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ABSTRACT

A generalized inhomogeneous Multiple Size Group @IG) Model based on the Eulerian
modeling framework was developed in close coopamatiof ANSYS-CFX and
Forschungszentrum Dresden-Rossendorf and implecheémie CFX-10. By simulating a poly-
dispersed gas-liquid two-phase flow, the mass exgdd between bubble size classes by bubble
coalescence and bubble fragmentation as well asnttreentum exchange due to bubble size
dependent bubble forces have to be consideredciarty the lift force has been proven to play
an important role for establishing a certain bulsie distribution dependent flow regime.

The derived model has been validated against expetal data from the TOPFLOW test facility
at the Forschungszentrum Dresden-Rossendorf (FZBg. wire-mesh technology measuring
local gas volume fractions, bubble size distribogi@and velocities of gas and liquid phases was
applied. Numerous tests investigating air-watewfland steam-water flow at saturation
conditions in vertical pipes having a length up8tan and a diameter up to 200 mm were
performed and used for model validation. Furthesmarorder to check the model framework
for a more complex flow situation, further expermtee on the flow field around a half moon
shaped asymmetric obstacle were performed andawecbnditions were simulated by applying
the inhomogeneous MUSIG model in direct comparison.

The paper describes the main concepts of the CFdelmapproach and presents model
validation and application cases. The inhomogend&tiuSIG model approach was shown to be
able to describe bubbly flows with higher gas cohtParticularly the separation phenomenon of
small and large bubbles, which was proven to beyaphenomenon for the establishment of the
corresponding flow regime, is well described. Wessdges in this approach can be attributed to
the characterization of bubble coalescence and leulbagmentation, which must be further
investigated.
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1. INTRODUCTION

Many flow regimes in Nuclear Reactor Safety Redeae characterized by multiphase flows,
with one phase being a continuous liquid and tiherophase consisting of gas or vapour of the
liquid phase. The flow regimes found in verticgbgs are dependent on the void fraction of the
gaseous phase, which vary from bubbly flows at fiagtions to higher void fraction regimes of
slug flow, churn turbulent flow, annular flow aniddlly to droplet flow. In the regime of bubbly
and slug flow the multiphase flow shows a spectafndifferent bubble sizes. While disperse
bubbly flows with low gas volume fraction are mgsthono-disperse, an increase of the gas
volume fraction leads to a broader bubble sizeridigion due to breakup and coalescence of
bubbles. Bubbles of different sizes are subjedatieral migration due to forces acting in lateral
direction, which is different from the main dragde direction. Further the bubble lift force was
found to change the sign as the bubble size valiessequently this lateral migration leads to a
radial de-mixing of small and large bubbles antlutther coalescence of large bubbles migrating
towards the pipe center into even larger Tayloribesor slugs.

An adequate modeling approach has to considerha#iet phenomena. The paper presents a
generalized inhomogeneous Multiple Size Group (MB)SModel based on the Eulerian
modeling framework. Within this model the dispersgdseous phase is divided into N
inhomogeneous velocity groups (phases) and eattesé groups is subdivided intg Mubble
size classes. Bubble breakup and coalescence pescbstween all bubble size classgsah
taken into account by appropriate models.

2. NON DRAG FORCES AND INFLUENCE ON THE FLOW REGIME

Simulating a two-phase flow applying the Euler/Eudpproach, the momentum exchange
between the phases has to be considered. Aparttirendrag acting in flow direction, the so
called non-drag forces acting mostly perpendictdathe flow direction have to be considered.
Namely the lift force, the turbulent dispersionderand the wall force play an important role.
Here the influence of the lift force will be discasl.

2.1. Lift force inversion in a poly-disperse bubbly flow

The lift force considers the interaction of the blgbwith the shear field of the liquid. Related on
the unit volume it can be calculated as:

F.=-C.ra(w, - w)" rot(w) 1)

The classical lift force formulation for two-phatews, which has a positive coefficient Gacts

in the direction of decreasing liquid velocity. dase of co-current upwards pipe flow this is the
direction towards the pipe wall. Numerical (Ervimdalryggvason, 1997, Bothe et al., 2006) and
experimental (Tomiyama et al., 1995) investigatishswed, that the direction of the lift force
changes its sign for gas-liquid flows, if a substdrdeformation of bubbles occur. Tomiyama
(1998) investigated single bubble motion and derives following correlation for the coefficient
of the lift force from these experiments:
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min[0.288tanh0.121Re), f (Eo, )] Eo, <4
C, = f(Eoy) for 4<Eo, <10 @
- 027 Eo, >10
with  f(Eo,) = 0.0010%EO0] - 0.0159%0] - 0.0204E0, +0.474
This coefficient depends on the modified E6tvos bangiven by:
g(r, - r )d?
Eo, =————— (3)

Here g is the maximum horizontal dimension of the bublties calculated using an empirical
correlation for the aspect ratio by Wellek et 4B§6) with the following equation:

d, =d, 31+ 016 FE™ (4)

Figure 1 represents the dependency 0b@ the bubble size in eq. (2) for an air/wateteysat
ambient conditions. For this case €hanges its sign at a bubble diameter,of 8.8 mm.
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Figure 1: Lift coefficient for air-water bubbly Figure 2: Decrease of the critical equivalent
flow according to eq. (2) bubble diameter of the lift force sign change

for steam-water bubbly flow vs. increasing
saturation pressure

The MTLoop experiments performed at FZD (Prassat.€2002) have shown, that the lift force
reverses in an evolving poly-disperse bubbly flovan upward vertical pipe as well. Radial void
fraction distributions show a wall peak for bubbledow the critical diameter, while bubbles
with a larger diameter form a central void fractipgak. This is independent from the general
type of the profile of the total void fraction, .i.@ wall-peak for the fraction of small bubbles is
found also in case of a pronounced central pea&gtifiaction profile.

The FZD facility TOPFLOW has significantly extenddw experimental opportunities to study
this effect. It was shown that the described effece present also in a large diameter pipe. The

(3/19)



Krepper, E. et al. NURETH-12
Inhomogeneous MUSIG model — a population balanpecggeh for polydispersed bubbly flows Log: 60

vanishing of the wall peak in gas fraction profildst are subdivided into narrow banded
bubble-size classes of 0.5 mm class-width is oleseat a diameter close to the value given by
Tomiyama. For an air-water flow at ambient conditipthe equivalent critical bubble diameter is
5.5 mm. As shown in Fig. 3, bubbles of this sizk display a pronounced wall peak, which is
vanishing at about 6 - 6.5 mm bubble diameter. falsethat a volume fraction wall peak is still
present for bubbles slightly larger than the Tomigadiameter results from their continuous
production close to the wall by coalescence evemitgch are quite frequent in the peak region
and take place for bubbles below the critical size.

An important advantage of the TOPFLOW experimesthé possibility to check the correctness
of the Tomiyama lift force model at high pressuaesl temperatures. The critical diameter is
scaled by increases with the modified EGtvos nunabeording eq. (3). Keeping in mind that the
surface tension decreases with growing saturagampérature, the critical bubble diameter is
expected to be lower for the steam-water tests. ddpendency is given in Fig. 2. This was
confirmed by the measurements, as shown in FiggBt(side), where decomposed gas fraction
profiles in the close-to-wall region are plotted &saturation pressure of 6.5 MPa. A wall peak
is only found for bubbles with diameters below 3tBn, which is in agreement with the
dependency of the critical diameter from saturagiogssure in Fig. 2.
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Figure 3: Gas fraction profiles decomposed accagrtrbubble size classes in the test pipe
DN200 at J = 1.017 m/s andzJ 0.219 m/s, L/D = 39.7, gas injection orifices;; B4 mm
(Prasser et al. 2007)

2.2. Development of the flow along a vertical pipe — radl separation of large and small
bubbles
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The evolution of the flow along the pipe is detered by a complex interaction between bubble
forces, which cause a lateral bubble migration lamoble coalescence and breakup. Further the
transition from bubbly to slug flow is influenceg this interaction. As mentioned above the lift
force causes, that small bubbles (diameter < &mn in case of air-water flow) can be found
preferably in the wall region, while larger bubblae accumulated in the core region. This
separation of small and large bubbles clearly erites the development of the flow, since
bubble coalescence and breakup depend on thelbabale densities (see Prince and Blanche
1990, Luo and Svendsen 1996). On the other hamdlifsipation rate of turbulent energy is
clearly larger in the near wall region than in toee flow. The consequences for the transition to
slug flow can be explained by help of Fig. 4. Anmapd air-water flow is considered. In both
considered cases small bubbles (diameter < 5.5 aneninjected. In the left side of the figure a
low superficial gas velocity was assumed. The simatbles tend to move towards the wall. The
local gas fraction in the wall region is largerritae averaged gas fraction, but it is still low. |
this case bubble coalescence and breakup are iibegm and a stable bubbly flow is
established.

bubbly flow slug flow
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Figure 4: Stable bubbly flow (left) and transititnslug flow (right)

If the gas superficial velocity is increased (Hg.right side), the equilibrium between bubble
coalescence and breakup is shifted towards a ldnglelle diameter, because the coalescence
rate increases with the square of the bubble denditle the breakup rate is only proportional to
the bubble density. The bubble breakup rate styoingreases with the bubble diameter.
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By a further increase of the gas superficial véipenore and more large bubbles (diameter > 5.5
mm) are generated. They start to migrate towardsptpe centre. If enough large bubbles are
generated by coalescence in the wall region, sdirtbeon can reach the core region without

further breakup. Because of the lower dissipataia of turbulent energy they can then grow up
by further coalescence at much lower breakup ragpial for the low shear in the pipe centre.

This mechanism is the key for the transition frooblde to slug flow. That means, that for an
appropriate modelling of the transition a numberbabble size classes as well as radial gas
fraction profiles for each bubble size class arall#teral migration of differently sized bubbles
have to be considered.

3. MULTIPLE SIZE GROUP APPROACH
3.1. The MUSIG model by Lo

For larger gas volume fractions, several bubble siasses have to be considered and the
exchange of mass between them caused by bubbksceate and breakup phenomena has to be
taken into account. In principle, the Eulerian tiod approach as described above can be
extended to simulate a continuous liquid phasesaweral gaseous dispersed phases solving the
complete set of balance equations for each phdmeinvestigations however showed that for an
adequate description of the gas volume fractiorilprancluding a population balance model
decades of bubble size classes would be necessarCFD code, such a procedure is limited by
the increased computational effort to obtain cogedrflow solutions.

To solve this problem, the multiple size group mduist implemented by the code developers in
CFX-4 solves only one common momentum equatiorafiobubble size classes (homogeneous
MUSIG model, see Lo 1996). Mathematically, the Muét Size Group model (MUSIG) is based
on the population balance method and the two-finaleling approach. The dispersed phase is
divided into M size fractions. The population baarequation is applied to describe the mass
conservation of the size fractions taking into astmf the inter-fraction mass transfer resulting
from bubble coalescence and breakup. This modebapp allows a sufficient number of size
fraction groups required for the coalescence aedlup calculation to be used and has found a
number of successful applications to large-scaleastrial multiphase flow problems.

Gas : \Y :
R’ v
Size o e e e e | ———
fractions d; | | | dy du
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break-up
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Figure 5: Schema of the standard MUSIG model: ki $ractions representing different bubble
sizes move with the same velocity field

Nevertheless, the assumption also restricts itdicayility to homogeneous dispersed flows,
where the slip velocities of particles are almastependent of particle size and the patrticle
relaxation time is sufficiently small with respéctinertial time scales. Thus, the asymptotic slip
velocity can be considered to be attained almostaianeously. The homogeneous MUSIG
model described above fails to predict the conpbetse distribution when heterogeneous patrticle
motion becomes important. One example is the bulbdly in vertical pipes where the non-drag
forces play an essential role on the bubble motinrthe previous chapter the lift force was
described to change its sign, when applied forelatgformed bubbles, which are dominated by
the asymmetrical wake. The lift force in this c&ses a direction opposite to the shear induced
lift force on a small bubble. For this reason, é&alubbles tend to move to the pipe core region
resulting in a core void maximum whereas a neal-watl peak is measured for small bubbles.
The radial separation of small and large bubblesnat be predicted by the homogeneous
MUSIG model. This has been shown to be a key meshmafor the establishment of a certain
flow regime as discussed earlier in chapter 2.

3.2. New strategies — the inhomogeneous MUSIG model

A combination of the consideration of differentmissed phases and the algebraic multiple size
group model was proposed to combine both the adequanber of bubble size classes for the
simulation of coalescence and breakup and a linmtedber of dispersed gaseous phases to limit
the computational effort (Krepper et al. 2005). Tilmomogeneous MUSIG model was
developed in cooperation with ANSYS CFX and is iempénted in CFX-10 (Shi et al. 2004,
Zwart et al. 2003, Frank et al. 2005).

Velocity groups : Vi : V, 2o Y :
J=1.N | |
‘W ViV Vi 222
Size fractions —_— —
K=1..SM; d; t dw1 th1+1 I Ami+mz dswy
bubble
break-up

Figure 6: Improvement of the polydispersed approd@bke size fractions Mj are assigned to the
velocity field Vj

In the inhomogeneous MUSIG model the gaseous disganase is divided into a number N of

so-called velocity groups (or phases), where eddheovelocity groups is characterized by its
own velocity field. Further, the overall bubble esidistribution is represented by dividing the
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bubble diameter range within each of the velocityugs j in a number M=1..N bubble sub-
size fractions. The population balance model casid bubble coalescence or bubble breakup
is applied to the sub-size groups (see Fig. 6).clldhe mass exchange between the sub-size
groups can exceed the size ranges assigned telthsty groups resulting in mass transfer terms
between the different phases or velocity groups.

The lower and upper boundaries of bubble diametervals for the bubble size fractions can be
controlled by either an equal bubble diameter itistion, an equal bubble mass distribution or
can be based on user definition of the bubble dianranges for each distinct bubble diameter
fraction. The subdivision should be based on thgsies of bubble motion for bubbles of
different size, e.g. different behavior of diffetignsized bubbles with respect to lift force or
turbulent dispersion. Therefore, it can be suggestat in most cases N=2 or 3 velocity groups
are sufficient in order to capture the main phenaaria bubbly or slug flows.

The continuity equation for the gaseous disper$ed@ | can then be written as:

%(ajrg)"'m){airgui)zsi (5)

the momentum equation for the j-th gaseous phas¢hleaform:

el o) b
ﬁ(ajrguj)+N><(ajrng Ui)_N aJ”ENUJ+(NUi) 6)
-aNp+a,r,g+M, +S,
with
Fj = FJ,D + Fj,l_ + Fj,W + FJ,TD (7)

wherea;, rq, my are the void fraction, density and viscosity of thas and F; represents the
sum of interfacial forces like the drag forcg Flift force K., wall lubrication force f and
turbulent dispersion force . The term S, represents the transfer of gaseous phase

momentum between different velocity groups dueubhlbe breakup and coalescence processes
that causes bubbles of certain size to switchdferent velocity group (secondary momentum
transfer due to mass transfer).

Additional for each sub-size fraction, i, (i=1;)Mn the velocity group j;&; the continuity
equation has to be solved:

)l

ﬁ(fiajrg)-FN){fiairgUi):Slj (8)

The source terms;Sepresent the local transfer of gaseous phase dugsso bubble breakup
and coalescence processes. They can be assigBgdnmoich are the elements of the population
balance model. Note that in the above equationgntex j extends over the range 1..N and the

index k over the range 1.. l_Nle ; - The population balance equations have then time: fo
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S =Byg- Dg +Bic- Dic 9)

where B is the bubble birth rate due to breakup of laigdibles, R is the bubble death rate
due to breakup of bubbles from size group k int@len bubbles, B¢ is the bubble birth rate
into size group k due to coalescence of smalleblasito bubbles belonging to size group k and
finally Dy c is the bubble death rate due to coalescence dilé&siirom size group k with other
bubbles to even larger ones. The inhomogeneous MUddel approach does not presume a
certain coalescence or breakup model. As an exatin@lealidation calculations presented in the
chapter 4 and 5 were performed applying the breakogel of Luo and Svendsen (1996) and the
bubble coalescence model of Prince and Blanch (1990

4. SIMULATING TWO PHASE FLOW IN VERTICAL PIPES

Gas-liquid flow in vertical pipes is a very goodj@ti for studying the phenomena of gas-liquid
two-phase flows. In case of bubbly flows the bubhteove under well determined boundary
conditions, resulting in a shear field of constamtl well-known structure where the bubbles rise
for a comparatively long time. This allows studyithg lateral motion of the bubbles in a shear
flow by comparing gas distributions measured dedéht heights.

4.1. Air Water Flow

In the TOPFLOW test, bubbles were injected from gl walls through 4 mm nozzles into a
tube of diameter 195.3 mm. The bubble size distionunear the inlet shows large fractions of
large bubbles (blue size distribution left sidejring the upward flow through the tube the size
distribution is shifted towards lower values. Thiug development of the bubble size distribution
is mainly determined by fragmentation processefbRicoalescence plays only a minor role at
the flow conditions of the experimental test. Higshows the bubble size distribution and radial
gas profiles for the test case TOPFLOW 118 for idedow distance from the gas injection of
0.335 m and at a distance of 7.802 m. Note that omb dispersed phases were defined for the
numerical model. 20 sub-size groups were then Bpeéciwhere the first 2 sub-size groups are
assigned to the first dispersed phase and the béhare assigned to the second dispersed phase.
The bubble size diameter was defined up to 60 mesize step between the sub-size groups is
equal to 3 mm. Test calculations have shown, thiding the breakup coefficient tg+0.25 and

the coalescence coefficient tg=0.05 yields the best agreement for this flow regohair-water
flow in vertical pipes. Both the shift of the bubldize distribution (Fig. 7 left side) and the core
peak gas volume fraction profile are well reprodlbg the calculations.
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Figure 7: Bubble size distribution (left) and tlaglial gas fraction profiles (right) of the
simulation of the test case TOPFLOW 118 at theadist levels from the gas injection C and R
(J.=1.017 m/s; &&0.2194 m/s) (Breakup coefficieng¥0.25, Coalescence coefficierd30.05)

4.2. Steam Water Flow at Saturation Conditions

Besides the air-water tests at the TOPFLOW facdiso steam-water tests at pressures up to
6.5 MPa were performed. As a first step the infiee of mass transfer by condensation was
limited by keeping saturation conditions. In cha@d it was shown, that the lift coefficient C
changes its sign with increasing bubble size. lowater flow at ambient conditions the critical
bubble size, for which G0 amounts to be 5.8 mm. The analysis of the caroel for the lift
coefficient (eq. (3) given by Tomiyama (1998) showsat with higher pressure the critical
bubble size is shifted towards lower values (se&e &). For steam/water at 6.5 MPa a value of
about 3.5 mm and at 15 MPa of about 2 mm was folihdse tendencies were confirmed by the
TOPFLOW experiments (see Fig. 3, Prasser et alf)200
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Figure 8: Bubble size distribution (left) and thadial gas fraction profiles (right) of the
simulation of the test case TOPFLOW 118 at theadist levels from the gas injection C and R
for saturated steam/water at 6.5 MPa=1J017 m/s; &0.2194 m/s) (Breakup coefficient
Fg=0.025, Coalescence coefficierq=0.05)

The changed fluid properties have influence on dhkulated turbulence parameters of the
liquid. For steam/water at 6.5 MPa the turbuleniceetic energy and the turbulence dissipation
are almost doubled compared to air/water flow. Beldbagmentation and bubble coalescence
are strongly influenced by the turbulence dissgratf the liquid phase.

Fig. 8 presents the development of the bubble disteibution and of the radial volume fraction
profiles for the steam/water test TOPFLOW-118. & BIPa steam water flow with superficial
velocities §=1.017 m/s ands¥0.12194 m/s was analyzed. 25 sub-size gas fractiesigned to
two dispersed phases were simulated. The maximursidered bubble size was 37.5 mm. With
equidistant bubble size distribution only the lotvieso sub-size gas fractions were assigned to
the first dispersed phase. For these flow condititwe critical bubble size for, €0 was 3.5 mm.

Whereas the factor for bubble coalescence waskseinl the air/water simulations FC=0.05 the
fragmentation coefficient lead to a strong oversation of bubble fragmentation. Consequently
this coefficient in the further simulations was erkably reduced tog=0.025. Fig. 8 shows, that

applying the models with these tuned coalescendefragmentation coefficients, a reasonable
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simulation of the development of bubble size disttion and radial gas volume fraction profile
is possible.

Compared to the air/water simulations (see Figth® migration of the bubbles from the
injection at the wall to the centre of the tubgisdicted to be slower in the steam/water case.
Whereas in the air/water simulations the air mdwesfast from the side wall injection into the
pipe centre, in the steam/water tests the gas tiogréo the tube centre is underestimated. The
reason could be the overestimated turbulent bubigpersion force in the air/water cases.
Caused by the other fluid properties the turbulbobble dispersion force seams to be
underestimated. Further investigations are necgssar

5. APPLICATION OF THE MODEL FOR THE FLOW AROUND AN OBS TACLE

In the TOPFLOW facility at FZD an experiment wasfpamed, to study the flow field around
an asymmetric obstacle. The obstacle had the fdrentalf moon shaped diaphragm and was
arranged in a vertical tube having a diameter oRD(see Fig. 9). This is an ideal test case for
CFD code validation, since the obstacle create®aopnced three-dimensional two-phase flow
field. Curved stream lines, which form significamtgles with the gravity vector, a recirculation
zone in the wake and a flow separation at the efigjee obstacle are common flow phenomena
in industrial components and installations.

The wire-mesh technology was applied to measurg@disevolume fraction and the gas velocity
in different distances up- and downstream the chstdhe sensors provide detailed data on the
instantaneous flow structure with a high resolutierspace and time. In particular, they allow
visualizing the structure of the gas-liquid inteda

Pre-test calculations using CFX-10 and applying anadispersed bubble size approach were
performed for the conditions of test run 074%J1.017 m/s, d= 0.0368 m/s) (see Prasser et al.
2005, Frank et al. 2007). In the calculation, adfldomain was modeled 1.5 m upstream and
downstream the obstacle. Half of the tube includingymmetry boundary condition set at the
xz-plane of the geometry was simulated. In the gmegaper the inhomogeneous model
approach was applied to air/water obstacle expetsnein 096 (J= 1.017 m/s, J = 0.0898
m/s) and run 097 (= 1.611 m/s,d= 0.0898 m/s). In the presented calculationsdor@96 and
run 097 25 respectively 20 sub-size gas fractiepsesenting equidistant bubble sizes up to 25
mm respectively 20 mm were simulated, assigneddsj@ersed gaseous phases. The first 6 size
groups were assigned to the first gaseous phasel@ity group) and the remaining size groups
were assigned to the second gaseous phase. Thie lsidsdistribution measured at the largest
upstream position was set as an inlet boundaryittondor the calculation.
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Figure 9: Sketch of the movable obstacle with digmmechanism - a half-moon shaped
horizontal plate mounted on top of a toothed rod

5.1. The main observed phenomena
Like in the pretest calculations, the steady-statéSYS CFX calculations applying the

inhomogeneous MUSIG model could reproduce all ¢aiale details of the flow structure of the
two-phase flow field around the diaphragm for b Qas fraction of run 074 .
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Figure 10: Comparison of time averaged calcula&ft) @nd measured (right) values up- and
downstream of the obstacle in the air-water test0@6, J = 1.017 m/s,d= 0.0898 m/s
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The ANSYS CFX simulation results have been comp#ratiree-dimensional wire-mesh sensor
data in Fig 10. The water velocity and the totaegaus void fraction are presented. Like for the
pretest calculations - also here for the test Wigher gas fractions - all qualitative details loé t
structure of the two-phase flow field around thetable could be reproduced.

Shortly behind the obstacle a strong vortex oflidneéd combined with the accumulation of gas
is found. The measured and calculated shape aedsah of the recirculation area agree very
well. Upstream the obstacle a stagnation point Vatter gas content is seen in experiment and
calculation. Details, like the velocity and voidadtion maxima above the gap between the
circular edge of the obstacle and the inner walthef pipe are also found in a good agreement
between experiment and calculation. In the unobstrlicross sectional part of the tube a strong
jet is established.

5.2. Phenomena in the wake of the obstacle

More detailed understanding of the flow situati@n de gained, comparing the results of the
inhomogeneous MUSIG model. According to the appbethble fragmentation model of Luo
and Svendsen (1996), bubble fragmentation can pectad in regions showing high turbulent
eddy dissipation. Fig. 11 presents maximum valdeleturbulent eddy dissipation at the edges
of the obstacle. At the same time the applied bailgolalescence model of Prince and Blanch
(1990) indicates strong importance of coalescenaegions of bubble accumulation i.e. in the
wake behind the obstacle. Both bubble coalescasmdas accumulation shown in Fig. 10) and
bubble breakup (see distribution of turbulence ide®on Fig. 11), which might partially
compensate each other, are expected shortly béenobstacle.
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Figure 11: Calculated turbulence eddy  Figure 12: Measured bubble size distribution
dissipation (run 096) for run 096
Fig. 12 shows measured cross sectional averagduebsilze distributions upstream (z =-0.52m),

shortly behind (z = 0.08m) and downstream the alesi@ = 0.52m). In the bubble accumulation
zone at z = 0.08 m the cross sectional average sleowhift towards larger bubbles. The
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calculated bubble size distributions (see Fig.di3fie run 096 and Fig. 14 for run 097) however
show a shift of the mean bubble diameter towardslsembubbles shortly behind the obstacle. In
the calculations the bubble breakup is overestichathis disagreement was found not solvable
by simple changes of breakup or coalescence cueftg; which were set here tg=Hc=0.05.
Similar deviations would arise at other locatiohshe flow domain.
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Figure 13: Calculated bubble size distributionEigure 14: Calculated bubble size distributions
for run 096 (J=1.017 m/s, &=0.0898 m/s) for run 097 (J=1.611 m/s, &=0.0898 m/s)

Figure 15: Streamlines for small (left) and  Figure 16: Bubble lift force vectors for the
large (right) bubbles (run 096) different gas velocity groups (run 096)

More detailed effects of lateral motion of smalbdarge bubbles can be revealed by studying
bubble streamlines and by analyzing lift forcesracon bubbles of different size. On the one
hand side the liquid velocity flow field generatedift force field which transports the small

bubbles into the region behind the obstacle (sgeli for the bubble streamlines and Fig. 16 for
the lift force arrows). On the other hand side, direaccumulation in the wake region leads to
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bubble coalescence and the generation of largelésibbhis phenomenon is underestimated in
the calculations. Figs. 15 and 17 show very wellythe small bubbles are being transported
behind the obstacle. In the experiments larger kesbére created by coalescence in this region.
In the calculations however, bubble coalescenceexseeded in this region by bubble
fragmentation. Caused by the lift force, large Hablare redirected into the downstream jet (see
Fig. 17) once they can be formed in the wake byesaance. The streamline representation (see
Fig. 15) clearly shows this phenomenon for largelibes already present in the upstream flow.

5.3. Phenomena in the jet

In the cross sectional area beside the obstacteoagsjet is established creating strong shear
flow. The resulting phenomena are more pronouncid wcreasing water velocity. Therefore,
run 097 is considered, where the liquid velocityswacreased to JF 1.611 m/s. Fig. 18 presents
measured and calculated cross sectional gas fnadistributions for this run. In the most
downstream cross section of the measurements arstfyas bubble free region is found. This
effect is seen in almost all air/water measuremdmis not in the steam/water tests. The
streamline representation of the calculations h@wélvig. 15 for run 096, which is fairly similar
to run 097), indicate large bubbles being direatéa the jet caused by the lift force.

Figure 17: Calculated (left) and measured (righ distributions up- and downstream of the
obstacle resolved to bubble size classes (run 09611017 m/s,d= 0.0898 m/s)

This discrepancy between experiment and calculatam possibly be explained by the strong

water velocity gradient near the jet. This strohgas flow induces bubble fragmentation which
is not yet considered in the model of Luo and Sgend(1996). In the tests, the big bubbles
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migrate towards the jet, but are fragmented atréhatively sharp boarder of this jet. Only a
small fraction of the small bubbles created by trmsakup process can enter the jet by action of
the turbulent dispersion force.

6. SUMMARY

Applying the inhomogeneous MUSIG approach, a meepdinderstanding of the flow structure
is possible. For upward two phase flow in vertiogles the core peak in the cross sectional gas
fraction distribution could be reproduced very wéibr complex flows the general structure of
the flow could be well reproduced in the simulatiomhis test case of the obstacle demonstrates
the complicated relationship and interference betw&ize dependent bubble migration, bubble
coalescence and breakup effects for real flows.|&he closure models on bubble forces,
which are responsible for the simulation of bubbigration, are in agreement with the
experimental observations, clear deviations ocoubtibble coalescence and fragmentation. The
presently applied models describing bubble fragatemt and coalescence could be proven as
weak points in numerous CFD analyses of verticavard two phase pipe flow. Since these
bubble breakup and coalescence models dependatgeadxtent on the turbulence properties of
the two-phase flow, which could not be measuredatidated in the pipe flow test cases, it has
further to be investigated, whether the currenigdumultiphase flow turbulence models deliver
appropriate and verifiable quantities which canused for the description of bubble dynamics
processes. Further work will be directed to theggexts in the near future.
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Figure 18: Calculated (left) and measured (rightss-sectional distributions of gas volume
fraction downstream the obstacle (run 097 JL 41®/s, JG = 0.0898 m/s)
Calculations (obstacle shown), distances at z=M08.16 m, 0.25 m, 0.37 m and 0.52 m
Measurements (obstacle in the upper left areayniists at z=0.01 m, 0.015 m, 0.02 m, 0.04 m,
0.08 m, 0.16 m, 0.25 m and 0.52 m
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