ¢ bubbly-slug’t

#AA e HuAE AAnEATE AL pre-CHF miste] AAnZ A#2S A&
=3

ol i

2.1.1.7 Horizontally Stratified Flow

AR AL EE Jse o et gol A4A

ArantzZA G (Cpet #5)+ Blasius or Darcy #2419 FHagks AFE-3sit)
64 0.3164

fi =max —,———
Re; Re;

$oll A Reynolds & T3 o] Ao #Hr}.

N



PglVq — V¢ |D;
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2.1.1.8 Vertically Stratified Flow

TAATE ==AA dids sholA FAdEE AAVE A st &
Nes: AMAIATE F& g st #2485 759 #9947 FAHEA
o]+ junction®] AHAIAFE AAs=d Z L3 junction 7|EES A A
Aol 71EES AFEFel 9ot ThsatAl |uk olek FAFsHA, FAAAS wmEA A 9
3kl junctiondl tidte] AHAFA TR e S AASTE o]& junction AWA T

23k j o=

|Z&E 39 ==AHY LSS ST



2.1.2 RELAP5-3D ¥ o}z 232l

v BEle fedads Adtdn. |k 2de o) 4T two-phase
multiplier WAlS A}g3th o]o] A8% 3= two-phase multipliers= HTFS

(1972)-modified Baroczy “Zd¥#2lel  oJste]  AME™, z+ o] HywpEeEe
Lockhart-Martinelli (1949)2] & dlo] 2]sle] Aabgch, z; mpzale]l Q4 njio
e A= Chicholm (1967)2] 7Hdel ¢]éto] quasi-static && % 7@

>
o
%
oo
o,
v

2.1.2.1 The Two-Phase Friction Multiplier Approach

o
(o4
® >
o
ol
o
ot
o

Lockhart—-Martinelli model
2 el oy il Y AFE

m rlo

oA ZF multipliers= two-phase Darcy—Weisbach friction multipliers7} AF-& % t}.
2o AFo)E AMEEHH, Lockhart-Martinelli ratios= th&-3 o] Ao Ft},

O
-

g; =1+—+—
x X



¢l =y +Cy+1
C =-2f,(G)T,(AG)
f,(G) =28-0.3VG

_ (logy, A + 2.5)2}

T(AG)= eXp[ 24-G(10")

0.2
A=Pal A
pf ﬂg

Chisholm®] R ®e| ¢]std 7t

1+S %J (Tfpf]
R
a; a; ,
- -7
1-§; 74P,
ag
S
S, FI
A7)
dx /,,

=}
r U
)

flo



Tfpf_a [a +aZ]
TP (0{ +aZ ]

o] 714 Chisholm& HA}e] W wizled s dalol Egjz AA
}1\_]_‘% Reynold ’)F"é‘ /\]——g—o]-oq Darcy—-Weisbach U]—i /61—1};1_% 0]—%—6‘]—

than g e,

ARe() p; vy
T

A(Re ;) = liquid Darcy friction factor

_prfo




R

dP Z?
FWF(a, o,V )A=1,p, =a{—j [—}
2¢

dx a, taZ
dP 1
FWG(a,.p v, )A=1 =a, | — S —
(a4 p4Vy) o Pg g(dsziag—i—afzzj
RELAP5-3D Z=29] ¥H wzZA|4= 2L Jaminar flowd 4% Reynold <
50 o)l M=% Aen Atk 1 ol WS A f59 459 49 002 1
o] A= ASE Fysr] fgolt. &, W7o vpEg Aal A] FEA A gk %
AA7] HE&S 1.0x107 B A5= AFstn gld, ol n&fEolA logol 0
o] WX BES a7 9lgoln).
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2.2 MARS-3D &=

2.2.1 MARS-3D Adv}zxd

BN

MARS-3D ©f| A

22|

gradient®} £ o9

F 2 AW =Ygt =54 goga =

x2dg

2l ofzf e} Zo

For Bubble

For Droplet



For Film

T D,L
vl Vivf|zpl|uvul|zﬁ f—p,|u —U||—2—\/_p,|u
4 v H
For Inverted Annular
AV, @ D, L)
K= gy frg ol —ul= A a2 oo, —uf=2 0 oo, —u)
v 4( o, DH) L

2.2.1.1 Bubble =21 Algrol ok A Z A

R 29 vAASE ZAA3= Bubble®t Dropleto] tldh 3 = A<
Cob , Cpa © ReynoldsFoll mE 2o 2 EHAHM Single Bubble®]y Droplet}
YRS #AZF Aok oFg] ¥ xxxxx (Ishii, M., 1977) = Bubble Reynoldsg=ol &
=2 AFE Y e Bubblef:=rt SRl wel  Viscous F Y,
churn-turbulent & -&%W3l+ Distorted bubble®d <, 18]l cap bubble®d g YFil
7t G ol g AT S AHEST

=81DD
ﬂ“ VISCOUS REGIME
22 10l CAPPED BUBBLE REGIME
:—
25
W E
EE 1L
o DISTORTED PARTICLE REGIME
=
| I |

10 100 1000

SINGLE BUBBLE REYNOLDS NUMBER, Re
19 2. Single Bubble Drag Coefficient



Viscous 9%

24
Con = e, (L.0+0.1Re™)
where
2r,p,|U
Re, =—rbp'| V'|, where ., = (1-a,)?° (4, +0.444)
Hhno (a2, +41,)

Distorted Bubble %<

2\ Re)l-a,)

CDb :?Ny Reb

where
7,
N”: ! T
o 2
PO |
[ | g(pl_pv)]
2 1- U
Re, = o l-a ) V'|, where g = el
/'lm (1—av)

1714 (1-a,)? & disrtorted bubble®] A& sinlgle bubble#E 2] THE bubblez <1
sto] WA E= wakeH oA bubbleo] =#ol= ZFEe] U7l wiEol =dfa/duA
Reynolds=oll AFE-H= £E5v AHEE Al drift =20 Uy = (1-ay)Ug & AFE-3}
oo 37| wj&ol] e ol

Cap Bubble 94




124 Cap Bubbled] %312 @43l Large BubbleQ! -9+ Viscous ¥ 9] A3
21S SFAI7IE HA RSl 045 7HA] FAFo] Jhedk Ao R st 2y o]
drift velocityE AR§-3fofol st ofef] A3} o] stg S £ & F Utk

Cpp, = 0.45(1-a, )
2.2.1.2. Droplet =)L Aol thgt A2 a2

Dropletol] tgt 733212 BubbleX o} 7hehat™ ofefj o} o] Viscous P o] AFd2E& Al
£31m 33 o= 0452 2 &3

Cov :max[ 2% 1.0+0.1Re®™) o.45j
Re,
2r. p.|U
Red / rdpv| vd|’ where L :ﬂv(av)_2,5 (,Ll| "'04:“\/)
Hima (a, +11y)

2.2.1.3. Film flow v} ZA o] thal 23827 A2

Film flowel i3k vpRAFE filmo] ¢Hg 2ot ool whe}l 493 S5t A
MARS-3D oAM= 2 F9 A#2e AHg3t. shus= Wallis A3 (Wallis, 1970) &2
SFH ARl filmo] HEstar 9lom H Sl Henstock & Hanratty (Henstock&Hanratty
1976)7} 22 72 co-current9} counter-current filme] AFAEE AFEStS] 73 Ao
Aolth, 3 WEFor A ue AAF Y A st wallis ZHAE 2
Bl st A&t Utk = WFoE ALY Al EQFAT filmel thdtd= Wallis
2 o] 5uj 9} Henstock & Hanratty 324 5 o) g3 AH&3o

Henstock & Hanratty 432




3/2
f, = .11+ 1400F| 1— exp| — L (L +1400F)
G  132F

where

E-M A A
_Ro.g
ev luv pl

m* = [(0.707Re%* F° + (0.0879Re?? ¥

f, =0.046 Re*®

Wallis AF -4

f, =0.0025(1+ 75¢, )

Inverted Annualr Film &%

Inverted annular film-f-%9l st = ofelel o] A4 S AsFATh

f, =0.01

2.2.1.4. Cell Interfaced] W3}t F7}3& <2l nvlz-A 4

= ke EFe] cell boundaryoll =A% Wsl7t S - MARS-3DO A
7} o2 3Hst= O =2 Cell i-j interfaceo| A ai > 0.8 ©]3L oj < 0.6 &
Ela=s




(UV. - uIJ )A|y

]

u, —u,

1
|210v

f

ly

F

Z715) 4

el

1o cell?] liquid <% 24

3]

0.089] A4+E Al

2ATF=

1 2ol A v}

o]
=

LA

Z

2.2.2. MARS-3D H v}

;ﬂ_

3} FALEEA Aol

z

ofgf e} o] AW v}

RN

3
=

obejel Az o] 1}

tar e

15

=3

S
=

X

form loss¢} B w}
Jo

L
T

714 7 A K

K
+0¢IR

fl

2D,

|

K
]pvl_vl

+a,—
AX

fl

2D,

|

pl |ue|

K
ae
AX

o

2y laminar flow - Modified Blasius 4 7H4S Ab&

AA5e)

9 Ao A wf

- 23 —



_ 64.0/Re, laminar flow
" 0.0055+0.55Re;*® turbulent flow

For single phase liquid, bubbly, film flow

vapor friction fv = 0.0

For single phase vapor, droplet(no film), inverted annular flow

liquid friction fl = 0.0

of wwize g

Ishii, M. " Drift Flux Model and Constitutive Equations for Relative Motion Between Phases in
Various Two-Phase Flow Regimes, " ANL-77-47, October 1977.

Wallis, G. B. " Annular Two-Phase Flow, Part I: Simple Theory,"Journal of Basic Engineering
(March 1970).

Henstock, W. H. and Hanratty,T. J. "The Interfacial Drag and the height of the Wall Layer in
Annular Flows," AIChE Journal 22 (6), 990-1000 (November 1976).



2.3 TRAC-M ==

TRAC-MZ = A& AA(Liquid) 2 &3 74 (steam+gas)ell tlsl] 27t REAE AHE-3)
A en T BEAS AA B EFIIAC dete] 44 tea 2o
N A (Liquid) &5 474 2]
Moy =—Lyps G v, —\Z)Ng V|
at P (R
r - s | ThT —
- -V, - £—V V, |+
(1_a)p|(g I) (1_0‘)P| Ir\/l‘ 0
EFI1A 25U
- 1 c (- —\l = =
—2 4V VW, =——VP+—-V -V -V,
9 g Py ap, ( g I)’Vg I‘
' (- =1
- -V, -2V +0
ap, ( 9 l) ap, g’\/g‘
2.3.1 TRAC-MZ = A ™Hwu}z A2
2.3.1.1 Bubble Slug Flow Interfacial Drag Coefficient
TRACZE=9] 7% interfacial drag coefficient= o3} o] & o]gtt},
_0.75¢,,ap P,
I Db
o714, ¢p, = bubble drag coefficiento]x D, bubble 7, 18]3 P, profile slip

S Yeidith Edd A3 = o2 59 upper plenumol A2l bubbly flow regimeol A
9] interfacial drag coefficient= TRAC-M Theory Manual2] Appendix Holl 7]& % o] Ut}
o] Appendix Holl A<= 100% 0|3 el sl<] interfacial drag 2 wall drag 54743 o

sfof A8 A1t ek

9l g 2ol A bubble 272 Laplace Al4=(Ishii, 1987)2} channel hydraulic



diameter®] o531 22 47t "o

D, =2L,(1— XS) +min(40L,,0.9D,) - XS

(3-83)

o,
L= |—2—

9(p.— Py
a8 a

0.0 bubbly flow

xs = | (2700=C)  (a=03) bubbly slug transtion

(2700—2000) (0.5-0.3)

(a=03) bubbly slug flow
(05-023)

H bubble 27 w53 22 AdEdE 2.
0.0001m < D, < min(40 L,,0.9D,)
7)ol AAF WAPH 283l weighting factors TRAC ZE=2 98] 7fdtd Aoy
Eds B84 gu7t de AL ofynh AN £ WAL T oregimezte] HolE hE
Al gt} W, bubbled ol th3l 318X TRACZES Y A" Aot

oAl A3k profile slip factore= channel Wl A bubbleo] 1149] jo g ol%
st e AFS 71edth o] 9A FaEH(Ishii, 1987)0] Ulgol wel th2 o] A
o] 3},

_ (Clvg _C0V1)2

) Vv,)*
7] A,



C, - 1.0-Cye,
1.0-¢,

olr v, & ot} 3D componente] 7o thlAM= o] V. 4= 0.01m/s ©]Fo
= A

S+, bubble drag coefficient= T2} %©] Reynolds numbere] 347} F i

240.0 bubbly flow
Cpp = ZA;'O -(1.0+0.15Re>*" bubbly slug transtion
’ 0.44 bubbly slug flow
o714,
Re, = BVepr
H,

2.3.1.2 Churn-Flow Interfacial Drag Coefficient

TRAC FZ9)A churn-flow regime(7]12& 0.5914 0.754}¢])o tisf+]= bubbly slug
drag coefficient2} annular-mist drag coefficientS ©]&3}e] th2-3 o] T3t}

lam

itrans Wt + Cips (1_Wt) where Wt = 4ag -2

o,
W, =4a-2

7} doh

o 7] A weighting factor= 0.0 < W, < 1.0 ©]t. I bubbly slug drag coefficient ¢, .+ 7|
EE 050 el T ol oF Mol =93 WAHoE Fu. g3l annular-mist
interfacial drag coefficient ¢,,,, = 71%& 0.759] th3} grolH oS Holx Fate WS

wam
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=213 churn flow regimed] thaF WALLEAS TRAC ZEZS 913 =wWs 19ldh
olm YAMIA AAd E8Ad 9uyt YgeuEAL ot} dA|YF A A UlAtubAlS
regime7to] A&k o]}t 7h5stet,

ol of o i
o > 2 (o

2.3.1.3 Annlar-Mist-Flow Interfacial Drag Coefficient

Annular-mist regime©ll t)3$t drag coefficient= droplet o t)3} drag force¢} annular filmel
gt drag forces FH3ste F+gth =,

oo M
A

o 714,

Mi =Mid +Mia

ol wl, M, M, = 27 droplet 2 annular filmol] 2|3} drag forceS et} o] =dl
< Ishii®} Mishima(1984)e] olaf ZWdEATE. K BB A HAUEER 1V,
Ishii(1977)2] Drift flux =92 ZAA3SIt) M, Kataoka <} Ishii (1982) Zdlo] th3dk A
A ge #d B 7|&EHo ok

Annular filmoll 2]3t interfacial drag force= Ishii®} Mishima (1984) =9l 2 ZAAstH t}
-7 2

Mi, = a7
| 7]1A, 7, interfacial shear ©]il interfacial areat™

. _4C,
" D \1-gq

2 ZAAs=Y A7 ¢, filme IEA(waviness)S 1187l 3 roughness
parameter o™ 1 o]XAke] Fho] Hoh I, o, droplete] area fraction©]t}.



ay =¥E
Jg

o], entrainment rate E= Kataoka <} Ishii (1982) 2]ol 23]

E =tanh(7.25e - 07We(11-25 Re?'25)
o] 29| A Reynolds number=

Re, — pl JID
H

18] a1 droplete] Weber number+

_ZD _ 1/3
Wed :ngg pl pg :40
o Py

Z7}= shear force T
T =05 fipc(vg _Vf)z

oluf, p.= gas/droplet core®] YEo|il V&
friction factor f,= Wallis(1969) g2 o 2 3™

f. =0.005[1+ 75(1- )]

i)
o
rok

AN

dropletell 2] 3tk interfacial drag force= < A] Ishii €+ Mishima (1984)°l 2]3}

M, =a| e fm I\
4\, 2



a [ 3ay
a = =—=d
1- Ay \ fsm

7} "ok ¢ WA A A ¢, droplet drag coefficient ©]3L r, + Sauter mean radius 12|
I r,e drag radiuse]Th. 5=, V,= droplet $X=°]31 o, droplet®] WA H]7} H T} Drag
coefficient= Ishii2} Chawla(1979) o 93| a3 o] AA3It} =,

¢, =22 (1.0+0.1Re®™)
D -V
Red _ dpg ’Vg d‘
Ho
py =20
")

Droplet & 72 Kataoka, Ishii £} Mishima(1983)l] 2] 3}

2 O 2/3 1/3
D, =~ o.oosa(ﬁ] Reg’{&j
pg Jg lul pl

2 ZAA3 o]u] 0.000042<D0,<0.002m ©]T}. Sauter mean radius = AF3HAl droplet %
7d (Kataoka Ishii (1982)) olw t}2-3} 2t}

r,, =0.796 2%
2

2.3.1.4 Stratified-Flow Interfacial Drag Coefficient

A3 W) stratified flowoll th3F interfacial drag coefficient= Taitel ¥} Dukler (1976)
o g AAEM 53] drag coefficient=



olmj, f,= interfacial fraction factor, S stratified interface®] % —1¥]i A,,© F&H

Holt,

1D % 3D component® 5 interfacial fraction-factor 3212 Ohnuki(1987) WX =,

f=184f,,

£ AHg3 o] ,

16.0(Re,)™ laminar flow
fug = 0.079(Re,)"* Re, <10°
0.0008+0.05525(Re,, ) ** Re, >10°
kA, 9A3s) W23t stratified flow7t obd A$o] diairs A =93 stratified flow
o W3l drag coefficient ¢ 2 ]2 Wy oz ZAAI kS Wisith =,

C _(1 Wst)clmap stCist

olw| 1, 0%} 14}o]e] Zko] Hr}.

o 71A 7]&3k WAREA 2 weighting factor= TRAC ZE=E 93 a1Qtsk Aoloh W4k
WA A Ao ol®| SHEE S92 9|7t e AL oyt

2.2.1.5 Reflood Interfacial Drag Coefficient

=419] reflood AEjolA TRAC ZE=+ Ishii¢} Delarlais (1987,1986) 2! Obot % Ishii
(1988)e] ol <oJ3k flow-regime maps w2t wabA, refloodr] T 242l flow
regimeol] th3l interfacial drag modelS A|&3Ft}. flow regime-2 subcooled boiling, smooth
inverted annular flow, rough-wavy inverted annular flow, agitated inverted annular flow,



dispersed flow, highly dispersed flows th’do & st}

L)

232 TRAC-MZE #Wn}3 472

E Ao TRAC Z=9] wall drag(® etz tisiA =23ttt = TRACEZE 9
A A5 liquid 2 gasEAl ZHzbe] g YA A e Bad wall drag
coefficient ¢,, ® ¢,, 23245 AFstdoF v} 1D componentd] 7Z-F-ol= w3
2ol AA gt

P Cq
CW| = D
h
_ %P4
ol W, ¢,@& ¢;,= 27 liquid ok gas& Aol et coefficients of frictiono]t}. &, ©]

AFEL v 2] Fanning friction factore} #A 7} Aok

ol 714 ©hA], friction factor f&= T3 Al Aol tialA Z+z 2A Y. = single-phase
model, two-phase homogeneous model 2]l horizontal stratified-flow modeldll Zt7} ¥ &=
2 AAst 1 WAo] oJuEE single-phase modelS TSl oA @ J)Ao] &3}
3 two-phase homogeneous wall drag model> 7]EZ<2l o]df5% = bubbly slug,
churn, Z228]31 annular mist flowol] 283t} stratified-flow el tis|A TRACS
horizontal stritified-flow wall drag model-S- %] -&3%kc},

2.3.2.1 Single-Phase Wall Drag Model

GAF5o] el TRACEZE=E 44 Churchill %4 2] (Churchill, 1977)& o] &3t} o]
Churchill ®*2]-> Moody diagram<=- laminar, transition, ZZ2]3. turbulent flowel] t©j3s}<]
fitting 3+ WA olt}. = ol A Churchill friction factor= t5-3 o] &2 ght},



g \2 1 /12
fepurcnin = 2{(R_ej _W}

o 71 A,

r 16
a=|2475In 091

(7) ' N 0.27¢
i Re D,
16
b 37530]
Re

o] u} Reynolds number= Re>100 2 A9t}

TRACOI A AF8-3F Churchill AF#2]e okA AF3sE & (Churchill, 1977)o 7%
&S gtz ARE3TE ohk3k flow-channel %25 diAo 2 ©@At#%F friction factor
o Moody curveE Al&3t= A2 dubd oz AL8sl= W),

2.3.2.2 Two-Phase Homogeneous Wall Drag Model

o]’ (Two-phase)ol] st friction factor= -F+AFSIAl Churchill “¢32](Churchill, 1977)
gt} whd G50t Reynolds numbers o]4-5ol gk o2 23

_ G, D, _ (jgpg +Jipy )Dh
H Hi

o] WAl EA| (mixture) viscosity p, = U o] static quality xol gk o



714,

X=———
1+ (1_ag)pl
Ay PyS

r

olwj 4z+e] slipe Zezks HsHAY oUW

rot
i

53 vlE7EAE mixture Reynolds number &= 100 ©]d2] #S TE=E3ok
friction-factor A2 A 002 UYFE A¢ES wjAg & Aok
TRAC Z E=9] frcition-factor modelol] 41 += liquidoll t gt coefficient of friction<

cq=2f

231 vapor EA U=

S F3oh olw, friction factor f+= flolA 7]&E3 o] &l gk Reynolds numberE
A}&-3F Churchill equationg ©]-&3}a] 243,
A |

3t
sl tgh friction-factor 3 #2]oll o]/ Reynolds numbers #-&3t= WA
two-phase friction factorsS ZA3}= 3+ Wajolm o] 3t whale A4 AFXE Ao

2 4% FAstolol Aok

2.3.2.3 Two-Phase Horizontal Stratified Wall Drag Model

Fully stratified-flow ZJejolA] Z+ 2ol i3l wall drag coefficient= T friction-factor %
wHAs A83



f =0.046Re™**

o714 R, & Re=1502 (turbulent flow) o3t Re <1502 (laminar flow)oll thaiAx =

10
Re

A 2ol Z+ A(phase)oll thE+ Reynolds number= thS-3 o] Z A3,

Re, = max[lOO,M)
Hy

, K& liquid 2 gas ol tiall Z+2zt 13 9= zrE=t) Hydraulic diameter D D,
A

Zy 2ol digk 5 A 2 wetted parameter2 Z7d3ttl. = Reynolds number %

rr

drag-coefficient g 2]ol A, & F5H2 2 wetted parameters] =A% Dh2 gjas4 =

=
o]+ & (two-phase flow)7} 2] -5 (separate flow)e] FejE HA o o] Ff5 A
o 7 gel WE EE GARE FBAS Agshe e A Aok oY

gk A A AFA ] g AFHEARE AFoF & Aot
TRAC =9 7%, stratified GG 22 2] &2 599 o] A(transition region)
weighting factor® AF&3to] z}z+e] wall drag coefficientS W 4}(interpolation)dle] 24 3k

.
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CATHAREZ =0 A 2o] Awrtz 2 wwolzke opg2 52 xujubg 2o el

A
Gas phase ¥ Liquid Phase oA tialiA = o3 22 FEH7F = |

Gas phase:

Aapg {% +V5

OV } oP o
ot

+Aa—+Ap—
0z oz 0z
Ng oV,

ot ot

A (1_a)pm[ v Me_y avL}

oz '
_ V) A A
= AD(W, -V, ) Az, — 7, Cq ZVGIVel

Rl-a) oA

+ A + i
apG gz 4 p| az

Liquid Phase:

)| iy My aa )P ap 2=)
Al a)p{ p +V, = }LA(l a)aZ+Api ~

N. N . N, .V
— ABa(l- & _—Lyv,—&-v —*
pa “)pm{at a  C a Laz}

= —AF(Wi _VL)+ ATi W CL %VL[\/J

Ra oA
All- —=p—
“AL-a)p.g, + 2 p 2

o] 7] A,
Pn=aps +L-a)p,

R: rate of stratification

Xt - friction perimeter

I. Wall friction and Form Loss
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Awvtge] = v A 7 F2 FEFHE st Zddn.

7, =Ci [(1_ E)C msneFEC ey ]l_R |AV |AV

thee delM AFT A A Aol Bl 47 AEwk
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79 Z-$-ol=bubbly-slug-churn &2 Ziesc “L2]3l annular 52

2.4.1.1.1 Bubbly-Slug-Churn %l W3t 432

Tissc + drift flux o 7]x3to] A4}, Drift velocityell gt ddt

i
o,
ofl
fu)
rr



3714 Ln Pn 2 Co 247t length scale, density, 18]3 %l A<5-Z Uebdn oo
F&she AdvtE Jaae o o] yehdd

1-C,a)
T = a(l_a)%[ve _CKVL|(VG _CKVL)
C, = Co(l—a)
1-C,a

o]E 7]%= tube geometry, bundle geometry, ZZ2]3l annulus geometryol]l thal] =F A

7}A drift velocity =2-& 7)ot

Tube geometry:

v _{ 9o —pe )L r
jtube —
. Kool +Kepos

1 1 7
L= o T

H 1
U

:ﬂ{ plo’ }_%
- ) g(pL_pG)

__°
g(pL _pG)

Kg =29

La=

714, he NZge 5oy 7|Z g a>0250 fEME 170 Hia E= a=09
A= 1.3 744 7HaskA Ao E 21739 2o thaf = length scale L&
hydraulic diameter Dn 7} =31 27 o] & Z o= Laplace scale Lae] vgstA =

o},
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2 Asde Lo 2812 4 352 Aga) 19 Vet G50 Baste @&
& 20 "

Rod bundle geometry

Rod bundle geometry e 7 -$-o w3l A2l vpe3 2}

gjrodbundle

La
Cts pg Di‘*‘ Ko+ Keps

H

L ey

ae)m Kg=075 K =001063 w Cf; =37.0457} g},

o}71q f= 7)x 89 4ol a>0.250 tals 2 o] 1o Ha a=092 A%
o= 0.0213 7}A] #Astr},

Annulus geometry

Annulus geometry®] 749 Z#42 o33 2

2

v 9(p. -~ po)La

gjrodbundle D

fa(KLpL + KGpG)+(1_ fa)CG LZ

o714 Kg=46 K =003 5 C;=283¢] gy}
D= annulus® external diameter o] fa= 71¥ 89 42 a>05 o gar=
1

grol 1 o] i a=0¢2l Agel= 0 o vk

2.4.1.1.2 Annular flow W3+ 2324
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Az, AFo] gle vIAATHFY A5 AWvE2 bubbly-slug-churn flow
o] 99 ¥ FHE A F,

Tinsne = Tisse T Zian

24.1.2 HHo] = HIAAZFF (mist flow)

dzo] Qi HASF = mist flowsl A Adele ched g

o]714 Cy= A drag coefficient o th&-3} 2},

24 3.6 0.42
Co= R TR a1sE
et Reg 1+ / Ik
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AV
Red = IOG| | o
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olwl, &= o4 #(droplet)®] HZelw thg 2o A@Aow AHH.

o

05 27 g

6 = Min(4,,5,) Fgr (We, )
0,=173 |—
gAp

_ oWeg
i PsAV ?

2 annular flow
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Fer & rod bundle 55~ spacer gridoll <3t 42 preak upS 2]3HE break up
functiono. = We o] 3471 =t}

2.4.1.3 =5 (stratified flow) o #3 Advz A2

CATHARE _?_501]/\194 Wall Frictione T3 o] Aol da] Auf 78 2ol A
£ Wetted parameter (32 friction parameter)S F3le] 1 3¢ =7|E AA3 T}

\Y
=-C¢Crx P Vi |-

o] 71 A Cek = phase K Reynolds number®] © 3t single phase friction coefficient
function °|t}. =,

a,pV.D
Ce =Cr (Rey), Re=——F—F—H
Hyg
T, Cy & two-phase multiplier ©]™ TS A Aol tiste] 71zt md o),

- % F(stratified flow) o thslx= Ck & phase K7} 2kA18ka 9l friction parameter
°] H](ratio)7} ¥t}

- o] gt v AFF UL R we AAwe] 452 4L Jomw

Co =0 zgjm CL=1q 2ysie Ae A&aT. 5,
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