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ABSTRACT

The CFD package CFX-5 has been used to prediaddglielopment of upward directed gas-liquid flowsain
vertical pipe. Under the assumption of monodispérgables the dilute gas-liquid flow has been prediausing
the Eulerian framework of multiphase flow modelinhe capabilities of the CFX-5 flow solver have ibee
extended by taking into account additional non-diages like lift, turbulent dispersion and wallbhication
forces. Range of applicability and accuracy ofribenerical model have been validated against meagae void
fraction profiles obtained at the MT-Loop test fiigiof the Forschungszentrum Rossendorf (FZR)hia bubbly
flow regime. Best agreement of numerical resultd wixperimental data could be obtained for a walgge of
experimental conditions, if Menter's d&s-Shear Stress Transport (SST) turbulence modelbeas used in
combination with the Favre averaged drag (FAD) tiebt dispersion force model as derived by Burnal.efl].
Furthermore results of extensive numerical expentmf] for the examination and comparison of défe model
formulations for the wall lubrication and turbulatispersion forces are presented in this paper.

INTRODUCTION

Prediction of multiphase flows in the field of dgsi
optimization and safety analysis of chemical andlenr
plants requires detailed knowledge of the differdioww
regimes in gas-liquid multiphase flows and the nagitms of
mass, momentum and heat transfer between the gaseodu
liquid phases. So the development of gas void ifract
distributions in disperse bubbly flows dependsomdy on the
bubble drag, but also on transverse lift, turbuldispersion,
bubble-wall interation and bubble induced turbuéen&or
higher gas volume flow rates the mathematical detson of
bubble size distribution, bubble breakup and caallese in
dependence on the local flow properties becomesrwfial
importance for the description of the main flow pbmena.

The emphasis of this paper is the further developroé
the multiphase flow models for disperse bubbly #ow the
commercial CFD package CFX-5. Due to the necedsity
model many of the unresolved details of technilad$ in an
Eulerian framework of modeling, it is further nesay to
assess the accuracy of the CFD method with the bElp
experimental data. Results for gas void fractiostritiution
from wiremesh sensor measurements in a vertical pipbly
flow at the MT Loop test facility at the Forschumgstrum

for all phases. Regarding the liquid phase as couath (=L)
and the gaseous phase (bubbles) as disperse ptxGeWith

a constant bubble diametds these equations without mass
transfer between phases read:
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whereM, represents the sum of interfacial forces besides t
drag forceFp, like lift force R, wall lubrication force {f_ and
turbulent dispersion force 5. For the steady state
investigations within the scope of this paper idHhaeen
proven that the virtual mass forceyis small in comparison
with the other non-drag forces and therefore it bansafely
neglected. Turbulence of the liquid phase has heedeled
using either a standard &k- model or Menter's

Rossendorf (FZR) are used to validate the range ofk-w Shear Stress Transport (SST) model [5]. The terind

applicability and the accuracy of the implementextigis.
OUTLINE OF THE PHYSICAL MODEL
Governing equations and CFX-5 two-fluid model

The numerical simulations presented in this wok lzased
on the CFX-5.6 two-fluid (or multifluid) Euler-Eule

approach. The Eulerian modeling framework is baeed
ensemble-averaged mass and momentum transporticetpuat

of the disperse bubbly phase was modeled usingra ze
equation turbulence model and bubble induced tertmd has
been taken into account according to Sato [6]. ditag force
between the bubbles and the fluid was considerethén
distorted bubble regime according to the Grace dnaglel
build into CFX-5 [7].

Modeling of non-drag forces

The lift force. The void fraction distribution in gas-liquid

two-phase flows is not only determined by the diage but



is mainly influenced by the so-called ‘non-dragcfes’. In
vertical pipe flows the main contribution of the mdrag
forces is directed perpendicular to the flow dii@ttor pipe
axis. So the transversal lift force acting on aesgal particle
due to fluid velocity shear can be expressed as:

IEL :CLrGIOL(UL _UG)XDXUL 3

For solid spherical particles the lift force coeiint C,_ is
usually positive and can be determined in dependencthe
particle Reynolds number and a dimensionless shaiar
parameter. Corresponding correlations had beerighell by
Saffman (1965/68), McLaughlin (1991/93), Dandy & ¥&w&
(1990), Mei, Adrian & Klausner (1991/92/94), LegeadX
Magnaudet (1998) and Tomiyama (1998) (see [11, 12Fhe
works of Tomiyama (1998) and Moraga et al. (199)ative
values for the lift force coefficient for bubbleadaspherical
solid particles were reported. The correlation givby
Moraga et al. was based on experimental data gbédmvic
et al. (1994) and was explained by superpositiomwiscid
aerodynamic and vortex-shedding induced lift foneeilting
in a sign change of the lift force with increasipgrticle
Reynolds number and shear rate. Similarly for bebllith a
larger bubble diameter, bubble deformation and asgtric
wake effects become of importance, so that thédifte coef-
ficient C_ becomes negative. A correlation for & a function
of the bubble E6tvds number was published by Tomga
(1998) [8]. This correlation has been used hera slightly
modified form, where the value @, for Eq>10 has been
changed toC =-0.27 to ensure a steady dependencyof

CL(E0y):

min[0.288tanh(0.121Re,), f (Eq,)], Eo, < 4

C, =1 f(Eq,), 4<Eo, <10
- 027, Eo, >10
(4)

with:
f (Eq,) = 0.0010%E0; - 0.015%0} - -

0.0204E0, + 0474

where Eqis the E6tvos number based on the long axisfd
deformable bubble, i.e.:

_ 2
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The wall lubrication forceAntal et al. (1991) [9] proposed
an additional wall lubrication force to model thepulsive
force of a wall on a bubble, which is caused byasgmmetric
fluid flow around bubbles in the vicinity of the ivdue to the
fluid boundary layer:

_ - ~ 2.
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with:

Cy = max{o, Cua +%} ©)

de Y

The authors recommended coefficient value€gf=-0.01
and Cy>=0.05. However the coefficients determined by
Krepper et al. [10] for the investigated test getynevere
Cw:i=-0.0064 andC»=0.05. Tomiyama [8] has modified the
wall lubrication force formulation of Antal basedno
experiments with air bubbles in glycerin:

_c %[ 1 1
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where the coefficientCys is dependent on the EOGtvos
number for deformable bubbles. Again due to therapsion
of a steady dependency 6fws= CwiE0) we use a slightly
changed expression for this wall lubrication caséint:

—0.933E0+0.179

e 1< Eo<5b5
Cus =10.0059F0-0.0187 5<E0<33 (10)
0.179 33<Eo

The turbulent dispersion forcénitially a simple formula-
tion of the turbulent dispersion force was propobgd.opez
de Bertodano et al. [13] from the Rensselaer Pdiytie
Institute (RPI):

IETD = _CTDkaLD Is

where different constant values for the turbuldspeérsion
force coefficient ofC;p=0.1,...,0.5 have been used by many
authors. This model will be further referenced $otlae RPI
TD model. Several other models had appeared ititdrature
(see [13]), notably those of Carrica [14] and Gasralssa
[15,16], which had shown that the turbulent disjers
coefficientCqp is in fact a function of the Stokes number and
other flow properties. Recently Burns et al. [1]plished a
mathematical derivation for the turbulent dispensimrce
based on a second time averaging process applige tdrag
term in the momentum transport equations of Euteria
multiphase flow modeling, since the physical meddan
responsible for turbulent dispersion is the actbriurbulent
eddies via interphase drag.

FD,a = Da,BAI/?(U,B _Ua)
Foa =Dys(A, (U, -U,) +a, (U, — )

Here the interphase drag is expressed via intalfacea
density Ag and a coefficient [ If the time averaged drag
term is expressed in terms of so-called Favre ossma
weighted averaged velocities:

(11)

(12)

U, =U, +a (13)

r[l

we obtain from eq. (12):



Fog = DaﬁEﬁ(Uﬁ _Ua)

AR [N [ I 14

+D Aw U, _ rﬂuﬁ + aaﬂ(uﬁ LL) (14)
ap | T T T A
r, My A

Regarding the first term as the drag term expressEdvre
averaged variables we obtain an expression fotuttmilent
dispersion force from the additional correlationnts in eq.
(14). In case of dilute dispersed multi-phase flote
turbulent dispersion force term can be further $ified using
the following expression for interfacial area dénsind eddy
diffusivity hypothesis:

distributed over the pipe cross section. A largeiper of tests
with different ratios of air and water superficiatlocities
resulting in a slightly varying bubble diameter egrerformed
(Tab. 1). In the tests used for the current valitathe loop
was operated with air at atmospheric pressure &€ 3
temperature. Stationary conditions were settled éach
experiment. Gas void fraction profiles were measuat a
height of 3.08m above the air injection using & feisemesh
sensor developed at FZR [3] with 24x24 electrodes.
Additionally bubble size and void fraction distrilans are
available for 10 different measurement cross sestiat
different L/D=0.6,...,59.2.

Tab. 1: Test conditions for experimental investigabns
at the MT-Loop test facility

6 L b, FZR TestNo.| d [mm] | U g, [m/s] | Ugg,[m/s]
A =—£ ru' =-—2 (15) 017 4.8 0.405 0.0040
d, 0., 019 4.8 1.017 0.0040
038 4.3 0.225 0.0096
wherea,, is a turbulent Schmidt number for volume fraction 039 4.5 0.405 0.0096
dispersion, expected to be in the order of unity.that case 040 4.6 0.641 0.0096
we finally obtain for the turbulent dispersion ferin Favre 041 4.5 1.017 0.0096
averaged momentum transport equations: 042 3.6 1.611 0.0096
074 4.5 1.017 0.0368
- — vy _(Or, 0Or
I:TD,CI = DH/? AI/? 0:[0, r_ﬁ - r_a (16) Air release
ra B a —I—

This model will be further referenced to as the rBav
Averaged Drag (FAD) TD model. Comparing expressiom
eg. (16) for disperse two-phase flows with the expion for
Frp from the RPI TD model in eqg. (11), we see thattthe
models are equivalent if the turbulent dispersiarcé
coefficient Gp of the RPI TD model is set to:

1
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It will be shown from the numerical simulationsattthe
variation in the value of the turbulent dispersiforce
coefficient Gp in the FAD TD model is large in comparison
with the assumed constant values fap @om the RPI TD
model in eq. (11) and that it can not be neglettedlisperse
bubbly flows.
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CFX-5 NUMERICAL SIMULATIONS AND COMPA-
RISON WITH EXPERIMENTAL DATA

Experiments and void fraction profile data

Numerical simulation data has been validated agains
extensive experimental results for air-water bubBtws
available from a FZR database [3, 4]. The measun&mat
the MT-Loop test facility (Fig. 1) were carried @tta vertical
test section of 4m height and 51.2mm inner diameAar
bubbles were injected into an upward water flonnatmal
conditions using a sparger with 19 capillaries dgua
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Fig. 1: MT-Loop test facility for vertical pipe flow
investigations

Setup of the numerical simulation

Extensive numerical simulations for the differegsttcases
from Tab. 1 had been carried out in order to vadidéne
previously discussed non-drag force models. Thesefbe
lift, wall lubrication and turbulent dispersion &@s in
accordance to the eq. (3), (4), (7), (8), (9), (@®d (17) were
implemented into CFX-5.6 using User Fortran roudirer
CCL command language expressions.

The numerical simulations had been carried out
accordance with the Best Practice Guidelines fob @ede
validation [17]. For the vertical pipe flow geomeshown in

in



Fig. 1 radial symmetry has been assumed, so that th
numerical simulations could be performed on & Gfdial
sector of the pipe with symmetry boundary condgiam both
sides. Inlet conditions were assumed to be homagyesne
terms of superficial liquid and gas velocities amalume
fractions for both phases in accordance with thgedmental
setup conditions from Tab. 1. For the disperse lyupbase a
mean bubble diameter was specified, which was ehited
from the test case wiremesh sensor data. At thietocrioss
section of the 3.8m long pipe section an averagetics
pressure outlet boundary condition was used.

Tab. 2: Hierarchy of numerical meshes

Grid | No. of CV'sin pipe| No. of CV's No. of
level Cross section along pipe axis| CV's
1 192 82 15744
2 320 100 32 00(
3 500 128 64 00(
4 819 158 129 402
5 1280 200 256 000

A hierarchy of 5 numerical grids was constructetiere
the number of grid elements has been increasedfégtor of
2 from a coarser to a finer mesh (scaling facta?'6fin each
coordinate direction, see Tab. 2). The numericahes used
local refinement towards the outer pipe wall, whité/max
cell size and cell aspect ratios were kept almosstant for
all different numerical grids. Dimensionless walues varied
between y=29.2 on the coarsest mesh ang2.5 on the
finest mesh.

For investigation of flow solver convergence thes ga
holdup and the global mass balances for both phastse
vertical pipe were defined as monitored target aldes.
Reliable converged solutions could be obtained ibrgrid
levels for a satisfied convergence criterion based the
maximum residuals of 1.0e-5 and for a physical tsoale of
the fully implicit solution method oAt=0.005s.

Numerical simulation vs. Experiment
For the comparison of the numerically predicted and
measured gas volume fraction profiles at the uppstm

measurement cross section at z=3.03m (L/D=59.2Ya&
have been normalized:

s (X)

rs (X) x dx

() =— (18)

D?

where x is the coordinate in radial direction.

In a first series of numerical simulations the degancy of
the gas void fraction distribution on the fluid gkaurbulence
model (standard k- vs. SST model) and the turbulent
dispersion force model (RPI vs. FAD TD model) haerb
investigated for test case FZR-074. Additionallye th
Tomiyama lift and wall lubrication forces have betaken
into account. Fig. 2 shows the comparison of the gaid
fraction profiles for the ¥ grid level with the experimental
result. It can be observed, that the Tomiyamadift wall
lubrication forces are well balanced and give anptmced
wall peak in the gas void fraction profile, whick the
expected void fraction distribution for the giverubble
diameter in this test case. On the other handwhlkpeak is
much too pronounced in comparison with th@eeinental

31| —+—3d Grid Level 2: k-eps + RPI TD (0.5)
—&—3d Grid Level 2: k-eps + FAD TD
3d Grid Level 2: SST + RPITD (0.5)
3d Grid Level 2: SST + FAD TD
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Fig. 2: Comparison of void fraction profiles for test case

FZR-074
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Fig. 3: Void fraction profiles using reduced Tomiyana’s
lift and wall lubrication forces (FZR-074)

data for the simulations using the standare kwbulence
model. Furthermore the turbulent dispersion of disperse
phase is underpredicted with the RPI TD model edsalting
in too high gas void fraction values in the wallafge Best
results could be obtained with the combination i 8ST
turbulence model for the continuous phase usingraatic
wall function treatment [5, 7] and the FAD TD modet the
disperse phase. The higher turbulent dispersioth@fFAD
TD model leads not only to better agreement of \fadtion
data within the region of the wall peak but leatloao a
substantial improvement of the void fraction distition near
the pipe axis.

=== Ajr Volume Fraction (Experiment)
3d Grid Level 1: RPI TD (0.5)
3d Grid Level 2: RPI TD (0.5)
——3d Grid Level 1: FAD TD
——3d Grid Level 2: FAD TD

Normalized Air Volume
Fraction [-]

10 15 20 25
Radius [mm)]

Fig. 4. Comparison of RPI vs. FAD TD model for test
case FZR-074 with Tomiyama lift and Antal's wall
lubrication forces and Sato model

Since in Fig. 2 the numerically predicted leveltlodé void
fraction profile in the pipe core is still less thahe
experimentally measured value it could be suggesited the



Tomiyama lift force predicts too high positive vafy which
are not well balanced with the turbulent disperdiorce in
that core region. Therefore an analogous numeszgkri-
ment has been carried out by reducing the amplitfdéne
Tomiyama lift and wall lubrication forces by a factof 0.5.
Results for the radial gas void fraction distribatiin Fig. 3
show the same trends as discussed for the presirniss of
numerical simulations. Again the combination of tB&T
turbulence model with the FAD model for the turlmile
dispersion force delivers the best agreement wile t
experimental result. With the reduced lift and wabrication
forces the agreement in the pipe core region iy geod,
while the maximum amplitude of the wall peak in thas
volume fraction is slightly below the measured ealu

A similar numerical investigation had been carriedt
using the Tomiyama lift and Antal’s wall lubricatidorces
with the SST turbulence and Sato models on twefit grid
levels of refinement. Fig. 4 shows, that again Rfel TD
model underpredicts the turbulent dispersion ingipe core
leading to higher amplitude of the peak in the gakime
fraction distribution near the wall. Additionallyithh Antal’s
wall lubrication force the radial location of thealvpeak is
predicted to close to the wall in comparison witp&rimental
results.

=== Ajr Volume Fraction (Experiment)
3d Grid Level 1
3d Grid Level 2
—&—3d Grid Level 3
1 —o—3d Grid Level 4

[

Normalized Air Volume
Fraction [-]

: : : : %
0 5 10 15 20 25
Radius [mm]

Fig. 5: Grid independence of numerical results:
FZR-074 with Tomiyama lift and Tomiyama wall
lubrication forces, FAD TD and Sato model
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Fig. 6: Grid independence of numerical results:
FZR-074 with Tomiyama lift and Antal's wall lubrica tion
forces, FAD TD and Sato model

It has further to be mentioned, that the gradidrthe gas
void fraction in the turbulent dispersion forcentecan lead to
numerical node-to-node oscillations, if centrafatiénces are
used for the discretization of this term. Thesdllasions can
be avoided by inclusion of the turbulent disperdiarce in a
coupling algorithm similar to the algorithm devedopby Rhie

& Chow for suppression of pressure fluctuationsolocated
grids.

Furthermore, the grid dependence of the numeresullts
has been studied. Figs. 5 and 6 show the corresppiyads
void fraction profiles in comparison with the exipeental
data for grid levels 1 to 4 using either TomiyamarsAntal’s
wall lubrication force formulation. In Fig. 5 nunieal
simulations give almost grid independent results doid
resolutions finer then the"2grid level, when Tomiyama’s
wall lubrication force formulation has been usedr the case
whith Antal’'s wall lubrication (Fig. 6), grid indemdent
results could not be obtained even on tffegdd level. On
grids with finer grid resolution the misbalance vioetn
Antal’s wall lubrication force and Tomiyama’s librce leads
to increasing amplitude of the wall peak in the gakime
fraction distribution, while the radial location dfie void
fraction maximum remains unchanged. Again the tashit
of the void fraction peak towards the wall can bseyved in
Fig. 5 in comparison with the obtained void frantio
distributions from Figs. 2-3 and 5. This indicatidmt the wall
lubrication force derived from Antal’'s formulatiseems too
weak in order to balance Tomiyama’s lift force la¢ torrect
radial location, so that the disperse phase isntach accu-
mulated within a certain number of grid cells nier wall.

Nevertheless Figs. 4-6 show again, that the uskeeoFAD
TD model leads to a significant improvement in digegeement
of the numerical results with the experimental véiction
data, especially regarding the higher gas voidtifsacvalues
in the pipe core and the maximum amplitude of tladl peak
in the gas void fraction profiles. With the constaaefficient
RPI TD model the near-wall void fraction peak ire thas
volume fraction distribution is overpredicted in eases due
to a reduced turbulent dispersion force. Consetudrigh
concentration of the disperse phase near the eadisl to large
errors in the gas void fraction level in the pieecby using
the RPI1 TD model.

Further Figs. 7-10 show the distribution of thé &ihd wall
lubrication forces in the cross section at z=3.(B=59.2)
for the following four different simulations andrfthe grid
levels 1-4:

(a) Tomiyama lift (1.0), Antal's wall lubricationnd RPI
turbulent dispersion force€{p=0.5);

(b) Tomiyama lift (1.0), Antal’'s wall lubricationnal FAD
turbulent dispersion forces;

(c) Tomiyama lift (1.0), Tomiyama wall lubricatiqi.0)
and FAD turbulent dispersion forces;

(d) reduced Tomiyama lift (0.5), reduced Tomiyamalw
lubrication (0.5) and FAD turbulent dispersion fesc

It can be observed, that for the cases (a) anthéljft and
wall lubrication forces reach their highest valvesy close to
the wall, on 13 grid levels even within the wall nearest
grid cell. Otherwise in cases (c) and (d) a foredabce
between the Tomiyama lift and wall lubrication fesccan be
established at a certain grid independent walbdist. In the
simulations where Antal's wall lubrication force svased, a
similar balance of the non-drag forces is not distadd up to
the grid cell closest to the wall. In combinatioithathe RPI
TD model this had led even to numerical instaletitin the
numerical solutions on grid levels 3 and 4.
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Fig. 10: Distribution of non-drag force terms on &' grid
level (FZR-074)

Finally the physical setup with the implementatiointhe
Tomiyama lift and wall lubrication forces and th&l- TD
force model was applied to different flow condisodefined
by the experimental setup given in Tab. 1 for thet Ctases
FZR-038 to FZR-042. For computational efficiencyega
simulations were carried out using two-dimensiogalds
considering the axi-symmetrical geometry. Agaireta grid

dependence studies were carried out.

The final grid

independent results were obtained on 2d grids @8k600
control volumes and with radial near wall refinemengrid

cells.
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Fig. 12: Comparison of numerical simulation vs.
experimental results for FZR-039
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Fig. 15: Comparison of numerical simulation vs.
experimental results for FZR-042

For comparison, the simulations were also carrigdwth
the RPI TD model and CTD=0.35. Results of thesedase
predictions are presented in Figs. 11-15 and coatpaith
the experimentally measured gas void fraction psfilt can
be observed that the agreement between numenmalation
and experimental results are fairly good, if theesal sources
of uncertainties are taken into account. These rteioéies
include temperature, phase change (certain amodnt o
evaporation) and compressible effects (hydrostatibble
expansion) on void fraction, breakup and coalestenc
phenomena, which had not yet been taken into atdéouhe
numerical simulations, the constants of experinienta
conditions and possible measurement accuracy.

Figs. 11-15 show the change in gas volume fraction
profiles from a nearly uniform void fraction digtmtion with
only a weak wall peak (FZR-038) to a strong coneiun of

the disperse bubbly phase in a pronounced wall pédke
void fraction (FZR-042). This change in gas voidction
distribution with increased superficial water vetpcand
decreased ratio of air to water volume flow rata ba well
predicted with the implemented physical models. the
intermediate range (FZR-040/041) both the RPI &wedRAD
TD models still underpredict the near wall turbdlen
dispersion resulting in an overprediction of neaallwgas
volume fractions. Furthermore the Tomiyama wallricétion
model leads to a thin bubble free region near thk, while
measurement data still detect a significant levfehio void
fraction in this region. Nevertheless, the reduaeduracy of
the wire mesh sensor measurement close to thevafies
also at least partially responsible for this dipamcy.
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Fig. 16: Turbulent dispersion force coefficientCrp vs. pipe
radius

If for the above numerical simulations the turbtilen
dispersion force coefficier@p from eq. (17) is plotted over
the pipe radius and compared with the recommendestant
value ofCyp=0.5 for the RPI TD model, we can see the strong
difference in the predicted turbulent dispersiorcéoof the
FAD TD model (see Fig. 16). Especially in the coffethe
gas-liquid bubbly pipe flow the turbulent dispersiforce
coefficientCyp in the FAD TD model shows a strong increase
in comparison with the value commonly used with&#d TD
model. Furthermore it can be observed, that theativealues
of the Cyp coefficient decrease with increasing superficial
liquid velocity U, ¢, 0r Reynolds number.

SUMMARY & CONCLUSIONS

Consideration of the lift, wall lubrication and bulent
dispersion forces in the multiphase momentum eqnsatis
essential for the modeling of gas-liquid bubblyepfftows or
of even greater importance in more complex flowatibns.
The multiphase flow capabilities of the CFX-5 flawolver
have been enhanced by implementation of some ot
widely used models for the additional non-drag éoterms.
Additionally the Favre Averaged Drag (FAD) turbulen
dispersion model in its formulation derived by Bsifi] has
been implemented and successfully validated against
experimental data for the radial gas volume fractio
distribution from the MT-Loop test facility at Fafsungs-
zentrum Rossendorf (FZR). Validation tests havesshdhat
dilute gas-liquid bubbly flows with a monodispersegbble



size distribution can successfully be predictedhwihe
multiphase models of CFX-5. In dependence on thebleu
diameter either a near wall peak or a core pedlkargas void
fraction profiles of vertically upward directed piglow has
been determined in accordance with the experimeasallts.
Best agreement with the experimental
established using the SST turbulence model witloraatic
wall treatment for the liquid phase turbulence ntiode the
Tomiyama lift and wall lubrication force models &tlger with
the FAD turbulent dispersion force model for thepdirse
phase.

Further development is necessary for bubbly flowWs o

higher gas void fraction taking into account bubbteakup
and coalescence together with the different vatxitof
disperse phases with different bubble sizes iramémwork of
multi-fluid Eulerian modeling.
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NOMENCLATURE
Agp [1/m] - interfacial area density
C. [ - lift force coefficient
Cmo [ - turbulent dispersion force
coefficient
Cw [] - wall lubrication force
coefficient
C, [] - turbulence model constant
dy [M] _long axis of a deformable
bubble
de [M] - bubble diameter
D [m] - pipe diameter
_ 2
Eo= M [-] - EO6tvds number
g
k [m%s7] - turbulence kinetic energy
L [m] - pipe length
A, [ - wall normal vector
p[Pa] - pressure
ri-] - void fraction
U, -U,|ld
Re, = M [-] particle Reynolds number
L
U [m/s] - velocity
Ure=U -Ug [M/s] - slip velocity
Yw [M] - wall distance
y [ - dimensionless wall

distance

! CFD network project “Development of CFD codes for

multidimensional flows in reactor safety applicat®

data has been

Greek symbols

g [m%s? - turbulence eddy dissipation
o [kg/m’] - density

v [m?s] - kinematic viscosity

v; [m?/s] - turbulent viscosity

K [kg/m s] - viscosity
o [] - Schmidt number
o [N/m] - surface tension

Subscripts and superscripts

sup

a,p

- fluctuation

- gaseous phase

- liquid phase

- superficial

- turbulent

- indices for continuous and
disperse phase in a phase
pair
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