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TWO-FLUID MODEL: CONSTITUTIVE RELATIONS
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Need for Extension of CFD Capability to Two-phase Flow

NRS problem Maturity of present
CFD tools

1 DNB, dry out and CHF investigations M

| 2 Subcooled boiling M
3 | Two-phase pressurized thermal shock M
4 Direct contact condensation: steam discharge in a pool M

5 Pool heat exchangers: thermal stratification and mixing problems H
6 | Corrosion Erosion deposition L
7 | Containment thermal-hydraulics H

8 | Two-phase flow in valves, safety valves L

9 ECC bypass and downcomer penetration during refill L
10 | Two phase flow features in BWR cores M

11 Atmospheric transport of aerosols outside containment M
12 | DBA reflooding M
13 | Reflooding of a debris bed 4
14 | Steam generator tube vibration L
15 | Upper plenum injection L
16 | Local 3-D effects in singular geometries B

i ¥ i Phase distribution in inlet and outlet headers of steam generators L
18 | Condensation induced waterhammer L
19 | Components with complex geometry L
20 | Pipe Flow with Cavitation M
21 | External reactor pressure vessel cooling M
22 | Behaviour of gas-liquid interfaces M
23 | Two-phase pump behaviour L
24 | Pipe Break-In vessel mechanical load M

M

25 Specific features in Passive reactors




Need for Extension of CFD Capability to Two-phase Flow

Pressurized Thermal Shock
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* ECCS : Emergency

Core Cooling System ~ eld metal

Base metal

ECC Injection
DCC on the jet
Jet instabilities

tratefication of hot and cold water

Turbulence production by the jet

and entrained bubbles Heat transfer to the walls



Need for Extension of CFD Capability to Two-phase Flow

Passive Safety System
s e AS
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Small Modular Reactor
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Passive Auxiliary

Feedwater System

Steam Supply Line

Passive Condensate

Cooling Tank
(PCCT)
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Heat Exchanger
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Need for Extension of CFD Capability to Two-phase Flow

e CASL (The Consortium for Advanced

Simulation of Light Water Reactors)

e CFD-BWR (ANL): based on STAR-CD

* NPHASE (RPI): inhouse multiphase flow code

Power up-rates
Lifetime extension
Higher burn-up
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Current
practice

Depletion

Lattice Core

Containment TH

physics neutronics
Core Fuel

performance

CASL-enabled
workflow

Coupled in-core and ex-core
neutronics (with depletion),
T-H, and fuel performance

EU

e NEPTUNE project (EDF, CEA, AREVA, IRSN)
v" DNB, PTS, TH in BWR, Reflood during LOCA

e  Multi-physics, multi-scale platform

|NURESIM: a single platforml

NURESIM Project
_A

'l N
20002004 05 06 , 07 08 . 09 _ 10 , 11 ,  >2011
~ ~ - NURENEXT
Project

NURISP Project

NURESIM Project: basis towards the target with first significant
possibilities

NURISP: consolidation + extension

NURENEXT: confirmation + rationalization + further extension



Difficulties in Two-phase Flow Simulation for Nuclear Reactor Safety

HALE U 24 & oMol o2
e ZOMY B 2-CX 22 (mixture model, two-fluid model)
< Interface tracking method (VOF, Level set)
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e Wall lubrication
e e R R -  Turbulent dispersion
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Difficulties in Two-phase Flow Simulation for Nuclear Reactor Safety
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Difficulties in Two-phase Flow Simulation for Nuclear Reactor Safety
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= CHQ| AT 7|2 MM K| (nucleation site density)
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Difficulties in Two-phase Flow Simulation for Nuclear Reactor Safety

1 5l| &1 (Multi-scale TH analysis)
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Two-phase Flow Models

o E i

o

(Interface topology)

Hr7 Al (IAT: Interface area transport equation)

1= (Interfacial non-drag forces)

Hi
L}

—

=
=
=

= (Wall heat partitioning model)

(Bubble induced turbulence)
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O A™H @A DE (Interface topology)
 BWR
vV 71285 = 223185 = &A= (annular flow)
v/ CIYS R U4 0SS QI3 AT Yy 2Y He

« CFD-BWR (ANL)
v STAR-CD 7|8t BWR M 2 &

v' Local inter-phase surface topology maps

© JE AN, £2RS BA B

Two-phase Flow Models

G L G L G L G L
(a) (b) (c) (d)

- : : b oo
v" Interface recognition method < interface tracking method L° o o j ®9 Mist
i 0?0 c! 0®
- ABE Y Hol =Hd SEAK
— _ / 4 .o
v I7Z2g (@) A 7|25 T (Va) 7| 3 °
Sharp Interface N \
50 8o Sharp interface
e} =
. T ENO| T2 WA r '
Transition| Transition |Transition 8 | G
v SO/ AHOpEA L Region | Region | Region D‘?OcOovsc
7, :oOCD%C;
vV AREEZ A/ AHE[AECIEH 2 E Transion | oa. [ Ip—
Bubble| "goqion Mist Po & ©
9 O Bubble
0 0 ©
a.a'-” a_c. n o,
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Two-phase Flow Models
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Two-phase Flow Models

O A™H A& BE (Interface topology)

Radial Void Fraction Profile

1.0
y=1.8m

P =0.1MPa

Void Fraction

500 kW
Mist

Fraction  Topology 0.8- y=1.1m
T T T T
0000 0005 0010 0015 0020 0025

Channel — y=0.9m [
0.025mx2m 06-
Mesh: 10x50 W
0.4
0.2
y=0.7m
- Radial Location (m)

!

Void Inter-phase
0.0
1000

Wall Temperature
900+

Transition

800

700+

600

Constant Heat Flux ¢

500

400

T T
0.0 0.5 1.0 15 20

Bubble
Wall Temperature (K)

=1.0m/s a,=0.0 AT, =9°C Axial Location (m)
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(Interface topology)

Two-phase Flow Models

Hr7 Al (IAT: Interface area transport equation)

Interfacial non-drag forces)

= (Wall heat partitioning model)

~

Bubble induced turbulence)
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0 72 BN % YA

e JAC (Interfacial Area Concentration)
v AH HE 2, e A o AEH HA
v AH JHEE ~ (IAC) X (F5HH)

/OBEN AT/ SEYHA

-_

« IATE (Interfacial Area Transport Equation)

Concept of Boltzmann Transport Equation

A 4

Transport Equation of Number Density Distribution Function

l 1

Multi-Size Group Model One-Group & Two-Group IAT

\ /

Source Terms

v Coalescence, Breakup
v' Phase Change

v System Effect

Two-phase Flow Models

A A 6a
" UnitVolume V,/a d,
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Two-phase Flow Models

AA'
e AHAIGH
oNeoRa)

v 7|32 H3St (coalescence), 7|= It (break-up), i H|-S (nucleation)

I

| | d = ,
%_FV.(ang):gL{rig —a C/Zg:|+367f(a’J {(PEOJF(P,’?K)WLECJ;W(P"NU(

3 ap, 3 \a
Q Bubble Coalescence Q Bubble Break-up 2d? koNC
B n
= Random Collision = Turbulence eddy
= Wake Entrainment Impact voe | nilf)] A,
= Shearing off ¢, = I

A ? ° T Bubble departure diameter
Active nucleation site density
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Two-phase Flow Models

AA
3 BT £ YA
A A S
o O o

v 7|32 H3St (coalescence), 7|= It (break-up), i H|-S (nucleation)

aa, 2 g dp g 36| o 2 o BK 2 NUC
E‘FV'(Qng)_E |:rig s dt :|+ {(PH +(Pn )+ ﬂdBw(pn

ap, 3 \aq,
Q Bubble Coalescence 1 (a 2
o =——| 2| f..n A
= Random Collision Prc 3W( a j reMp e

= Wake Entrainment

O

O
oﬁo ﬁ Py = . (ﬁj fuwe Ny Ac
A

[Collision Frequency] X [Number] X [Coalescence Efficiency]

S _g a;

o o [Collision Frequency] X [Number] X [Coalescence Efficiency]
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AA'
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QO Bubble Break-up

= Turbulence eddy
Impact

= Shearing off

|
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dp,

dt
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Two-phase Flow Models

d, @

NUC

n

2
| 367 ( a] {cpff) Jor
3 \aq,
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Two-phase Flow Models

(Interface topology)
2t Al (IAT: Interface area transport equation)

Interfacial non-drag forces)

[

(Wall heat partitioning model)

(Bubble induced turbulence)
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Two-phase Flow Models

Q A™ A=A (Interfacial non-drag force)

M, =T,u, {Mdrag,g +M g +M.m,g +My, +MW|,9]J :> Interfacial non-drag forces

Interfacial momentum transfer terms

. A relati ot
relative oot Wall lubrication force

velocity

VIRTUAL
MASS
fluid _/
bubble
fluid
(a) DRAG FORCE (b)
fluid
relative relative TURBULENT DISPERSION FORCE
velocity velocity ‘

o C ( l: (bJ O
bubble {05 00550 00 :
50 0% 0%~ 0 © surface tension prevents bubbles
LIFT FORCE bubble from approaching solid walls
concentration

() (d)
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Two-phase Flow Models

Q A™ AQIH (Interfacial non-drag force)

M,=T,u,+M +M M

g — X drag,g ' X~vm,g | XLlift,g || —=td,g ' —wl,g
« I‘\[
g
>
Wall peaking of Core peaking of
Void fraction profile Void fraction profile

4
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Two-phase Flow Models

Q A™ A=A (Interfacial non-drag force)
Axial liquid velocity gradient

L

Lateral directional force
acting on a bubble

M,=T,u;+M +M Mg ttMy, +M

g — —~—drag,g ' —vm,g —wl,g

M in g =20, Ciig (Qg — U, )® (6 ®u, ): —M i

L controller ;A 1Y
® o
Pully PERSE
ar *.ore
N
Servomotor A 2F — g=3.52mm
— _—— z -~ =04 im
1 O I?. 1 1
3 8F
6} § 5 o EL-controIIed_- B o and g -controlled [ Possible Three Regimes ]
I 03
Guide w b i [ \ { T Wall Regime: 0.4 <d < 5mm
~ 2 % 02 migration toward near wall region
=4 m
E e _ZEO_ R 0fb—1 .{) ...... 01 .
] 6k - ,JT\ { | Neutral Regime: 0< d <0.4mm
8 - E ° & 0 1 5< d <6mm
4}k -~ | \- | !affected by turbulence,
. - ! bubble residence time, etc.
Belt N - -01 1
™ 2t = I
: g
ol o ‘"-. a -02 Core Regime: 6 mm <d
6L %88 r N__|__l__] [ migration toward pipe center
%4 -03 e
%;o 01234567 8 910
Yy _ - al 114 d [mm]
I ] Pump . i
M| Ll < N , %
: ! “g g???m
450mm Valve 1 Puiire
H—N, i 0 02 04 06 08 |
v
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Two-phase Flow Models

Q A™ A=A (Interfacial non-drag force)

+M

gi Y drag,g

TURBULENT DISPERSION FORCE

bubble

o
O

(

(P T2 (D Kl

DERFIR) 4
VAP AP

+ Mvm,g + Mlift,g

M

X td,g [ XTwl,g

My, =CrokVa, él_\g/oid fraction

T T radient

Turbulent dispersion Turbulent kinetic
coefficient energy

L)

From turbulence model
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Two-phase Flow Models

Q A™ 74913 (Interfacial non-drag force)

M

—~ig =

Fg ggi +Mdrag,g +Mvm,g +M|ift,g +Mtd,g Mwl,g

2
_ —059,0|CW| ‘gg _gl‘

Mg = max| 0,C, +C, D, n
| D, Ywai

. | 1 C,=-0.01
Wall lubrication
coefficient C, =0.05

Bubble diameter

Distance from

: the wall
Effective only near the wall

Surface tension prevents bubbles from approaching N
solid walls CUPID NEPTUNE-CFD

~A~ —— L/D =682
~v- —— LD=93.1

o
o

o
IS
1

This force is analogous to a lubrication force and
acts on a bubble near a wall to prevent the bubble
from touching the wall

Void Fraction
o
w

o
N

o
e

o
o

T T T
0.0 0.2 0.4 0.6 0.8 1.0
R (= (F1,)/(r,,T,)
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Two-phase Flow Models

Q A™ AQIH (Interfacial non-drag force)
M, Fg +M +Mvm,g+Mliﬂg+Mtdg+M

g — Y drag,g

e Radial directional profile

 Low pressure, bubble diameter 1 mm
1) Only with lift force
2) 1) + turbulent dispersion force

3) 2) + wall lubrication force

Example of the void fraction profile
in an air-water flow

o '.1l | ¢ Exp data
S z 0.9 1
S
ks 2 0.8 1
© g 0.7 1
. & 0.6 -
O w |
'3 : 05
> r. ’ 0-3 1 - °
% .‘kugi:r—""""‘ v
o :
Wall Radial Position Wall 1 0.5 0 05 1

DIMENSIONLESS DISTANCE, r/R



Two-phase Flow Models

=

0 2-9H B Yy 2
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& B AL (IAT: Interface area transport equation)

r? og

N
O Hr r© 43 oz M

o

2 8l (Interface topology)
A

T
=

1 (Interfacial non-drag forces)

[ -

H
H
i
H

e

Hf 22 (Wall heat partitioning model)
L

4
Hl
N

—t= (Bubble induced turbulence)
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Two-phase Flow Models

anII — QF + qQ + QE

— }

~

convective heat flux quenching heat flux
e = A -he - (Ty —T) Ao = Az -hg - (Tw -

T)

evaporation heat flux
g =M '(hG - hL)

Convective heat flux
Quenching heat
! = ! Fert
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Two-phase Flow Models

L . . .
4oy = A, - hQ (T, = T,) N  Active nucleate site density

f  Bubble departure frequency

h =2f \/t\NPLCPL/IL Db,depart Bubble departure diameter
o=
7T

L, Bubble waiting time

A Single-phase H/T area

" 7T
Je = N f(_ Ds,depart jpghfg

0 A, Two-phase H/T area

-




Two-phase Flow Models

O 2-FH 22 48 22
o A™H @A HE (Interface topology)
o AH HAM =& "I Al (IAT: Interface area transport equation)
o« A™ AQCIH (Interfacial non-drag forces)
o HBIH FEH]| 2H (Wall heat partitioning model)
e 7|ZE 7|2l L= (Bubble induced turbulence)




d 7|®Z 7|2l L= (Bubble induced turbulence)

Sato's model
ui = "
bub __ C d .
p” = Cpp0cdpuc — Uy

Modification of the two-equation model

Two-phase Flow Models

32



d 7|®Z 7|2l L= (Bubble induced turbulence)

« Two-phase wall function

Texas A&M experiment

y(mm)

v" Surface roughness analogy

Two-phase Flow Models

v Nucleating bubbles on the wall disturb the boundary layer

ut = %ln(y*) +B— Au”*

S X4 JL T BRI EEPETEr SAPETETIS SrEETEr B

0 50 100 150 200 250
+

y

Aut =

y

Liquid velocity (m/s)

1
Eln(1 + Cyi), yi>11.3

0.

’

+ _ Pryruc

r

2

yi<11.3

0.9 1
0.8 1
BT
0.6
0.5
0.4 1
0.3
0.2 1
0.1

0

%;;/

o
e

Gas velocity (m/s)
=)
(=,

o
[S%]

=

0

0.2

0.4 0.6
(T’ - Rf)/(Ro - Rl)

08 1 0 02 04 06 08 1
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Summary
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