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Abstract

A population balance model was developed in clasperation of ANSYS-CFX and Forschungszentrum Depddossendorf
and implemented into CFX-10 (Frank et al. 2005 gfer et al. 2007). The current paper presentsgpkcation of the model to
upward flow in vertical pipes for air/water and &team/water bubbly flow. Finally the applicati@na bubbly flow around a
half moon shaped obstacle arranged in a 200 mmipgown (see Frank et al. 2007).

Applying the inhomogeneous MUSIG approach a moepdenderstanding of the flow structure is possibta. upward two
phase flow in vertical pipes the core peak in thesg sectional gas fraction distribution could éproduced very well. For
complex flows the general structure of the flow Idole well reproduced in the simulations. This tes$e of the obstacle
demonstrates the complicated interplay betweendapendent bubble migration and bubble coalescanddoreak-up effects
for real flows. While the closure models on bubloleees, which are responsible for the simulatiotbatbble migration are in
agreement with the experimental observations, desiations occur for bubble coalescence and fraggtien. The presently
applied models describing bubble fragmentation@ralescence could be proved as weak points in rmuaéFD analyses of
vertical upward two phase pipe flow. Further workthis topic is under way.

1. Introduction classes Mare taken into account by appropriate models.
The model concept is described in detail by Krepgeal.

The multiphase flow regimes found in vertical pipa® 2007. The current paper shows the capability ottrecept

dependent on the void fraction of the gaseous pheseh by application to different test cases.

vary from bubbly flows at low fractions to highepid

fraction regimes of slug flow, churn turbulent flomnnular 2. Nomenclature

flow and finally to droplet flow. In the regime btibbly and

slug flow the multiphase flow shows a spectrumitiécent Cp drag coefficient

bubble sizes. While disperse bubbly flows with |gas C. lift coefficient

volume fraction are mostly mono-disperse, an irszeaf Fs break-up coefficient

the gas volume fraction leads to a broader bublde s Fc coalescence coefficient

distribution due to break-up and coalescence ofblagh acceleration due to gravity (if)s
Bubbles of different sizes are subject to lateraration superficial velocity (m$
due to forces acting in lateral direction, whichdifferent i number of subsize fractions in the velocity group

from the main drag force direction. The bubbleftfice was (i=1..N)

z(.:LQ

found to change the sign as the bubble size varies. N number of dispersed velocity groups
Consequently this lateral migration leads to a aladi P pressure (Pa)

de-mixing of small and large bubbles and to further z axial position (m)

coalescence of large bubbles migrating towardspipe

center into even larger Taylor bubbles or slugs. Greek letters

An adequate modeling approach must to considehedle a gas volume fraction

phenomena. The paper presents a (generalized ¢ density (kg ri7)

inhomogeneous Multiple Size Group (MUSIG) Model s surface tension (Nﬁ—)
based on the Eulerian modeling framework. Withiis th

model the dispersed gaseous phase is divided into N gypscripts
inhomogeneous velocity groups (phases) and eattesé g gas

groups is subdivided into Moubble size classes. Bubble | liquid

break-up and coalescence processes between alelsibbd
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3. Upward two phase flow in vertical pipes

Gas-liquid flow in vertical pipes is a very goodjedt for
studying the phenomena of two-phase flows. In aafse
bubbly flows the bubbles move under clear boundary
conditions, resulting in a shear field of constantd
well-known structure where the bubbles rise for a
comparatively long time. This allows studying ttageral
motion of the bubbles in a shear flow by comparyas
distributions measured at different heights.

3.1. Air/water flow

In the TOPFLOW test, bubbles were injected fromgiae
walls through 4 mm nozzles into a tube of diamé@s.3
mm. The bubble size distribution near the inletvehitarge
fractions of large bubbles (Fig. 1, blue size disition left
side). During the upward flow through the tube Hiee
distribution is shifted towards lower values. Thtise
development of the bubble size distribution is rhain
determined by fragmentation processes. Bubble scafee
plays only a minor role at the flow conditions dfet
experimental test. Fig. 1 shows the bubble siztilligion
and radial gas profiles for the test case TOPFLQW/fdr a
quite low distance from the gas injection of 0.33%and at a
distance of 7.802 m. Note that only two disperskdsps
were defined for the numerical model. 20 sub-sizaigs
were then specified, the first 2 sub-size groupigasd to
the first dispersed phase and the other 18 to ¢cersl
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dispersed phase. The bubble size diameter waseddiin to

60 mm, the size step between the sub-size groupsiram

to 3 mm. Test calculations have shown setting teakzup
coefficient to | = 0.25 and the coalescence coefficient to
Fc = 0.05 yields the best agreement for this flowesion of
air/water flow in vertical pipes. Both the shift thie bubble
size distribution (Fig. 1 left side) and the coreak gas
volume fraction profile are well reproduced by the
calculations.

3.2. Steam/water flow at saturation conditions

Besides the air/water tests at the TOPFLOW facdityo
steam/water tests at pressures up to 6.5 MPa were
performed. As a first step the influence of maasgfer by
condensation was limited by keeping saturation itmm.
Tomiyama (1998) has shown the lift coefficientcbanging

its sign with higher bubble size. For air/waterwflcat
ambient conditions the critical bubble size, foriethC =0
amounts to be 5.8 mm. The analysis of the corariafor

the lift coefficient given by Tomiyama (1998) shqwisat

with higher pressure the critical bubble size isftst
towards lower values (see Krepper et al. 2007). For
steam/water at 6.5 MPa a value of about 3.5 mmaarid
MPa of about 2 mm was found. These tendencies were
confirmed by the TOPFLOW experiments (see Fig. 3,
Prasser et al. 2007).
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Figure 1: Air/water flow: Bubble size distribution (lefthd the radial gas fraction profiles (right) of thienulation of the test
case TOPFLOW 118 at the distance levels from threiggction C and R (F 1.017 m/s; d= 0.2194 m/s) (Break-up

coefficient s = 0.25, Coalescence coefficierg+0.05)
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Figure 2: Saturated steam/water flow at 6.5 MPa: Bubble dizigibution (left) and the radial gas fractiomfiles (right) of the
simulation of the test case TOPFLOW 118 at theadist levels from the gas injection C and R=(1.017 m/s;d= 0.2194 m/s)
(Breakup coefficient = 0.025, Coalescence coefficient+0.05)

The changed fluid properties have influence on the Whereas the factor for bubble coalescence waikeéghlthe
calculated turbulence parameters of the liquid. For air/water simulations ¢=0.05 the fragmentation
steam/water at 6.5 MPa the turbulence kinetic gnargl coefficient lead to a strong overestimation of Haebb
the turbulence dissipation are almost doubled coethto fragmentation. Consequently this coefficient in theher
air/water flow. Bubble fragmentation and bubble simulations was remarkably reduced t9=F0.025. Fig. 2
coalescence are strongly influenced by the turlmglen shows that applying the models with these tuned

dissipation of the liquid phase. coalescence and fragmentation coefficients a redsen
Fig. 2 presents the development of the bubble size simulation of the development of bubble size distion
distribution and of the radial volume fraction pled for the and radial gas volume fraction profile is possible.
steam/water test TOPFLOW-118. At 6.5 MPa steamiwate Compared to the air/water simulations (see Fig.thE
flow with superficial velocities J= 1.017 m/s and migration of the bubbles from the injection at thall to the

Js=0.12194 m/s was analyzed. 25 sub-size gas frectio  centre of the tube is simulated slower in the steamter
assigned to two dispersed phases were simulated. Th case. Whereas in the air/water simulations thenaires too
maximum considered bubble size was 37.5 mm. With fast from the side wall injection into the tube wenin the

equidistant bubble size distribution only the lotwéso steam/water tests the gas migration to the tubérecés
sub-size gas fractions were assigned to the fisgtedsed underestimated. The reason could be the overestiimat
phase. For these flow conditions the critical baettize for turbulent dispersion bubble force in the air/watases.
C.=0was 3.5 mm. Caused by the other fluid properties the turbulembble

dispersion force seems to be underestimated in the
steam/water flow tests. Further investigationsreeessary.
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4. Application of the model for the flow around an
obstacle

In the TOPFLOW facility at FZD an experiment was
performed, to study the flow field around an asyrrine
obstacle. The obstacle had the form of a half mgfmped
diaphragm and was arranged in a vertical tube Ilgagin
diameter of DN200 (see Fig. 3). The experimentisited
described by Frank et al. 2007. The test is anl ickese for
CFD code validation,
pronounced three-dimensional two-phase flow field.
Curved stream lines, which form significant angléth the
gravity vector, a recirculation zone in the wakel anflow
separation at the edge of the obstacle are common i
industrial components and installations.

movable obstacle ~— ﬁ@/\‘

halfmoon diaphragm \\7 /

flange 1 with
control Kit

Figure 3: Sketch of the movable obstacle with driving
mechanism - a half-moon shaped horizontal plate
mounted on top of a toothed rod

The wire-mesh technology was applied to measureyése
volume fraction and the gas velocity in differemdtdnces
up- and downstream the obstacle. The sensors sappli
detailed data on the instantaneous flow structiiie avhigh
resolution in space and time. In particular, thdypva
visualizing the structure of the gas liquid inteda

Pretest calculations using CFX-10 applying a
monodispersed bubble size approach were performed f
the conditions of test run 074, (3 1.017 m/s, J= 0.0368
m/s) (see Prasser et al. 2005, Frank et al. 2087)he
calculation, a fluid domain was modeled 1.5 m wgzsin
and downstream the obstacle. Half of the tube dinly a
symmetry xz-plane was simulated. In the presenepte
inhomogeneous model approach was applied to a@rfwat
obstacle experiments run 096 &1.017 m/s, J= 0.0898
m/s) and run 097 (J 1.611 m/s, J= 0.0898 m/s). In the
presented calculations for run 096 respective ran B5
respective 20 sub-size gas fractions representjoglstant
bubble sizes up to 25 mm respective 20 mm werelateul
assigned to 2 dispersed gaseous phases. The fliestti®ns
were assigned to the first and the remaining foastito the

second gaseous phase. The bubble size distribution

measured at the largest upstream position was set a
boundary condition for the calculation.

since the obstacle creates a
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4.1. The main observed phenomena

Like in the pretest calculations also the steadjesANSYS
CFX calculations applying the inhomogeneous MUSIG
model could reproduce all qualitative details oé titow
structure of the two-phase flow field around thepdiragm
for the low gas fraction of run 074.

The ANSYS CFX simulation results have been comptoed
three-dimensional wire-mesh sensor data. The water
velocity (Fig. 4) and the total gaseous void fractiare
presented (Fig. 5). Like for the pretest calculzaialso here
for the test with higher gas fractions all qualitatdetails of
the structure of the two-phase flow field arounel tfstacle
could be reproduced.

measurement

[mis]
4.0
3.2
2.4
1.6
0.8

Figure 4: Comparison of time averaged calculated(left)
and measured(right) velocities up- and downstrettine
obstacle in the air/water test run 096=J1.017 m/s,d=
0.0898 m/s
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Figure 5: Comparison of time averaged calculated(left)
and measured(right) volume fractions up- and doreast
of the obstacle in the air/water test run 096
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Shortly behind the obstacle a strong vortex of lthaid
combined with the accumulation of gas is found. The
measured and calculated shape and extension of the
recirculation area agree very well. Upstream thetaitle a
stagnation point with lower gas content is seen in
experiment and calculation. Details, like the véloc
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maximum above the gap between the circular edgbeof
obstacle and the inner wall of the pipe are alsmdoin a

good agreement between experiment and calculdtiche

undisturbed cross sectional part of the tube angtjet is

established.

4.2. Phenomena in the wake of the obstacle

More detailed understanding of the flow situatian de
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sectional average shows a shift towards larger lesbihhe
calculated bubble size distributions (see Fig. Btli@ run
096 and Fig. 9 for run 097) however show a shifthef
mean bubble diameter towards smaller bubbles shortl
behind the obstacle. In the calculations the bubbdakup

is overestimated. This disagreement was foundaleakle

by simply changing of breakup or coalescence aueffits,
which were set heregF= Fc = 0.05. Similar deviations
would arise at other locations of the flow domain.

gained, comparing the results of the inhomogeneous On the one hand the liquid velocity flow field gesites a lift

MUSIG model. According to the applied bubble
fragmentation model of Luo and Svendsen (1996)bleub
fragmentation can be expected in regions showimgh hi
turbulence eddy dissipation. Fig. 6 presents masimu
values of the turbulence eddy dissipation at treeedf the
obstacle. At the same time the applied bubble soelee
model of Prince and Blanch (1990) indicates strong
importance of coalescence in regions of bubble
accumulation i.e. in the wake behind the obstaBleth
bubble coalescence (see gas accumulation showig.ib)F
and bubble breakup (see distribution of turbulence
dissipation Fig. 6) partially compensating eacheothre
expected shortly behind the obstacle.

Fig. 7 shows measured cross sectional averagedebsizk
distributions upstream (z =-0.52 m), shortly behin
(z = 0.08 m) and downstream the obstacle (z = thh2n

the bubble accumulation zone at z =0.08 m the scros

Water . Turbulence Eddy Dissipation
[ 5.000e+000

3, 75004000
— 2.500e+000

— 1.250e+000

[mr2 sn-3]

0.000e+000

-1

force field which transports the small bubbles itbe
region behind the obstacle (see Fig. 10 for theblaub
streamlines and Fig. 11 for the lift force arron®n the
other hand, the air accumulation in this regiondéedo
bubble coalescence and the generation of large lé&sibb
This phenomenon is underestimated in the calculgtiBigs.
10 and 12 show very well small bubbles being transol
behind the obstacle. In the experiments larger lasbare
created by coalescence in this region. In the tatioms
however, bubble coalescence is exceeded in thisrrdry
bubble fragmentation. Caused by the lift force ¢dogbbles
are redirected into the downstream jet (see Fiy. The
streamline representation (see Fig. 10) clearlywshthis
phenomenon for large bubbles already present in the
upstream flow.

o = = N
0 (N ) o
P I I AR

dVF/dD, [% mm-]

o
I
P

o
o
[

Figure 6: Calculated turbulence eddy dissipation (run 096) Figure 7: Measured bubble size distribution for run 096
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Figure 10: Streamlines for small (left) and large (rightfFigure 11: Bubble lift force vectors for the different gas

bubbles (run 096) velocity groups (run 096)
VOID VOID
ds <6 mm ds > 6 mm 0.0 <= dbubxy < 5.8 5.8 <= dbubxy <200.0
max= 7.0% max = 28.3 %

[l

I 1.000e-001

—7.500e-002

Obstacle

5.000e-002

2.500e-002

0.000e+000

calculation measurement
Figure 12: Calculated (left) and measured (right) gas diatitims up- and downstream of the obstacle resdlvéxlibble size
classes (run 096; & 1.017 m/s,d= 0.0898 m/s)



Paper No 378

6" International Conference on Multiphase Flow,
ICMF 2007, Leipzig, Germany, July 9 — 13, 2007

Figure 13: Calculated (left) and measured (right) gas craastifsnal distributions downstream the obstacle

(run 097: J =1.611 m/s,d= 0.0898 m/s);

Calculations (obstacle shown), distances at thal @eisitions z = 0.08 m, 0.16 m, 0.25 m, 0.37 m@B@ m
Measurements (obstacle in the upper left areaamiiss at z = 0.01 m, 0.015 m, 0.02 m, 0.04 m, 308.16 m, 0.25 m and

0.52m
4.3. Phenomena in the jet

In the cross sectional area beside the obstadlergget is
established creating strong shear flow. The resylti
phenomena are more pronounced with increasing water
velocity. Therefore, run 097 is considered, whéeeliquid
velocity was increased tq ¥ 1.611 m/s. Fig. 13 presents
measured and calculated cross sectional gas fnactio
distributions for this run. In the most downstre@anoss
section of the measurements an almost gas bubbée fr
region is found. This effect is seen in air/water
measurements with $= 1.017 m/s andzXk= 0.14 m/s but
not in the steam/water tests. The streamline reptaton

of the calculations however (Fig. 10 for run 096ickhis
quite similar to run 097), indicate large bubblesing
directed into the jet caused by the lift force.

This discrepancy between experiment and calculatam
possibly be explained by the strong water velogigdient
near the jet. This strong shear flow induces bubble
fragmentation which is not yet considered in thedelmf
Luo and Svendsen (1996). In the tests, the big lesbb
migrate towards the jet, but are fragmented atdkaively
sharp boarder of this jet. Only a small fractiorttod small
bubbles created by this breakup process can dmgett by
action of the turbulent dispersion force.

5. Summary and conclusions

Applying the inhomogeneous MUSIG approach a more
deep understanding of the flow structure is possiblor
upward two phase flow in vertical pipes the corakpia the
cross sectional gas fraction distribution coulddy@oduced
very well. While the closure models on bubble faraghich
are responsible for the simulation of bubble migratare

in agreement with the experimental observationsarcl
deviations occur for bubble coalescence and breaKk-be
presently applied models describing bubble brealang
coalescence could be proved as weak points in rouser
CFD analyses of vertical upward two phase pipe .flow
Further work on this topic is under way.
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