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¢ Phenomena in boiling two-phase flows in a vertical pipe are very complex. o

¢ Flow regimes include: bubbly, slug, churn, annual, mist flows.

¢ Need to consider the complete range of flow regimes: from sub-cooled
boiling bubbly flow, through annual film boiling to post dry-out mist flow.

¢ Modelling includes: inter-phase forces, boiling heat and mass transfer, wall
heat partitioning and inter-phase surface topology changes.
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Eulerian-Eulerian model

e We consider the phases are mixed on length scales smaller than we wish to
resolve and can be treated as continuous fluids.

e Both phases coexist everywhere in the flow domain. The portion of volume
occupied by a phase is given by the volume fraction.

e This concept is called “Interpenetrating continua”.

¢ Conservation equations for mass, momentum and energy are solved for each
phase, hence this is often called the Eulerian-Eulerian model.

NTEC| 8
2012 | 37

Conservation of mass

e Conservation of mass for phase k is:
0 8 (. : )
a (akpk )"‘ V'(akpkuk ) = z My, — My
j=1

o=volume fraction, p=density, u=velocity,
N=total number of phases, M =mass transfer rate.

e Sum of volume fraction is unity,

ZQK =1
k
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Conservation of momentum

¢ Conservation of momentum for phase k is:

0

a (akpkuk )"‘ V'(akpkukuk )
=—a,Vp+a,p.9+V.e (r, +7:kt) +M,
P =pressure,

M =sum of interfacial forces (drag, turbulence drag, lift, virtual mass) and
momentum transfer associated with mass transfer.

N
M = Fy + Frp+ F+ R + (10, -, )
=1
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Conservation of energy

¢ Conservation of energy for phase k is:

0
a(akpkhk)+V'(akpkukhk)_v' e ZkVTk"'?th =Q,
h

h =enthalpy,

A =thermal conductivity,

T =temperature,

Q -=interfacial heat transfer.
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e Forces acting on a particles: L
- Buoyancy, B.
- Drag, D. u
—_— c
- Lift, L. D .\—> \4
- Virtual mass, V. —_ Uqg
- Basset force.
- And others. I
B g
e Buoyancy and drag are the dominant ones.
Ug

e Basset force is complicated and almost always
ignored. Lift, virtual mass and other forces will

be considered later. ‘ I
g
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Drag force on a particle

¢ Drag force on a particle, D, is usually calculated from:

U, =U, —U; (Relative velocity)

1

D==C,p.,Au.|u d?
D
2 CA‘ r‘ ' A=— (Projected area)
4
e Drag coefficient, Cp, is a function of the particle Reynolds number.
p.u.ld
Re, :—°| d
H

Subscript c=continuous phase, d=dispersed phase.
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Drag coefficient of a particle
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Co

0.44

Re,
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Drag coefficient for spherical particles
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e Stokes’s regime
c =4 0<Re, <0.2

¢ Transition regime (Schiller-Naumann)

Co :Ff—:(u 0.15Re%**’) 0<Re, <1000
d

¢ Newton’s regime

C, =044 Re, >1000
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Drag force of multiple particles

e Number of particles per unit volume is
_G Gy

vV, 7d®/6
e Total drag force per unit volume :

3 C

F,=nD :Z%\ur\ur =AU,
_§adchD

Ao = 4 d ue|

e Drag force coefficient, Ap, is used in turbulence models.
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Buoyancy force on a particle

e Body force
B _
F' =09

e There are numerical advantages to absorb hydrostatic pressure into pressure
and work with reduced pressure.

i h
P=pP +09
¢ Body force now expressed in terms of buoyancy force:

-, Vp+a, p 9= _akvp* + (pk ~— P )g
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Multiphase turbulence

¢ Multiphase turbulence modelling is clearly a difficult subject and currently
not very well developed.

e Most frequently used model is the eddy viscosity model. k-epsilon model
(with or without modifications) is applied to the continuous phase and some
algebraic formulae for the dispersed phase.
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Modified k-¢ equations

¢ k-g equations solved for the continuous phase are:

t
gacpck +V.a, puk= V.(O!C(’%—WVK) +a,(G-p.&)+S,,
ot oy

t
%acpcg +V.a pu.cs= V{MVeJ +a, E(ClG ~C,p.8)+S,,
o

&

¢ Where the additional source terms due to drag between the phases are:

t
Si2="Rp Ye (ud _uc)'vad +2AD(Ct _1)k

ac ad O-a

Sp2 = 2AD(Ct _1)‘9
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Turbulence stress in continuous phase

¢ Similar to single phase flow model we define the turbulence stress in the
continuous phase as:

7, :yé(Vuc +Vu, —%V.uclj—gpckl

e And the turbulent viscosity as:

2
. k
/’lc - Cypc _
&
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Turbulence stress in dispersed phase
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¢ We define turbulence stress in dispersed phase relative to continuous phase:
t _ Py t
Ty = Ct7'-c

C

e The coefficient C, is the ratio of dispersed phase velocity fluctuation to that
of continuous phase:

u
c =%
u

c

e C.=1: turbulence characteristics of dispersed phase identical to continuous
phase.

10
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Turbulence drag force

¢ Interphase drag force includes a mean and a fluctuating component.

¢ Fluctuating component accounts for additional drag due to interaction
between particles and turbulent eddies.

t

Fo = Al — Ay —2—Va,

ad acaa
e Turbulent Prandtl number usually set to 1.0.

o,=10

e The turbulence drag force has the effect of dispersing the particles as
function of particle concentration gradient.
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o Lift force:

I:L = CLadf)c [ur x (Vx uc )]

o Lift force coefficient, CL , could be between 0.28 and -0.28 depending on
particle size.

11
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Virtual mass force

e Virtual mass force:

Du. Du
Fn =Coay p.| —& ——
= Cuwm dpc( Dt Dt )

¢ Virtual mass force coefficient:

Cwm =05
NTEC| 24 -
2012 | 37 Wall boiling heat transfer

¢ Total wall heat flux is therefore made up by three
components:

S P Y
qT :qc+qq+qe

|

Convective  Quenching  Evaporation

heating

—~—

o
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ooo o
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Bubble departure diameter

e Kocamustafaogullari (1983)

e Correlation based on water
experimental data at pressures
from 0.067 to 141.87 bar.

15

e (is contact angle in degree.

(o2

d, = 2.64x10‘56’(
9Ap

| S (A N SO W N

Bubble Departure Dismeser, Oy(m)

variation of Bubble Departure Biameter With
Density Ratio Group
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Bubble size model : IAT and Sy

* Yao & Morel (2004) derived the interfacial area transport
(IAT) equation with boiling terms as:

2
%W.(ayi):gi(rg' e ]+36_”(Z] (850 + g% o )

ap,

’,'\Dt 3a,/,

Bulk boiling Coalescence

T

Wall boiling

713 _
+V.(05 S, Ug) = Spuikboit T Sci T Sor T Swati_boit

Breakup
e S-gamma in STAR-CCM+ / /
op]’ 387
ot

13
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e D=0.012 m Water + steam

eL=2m -

e P =147 bar

e T, =613K

sat —

Q= 0.42 - 2.21 MW/m?
G = 1878 - 2012 kg/m2s
AT, = 16 - 145 K

Wall heat
—

flux

Sub-cooled water
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Bart 22-26 : 147 bar, testing effect of Q

22 o
23 A
24 0
25 x
26 o

147.9
147.4
147.5
147.0
149.9

1878
1847
2123
2014
2012

0.42
0.77
1.13
1.72
2.21

16.43
27.47
48.59
63.38
144.51

uﬁ% 1'1’52’ a/f'
79| 1878 | 942 | 603
741847077 | 598
15\ 2123|413 | 583
A0\ 2004 | 472 | 545]
1499\ 2012\ 2,21 |55

o(X|e(D>(D
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Bart 22-26 : Comparison of axial void profiles

0.2 04
. b ) B 04 + e bpeanz) ,"’ » £ (Bar2d)
—S-gamma 4" —S-gamma Ll 03 | —S-gamma
- - -Linear 0.3 F |---tinear - - -Linear B
301 3 B o2
L = |
S S 02t S
01 + 01
0 o 0 0
-0.15 -0.1 -0.05 0 0.0 -0.2 -0.1 0 0.1 -0.2 0.1 0
Thermodynamic Quality Thermodynamic Quality Thermodynamic Quality
03 "
03 | [ = eosns) g w Exp (Bart 26
|—s.gamma s |—5 gamma S
- - -Linear ;. 0.2 - - -Linear /;
02 z
32 S
01
0
03 0.2 0.1 0 03 -0.2 0.1 0

Thermodynamic Quality

Thermodynamic Quality
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Bart 22 : Results

Void

T

LOCAL Mx= 0.440
LOCAL Mh= 0.100

.

Bubble diameter

T

LOCAL Mr= 0.3
LOCAL MN= 0.0

.

@cp.adapcﬂ

pro-STAR 414 pro-STAR 4.1 pro-STAR 4.14
S-Mov-10 &-Nov-10 5-hov-10
Volurne Fraction Length Scale Phz Iass Transfer Phi<Z
m kgi(m3 s
PHASE 2 PHASE 2 PHASE 1
ITER= 1013 ITER= 1013 ITER= 1013

04402 0.3286E-03 121.0
04087 03104E-03 1124
03773 02342E-03 1037
03458 02781E-03 85.08
03144 0.2619E-03 8644
0.2830 0.2457E-03 7779
02515 0.2295E-03 £9.15
0.z201 0.2133E-03 6051
01886 0.1971E-03 51.86
01572 0.1609E-03 43.22
01258 0.1647E-03 34.57
0.9432E-01 0.1486E-03 2593
06286E-01 0.1324E-03 1723
0.3144E-01 0.1162E-03 B.644
0.1000E-11 0.1000E-03 0.000
v A Y

S

Condensation rate
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Conjugate heat transfer boiling

Soild

temperature (K)

Fuel Gap Cladding Fluid

Void fraction

NTEC| 32 CHT boiling + neutronic coupling
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e A standard NNR model for coupled calculations

- Five UO, pins

- Three MOX pins
- Central guide tube
- Symmetry boundaries (infinite array)
e Coupled calculations with boiling two-phase flow and neutronic models.

D Eh

) &) &
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pro-STAR 3.2
Vsn.&'n"\:.eol?ractinn
FTRE 21397
LOCAL MX= 0.2871
LOCAL MN= 0.1000E-11
\
Zz_ X
34
;‘;fzc 37 Coolant Temperatures

pro-STAR 3.2

B-LllJN-OG
TEMPERATURE
ABSOLUTE

o~
o
-

138
LOCAL MX=

LOCAL MN= 543.0
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Fuel Temperatures

(o

) @ @

LOCAL MN= 533.0
823.0

&

pro-STAR 3.2

8-JUN-06
TEMPERATURE
- |ABSOLUTE
KELVIN

1387
LOCAL MX= 831.6
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Power Density

.

pro-STAR 3.2

8-JUN-06

ITER = 1387

LOCAL MX= 405.3

LOCAL I7N= 0.0000
*Wicc

370.0
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Summary

¢ Eulerian multiphase flow equations:

- Conservation of mass, momentum and energy
e Forces on a particles:

- Drag, buoyancy, lift, virtual mass, turbulent dispersion
¢ Boiling flows:

- Bubble size distribution

- Conjugate heat transfer

- Coupling with neutronics




