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Abstract

The TOPFLOW facility at Forschungszentrum Dresdesgendorf (FZD) is used to investigate two-phaseaung flows in 50
mm diameter and 200 mm diameter pipes. The fa@tigbles conducting Experiments with air-waterstedm-water flows for
temperature range of 35-280 °C and pressure raiy@ ® bar. The test pipes are equipped with a-wiesh sensor, which is a
conductivity-based void fraction sensor developgdED. It provides void fraction measurements imatrix of 64x64 points
and a measuring frequency of 2.5 kHz. CFD model® ha demonstrate their validity in geometries, rghghenomena like
flow separation, recirculation regions, stagnapommts, free jet formation and similar are presbnthe experiment described in
this paper the flow around an asymmetric, half-mebaped obstacle put into the large vertical testian of TOPFLOW is
studied. In order to obtain information in threendnsions, the obstacle was traversed along theapige In this way, it was
possible to record 2D void fraction distributionts different distances upstream and downstream efdistacle using a
stationary wire-mesh sensor. The fact that the hegblution data supplied by the sensor contaifegrimation on all individual
bubbles that cross the measuring plane gives tperamity to extract more detailed information ¢ tflow structure. In
particular, from the transit time of bubbles thrbutpe sensor plane approximate axial profiles efltquid velocity were
obtained. The lateral movement of the 2D image wfhtes in the measuring plane during their passeag evaluated to
reconstruct 2D velocity fields in the environmehtte obstacle. In this way, a full three-dimensibvector field of the velocity
was provided for code validation. The paper prest methods of data evaluation, an assessm#ém obtained accuracy of
the velocity estimation, experimental results amd@parison to the results of CFD calculations.

Introduction asymmetrical, half-moon shaped obstacle equippea an
vertical pipe is chosen. . Special attention isegito the
Multidimensional two-phase flows appear in manyuisttial evaluation of the applied wire-mesh sensor voidtfoa

applications. One of the main and important apfibce is measurements. A novel data evaluation methodrnsdoted
power plants, either fossil or nuclear. The effitiand safe  that allows extracting approximate three-dimendiona
design of a power plant often requires the knowdedd velocity field upstream and downstream of the cactiin
three-dimensional two-phase flow fields. CFD cotiase caused by the obstacle.
reached maturity for single phase applications,leviie
models development and validation for two-phasedlastill Nomenclature
in advance. Closure laws that describe the intienast
between phases, such as momentum and energy traasfe A Area (nf)
well as the code in its full complexity need to \@idated a Weighting factor
against experiments. b Bubble identification number
Prominent examples for three-dimensional flowsfavad in C Calibration factor
constrictions, (such as expansions, contractions),.Bows D Diameter (m) or (mm)
over obstacles and through valves. The flow stnecin f Data acquisition frequency (framé)s
these flows is complex and characterised by stedpcity H Probability (%/rit)
gradients, turbulence, recirculation, detachmentd an i, Coordinates Indexes in a cross section
reattachment of the flow, in addition to redisttibn of J Superficial velocity
gaseous phase. k Time coordinate
The aim of this paper is to provide data for CFDde&eo n Bubble number

t

validation for two-phase cases of strong three-dsiwnal Time (s)

nature, where the mentioned phenomena occur. &hisres \% Volume (mn)

experimental techniques and special instrumentatianhare vw  Velocity (ms") or (mm &)

able to record a 3D data set. The gas-liquid floeuad an X,y,z Cartesian coordinates (m) or (mm)
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Greek letters

e Void fraction
Difference

Subsripts

bub  Bubble

CM  Centre of mass

Equ Equivalent

G Gas

] Coordinates Indexes in a cross section

k Time coordinate

L Liquid

MB  Marker bubble

max Maximum

n Bubble number

X,y  Cartesian coordinates
Literature review

Single and two-phase flows of three-dimensionalireatvere
subject of numerous studies found in literaturesiid them
dealt with flows around obstacles or, respectivislsough a
sudden expansion or constrictions in general. &mflow
fields are found in many engineering applicatiolike
nuclear reactors, chemical reactors and power $lamt
general. A prominent example is the steam-watew fio
safety valves described by Nishimura et al. (20a6)
Boccardi et al. (2004). One of the general charatie of
these flows is the formation of vortexes and redation
zones downstream of the obstacle. The majorith@ftorks
aims at the prediction of the flow field and itsiméeatures
like length, reattachment point, void fraction avelocity
field distributions on basis of different modellingproaches.
Experiments are carried out in order to validategioposed
models. Concerning the choice of the fluid, singiase
liquid flow experiments are presented by Anagnaostiigs et
al. (2004) and Sotiriadis et al. (2005), gas-ligtya-phase
studies are found in Rinne et al. (1996), Nishimetaal.
(2000), Morel et al. (2004), Boccardi et al. (2004dndo et
al. (2002, 2004, 2005) and Ahmed et al. (2005)ure mas
wind channel experiment is given in Ota et al. (?0and
particulate liquid-solid flows are subject of Fouet al.
(2001). Some papers deal with practical probleiks, the
determination of the capacity of safety valves [iNiwra et
al., 2000 and Boccardi et al., 2004) and wear itigle laden
oil flows (Founti et al.,, 2001). Details of the Wofield
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expansion dominates in the literature, because the
recirculation areas forming downstream presentadlerge

to the modelling. In one case, a movable piston aysdied

to create a periodically changing cross-sectiortrabson
Anagnostopoulos et al. (2004). The idea of the rhteva
obstacle in our tests is different from this metblody, since
here the change of the position of the obstadlsésl to vary
the distance between obstacle and sensor in avdebttin

3D parameter fields, and not the degree of obstnuct
Concerning modelling and  simulation, different
mathematical approaches were used or the numerical
simulation, like own implementations of the SIMPLE
algorithm in Agnostopoulos et al. (2004), Eulerjazarticle
tracing (Founti et al., 1998, 2001 and Kondo et 2002,
2004, 2005) including collision modelling (Founti al.,
1998), two-fluid models (Morel et al., 2004), Largddy
Simulation, commercial CFD codes like CFX (Prastal.,
2004c) and NEPTUNE by Morel et al. (2004). 3D médgl

of two-phase flows showed the importance of theeair
reflection of the forces acting on bubbles accaydim their
diameter. The need to represent measured data in 3D
appeared in most cases. Sometimes symmetry pregerti
like radial symmetry, were used to concentrate adiat
profiles. With our own experiments we faced thelleinge to
create a complex three-dimensional flow field arad t
characterize it by a 2D measuring sensor, which was
indirectly traversed along the flow direction by vitgy the
obstacle.

Particular results concerning the behaviour offtbe field
downstream of an expansion are worth mentioningaIn
horizontal flow and a liquid-particle flow it wasdnd that a
second recirculation may happen far from the sudden
expansion (Founti et al., 2001 and Anagnostopoatoal.,
2004), the reattachment point was dependent oriclgart
loading (Founti et al., 1998). A similarity to tifluence of

the void fraction in our case can be expected. The
reattachment distance also was related to the absta
dimensions (Ota et al., 2001 and Sotiriadis e28l05). The
movement and behaviour of bubbles incorporated many
phenomena. The bubbles were deformed and brokem by
strong liquid shear field. Also they were not drivid the
wall after the expansion as an expected effechefshear
layer, which is a result of the change of the sifhe lift
force coefficient (Kondo et al., 2005). Bubble airiment
into recirculation zones was dependent on the Stokenber

downstream the geometry change are obtained by LDA(Founti et al., 1998), sometimes they were trapjpethe

(Founti et al., 1998; Sotiriadis et al., 2005) aRdV
(Anagnostopoulos et al., 2004) or, alternativelyhot-film
and hot wire anemometers (Founti et al., 2001, Metral.,
2004 and Ahmed et al., 2005). The gas fraction ded
structure of the two-phase flow are measured bgl lpmbes
(Kondo et al., 2002 and Morel et al., 2004) anchfsgeed
camera observation by Rinne et al. (1996), Kondalet
(2002) and Ahmed et al. (2005). In all cases, extepwind

recirculation zone (Founti et al.,2001), but theyerev
escaping in case of the occurrence of a large xard large
fluxes (Kondo et al., 2005). If the flow contaidags, those
are broken up on their way through the expansidmis T
changes the flow pattern from slug to bubbly fldtodo et

al.,, 2005 and Ahmed et al.,, 2005). This phenomenon
becomes dominating at large superficial velociiésndo et

al.,, 2002). The effect of the bubble diameters bme t

channel (Ota et al.,, 2001); the flow domain has a interfacial area forces was demonstrated by Motehle

characteristic scale of 25 - 100 mm. There arexpements
published dealing with high resolution measuremefthe
flow field in gas-liquid two-phase flows at highgressures
and temperatures. It is a unique feature of TOPFL@W
combine a comparatively large scale with the abitid
perform experiments with steam-water mixture atta
MPa.

(2004) and Kondo et al. (2004). The motion of srhalbbles
at high superficial liquid velocities needs further
investigation (Kondo et al., 2005). An increaseha liquid
velocity, turbulence and drift velocities were medkin
Ahmed et al. (2005), the deformation of the flow is
conserved up-to large distances from the crossesect
change and was still found even far from the reatt@ent

From the shape of the cross-section change, a istepw point (Ota et al., 2001, Kondo et al., 2002 and Atiret al.,
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2005). This implies that the ordinary flow regimapnwhich
was elaborated to characterise the two-phase flova i
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diameter, connected to a conical head placed iodghtre of
the pipe (figure 1, middle).

straight channel, may be inapplicable to complex 3D Because it is not possible to design a movable-miesh

two-phase flow, and some modification should besatered
in Kondo et al. (2002). The intensity of reversel dateral
flows was marked in Ota et al. (2001).

Experiments set-up and conditions

The experiments were performed at the vertical gestion

of TOPFLOW (Two Phase FLOW Test Facility) (Schatira
et al. 2001) at the
Forschungszentrum Dresden-Rossendorf e.V. Thepipst
(figure 1, left), has an inner diameter of 195.3 amd a total
height of 9 m (L/D=45). Water is supplied from thettom
with a maximum flow rate of 50 kg/s. The two-phé#lsav is

generated by feeding gas through an injector ctingisf 16
radial tubes with a total number of 152 orificesOo8 mm

sensor, the other way around was applied: the se@s@ins
stationary and the obstacle - a half-moon obstai@denoved

up and down in the vertical test section (figureight). This
setup will allow the measurement of the three-dismemal
gas fraction field around the obstacle for air-waded
steam-water experiments up to the maximum pressfire
TOPFLOW. The field can be measured both upstreasn an
downstream of the obstacle, since the installasioown in

Institute of Safety Research of figure 1 can either be flanged from below or franoee after

inverting it. The obstacle has is a half-moon skgpate, the
straight edge of it is arranged along the diamete¢he pipe,
while the circular edge is in a distance of 10 nrtonf the
inner wall of the pipe. The obstacle is mountedtam of a
toothed rod connected to a translation mechanisahanmge
the axial position of the obstacle.

N movable obstacle 4"
/‘"-”;,.4-3 halfmoon diaphragm
\‘,_.-____,_:__ el
A
wirg-mesh "::Sg_\_q_m
SENE0F S,
e T
toothed Y&
1 rack ™'
J‘h N4l O
testsection $y N/ - 1. fange 1 with
e W control kit

| gas feeding tube
DM 50

e
A

Figure 1: Left: Test section with obstacle and wire-mesh sensatdMi injection device —top- and mixing device -tbot-

Right: the half moon obstacle with driving mechamis

The sensor was located 6.17 m downstream of the gasnd 281 °C. A test matrix corresponding to differkapuid

injection, when the asymmetric obstacle was putrapm of
the sensor. When the obstacle was put downstreatheof
sensor, the distance was 5.11 m. The describedgamaent
allows acquiring local instantaneous void fractiémsn the
full cross-section of the pipe with a spatial resioin of
3 mm and a rate of 2.5 kHz within the three-dimenal flow
field around the obstacle. The distance betweenosesnd
obstacle can be varied from 10 mm to a maximunades of
520 mm without moving the sensor position, which is
essential to perform high-pressure experiments igféicient
way, i.e. without dismantling and rearranging th&t facility
each time the measuring position has to be changed.
Measurements were carried out in an air-water flatw
ambient pressure and a temperature about 30 *@lhasin
a steam-water mixture under saturation conditioisssaMPa

and gas superficial velocities was executed. Howehvis
paper concentrates on point 074=0.017 m/s g=0.0368
m/s) which lies in a bubbly flow regime. In orderstudy the
two-phase flow around the obstacle the distancevesat
obstacle and wire-mesh sensor was varied as fall&vs20
mm, £ 250 mm, £ 160 mm, + 80 mm, + 40 mm, + 20 ®am,
15 mm, £ 10 mm.

Measurements were obtained by the wire-mesh sevisoh

is a conductivity-based void-fraction sensor. Inhsists of
two planes of 64 x 64 orthogonal wires correspogdin
3260 measuring points over the cross-section. Tameater

of the wires: 250 m, distance between the wires: 3 mm as
well as between the two wire-planes. Every wire is
electrically insulated against the remaining wisied against
the body of the sensor. At each measuring poiatetbctrical
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conductivity between the transmitter and the remeivires
of the circumfluent medium is determined. Theselanae
values are sampled and converted by a specialrehéct
device connected to the sensor. After the measunerie
digital data is saved on a PC where it is storedfdcther
processing. In order to get sufficient informatitor the
assessment of the flow structure; the measuremams
carried out for 10 seconds under steady state tiondiwith
the maximum frequency of 2500 frames per second.

CFX Pre-Test calculation
Before the experiments were performed a pre-tdstiledion

was done for the boundary conditions of the airewaést
point 074. Flow conditions correspond to the bubibdyv

regime. CFD simulation was done using ANSYS CFX010.

The Eulerian two-phase flow model was used, assy thiat
the gaseous phase consists of monodisperse bubithes
pipe elevation dependent equivalent diameter ob£28mm
in order to account for the hydrostatic bubble ewgian.
Both phases were treated as non-compressible. 8ulsh
in accordance to Grace Drag law, Tomiyama lift &rc
Frank’s generalised wall lubrication force (Frar®d03) and
the FAD turbulent dispersion force have been takd#ao
account.
neglected for this first pre-test simulation, aisacan be
assumed that bubble fragmentation will take placeha

Bubble coalescence and fragmentation wereVy,, = XDyD xw,,
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If it is assumed that the translation of the oHlstamith
respect to the sensor position can be approximately
envisaged as a scan of the 3D void distributiorugothe
obstacle, then the distributions measured for eafckhe
distances can be combined to result in a full 30 fiaction
field around the obstacle.

Bubble size distribution

Due to the fine spatial resolution it is possibbeidentify
individual bubbles in the sensor signal. A bubklairegion
of interconnected gas containing elements of tha deay

€ ; «that is surrounded by elements filled with the ibju

phase. The operation of the bubble identificatiesadibed in
Prasser et al. (2001) results in a second threesiional

arrayb,’jyk, which assigns unique identification numbers
specific for each bubble
distributiong, ; , .

to each element of the

Both arrays€ ; , and b,yj’k are used to calculate equivalent

diameters of the bubbles. The volume of a bubbté e
identification number n is calculated as follows:

€ix [ivjvk]:bi,j,k =n ®)
i,jk
This volume can be transformed into an equivalénnéter

edges of the obstacle and coalescence might beadme Of the bubble:

importance in regions of bubble accumulation hehie wake
behind the obstacle. Steady state simulations MISYS
CFX 10.0 were performed on two numerical mesheatece
with ICEM CFD Hexa and consisting of about 119.@0@l

473.000 hexahedral mesh elements. Meshes wereageder

Doun = @
’ p

As it can be seen from equation (3), the extractéra
volume-equivalent diameter,[3 requires information about
the bubble velocity. This is necessary to spetiéyaxtension

for half of the TOPFLOW geometry assuming axial of the control volume formed by a crossing pointieictrode

symmetry. The flow domain for the CFD simulatiomsists
of two 1.5 m long pipe sections upstream and dawast the
obstacle. Inlet boundary conditions were set

fully-developed two-phase pipe flow profiles forr and
water velocities, radial gas volume fraction disttion,
turbulent kinetic energy and turbulent eddy frequeht the
outlet cross section of the 3.0 m long pipe section
averaged static pressure outlet boundary condivas used

Evaluation of wire-mesh sensor data

Time averaged void fraction distributions

The wire-mesh sensor supplies a time sequence ofAXV-”’I<

instantaneous local gas fraction distributions initlthe
measuring plane. At each crossing point of wirdsrmgng
to different electrode planes of the sensor a cbnwlume
with the indexes i, j is formed, from which a gaaction

value € ,  is delivered for each time sample k. The relation

between the indexes i, j, k and the coordinatesedisas the
time are:

x=i>Dx y=j>Dy;t=k>Dt =k/f (1)
When the local values are averaged over the totalsoring

time (in this case 10 s, or, respectively, fromkte k = k,,,),
a two-dimensional void fraction distribution is alrted:

_ 1 o
€ :T € ik (2)

max k=1

wires of the sensor, which is equal to the argay within
the measuring plane, multiplied by the distancelibkble

10 travels during the sampling period, which is equal to

twpu, If the bubble velocity is not available, the safethe
bubbles can be characterized by the diameter otk ©,,
equivalent to the maximum area occupied by the leulvb
the measuring plane during its passage througlsehsor.
The equivalent bubble diamete,[@haracterizes the lateral
extension of a bubble (Prasser et al., (2005aPagtiuske et
al., (2005)). The area occupied by a bubble anstant given
by the index k is

=Dy e, " [ivjvk]:bi,j,kzn (5)
i

The equivalent diameter in the x,y-plane is cal@darom

the maximum area:

ny.n :\ % where A(y,n,max: ma)(Aw,n,k) (6)

The equivalent diameter,Dis an alternative to the diameter
of the equivalent sphere for characterizing thecstire of the
two-phase flow, when the bubbles velocity is nadikable.
Bubble size distributions are constructed by iraégg the
gas fraction carried by each individual bubble aslasses of
bubble diameters. These histograms representhdistins
of the partial void fraction over the bubble diaerefTheir
unit is 1/mm or %/mm:

Hbub :ddTez f(ny)' [%/ mni (7)

Xy
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Liquid velocity profile

There is a way to assess time-averaged liquid itgloc
distributions by evaluating the transit time of blds
through the measuring plane of the sensor. Fopathgtical
spherical bubble shape, the diameter in all thoeerdinate
directions would be identical. The deviation frorhet
spherical shape can be taken into account by aratibn
factor C. On basis of the bubble identificationaaithm and
the bubble diameter measurement described in #naqus

section, the bubble velocity can be expressedImsvisi
3

Xy.n

(8)

Wbub,n =Cx—= =C Wvbub,n

equn

3 a/buhn

p
calculated without involving the bubble velocity,e.i

i . "fi.ik:b , =n- The dimension
I R L

Wherep = is an auxiliary equivalent diameter,
equn

Viunn = DXDYDt €

ik
of D, 18 (mnfs)™. In equation (8, is the bubble
velocity without the correction accounting for ttieviation
from the spherical shape.
The degree of deformation of a bubble depends@bubble
size, when the physical properties of the fluids esnstant.
For bubbles from a narrow region of equivalent détars of
Dwe1 Dx Duwg2, Which we call “markebubbles”, it can
be assumed that the calibration factor C is neeolystant
and independent of the location within the meaguplane.
The same holds for the rise velocity of the bubbleg,,
relative to the liquid velocity. A time-averaged
two-dimensional velocity distribution of the markaubbles
is found using the local instantaneous gas fra@®a weight
function. Those elements that belong to bubblesidetthe
size interval defined for marker bubbles are igdore

1 Wy 8 if DigfDy, £Die
€ Kk O elsewhere

Due to the approximate constancy of the calibrafamtor
and the bubble rise velocity, the local time avedhgquid
velocity can be written as follows:
Wi =CxWyg,j - DWpyp (10)
In equation (10) all deviations of the bubble nadocity
relative to the liquid phase due to local accelenabf the
fluid as well as bubble swarm effects are negledted strict
sense, equation (10) is valid only for bubblesngsin still
liquid at low void fractions. It was decided notatocount for
these effects and to restrict the evaluation tagproximate
assessment of the liquid velocity and the velocity
distributions, because the assumption of the caoogtaf the
calibration factor for itself is a quite rough apach leading
to large uncertainties. An assessment of unceytaifithe
obtained velocity profiles is discussed in a setgasaction.
The calibration factor can be obtained by recouwsting the
interfacial liquid velocity from the two-dimensidnarofiles
of velocity and gas fraction and comparing the lteguthe
known superficial liquid velocity in the test pipe:
Ju= a W )(l' éi,j):<WL,i,j >(1‘ éi,j)>

]
Where @ are weight factors defining the share of the total
measuring plane which is represented by the locatrol

Wog j = ©)

(11)

volume of the sensor with the indexes i,j. The sgh1<b>
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denominates a spatial averaging over the measpiantg.
For an arbitrary quantity x distributed over theasigring
cross-section, the averaging is performed as falow
<Xi~J>= A%
1]
The calibration factor can be made explicit by¢benbining
of equations. (10) and (11),
Jo+ DNbub(l' <éi,j>)

<WMB,i,j>' <WMB,i,j Xé|1>
After the calibration, a liquid velocity distriboth is
calculated using equation (10). The calibrationtdacan
only determined in the described way when
two-dimensional measuring plane is free from regiwith
flow reverse. In case of the experiments with thevable
obstacle, this can be guaranteed only when theoseves
located upstream the obstacle. As it will be shéater, the
flow downstream of the half-moon shaped plate viested
by a large recirculation area. Since the markeblaimethod
does not distinguish between upwards and downwards
motion of bubbles, in both cases, always a positélecity is
measured. In the re-circulation region, the supiatfiiquid
velocity is therefore overestimated by equation) (ahd,
consequently, the calibration factor is underestiha For
this reason, the calibration according to equafib3) was
performed only for negative distances between geasd
obstacle, namely forz= -520, -250, -160, -80, -40, -20, -15,
-10 mm. The individual calibration factors were @aged
and the average factor was applied also for thetipes
distances z = 10, 15, 20, 40, 80, 160, 250, 520 mm .In order
to keep the bubble deformation and the bubblewidecity
in a narrow band, the interval for the diametethef marker
bubbles was set to 4 - 5 mm. This is a compromiteden
the tendency to make marker bubbles as small ashpeso
approach the spherical shape as much as possitiletha
advantage of bubbles around 6 mm equivalent dianfete
which the rise velocity is nearly bubble-size ineegent.
Another reason is statistical, i.e. the limits htwée defined
in a way, that there are still enough bubbles foimthe in
the selected interval.

(12)

(13)

the

Assessment of lateral bubble velocities

The attempt was made to get a rough estimate fer th
movement of the bubbles within the measuring plafnghe
sensor. Due to the asymmetric obstruction of the pthe
flow cannot be considered axially parallel, i.egrsiicant
lateral components for both gas and liquid velesithave to
be expected, which are most pronounced in thetdireinity

of the obstacle. In fact, a visualization of tinegjgences of
two-dimensional instantaneous gas fraction distiimng
captured by the wire-mesh sensors show lateral memts

of the bubbles while they cross the measuring plaimdike

the estimation of the axial velocity which needeé tise of
the marker-bubble method described above, the astimof

the lateral velocity of a bubble was made by diyeicacking

the transversal movement of the centre of masstof i
two-dimensional image. When a bubble passes the
measuring plane, it will be imaged in several slicEach
slice corresponds to a measuring time step k. Tdiatp
belonging to a specific bubble are identified bg thubble
number n, i.e. an element with the indices i,j,kohgs to
bubble n if b, = n. The centre of mass of each slice of the
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bubble can be found by averaging the x and y coatds of
each element that belongs to the given bubble weighy

the local instantaneous gas fract@n | :

€k X *XX
_"iLjiby=n
XCM,n(t)_ J

€ ik
"i,j:b,vjvk=n

(14)

ei,j,k xj Dy
t — " i:jh,;,k:n
yCM,n( ) ei’j’k
" i)jh,;,k:”

Where t &' t. The components,y and \,, of the velocity of
bubble n are found by a linear regression of ttzlable time
sequence of coordinates of the centre of mass gluha
bubble passage. The result of the linear fit is@ntéed in the
form

Xemon = Ve 2t +C, (15)

yCM,n (t) = vy,n jt + Cy

where the constantg and ¢ are meaningless. To obtain an

average gas velocity in every point (i,j) of theamp, a
void-fraction weighted time-averages of these twargities
were calculated over all bubbles found during thealt
measuring period {tas= 10 S Kmax 1):

1 g T ifb;*0

VX(I’J):kmaxe' .k:l 0if blv“(:O
@
_ (16)
v, (i J):; 8k My ifb;,*0
YU ke 0if b, =0
€ ik ”

k=1
The resulting time-averaged velocities provide stm@ation
of the lateral velocity field. This calculation wasade for all
available distances upstream and downstream aftibigcle.

Experimental Results
General observations

The flow field found in the air-water case at tpstat 074 is
shown in figure 2. The figure presents void fractémd axial
velocity distributions at a plane that representemtral cut
along the pipe axis, perpendicularly to the linedge of the
half-moon shaped obstacle. Furthermore, a two-déineal
distribution in each of the 16 measuring planegivsn.

The undisturbed flow at the conditions of this tést
characterized by a wall peak of the void fractioofie,

which can be found up to the axial position 160 opstream

of the obstacle. 80 mm upstream of the obstacle, th
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influence of the cross-section obstruction becomeédent.
The velocity profile becomes asymmetric with a mans
more pronounced maximum on the unobstructed side.
On the front side of the obstacle a stagnationtgsiolearly
visible in the velocity plot. In the same time, ghiegion
shows a local minimum of the void fraction. On theved
stream lines upstream of the stagnation point, fthig
experiences a strong acceleration. In the redwdtheavier
phase, i.e. the water, is accumulated and the gagdw@se is
moved out of the stagnation region.

High velocities are found both in the unobstrugiad of the
pipe cross-section as well as in the 10 mm widelgaween
the circular edge of the obstacle and the pipe walthe
other side. The flow separates from the edge obtistacle
and a high velocity jet downstream of the obstacfermed.
On the side of the unobstructed half of the crestian, the
jet ranges beyond the end of the measuring domairthe
equilibrium profile found 520 mm upstream of thestazle is
not re-established to the distance of 520 mm dawast of
the obstacle. Fully developed flow profiles requare inlet
length of significantly more than L/D = 2.5 to ddtah. A
velocity peak is also found downstream of the 10 wige
circular gap between obstacle and pipe wall on side
opposite to the main jet, though this maximum Jaessafter
about L/D = 1. The elliptical region with a locatlacity
maximum at about L/D = 0.5 straight above the alistis a
recirculation area. This can be deduced from tipedicial
liquid velocities calculated using equation (11)h&M this
value is plotted as a function of the axial locatii is found
that the reconstructed superficial velocity sigrafitly
exceeds the set value of the test (see figure 8).

Note that the calibration coefficient was kept ¢ans and
equal to the value obtained as an average foreakl|
upstream of the obstacle (where recirculation regican be
excluded). The maximum is caused by the fact that
marker bubble method is not sensitive to the divaadf the
bubbles. The bubble velocities estimated by reiatine
lateral extension of the bubbles to their passame tre
always positive. Therefore, in a recirculation asedocal
maximum is found. If a part of the cross sectioaffscted by
downwards flow, the volume flow rate in this regisradded

to the flow rate in the upwards flow region and the
systematicall

reconstructed

overestimated.
Within the recirculation area, a strong accumutatid the
gaseous phase is observed. Close to the obstace=(20
mm), the gas accumulation covers almost the ebgiokside

superficial ~ velocity is

of the half-moon shaped plate. More downstream, the

bubbles are transported towards the central regfitime pipe,
where the absolute maximum of the void fractiofoisd at
z =160 mm.

t
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Figure 2: Void fraction and liquid velocity distributions the air-water test

Figure 3: Void fraction and liquid velocity distributions the steam-water test 6.5 MPa.
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It is a surprising observation, that these gas lmsbhre not
able to enter the high-velocity region of the jeirning from
the unobstructed part of the cross-section. At gheatest
available distance downstream of the obstacle, earigl
separated, almost bubble-free round region is fotiad

corresponds to the shape of the jet region. Theerlat

mentioned bubble-free spot was not found in higkspure
steam-water experiments at similar superficial ewies
(Figure 3). In general, both void fraction and it profiles
show many points of similarity in the test with aste-water
mixture compared to the air-water experiment. Thiscerns
the flow behaviour at the stagnation point, theroetation

region,
Differences are in particular, the absence of d pedk and
of the bubble-free spot far downstream of the albsta

A possible explanation is the hypothesis that tfiefdrce

pushes bubbles out of a region with a steep pesitilocity
gradient at its boundary. It is well-known, thag tift force

changes sign with growing bubble diameter. Obviguisi

case of the air-water flow, most of the bubblesegignce a
lift force characteristic for small bubbles. Witlrogving

pressure and temperature, the critical bubble demehere
the lift force inverse takes place, is shifted todgamuch

smaller bubble diameters (Tomiyama et al. (19953 an

Tomiyama et al. (1998)). This might be the reasomtiie
absence of the bubble-free spot in the steam-weder

Lateral bubble velocities

Plots of the lateral velocity components in x ardirgctions
show the deviation of the flow around the obsté€igures 4,
5, and 6 along with CFX simulation results). Thetoes in
these figures represent the average velocity of
instantaneous cross-sections of all bubbles in tthee
interval when they pass the measuring plane. Tteafahe
air-water test point 074 is presented. For a beisealization
the colour of the vectors indicates the relativeu@aof the
lateral velocities in each cross section (relatiwedues
between different cross sections are not to comp&iee

the jet formation and the gas accumulation.
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means minimal and red maximal velocities.

At z=-520 mm upstream of the obstacle (Figurel® vector
field is dominated by a statistical scattering it elocities
except at the periphery of the pipe cross-sectidrere an
unphysical tendency to deliver velocity vectord fhaint in a
radial outwards direction is found. Since the iafige of the
obstacle starts to be recognizable only at abeutl60 mm,
it can be assumed that there is a parallel flothiatdistance.
The outwards pointing vectors are therefore todresiclered
the result of a systematic measuring error. At-A60 mm
upstream of the obstacle (Figure 4), a pronounederdl
fluid movement from the obstructed to the unobsadside
of the pipe starts to develop. It becomes more rode
intensive the more the obstacle is approached. Sben
diverging flow pattern caused by the stagnatiomipstiarts to
become visible on the obstructed side. At the clodistance
of z = -10 mm (Figure 4), the contour of the halfan
shaped plate is clearly reflected in the vectot.gibe latter
is found even in a more pronounced way in the ve@dds
closely downstream of the obstacle (Figure 5). @a t
unobstructed side, the vectors continue to poirdyaftom
the obstacle still until z =+40 mm, where for tirtftime the
vectors inverse. This corresponds to the shapéhofjdt
found on the unobstructed side, which is bendedtdsithe
free side of the cross-section closely after thes fseparation
and later towards the obstructed side (see figure 2
Downstream the obstacle diverging velocities atmfh too.
They correspond to another stagnation point abHekside
of the obstacle. This is a clear indication foravdwards
flow in the wake of the half-moon plate and con#ritie
hypothesis of a recirculation in this region. At #2160 mm,
the vector field turns to a converging one, becdhiseis the

theupper end of the recirculation region. At the twastl

measuring positions z = +250 and +520 mm (Figureg) 6
there is a dominating flow from the unobstructeddas the
obstructed side of the pipe cross-section. Thadus to
equilibrium re-establishment of the velocity prefilwhich
was not reached again within the available rangehef
obstacle translation in none of the tests.

Figure 4: lateral bubble velocities, left (experimentalyhi (CFX calculation) for test point 074, at -526tdnce upward the

obstacle.
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Figure 5: lateral bubble velocities, left (experimentalyhti (CFX calculation) for test point 074, at (frdap to bottom) -80,
and -10 mm distances upward the obstacle as well@snm downwards the obstacle.
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Figure 6: Lateral bubble velocities, left (experimentaight (CFX calculation) for test point 074, at (frdop to bottom) +40,
+160, +250 mm distances downward the obstacle.
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Figure 7: Lateral bubble velocities, left (experimentalight (CFX calculation) for test point 074, at +5&@m distance

downward the obstacle.

Using the assumption that the lateral movementhef t
bubbles relative to the liquid can be neglected wuthe
domination of the bubble rise, a vector field of tiquid
velocity in the vertical mid-plane of the pipe penglicular
to the linear edge of the half-moon shaped obstzahebe
constructed by combining the lateral and the aséicities.
The result for the air-water test point 074 is shoiw
figure 8. The axial velocity components in the regiation
region were inverted manually.

This operation was limited to a region that is sunded by a
belt where the velocity is found to be close toozérhe

spatial resolution of the vector plot was reducechgared to
the resolution of the wire-mesh sensor by factotwaf in

order to keep the picture transparent. The ovetaltture of
this field is typical for all test runs with equaliperficial

liquid velocities. For smaller superficial liquighocities, the
vector plots are much more affected by noise, whictkes
the interpretation difficult.

Figure 8: Velocity vector plot in a vertical symmetry plan®and the obstacle for test point 074.
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Result of the CFX Pre-Test Calculation axial resolution of the interpolated data witb=1mm.

The steady-state ANSYS CFX calculations have well A comparison of ANSYS CFX pre-test calculationstha
reproduced all details of the structure of the ptase flow finer grid with measurement data are shown in fg@rfor
field around the obstacle for test conditions of PRROW absolute axial water velocity and gas volume foacti
074, (see figures. 4-7 previous chapter, and fi@)reThis distributions. The velocity field behind the obdtashows
concerns shape and extension of the recirculatiea, dhe the same location and intensity of the recircufatione and
stagnation zone upstream of the obstacle as welhas stagnation regions on the obstacle surface. Theaotment
velocity and void fraction maxima in the non-obstad part length of the flow to the pipe wall downstream tstacle is
of the cross-section. Smaller details, like theowity and slightly increased in the CFD simulation, whichpi®bably
void fraction maxima above the gap between theutdrc  linked to the higher amount of entrained gas vaadtion in
edge of the obstacle and the inner wall of the pigealso  the vortex behind the obstacle. Furthermore thesqmie
found in a good agreement between experiment andsimulation tends to over predict the void fractidnsthe
calculation. wake. This is a result of the assumption of a mdisperse
The 3D dataset from the wire-mesh sensor has begoried bubbly flow with a bubble size differing from regliand
into the CFX graphical postprocessor in order lmvafor the neglecting bubble coalescence and break-up wittnddon
application of identical data processing, colouresnes and  of larger bubbles in the wake of the obstacle. agieement
therefore a more direct comparison of the CFD tesahd can be improved by using measured bubble-sizéllitions
experimental data. Since experimental data havene f from the region upstream of the obstacle as a bamynd
spatial resolution in the x-y-plane but a limitedacser condition for post-test calculations or by applicatof the
resolution in z-direction, a pre-interpolation ohet inhomogeneous MUSIG model for the prediction of idab
experimental data in z-direction has been appliéth an size distributions from local flow conditions.

Figure 9: Experiment and CFX pre-test calculation by corigmar of time averaged void fraction and axial ldjwelocity
distributions up- and downstream of the obstacklénair-water test point.

Uncertainty overview of the velocity assessments: velocity relative to the water phase may signifibadeviate
from this value. The additional pressure gradienpliies
The reconstructed superficial liquid velocity ca#tion the hydrostatic pressure gradient and an incredstheo

depends on calibration factor in equation (13),clhis not relative bubble rise velocity is observed.
perfectly constant along axial direction. Recorcttan of

the superficial liquid velocity gives an idea abatie

accuracy of calculated axial liquid velocity. Clysepstream

of the obstacle, the inhomogeneous pressure fietetigtes

systematic measuring errors that affect the integra

superficial velocity. In the recirculation regioretind the

obstacle, the reconstructed values are by abo@ 20gher

than the superficial velocity corresponding to tivater

volume flow (Figu.re. 1.0)'. Furthgr downstream, the Figure 10: Reconstructed superficial liquid velocities as a
reconstructed superficial liquid velocity falls Ba620 %)  f,nction of the distance between obstacle and sdoso

even below the value arising for the water supply. J.=1.017 m/s ande*0.0898 m/s
A second important contribution to the systemat&asuring L ' '

error of axial velocity is the strong acceleratian,
respectively deceleration of the flow close to diestacle.
The liquid velocity deduced from the marker bublaocity
minus the bubble rise velocity is relative to agatnt liquid.
If the flow experiences a strong acceleration,réa bubble

To estimate this effect a comparison was made leatvilee
liquid velocity distribution calculated by CFX with the
simulated measuring result, obtained from the dated gas
velocity distribution by subtracting the constambble rise
velocity of 0.235 m/s. CFX calculation were perfednwith
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mono-disperse bubbles of 5 mm diameter.

The result is shown in Figure 11, the error baisitpat the
real calculated axial liquid velocities. It is ctBavisible, that
the acceleration effects do not deteriorate thegildigion in a
qualitative way. It is concluded that the markerblbe
method can lead to systematic errors caused byematien,
which are in the range of 10-20 % of the amplitedéhe
velocity profiles.

Figure 11: Lateral profiles of the simulated measured axial
liquid velocity at selected axial positions upstreaf the
obstacle and bars for the systematic error causged b

6" International Conference on Multiphase Flow,
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Conclusions

The two-phase flow field around an asymmetric adistan a
vertical pipe is reconstructed using new technidbasallow
producing data for CFD code validation in complex
geometries. Main advantage is a translation obtisacle to
scan the 3D void field with a stationary wire-mesnsor.
Besides time-averaged void fraction field, a nodetta
evaluation method was developed to reconstructigid
velocity profiles from the wire-mesh sensor data.

The flow around an obstacle of the chosen geontediy
many topological similarities with complex flowsétions in
bends, T-junctions, valves, safety valves and other
components of power plant equipment and flow phesran
like curved stream lines, which form significangéas with

the gravity vector, flow separation at sharp edgesl
recirculation zones in their wake are presens the goal of
the ongoing CFD code development to accurately imode
such phenomena in a two-phase flow. Therefore, the
experiments provide a good basis for the test dred t
validation of the codes and their underlying muitipe flow
and turbulence models. Due to the generalizing lwéfyaof
CFD codes, that can adapt to different geometrimbary
conditions by the mesh generation, a successfidatan on

the kind of obtained experimental data guarantdes t
applicability of the code to other equally compliexv fields.

deceleration, assessed on basis of the CFX pre-tesf Pre-testcalculation done by ANSYS CFX 10.0 resin

calculation, point 074.

For lateral bubble velocities the position z=520 opstream
the obstacle was considered as reference. At dsigign the
flow can be envisaged as axis-symmetric. The I|atera
components of the bubble velocity should equal ¢ooz
Elliptically deformed bubbles that have a prefeeabl
inclination of their semi minor axis against thepgiwall
cause an apparent lateral velocity component shdirécted
towards the wall. This is due to the fact that teatre of
mass of the part of the measuring plane that isfmed by
the bubble moves towards the wall, when the bupbbses
through the sensor plane, even if the bubble itrelfes in a
vertical direction parallel to the z-axis. The iésg
velocities are in the order of 0.1 - 0.2 m/s, asmghin Figure
12. Profiles of the lateralelocity component perpendicular
to the linear edge of the obstacle for z = -40 nfrows a
strong lateral movement of the fluid from the obsted
towards the non-obstructed side that is signifigasttonger
than the error caused by the systematic bubblermietion
effect.

Figure 12: Lateral velocity along the diameter oriented
perpendicularly to the linear edge of the half-mehaped
obstacle for two different upstream distances=J0.0898
m/s, red: z=-520 mm, black: z=-40 mm.
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a good agreement with the experiment in terms of al
significant qualitative details of the void fraatiand velocity
distributions. The structure and the geometry @ef ¢mtire
flow field in general as well as the dimensions of
recirculation and stagnation zones in particularrewe
predicted in good agreement with the experimentisit
planned to continue with post-test calculationsoider to
achieve a better quantitative agreement by usingsored
bubble-size distributions from the region upstreafrthe
obstacle as inlet boundary condition and in a &rgtep by
applying the inhomogeneous MUSIG model for the
prediction of bubble size distribution and bubbbalescence.
The experimental data will be used to validate thisently
developed and implemented model against detailddblbu
size and bubble scale resolved void fraction measeants.
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