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Abstract 
A novel technique to study the two-phase flow field around an asymmetric diaphragm in a vertical pipe is presented, that allows 
to obtain detailed 3-dimensional data for CFD code validation in complex geometries. The investigated validation test case 
consists of an air-water two-phase bubbly flow around a half-moon shaped obstacle in a DN200 vertical pipe (TOPFLOW test 
facility), where the 3-dimensional flow field shows flow phenomena like curved stream lines, flow separation at sharp edges and 
recirculation zones in the obstacle wake, like they are common to complex flow situations in bends, T-junctions, valves, safety 
valves and other components of power plant and other industrial equipment. Pre-test calculations with the commercial flow 
solver ANSYS CFX have been performed using an Eulerian two-phase flow model with a monodisperse bubble diameter 
assumption and by taking into account all significant drag and non-drag forces contributing to the interphase momentum transfer. 
Results of the CFD simulation have been compared to the 3-dimensional air volume fraction and water velocity fields, which 
were obtained from the wire-mesh sensor data, where the comparison showed in general a very good agreement. Therefore CFD 
code validation on this type of complex 3-dimensional flow geometries permits the assessment of flow solver accuracy for other 
industrial type applications and contributes to further multiphase flow model development for ANSYS CFX.  
 

1.  Introduction 
In the frame of the TOPFLOW project, vertical pipe flow is 
experimentally studied in order to develop and validate 
models for drag and non-drag forces acting on bubbles as 
well as for bubble coalescence and fragmentation in a 
gas-liquid two-phase flow. The advantage of TOPFLOW [1] 
consists in the combination of 
(1) a large scale of the test channel (DN50 & DN200, 

approx. 9m height) with  
(2) a wide operational range both in terms of the superficial 

velocities and the system pressure and finally  
(3) the availability of an instrumentation that is capable in 

resolving structures of the gas-liquid interface, namely 
the wire-mesh sensors. 

After a large number of experiments in straight vertical pipes 
[2-5], which are the basis of the development for a bubble 
size class model for ANSYS CFX (the so-called 
inhomogeneous MUSIG model, see [6-7]), the large test 
section with a nominal diameter of DN200 (Fig. 2) was used 
to study the flow field around an asymmetric obstacle (Fig. 1). 
This is an ideal test case for the CFD code and physical 
model validation before application to complex industrial 
flows, since the obstacle creates a pronounced 
three-dimensional two-phase flow field. Curved stream lines, 
which form significant angles with the gravity vector, a 
recirculation zone in the wake with buoyancy driven phase 
separation, a flow separation at the edge of the obstacle and 
its reattachment to the pipe walls are all phenomena 

widespread in real industrial components and installations. It 
has to be shown that the CFD-code predicts these phenomena 
well and accurate, after it has been equipped by new physical 
models, developed in simpler experimental geometries. 
Recently, test series were performed with an air-water flow at 
ambient conditions as well as with a steam-water mixture at a 
saturation pressure of 6.5 MPa. Before the experiments were 
commissioned, an  ANSYS CFX pre-test calculation was 
carried out for the air-water test 074, where flow conditions 
correspond to the bubbly flow regime.  After the availability  
 

 
Figure 1: Movable obstacle with drive support for 
installation in TOPFLOW DN200 test section. 
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of the experimental data the CFD results have now compared 
in 3d and in very detail to the wire-mesh sensor data from the 
TOPFLOW test facility. 

2.  Nomenclature 
CL  [-] lift force coefficient 
CTD  [-] turbulent dispersion force coef-

ficient 
CWL  [-] wall lubrication force coefficient 
CWi  [-] wall lubrication force coefficient of 

Antal’s model (i=1,2) 
CW3  [-] wall lubrication force coefficient of 

Tomiyama’s model 
CWi  [-] wall lubrication force coefficient of 

Frank’s model (i=D,C) 
dH [m] long axis of a deformable bubble 
dP [m] bubble diameter 
D [m] pipe diameter 
Eo  [-] Eötvös number 

3
DF N m-� �×� �

�
 drag force per unit volume 

3
LF N m-� �×� �

�
 lift force per unit volume 

3
WLF N m-� �×� �
�

 wall lubrication force per unit 
volume 

3
TDF N m-� �×� �

�
 turbulent dispersion force per unit 

volume 
k [m2/s2] turbulence kinetic energy 
L [m] pipe length 

3
iM N m-� �×� �

�
 interfacial force term per unit 

volume 

Wn
�

[-] wall normal vector 

p [Pa] pressure 
r [-] volume fraction 
ReP

[-]  particle Reynolds number 
U [m/s] velocity 
Urel [m/s] slip velocity 

  yW [m] wall distance 
 
Greek letters 

e [m2/s3] turbulence eddy dissipation 
r  [kg/m3] density 
n [m2/s] kinematic viscosity 
nt [m

2/s] turbulent viscosity 
m [kg/m s] viscosity 
s [N/m] surface tension 

 
Subsripts 

G gaseous phase 
L liquid phase 
norm normalized 
sup superficial 
t turbulent 
a, b indices for continuous and disperse 

phase in a phase pair 
 

3.  Experimental Facility 
3.1. Test Arrangement and Measurement Technique 
The test pipe of TOPFLOW has an inner diameter of 195.3 
mm and a total height of 9 m (Fig. 2). Water is supplied from 
the bottom with a maximum flow rate of 50 kg/s. The 

two-phase flow is generated by feeding gas through an 
injector consisting of 16 radial tubes with a total number of 
152 orifices of 0.8 mm diameter, connected to a conical head 
placed in the centre of the pipe (Fig. 3). The diaphragm (Fig. 
1) is a half-moon shaped steel disk of 4mm thickness, the 
straight edge of which is arranged along the diameter of the 
pipe, while the circular edge is in a distance of 10 mm from 
the inner wall of the pipe. The disk is mounted on top of a 
toothed rod connected to a driving and translation mecha-
nism to change the axial position of the diaphragm. 
 

 
Figure 2: Vertical test section DN200 of TOPFLOW test 
facility at FZD with movable obstacle and wire-mesh 
sensor. 
 

 
Figure 3: Sparger geometry used for gas injection. 

  

Both obstacle and moving mechanism can be inverted and 
mounted either upstream or downstream of the wire-mesh 
sensor shown in Fig. 4. The sensor was located 6.17m 
downstream of the gas injection, when the asymmetric 
obstacle was put upstream of the sensor. When the obstacle 



Paper No. 135                        6th International Conference on Multiphase Flow, 
                     ICMF 2007, Leipzig, Germany, July 9 – 13, 2007 
 

 3 

was put downstream of the sensor, the distance was 5.11 m. 
Nevertheless it can be assumed, that in both cases and for 
different positions of the diaphragm the air-water bubbly 
flow arriving at the obstacle location is almost in fully 
developed flow condition.   

 

 
Figure 4: High-pressure wire-mesh sensor (DN200), 
measuring matrix of 64x64 points [8] 
  

 
Figure 5: Test matrix; grey fields are test points for 
air-water and steam-water flow tests 

 

The described arrangement allows acquisition of local 
instantaneous void fractions from the full cross-section of the 
pipe with a spatial resolution of 3 mm and a rate of 2.5 kHz 
within the 3-dimensional flow field around the diaphragm. 
The distance between sensor and diaphragm can be varied 
from 10 mm to a maximum distance of 520 mm without 
moving the sensor position, which is essential to perform 
high-pressure experiments in an efficient way, i.e. without 

dismantling and rearranging the test facility each time the 
measuring position has to be changed. 
 

3.2. Experimental Test Parameters 
Measurements were carried out with an air-water flow at 
ambient pressure and a temperature of 25 °C as well as with a 
steam-water mixture under saturation conditions at 6.5 MPa 
for the superficial velocities shown in Fig. 5. The following 
distances between diaphragm and mesh sensors were 
realized: Dz = ±520, ±250, ±160, ±80, ±40, ±20, ±15, ±10mm, 
where the positive coordinate direction refers to 
measurement locations downstream of the diaphragm. 
Wire-mesh sensor signals were recorded after achieving a 
steady state for a measuring period of 10 s for each 
combination of boundary conditions. For each realized 
combination of superficial velocities data from both air and 
steam tests are available. Finally for each of the tests 
3-dimensional field values of the gas volume fraction and the 
module of the vertical water velocity component are 
available. Furthermore from the wire-mesh sensor data the 
local bubble size distribution at each measurement location 
can be derived. In order to compare the 3-dimensional data 
fields of gas void fraction and absolute water velocity with 
the CFD results, the data were imported into the ANSYS 
CFX graphical post-processor. This approach allowed the 
application of identical data processing, data extraction (e.g. 
lines, cutting planes and isosurfaces) and color schemes and 
therefore a more direct comparison of the CFD results and 
experimental data. Since experimental data have a fine 
(64́ 64) planar resolution in the x-y-plane but a limited and 
with increasing distance to the diaphragm substantially 
coarser resolution in z-direction due to the distance of the 
measuring planes, a pre-interpolation of the experimental 
data in z-direction has been applied with an axial resolution 
of the interpolated data of Dz=1mm in the range between 
-520mm£z£+520mm.  

 

Figure 6: Change of measured void fraction profiles downstream of the diaphragm at JG = 0.037 m/s with a variation of the 
superficial liquid velocity JL. 
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Figure 7: Void fraction and absolute liquid velocity profiles in an air-water and a steam-water test at identical superficial gas 
and liquid velocities JG and JL. 
 
 
3.3. Experimental Results 
The wire-mesh sensor data were used to calculate two- 
dimensional time-averaged void fraction distributions in the 
measuring plane. By combining the information from 
measurements with different distances between sensor and 
diaphragm, full three-dimensional void distributions around 
the obstacle were obtained. A centre cut along the axis of the 
test pipe in a vertical plane perpendicular to the straight edge 
of the half-moon diaphragm is a very illustrative way to 
visualize the void fraction field. This was done in Fig. 6 for 
the field downstream of the diaphragm. At small superficial 
water velocities, there is a region free of bubbles directly 
behind the obstacle, which vanishes with increasing water 
velocity. The wake, i.e. the zone where a distortion of the 
void field is found, grows in downstream direction with 
increasing liquid velocity, while the overall void fractions 
naturally decrease. 
There is a way to assess time-averaged local liquid velocities 
by evaluating the transit time of bubbles of a certain range of 
diameters. Due to the spatial resolution, the sensor data can 
be used to determine the lateral extension of each individual 
bubble by measuring the maximum area occupied by the 
bubble within the measuring plane during its passage [2,8]. If 
a spherical bubble shape can be assumed, the diameter of a 
circle with an equivalent area divided by the time of the 
passage reveals the bubble velocity. A local instantaneous 
value of the liquid velocity is available after subtracting the 
bubble rise velocity. Time-averaged profiles of the absolute 
axial liquid velocity are calculated by averaging individual 
values from a manifold of analysed bubbles. Bubble 
deformation causes a systematic error that has to be 
eliminated by a calibration procedure. 

In order to keep the bubble deformation and the bubble rise 
velocity in a narrow band, velocities are calculated only from 
bubbles of a certain bubble size interval, which was set to 4-5 
mm, so-called "marker bubbles". It was assumed that the 
bubble deformation can be accounted for by a calibration 
factor of the individual bubble velocity. This factor is 
determined by integrating the velocity profile found under 
the assumption of spherical bubbles over the cross-section 
and comparing the result with the known liquid superficial 
velocity. Examples are shown in Fig. 7, where the results of 
both air and steam experiments executed at identical 
superficial velocities are shown. 
The velocity field indicates a recirculation zone behind the 
obstacle. It has to be kept in mind that the marker bubble 
method cannot supply information on the sign of the axial 
liquid velocity. Negative values expected in the centre of the 
recirculation zone can therefore not be reproduced and a 
local maximum is found instead. 
By the estimation of liquid velocity profiles it becomes clear 
that the high gas fractions in the wake of the obstacle are 
caused by entrapping bubbles in the recirculation zone. On 
the other hand, upstream of the diaphragm the expected 
stagnation point is nicely reproduced and the concentration 
of the gaseous phase is decreased. In the free cross-section 
area aside of the obstacle both the liquid velocity and gas 
volume fraction show maxima.  
Concerning the general structure of the two-phase flow field, 
no large qualitative differences were found between the 
air-water and the steam-water experiment. The void fractions 
and the velocities are smaller in case of the high-pressure 
tests. The recirculation zone is less pronounced in the 
steam-water experiment. 
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4.  Physical Model and Setup of CFD 
Simulations 

Before the experiments were commissioned, a pre-test 
calculation was carried out for the boundary conditions of the 
air-water test 074, which was performed at the superficial 
velocities JL = 1.0 m/s and JG = 0.037 m/s. The flow 
conditions for this test correspond to the bubbly flow regime 
with a comparable small amount of bubble breakup and 
coalescence. Therefore for the CFD simulation with ANSYS 
CFX the Eulerian two-phase flow model was used, which is 
outlined below. 
 

4.1. The Physical Model 
Based on previous observations for the test conditions 074 
for straight pipe tests at TOPFLOW and MT-Loop [6,15,16] 
the bubbly two-phase flow was assumed to be monodisperse. 
Consequently the blind pre-calculations of the gas-liquid 
monodispersed bubbly flow in the test geometry was based 
on the ANSYS CFX multi-fluid Euler-Euler approach [10]. 
The applied Eulerian modeling framework is based on 
ensemble-averaged mass and momentum transport equations 
for all phases, where the number of contemporary solved 
phase transport equations is only limited by computational 
ressources. Regarding the liquid phase as continuum (a=L) 
and the gaseous phase as disperse bubbles (a=G) these 
equations for a monodisperse two-phase flow read: 
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where ra, r a, ma are the void fraction, density and viscosity of 
the phase a and Ma

�
 represents the sum of interfacial forces 

like the drag force 
DF

�
, lift force 

LF
�

, wall lubrication force 

WLF
�

 and turbulent dispersion force 
TDF
�

. Turbulence of the 

liquid phase has been modeled using Menter’s k-w based 
Shear Stress Transport (SST) model [10]. The turbulence of 
the disperse bubbly phase was modeled using a zero equation 
turbulence model and bubble induced turbulence has been 
taken into account according to Sato’s model [10].  
The interfacial drag and non drag force terms Mb can be 
written as: 

3
( )

4
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and according to the RPI turbulent dispersion force model: 

= - Ñ
�
TD TD L L GF C k rr  (7) 

or using the Favre-averaged-drag (FAD) turbulent dispersion 
force model formulation [ 6,11]: 

� �ÑÑ
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�
t
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 (8) 

Here a denotes the liquid phase and b the properties of the 
gaseous phase of the corresponding phase pair. These 
interfacial momentum transfer terms need further closure 
relations for the various force coefficients CD, CL, CWL, CTD 
and model parameters like s ra. In the present study the Grace 
drag law [10], Tomiyama lift force coefficient [12] and the 
so-called Favre-averaged-drag (FAD) turbulent dispersion 
model [6,11] were used. The high gas void fraction 
correction exponent in the Grace drag law was set to n=4 as 
recommended for gas-liquid flows. The lift force coefficient 

(Eo )L L dC C=  has been determined in accordance with the 

correlation for deformable bubbles published by Tomiyama 
[12] as a function of the bubble Eötvös number: 
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4
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with: 

 
3 2( ) 0.00105 0.0159
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d
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- +
 (10) 

where Eod is the Eötvös number based on the long axis dH of 
a deformable ellipsoidal shaped bubble, i.e.: 
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2
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 (11) 

The given correlation of eq. (9) takes into account bubble 
deformation and asymmetric wake effects on bubble lift and 
leads to a sign change of the lift force for bubbles with a 
diameter of 5.5Pd mm>  for air bubbles in water under 

normal conditions. The critical bubble diameter, where the 
sign change of the lift force occurs, strongly depends on the 
bubble surface tension and shifts towards smaller bubble 
diameters of about ~ 3.5Pd mm for e.g. a vapor-water 

system under higher pressure of about 65bar and at saturation 
temperature. The bubble size dependent bubble lift force 
leads further to the fact, that in a polydisperse bubbly flow 
bubbles of different diameter tend to separate. This bubble 
separation effects cannot be described in the framework of a 
monodisperse, fixed bubble diameter two-phase flow model 
with a single gaseous phase velocity field. The 
inhomogeneous MUSIG model [6,7] has been developed for 
ANSYS CFX in order to take into account such bubble 
separation effects induced by the bubble lift force in 
dependence on the bubble size distribution. For future 
prediction of test case conditions other then 074 at higher gas 
volume fractions it will be of importance to take these bubble 
separation effects as well as bubble breakup and coalescence 
into account. 
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For the wall lubrication force model the formulation of Antal 
[14]: 

W1 W2
WL

P W

C C
C max 0,

d y

� �
= +
 �

� �
 (12) 

with yW being the wall distance and recommended values of 
CW1=-0.01 and CW2=0.05 as well as the formulation of 
Tomiyama [13]: 

P
WL W3 2 2

W W

d 1 1
C C

2 y (D y )

� �
= -� �

-	 

 (13) 

with D being the pipe diameter and: 
0.933Eo 0.179

W3

e 1 Eo 5

C 0.00599Eo 0.0187 5 Eo 33

0.179 33 Eo

- +� £ £
�

= - < £

� <�

 (14) 

have been developed. From validation simulations for 
straight pipe flows it could be shown, that both formulations 
of Antal and Tomiyama have disadvantages [6]. While the 
Antal formulation is geometry independent, it can be shown 
from numerical simulations that the formulation fails under 
certain flow conditions because the wall lubrication force 
predicted by eq. (6) and (12) is too small in order to balance 
strong lift forces arising from eq. (5). The Tomiyama 
formulation for the wall lubrication force from eq. (6), (13) 
and (14) leads to improved prediction of gaseous phase 
volume fraction profiles for a wider range of flow conditions. 
But the formulation is limited to pipe flow investigations 
since it contains the pipe diameter as a geometry length scale. 
In order to derive a geometry independent formulation for the 
wall lubrication force while preserving the general behavior 
of Tomiyama’s formulation, Frank [7] supposes a generalized 
formulation for the wall lubrication force as follows: 

WL W3

W

WC P
p 1

WD W
W

WC P

C C (Eo)

y
1

C d1
max 0,

C y
y

C d

-

= ×

� �
� �-
� �

× ×
 �
� �� �×� �� �
	 
� �

 (15) 

with the cut-off coefficient CWC, the damping coefficient CWD 

and a variable potential law for p
WL WF ~ 1/ y . The Eötvos 

number dependent coefficient CW3(Eo) is determined from eq. 
(14) preserving the dependency on bubble surface tension. 
From numerical simulations it was found, that a good 
agreement with experimental data can be obtained for 
CWC=10.0, CWD=6.8 and p=1.7. Thereby the introduction of 
an additional geometrical length scale can be avoided, which 
is difficult to be correctly defined in arbitrary geometries. 
 

4.2. Flow Geometry and Numerical Meshes 
Flow geometry for the movable obstacle including support 
and drive mechanism as shown in Fig. 1 had been supplied as 
CAD data by FZD, but for the blind pre-test CFD simulations 
the geometry had been simplified to a large extent. Finally 
the air-water two-phase flow around the obstacle was 
simulated on hexahedral meshes created with ICEM-CFD 
Hexa and consisting of about 119.000 and 473.000 
hexahedral mesh elements. Furthermore mesh independency 
of results was checked for single-phase flow on an even finer 

mesh with 3.739.000 mesh elements.  
Meshes were generated for half of the TOPFLOW geometry 
assuming axial symmetry at the midplane of the pipe. The 
flow geometry for the CFD simulation therefore consisted of 
1.5m pipe sections up- and downstream of the obstacle 
(D=198mm), the obstacle geometry with its finite thickness 
of 4mm located at z=0mm and its gap width to the outer pipe 
wall of 10mm.  The geometrical details of the drive and 
support mechanism were neglected.  This geometry simpli-
fication is well satisfied for the comparison of CFD results 
with upstream flow measurements (z=-10mm to z=-520mm), 
since in this case the drive and support mechanism was 
located downstream of the wire-mesh sensor and the obstacle. 
In case of the data comparison for measurement 
cross-sections downstream of the obstacle (z=+10mm to 
z=+520mm) some flow disturbances from the upstream 
located support mechanism and resulting influence on the 
flow and phase distribution downstream of the obstacle 
should be expected, also it was not quantified. 
 

 
Figure 8: Streamlines around the movable obstacle. 

 

4.3. Model Setup and Boundary Conditions for the 
CFD Simulation  
Before the experiments were commissioned a steady-state 
pre-test calculation was set-up for the flow conditions of the 
air-water test 074, which was performed at the superficial 
velocities JL = 1.0 m/s and JG = 0.037 m/s. Test conditions of 
this air-water test 074 correspond to ambient pressure and 
temperature of 25oC and the flow morphology corresponds to 
the bubbly flow regime.  
For the CFD simulation using ANSYS CFX the Eulerian 
two-phase flow model as outlined in section 4.1 was used 
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[6,10], where both phases were treated as non-compressible 
fluids. Further it was assumed that the gaseous phase consists 
of monodisperse bubbles. In correspondence with the sparger 
characteristics a bubble diameter of dP=4.8mm was 
prescribed at the inlet. In order to account for the hydrostatic 
bubble expansion with increasing pipe elevation, a linearly 
dependent equivalent bubble diameter dP=dP(z) in the range 
of 4.8-5.2mm was used. Bubble drag in accordance to Grace 
drag law, Tomiyama lift force, Frank’s generalized wall 
lubrication force, the FAD turbulent dispersion force and the 
Sato model for bubble induced turbulence have been taken 
into account [6,10]. Bubble coalescence and fragmentation 
were neglected for this first pre-test simulation, also it can be 
assumed that bubble fragmentation will take place at the 
edges of the obstacle and coalescence might become of 
importance in regions of bubble accumulation i.e. in the wake 
behind the obstacle. 
 

 
Figure 9: Comparison between experiment (right) and CFX 
result (left) for air volume fraction distribution in the 
symmetry plane of the flow geometry for 
-500mm£z£500mm. 

 

Restriction of the flow geometry to L=1.5m upstream of the 
obstacle allowed only for flow development from inlet 
boundary conditions over a distance of L/D~7.5, while in the 
experiments the sparger was located far upstream the 
movable obstacle (L/D~30). Therefore the inlet boundary 
conditions were set to fully developed two-phase pipe flow 
profiles for air and water velocities, radial gas volume 
fraction distribution, turbulent kinetic energy and turbulent 
eddy frequency. These profile data were obtained from a 
previously performed flow simulation for a 8.5m long 
vertical pipe flow under test case 074 conditions in a 
D=198mm pipe without the obstacle (TOPFLOW geometry) 
and therefore saving substantial computational effort for the 
intended CFD simulations for the flow around the movable 
obstacle on differently refined meshes. At the outlet cross 

section of the 3.0m long pipe section an averaged static 
pressure outlet boundary condition was used. Symmetry 
boundary condition was applied to the midplane of the 
geometry at y=0. Wall boundary conditions at the pipe wall 
and the obstacle surface were set to a non-slip boundary 
condition for the continuous phase and a free slip boundary 
condition for the disperse phase. ANSYS CFX automatic 
wall treatment was used for the SST turbulence model for 
turbulence prediction of the continuous phase, while a zero 
equation disperse phase turbulence model was applied for the 
turbulence modelling of the disperse gaseous phase [10]. 
 

5.  Results and Discussion 
Results of ANSYS CFX steady-state pre-test calculations on 
the mesh with 473.000 mesh elements have well produced all 
qualitative details of the structure of the two-phase flow field 
around the movable obstacle for test conditions 074. From 
streamlines around the obstacle shown in Fig. 8 it can be 
observed, that a large recirculation zone is predicted 
downstream of the obstacle. Shape, extension and the 
reattachment length of this recirculation zone fairly well 
correspond to the experimental observations. 
  
 

 
Figure 10: Comparison of isosurfaces for experimental 
data and CFD result at 4% air volume fraction. Colour 
corresponds to local fluid velocity. 

 

The vortex flow in the wake behind the obstacle leads to 
bubble entrainment and air void fraction accumulation in this 
recirculation zone as can be seen from Fig. 9 and Fig. 10. The 
plot of the air void fraction at the symmetry plane of the 
geometry for both the CFD result and experimental data has 
been obtained by the import of pre-interpolated experimental 
data into the ANSYS CFX postprocessor, as outlined in 
section 3.2. The direct data comparison shows, that the shape 
and the extension of the higher air void fraction region in the 
wake of the obstacle is quite comparable, also in the CFD 
simulation higher air volume fractions of up to 15% are 
reached in the vortex core, which can not be observed in the 
experiment. An explanation for this discrepancy between 
CFD result and experimental data can be found in the 
underlying CFD model assumption of a prescribed and 

CFD Exp.  
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locally constant bubble diameter. In the experiment the air 
entrainment and accumulation in the vortex behind the 
obstacle leads to  bubble coalescence. But bubbles of larger 
bubble diameter are experiencing different bubble drag and 
therefore are able to escape from the vortex due to buoyancy. 
This leads to the smaller peak air volume fraction in the 
vortex core behind the obstacle which can be observed in the 
experiment. 
Furthermore the plot in Fig. 9 is showing the flow stagnation 
upstream of the obstacle and the area of reduced air volume 
fractions at the left pipe wall, which is due to the strong flow 
acceleration in the gap between the obstacle and the pipe wall. 
Development of air volume fraction distributions in the 
non-obstructed area of the pipe is showing a near wall maxi-
mum in the air volume fraction as well as the change in 
volume fraction distribution due to flow reattachment to the 
pipe wall. Both observations are comparing fairly well to the 
experimental observations from the wire-mesh sensor data.  
Furthermore CFD data show a small bubble free region 
downstream of the obstacle close to its surface, which is 
caused by the stagnation point of the flow recirculation on the 
obstacle surface in interaction with the finite bubble rise 
velocity due to buoyancy. For test case conditions 074 this 
region is too small to show up in the wire-mesh sensor data 
with their limited spatial resolution in axial direction. But a 
similar bubble free region on the upper obstacle surface could 
be observed for other test case conditions with reduced 
superficial water velocity (see Fig. 6). 
A more detailed 3-dimensional comparison between CFD 
and experimental data can be obtained from Fig. 10 by 
drawing from both data sets an isosurface at 4% air volume 
fraction. As can be seen from the figure, the 3-dimensional 
shape and the axial extension of high air volume fraction 
regions are very similar both for the wake region downstream 
the obstacle and for the near wall regions, where a local near 
wall maximum of the air volume fraction occurs due to acting 
lift forces for the given bubble sizes. 
Fig. 11 shows a similar comparison of both data sets at the 
symmetry plane for the absolute value of the vertical 
component of the water velocity (since the sign of the water 
velocity can not be obtained from wire-mesh sensor data). 
The comparison clearly shows the nearly identical location 
for the vortex core (zero velocity) and for the maximum 
downward directed velocity in the vortex due to recirculation. 
Furthermore the figure shows the strong fluid acceleration in 
the narrow gap between the pipe wall and the obstacle as well 
as the fluid acceleration in the non-obstructed area of the pipe. 
The later seems to be a little bit underpredicted by the marker 
bubble approach used for the derivation of the water velocity 
component from the wire-mesh sensor data, since it has to be 
kept in mind that the water velocity is not a directly measured 
quantity in this case. The reattachment length of the flow 
behind the obstacle is again quite comparable for both CFD 
and experimental data, also is seems to be a little bit shorter in 
the experiment. 
By plotting air volume fraction at individual measurement 
cross sections from z=-520mm to z=+520mm it was 
observed, that experimental data show at higher elevations 
(e.g. z=+40mm to z=+250mm) regions of very low air 
volume fraction in the non-obstructed area of the pipe, while 
very pronounced “hot spots” of high air volume fraction 
values exist close to the x=0mm location downstream of the 
straight edge of the obstacle. Fig. 13 shows cross-sectional 

plots of both the numerically predicted and experimentally 
measured air volume fractions for the measurement 
cross-sections downstream the obstacle, where this 
phenomenon of lateral demixing of air volume fraction can 
be observed. For selected cross-sections at z=+20mm, 
z=+80mm and z=+160mm enlarged plots for the CFX 
simulation results and wire-mesh sensor air volume fraction 
measurements can be found in Fig. 14. It was already 
discussed,  that  the air volume fraction accumulation in the 
 

 
Figure 11: Measured and predicted absolute water velocity 
distribution in the symmetry plane of the flow geometry for 
-500mm£z£500mm. 

 

recirculation area downstream the obstacle is quantitatively 
different in CFD and experiment due to the locally constant 
bubble diameter assumed in the CFX simulations and 
resulting buoyancy effects. 
Therefore different colour scaling has been applied to the air 
volume fraction plots in Fig. 13 and 14. But nevertheless 
cross-sectional distributions of CFD and experimental air 
volume fractions show very similar patterns and maxima of 
air volume fraction in almost identical locations. The clearly 
reduced air volume fraction in a sharply marked off area in 
the non-obstructed part of the pipe flow (in Fig. 14 on the left 
hand side of the plots) can be observed in both of the 
corresponding CFD and measurement data plots. The reason 
for this reduced air volume fraction in the non-obstructed 
part of the pipe flow is probably threefold: a) it is due to the 
acceleration of the fluid flow in the non-obstructed part of the 
pipe, b) on higher elevations z³ +40mm it is due to the 
cross-sectional secondary flow field of the carrier phase 
caused by the vortex system behind the obstacle and c) it is 
due to entrainment of air bubbles into the recirculating flow 
and acting lift forces. Especially the second factor can be 
clearly observed from the plotted lateral air velocity field 
vectors on Fig. 14b) and c), where the secondary lateral 
motion of air bubbles is directed towards the vortex core of 
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the flow recirculation downstream of the obstacle. On the 
other hand Fig. 14a) clearly shows the stagnation point of the 
downward, towards the obstacle surface directed flow 
recirculation and the outward flow along the obstacle surface, 
leading to a more uniformly distributed air volume fraction in 
the right part of the pipe downstream the obstacle. 
 

 
Figure 12: Defined cross sections for quantitative data 
comparison. 

 

Furthermore, the measured air volume fraction Gr  and the 

absolute value of the axial water velocity component 
FW  

were quantitatively compared to the ANSYS CFX simulation 
results at different pipe elevation levels and for 3 different 
cross sections (see Fig. 12). Data have been compared at a 
line cross section in the symmetry plane (y=0mm) and along 
two different line cross sections at x=±35mm in the 
obstructed and non-obstructed part of the pipe. For better 
quantitative comparison the measured and predicted air 

volume fractions have been normalized against the 
cross-sectional averaged air volume fraction: 

  G
G norm

G

r
r

r
S

=  (16) 

Fig. 15a and 15b show the air volume fraction and axial 
water velocity profiles at the most upstream measurement 
location at z=-520mm. From these diagrams it can be seen, 
that the initially made CFD assumption about a fully 
developed two-phase bubbly flow approaching the obstacle 
is fairly well satisfied. The measured air volume fraction 
profiles show the well known near wall maximum, as it is 
typical for an air-water upward pipe flow with the given 
bubble diameter.  
In Figs. 15c and 15d a first influence of the obstacle on the 
approaching bubbly flow can be observed. The flow is 
accelerating in the non-obstructed part of the pipe (on the left 
of Fig. 15d and is stagnating in front of the obstacle. Next 
diagrams from Fig. 15 show the further downstream flow 
development after the bubbly flow has past the obstacle. 
Axial water velocity profiles in Figs. 15f and 15h clearly 
show the flow recirculation behind the obstacle, where the 
axial water velocities originally show negative values. It can 
be seen, that the wire-mesh sensor is not able to exactly 
predict the sign change in axial water velocities (location of 
zero water velocity), which gives a raw estimate for the 
accuracy of the measurement in regions of low velocity 
values. Close to the pipe wall at x=+98mm the strong 
acceleration of the fluid in the narrow gap between the 
obstacle and the pipe wall can be observed, which is 
overpredicted  in  the CFD results due to the limited  mesh

 

 
Figure 13: Comparison of cross-sectional air volume fraction distributions for measurement cross sections at z=+10mm to 
z=+520mm downstream of the obstacle. CFD data on the left hand side show additionally the normalized lateral air velocity 
vectors. 
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a) z=+20mm; CFX simulation 

 

d) z=+20mm; TOPFLOW experiment 074 

 
 

b) z=+80mm; CFX simulation 

 

e) z=+80mm; TOPFLOW experiment 074 

 
c) z=+160mm; CFX simulation 

 

f) z=+160mm; TOPFLOW experiment 074 

 
Figure 14: Air volume fraction distribution and normalized lateral air velocity fields (x-y-components of air velocity 
vector) for cross sections at measurement locations a) z=+20mm, b) z=+80mm and c) z=+160mm as predicted from 
ANSYS CFX simulation. Figures d), e) and f) show the wire-mesh sensor data for the air volume fraction at z=+20mm, 
z=+80mm and z=+160mm correspondingly (please mention the different color scaling used in corresponding plots).  



Paper No. 135                        6th International Conference on Multiphase Flow, 
                     ICMF 2007, Leipzig, Germany, July 9 – 13, 2007 
 

 11 

 

a) z=-520mm:  

0.0

0.5

1.0

1.5

2.0

2.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

N
o

rm
. A

ir 
V

o
lu

m
e

 F
ra

ct
io

n
 [-

]

Experiment (z=-520mm)

CFX Simulation (z=-520mm)

 

b) z=-520mm: 

0.0

0.5

1.0

1.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

A
b

so
lu

te
 W

a
te

r 
V

e
lo

ci
ty

 [m
/s

]

Experiment (z=-520mm)

CFX Simulation (z=-520mm)

 
c) z=-20mm: 

0.0

0.5

1.0

1.5

2.0

2.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

N
o

rm
. A

ir 
V

o
lu

m
e

 F
ra

ct
io

n
 [-

]

Experiment (z=-20mm)

CFX Simulation (z=-20mm)

 

d) z=-20mm: 

0.0

0.5

1.0

1.5

2.0

-100 -75 -50 -25 0 25 50 75 100

x [mm]
A

b
so

lu
te

 W
a

te
r 

V
e

lo
ci

ty
 [m

/s
]

Experiment (z=-20mm)

CFX Simulation (z=-20mm)

 
e) z=+20mm: 

0.0

0.5

1.0

1.5

2.0

2.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

N
o

rm
. A

ir 
V

o
lu

m
e

 F
ra

ct
io

n
 [-

]

Experiment (z=20mm)

CFX Simulation (z=20mm)

 

f) z=+20mm: 

0.0

0.5

1.0

1.5

2.0

2.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

A
b

so
lu

te
 W

a
te

r 
V

e
lo

ci
ty

 [m
/s

]

Experiment (z=20mm)

CFX Simulation (z=20mm)

 
g) z=+80mm: 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

N
o

rm
. A

ir 
V

o
lu

m
e

 F
ra

ct
io

n
 [-

]

Experiment (z=80mm)

CFX Simulation (z=80mm)

 

h) z=+80mm: 

0.0

0.5

1.0

1.5

2.0

2.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

A
b

so
lu

te
 W

a
te

r 
V

e
lo

ci
ty

 [m
/s

]

Experiment (z=80mm)

CFX Simulation (z=80mm)

 
i) z=+250mm: 

0.0

0.5

1.0

1.5

2.0

2.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

N
o

rm
. A

ir 
V

o
lu

m
e

 F
ra

ct
io

n
 [-

]

Experiment (z=250mm)

CFX Simulation (z=250mm)

 

j) z=+250mm: 

0.0

0.5

1.0

1.5

2.0

2.5

-100 -75 -50 -25 0 25 50 75 100

x [mm]

A
b

so
lu

te
 W

a
te

r 
V

e
lo

ci
ty

 [m
/s

]

Experiment (z=250mm)

CFX Simulation (z=250mm)

 
Figure 15: Comparison of normalized air volume fraction and absolute value of vertical water velocity at line cross 
section in the symmetry plane (y=0mm) for measurement cross sections at different pipe elevation. 
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Figure 16 Comparison of normalized air volume fraction and absolute value of axial water velocity at line cross sections 
x=±35mm for measurement cross sections downstream of the obstacle. 
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resolution on the given level of mesh refinement. On the 
other hand similar slightly overpredicted axial velocities can 
be observed in the non-obstructed region of the pipe on the 
left of the diagrams (x<0mm). The air volume fraction 
profiles in Figs. 15e, 15g and 15i are in general good 
agreement to the experimental values, also Fig. 15g shows an 
overpredicted maximum of the normalized air volume 
fraction downstream of the straight edge of the obstacle. 
Finally it can be observed that at z=+250mm both the air 
volume fraction and the skewed axial water velocity profiles 
are in very good agreement again between CFD results and 
experiment. 
Fig. 16 shows the comparison of the same physical properties 
along line cross sections at x=±35mm for measurement 
locations downstream of the obstacle. Again axial water 
velocity profiles in Figs. 16b, 16c, 16f and 16h show the 
downward directed flow recirculation in the vortex behind 
the obstacle (for x=+35mm), while the axial water velocities 
in the non-obstructed part of the pipe (x=-35mm) seem to be 
slightly overpredicted in the CFD simulation. Again the flow 
acceleration in the narrow gap between the obstacle edge and 
the pipe wall at y~80-90mm is overpredicted in the CFD 
result as well, again due to limited mesh resolution. Air 
volume fraction profiles along the line cross sections 
x=±35mm are in generally good agreement between CFD 
and experiment. The accumulation of air volume fraction in 
the recirculation area downstream the obstacle is 
overpredicted in the CFD result for cross sections z=80mm 
and z=160mm, which can be addressed to the bubble 
coalescence effects taking place in the real flow. These lead 
to the formation of larger air bubbles in the area of higher air 
volume fractions and in turn these larger air bubbles are able 
to escape from the recirculating vortex due to buoyancy and 
thus reducing the local maximum air volume fraction. Finally 
at z=+520mm the air volume fraction profiles show an almost 
homogenized air volume fraction distribution, also the air 
volume fraction level is still higher downstream of the 
obstructed part of the pipe (for x=+35mm) and axial water 
velocity is still higher downstream the non-obstructed part 
(for x=-35mm). 

6.  Conclusions 
A novel technique to study the two-phase flow field around 
an asymmetric diaphragm in a vertical pipe is presented, that 
allows to produce data for CFD code validation in complex 
geometries. Main feature is a translocation of the diaphragm 
to scan the 3D void field with a stationary wire-mesh sensor. 
Besides time-averaged void fraction fields, a novel data 
evaluation method was developed to extract estimated liquid 
velocity profiles from the wire-mesh sensor data. The flow 
around an obstacle of the chosen geometry has many 
topological similarities with complex flow situations in 
bends, T-junctions, valves, safety valves and other 
components of power plant and other industrial equipment 
and flow phenomena like curved stream lines, which form 
significant angles with the gravity vector, flow separation at 
sharp edges and recirculation zones in their wake are present. 
It is the goal of the ongoing CFD code development for 
ANSYS CFX to accurately model such phenomena in a 
two-phase flow. Therefore, the experiments provide a good 
basis for testing, verification and the validation of the codes 
and their underlying multiphase flow and turbulence models. 
Due to the generalizing capability of CFD codes, that can 

adapt to different geometric boundary conditions by the mesh 
generation. A successful validation on the kind of obtained 
experimental data guarantees the applicability of the code to 
other equally complex flow fields. 
A pre-test calculation done by ANSYS CFX using an 
Eulerian two-phase flow model based on a monodisperse 
bubbly flow assumption resulted in a good agreement with 
the experiment in terms of all significant qualitative details of 
the void fraction and velocity distributions. The structure and 
the geometry of the entire flow field in general as well as the 
dimensions of recirculation and stagnation zones in 
particular were predicted in good agreement with the 
experiment. An import of the 3-dimensional fields of 
experimental data into the ANSYS CFX post-processor 
allowed for quite unique and detailed analysis and 
quantitative comparison of the CFD results with 
experimental data at arbitrary locations between 
measurement planes at z=-520mm and z=+520mm up- and 
downstream the obstacle. 
The fact that for the time being a simple monodisperse 
bubbly flow was assumed, lead to an overestimation of void 
fractions especially in the wake of the obstacle, while the 
velocity profiles are matching better. It is planned to continue 
with post-test calculations in order to achieve a better 
quantitative agreement by using measured bubble-size 
distributions from the region upstream of the obstacle as inlet 
boundary condition and in a further step by applying the 
inhomogeneous MUSIG model for the prediction of bubble 
size distribution and bubble coalescence. The experimental 
data will be used to validate this recently developed and 
implemented model against detailed bubble size and bubble 
scale resolved void fraction measurements. 
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