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Abstract

Experiments were done at the TOPFLOW facility af #orschungszentrum Dresden-Rossendorf to
establish a CFD-grade database on the condensati@ieam bubbles injected into sub-cooled
upwards vertical pipe flow. Bubble condensation ta$e considered in Nuclear Reactor Safety
Research, e.g. if sub-cooled boiling or bubbleanitnent caused by ECC injection occurs. Bubble
size distributions are important, since the condgos rate is proportional to the interfacial area
density. To develop and validate closure model<ieD codes experimental data with high resolution
in space and time are required. The steam wadéutjeda orifices in the pipe wall located at diffat
distances from measuring plane. 1 mm and 4 mmtiojeorifices are used to vary the initial bubble
size distribution. The variation of the distancewsen the location of the gas injection and the
measuring plane allows investigating the evolutidrthe flow along the pipe. Pressure, steam and
water flow rates and the sub-cooling were alsoedariMeasurements are done using wire-mesh
sensors and thermocouples. Data on averaged vadtidin, radial gas volume fraction profiles,
profiles of the gas velocity and bubble size distions in dependency of the L/D ratio are ava#éabl

1. INTRODUCTION

While CFD codes are frequently used for industaigplications on single phase flow problems they
are not mature for two-phase flows. An overviewtlo® present two-phase capabilities of CFD-Codes
related to Nuclear Reactor Safety (NRS) Researdiven by Bestion et al. (2009). The qualification
of CFD codes for two-phase flows is one of impdrtaguirement of future NRS research. There are
different ongoing activities worldwide to meet tigisal. In frame of the German Computational Fluid
Dynamic (CFD) association activities of differensiitutions are united to develop and validate CFD
codes for their application to nuclear reactor tyaéessessment. The reference code chosen for this
purpose is ANSYS-CFX, but the developed closure etodre widely code independent. In the
European frame the Integrated Project NURISP shibelthentioned which aims on the establishment
and further development of an European Code phatftor NRS. In the sub-project on thermo-
hydraulics the improvement of the two-phase cajiggsilof CFD codes is one of the most important
topics.

Two-phase flows are characterized by a complexcitre of the interfaces between the phases. As
with turbulence, in general it will not be possilderesolve this interface in the numerical modighw

all its fine structures. Instead, averaging procesltare applied which blur the information on the
interface. The widely used two-fluid model (see &gew and Lahey, 1979, Ishii and Mishima, 1984)
assumes two interpenetrating phases — i.e. boteephare present simultaneously at each spatial
location; just the volume fractions occupied bytea€ the phases are considered, and their variation
in space and time. However, all interfacial trarsfe mass, momentum and energy — sensitively
depend on the interfacial structure. For this reasisese transfers have to be considered by closure
models even in multi-phase CFD simulation.

The validation of CFD codes, modelling concepts elagure models requires the acquisition of new
experimental data with a high resolution in spacd ime. New measurement techniques such as
tomography methods have to be developed and apilietket these requirements. The TOPFLOW
facility of Forschungszentrum-Dresden-RossendodFcombines two-phase flow experiments at
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conditions close to the application (high pressarel temperature, relatively large scales) and
innovative measuring techniques.

A special topic of our research is the developnagrt validation of models for poly-dispersed flows.
Many activities were done to improve the modelloigadiabatic bubbly flows in the frame of CFD. In
this case models for momentum transfer betweerplfases are most important. Usually they are
expressed as so-called bubble forces. Experimentedstigation as well as Direct Numerical
Simulations (DNS) showed, that these bubble fostesgly depend on the bubble size. In addition to
the well known drag force also virtual mass, ltfirbulent dispersion and wall forces have to be
considered (Lucas et al., 2007). The lift forcesreghanges its sign in dependence of the bublde siz
(Tomiyama et al., 2002). In consequence large lasbhte pushed to the opposite direction than small
bubbles if a gradient of the liquid velocity pergdamular to the relative bubble velocity exists (aset

al., 2001, Prasser et al., 2007). To simulate #pastion of small and large bubbles more than one
momentum equation is required (Krepper et al., 200%r this reason recently so-called
Inhomogeneous-MUSIG (MUIti Slze Group) model wagplemented into the ANSYS-CFX code
(Frank et al., 2008, Krepper et al., 2008). It whHothe consideration of a number of bubble classes
independently for the mass balance (for a propetattiog of bubble coalescence and breakup a large
number of bubble groups is required) and for thenemtum balance (only very few classes can be
considered due to the high computational effoiteda for the classification can be derived frame t
dependency of the bubble forces on the bubble sigethe change of the sign of the lift force)tha

first version of the Inhomogeneous MUSIG model omfnsfers between the bubble classes due to
bubble coalescence and breakup can be modelledada of flows with phase transfer additional
transfers between the single classes and the ligititransfers between bubble classes caused by
growth or shrinking of bubbles have to be considefihe equations for the extension of the MUSIG
models were derived (Lucas et al., 2009) and rgcenplemented into the CFX code.

These extensions of the Inhomogeneous MUSIG mdldsV #0 simulate flows with phase transfer in
principle. However, for a simulation based on pbysin addition proper closure models for
evaporation and condensation rates are requiragallyshese phase transfer rates are assumed to be
proportional to the interfacial area density and diverheating or sub-cooling, respectively. Fos thi
reason detailed information on the evolution ofaldoubble size distributions and local temperature
profiles is needed. Wire-mesh sensors were suadlsdised to measure local bubble size
distributions in air-water (Lucas et al., 2010gash-water (Prasser et al., 2007) and air-silicdhe o
(Szalinski et al., 2010) flows. Especially the datse on air-water flow (Lucas et al., 2008, 20%0) i
used to validate model concepts for poly-dispef®as but also closure models for bubble forces
and bubble coalescence and breakup (e.g. Pose@wel al., 2009, Liao et al, 2010). While the
available models for bubble forces provide an amt#p agreement with the experimental
observations for a wide range of flow conditione tpplicability of models for bubble coalescence
and breakup is still limited (Krepper et al., 2008jrst experiments using the wire-mesh sensor
technology to investigate bubble condensation iupwvards vertical pipe were done in 2004. They
clearly showed the effect of interfacial area dgnky comparison of experimental results for which
only the initial bubble size distribution was maed by using different orifice sizes for bubble
injection, but keeping the gas and liquid flow gt®nstant (Lucas and Prasser, 2007). Nevertheless
these experiments had some preliminary charactdr sime shortcomings due to the limited
temperature measurement, the availability of onlg wire-mesh sensor (not allowing to determine
the gas velocity) and also due to the set predsamadary condition. Learning from these tests, now
new experiments are conducted. The new experinteags on the experimental setup used for the
generation of the above mentioned air-water datalfhscas et al., 2010). Some extensions as
described below were done to meet the requirenfentaeasurements on flows with phase transfer.

2. DESCRIPTION OF THE EXPERIMENTS
2.1 The TOPFLOW facility

TOPFLOW is the acronym farransient tv® PhaseFL OW test facility. It is designed for the generic
and applied study of transient two-phase flow phesra in the power and process industries. By
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2.2 The Variable Gas I njection and the measuring procedure

As in previous experiments on steam bubble condiems@_ucas and Prasser, 2007) the Variable Gas
Injection device is used, but modifications wer@&do improve the experimental procedure as well
as to improve the quality of the data. The schehthenew setup is shown at Fig. 2. The test sectio
consists of a vertical steel pipe with an innemditer of 195.3 mm and a length of about 8 m. The
measuring equipment which consists of a pair oewresh sensors and a lance with thermo-couples
is located at the upper end of the test sectiore @xtended device is equipped with seven gas
injection units which allow to inject air or steara orifices in the pipe wall. The gas injectioravi
wall orifices offers the advantage that the twogehfiow can rise smoothly to the measurement plane,
without being influenced by the feeder within theé at other height positions. The injection device
are arranged almost logarithmically over the pgeth since the flow structure varies quite fassel

to the gas injection mainly caused by the radidisteibution of the gas. Six of the gas injection
modules consist of three injection chambers eaaln d@f the three chambers (the uppermost and the
lowest) have 72 x 1 mm orifices. The middle chanties 32 x 4 mm orifices, which is used to vary
the initial bubble size distribution. For rotati@ymmetric gas injection, all orifices per chambees
equally distributed over the circumference of thpep For the new condensation experiments an
additional injection chamber with 1 mm orificesnstalled as close to the measuring plane as gessib
(38 mm between gas injection and measurement piatiee first wire-mesh sensor in flow direction;
L/D ~ 0.2). This was done to provide more detaild@drmation on the injected steam bubbles. Only
one injection chamber is activated for a single sneament. L/D is increased by using the steam
injection chambers from “@” through “R” and “B” tugh “Q” for 1 and 4 mm injection respectively.

The liquid phase is supplied from the bottom of tib&t section by means of an isolating valve and a
90° bend. The test section pump (see Fig. 1) @teslthe saturated water from the steam drum to the
lower end of the variable gas injection. In additenld water is injected through a mixing device at
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the lower end of the test section. This allows Ibtam a sub-cooling of the water of several Kelvin
depending on the flow rates.

diametral line of 16 TC

2 wire-mesh In contrast to the previous experiments (Lucas and
sensol™ I |2l L |uD|ievel Prasser, 2007) the nominal pressure is now séeat t
[} ol 8 (02| @ position of the respectively activated injection
R g 2214 chamber. Thus switching between different positions
ba—| 72x01 E|335(1,7| C of the injection provides the same conditions like
v | — | - a8 | 25| o case of a fixed location of the injection and shift
ba 32x04 551 | 2.8 | E the measuring plane. This is especially important f
Bl g 6081310 F the condensation experiments since the saturation
temperature and by that also the sub-cooling depend
- el 1232 ;:‘71 ﬁ on pressure. To adjust the pressure the absollug va
oa—| 72x01 1552( 7,9 | | is mgasured at Fhe upper end of the test section. |
addition the differential pressure between this
measurement position and the position of the single
. gas injection is determined (see Fig. 2). After
8 [, e Soss|aan| & adjusting the pressure for the selected flow rates
% s 72x01 &) 2595/13,3| L for Fhe position o_f the activated steam injectitre
g aspired sub-cooling has to be set up. The water
temperature is measured by thermocouples, mounted
in the saturated and the cold water pipes as et a
- 4417|22,6| M the Variable Gas Injection pipe below the injection
be 32x04 4474(22,9| N levels R and O for the mixing temperature (see Fig.
g —[apH 453123.2) O 2). The total water mass flow rate (saturated water
TCm{ - from the loop and the additional cold water injea)i
-%g and the water temperature are adjusted together
82 finally to reach the aspired values.
=)
= 2.3 Measuring techniques
se—{ 72x01 7688|39.4| P Numerous papers were published in the past on the
e lxed 7745/39,7) Q wire-mesh sensor technology (e.g. Prasser et al.,
' 1 /ﬁr 7802135.9] R 1998, 2001) and on experiments using the wire-mesh
M AT S water sensor (e.g. Lucas et al., 2010). For this reasoa h
Jstoam Jsat. water only the basic principle is presented. A wire-mesh

sensor consists of two grids of parallel wires, alihi
span over the measurement cross-section. The wires
of both planes cross under an angle of 90°, butatio
touch. Instead there is a vertical distance betwieen
wires at the crossing points. At these points tredactivity is measured. According to the different
conductivity of gas and water the phase presemihenmoment of the measurement at the crossing
point can be determined. Many different types aewnesh sensors were built and successfully used
during the last 15 years.

Fig. 2: Scheme of the test section Variable
Gas Injection (from Lucas et al., 2010b)

In the present case, two new developed high ternperavire-mesh sensors (Fig. 3) are employed.
They are designed for an operational pressure uf tdPa and the corresponding saturation
temperature of 286°C. Each plane of the sensasngosed of 64 x 64 wires that have a lateral pitch
of 3 mm. The distance between the two grid levelgpp. 3 mm. Due to thermal expansion it is
necessary to stress each single wire by a sprindisddvantage of the previous wire-mesh sensor
design was the occurrence of leakages at highyresssFor this reason the present sensor seals each
of the 128 wire electrodes with a single packing.boside these boxes employed a new synthetic
material which allows the electrical and pressunrguliation simultaneous up to high temperatures.
Additionally, the packing boxes simplify the repdatent of damaged wires. Furthermore the body of
the sensor is designed modular. This feature redtimeweight of the sensor essential and simplifies
the maintenance.
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Measurements are done with a
frequency of 2500 frames per
second, i.e. 2500 pictures of the
instantaneous gas distribution in the
pipe cross section are obtained. The
measuring time was 10 s, i.e. the
result of one single measurement is
a three-dimensional matrix of
64*64*25.000 values of the
instantaneous local conductivity. By
a calibration procedure a matrix of
the instantaneous local volume void
fraction with the same dimensions is
calculated.

] ' The 64*64*25.000 matrix of void
Fig. 3: High temperature wire-mesh sensors uséidein fraction values can be visualized to
present experiments provide an impression of flow
characteristics. More important is
the generation of quantitative data by using avampgrocedures. Most important is the time
averaging, which e.g. leads to time averaged tweedsional gas volume fraction distributions in the
pipe cross section. Due to the radial symmetryhefdata the statistical error can be further lodiere
by an azimuthally averaging. To do this the crasgien is sub-divided into 80 ring-shaped domains
with equal radial width. The contribution of eaclesh is calculated by weight coefficients obtained
from a geometrical assignment of the fractions ofessh belonging to these rings. In the result tadia
gas volume fraction profiles are obtained.

For the measurements two sensors were used whialumament planes have a distance of 42 mm.
This allows to cross-correlate the gas volume ifbactalues of the two-planes for all mesh points
which are located above each other. From the mawiitthe cross-correlation functions the typical
time shift of the local void fraction fluctuatios&in be determined. Since the distance between the
measuring planes is known the local time averagedvglocity can be calculated. The point-to-point
two-dimensional gas velocity distributions in thpgcross section are obtained in the resultsisf th
procedure. Again an azimuthally averaging is apipl@obtain the radial profiles of the gas velocity
Please consider, that the second sensor is ontiyfas¢he determination of the gas velocities. Due

the perturbing effect of the first sensor otheiadzd especially bubble size distributions obtaineh

the second sensor would be distorted.

The next step of the data evaluation proceduré&aesidentification of single bubbles. A bubble is
defined as a region of connected gas-containingeaiés in void fraction matrix which is completely
surrounded by elements containing the liquid phAssomplex procedure, described by Prasser et al.
(2001), applies a filling algorithm combined witlophisticated stop criteria to avoid artificial
combinations as well as artificial fragmentation lfbbles. In the result the same identification
number is assigned to all volume elements whichrigeto the same bubble. Different bubbles receive
different identification numbers. These numbers stged in the elements of a second array. This
array has the same dimension as the void fractimy.aCombining the information from the void
faction and bubble number arrays together withrdtkal profiles of the gas velocity characteristic
data of the single bubbles as bubble volume, spbguivalent bubble diameter, maximum circle
equivalent bubble diameter in the horizontal plam@rdinates of the bubble centre of mass, moments
characterizing asymmetries and others are obtaiBaded on these data cross section and time
averaged bubble size distributions and radial gdsnve fraction profiles decomposed according to
the bubble size are calculated. The bubble sizgilmitions are defined volume fraction related, i.e
they present the volume fraction per width of alidattliameter class (equivalent diameter of a sphere
with the measured bubble volumeg ig considered).

In addition to the measurement of the two-phase feharacteristics by wire-mesh sensors also
information on local temperatures is required. #os reason a lance of thermocouples is mounted
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directly above the second wire-mesh sensor. It sparer the whole pipe diameter. The single
positions of the thermocouples can be assigneimgbesmeasuring points of the wire-mesh sensor.

2.4 Test matrix

Measurements are done for 1, 2, 4 and 6.5 MPayeest the location of the gas injection and
different levels of sub-cooling. The sub-cooling tbE water is defined as difference between the
saturation temperature which corresponds to theveabmentioned nominal pressure and the
temperature of the water arriving from below atdletivated injection chamber. Downstream from the
steam injection the sub-cooling decreases for wasans: a) the water is heated by the condensing
steam and b) the saturation temperature decreagethér with the pressure.

Table 1: Test matrix There are limits for a reasonable sub-
, cooling. While heat losses over the
Point| J [m/s] & [m/s] AT [K] experimental loop are quite small a sub-
1 MPa cooling results from the fact, that the
steam drum (which serves as separator in
118 1017 0.219 3.9,5.0 the test loop - see Fig. 1) is located at a
138 0.405 0.534 4.7, 5.3, 6.3, 6.6, 7|2 height position similar to the top of the
140 1.017 0.534 3.7,4.8,5.0, 60| test section. Since the saturated water is
taken from the steam drum sub-cooling is
2 MPa obtained at the lower end of the test
118 1.017 0.219 3.7, 4.9, 6.0 section. The maximum sub-cooling is
determined in general by the maximum
138 0.405 0.534 4.8,6.6,8.7 flow rate of the cold water injection. For
140 1.017 0.534 3.2,5.0,6.8 most experiments a more restrictive limit
4 Mpa is given by the fact, that at a too high sub-
cooling, the steam vanishes along the flow
118 1.017 0.219 2.7,5.0,7.2 path quite fast. One important intension of
138 0.405 0.534 2.6,6.6, 12.6 these experiments is to observe the
evolution of the condensing flow along
140 1.017 0.534 2.6,50,76 the pipe. For this reason at least for the
6.5 MPa upper most injection chambers down until
level | (see Fig. 2) steam should arrive at
096 1.017 0.0898 25,50,7.1 the measuring plane.
116 0.405 0.219 2.9,7.7,12.5 The minimum sub-cooling is obtained, if
118 1.017 0.219 25,5.0,74 no additional cold water is injected in case

of steam injection at the lowest injection
device (i.e. largest L/D, levels P, Q and R — si&p B). If higher injection devices are activated
(measurements for lower L/D ratios) the system qunes has to be slightly increased to obtain the
nominal pressure at this position due to the imfbgeof hydrostatic pressure. An increase of pressur
in the steam drum leads also to an increase ofHier temperature since saturation conditions are
established there. For this reason also in thigifimcase some cold water has to be mixed inghér
steam injection chamber are activated.

Table 1 shows the test matrix. Measurements were &wr 3 different combinations of gas and liquid
superficial velocities. The numbers of the pointsrespond to the general FZD test matrix for pipe
flow (see e.g. Lucas et al., 2010). For 1, 2 aiMPh a superficial velocity of about 1 m/s for water
(&) and about 0.53 m/s for the injected steag) (Jere taken as reference point (140). To vary the
flow rates measurements were also done with demtlesteam flow rate (point 11& 3 0.22 m/s) and
decreased water flow rate (point 138,~J0.4 m/s). Due to the limitations in gas discleafiggpm the
orifices for 6.5 MPa lower steam flow rates aredugéhere are still ongoing experiments for 6.5 MPa.
Also the data evaluation is not completed for ghisssure. For this reason in the followings section
only data from 1 to 4 MPa are presented.
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3.RESULTS

In the result of the measurements an extensivebds¢acontaining detailed information on the local
interfacial structure and on temperatures was péthiOf course not all the data can be presented in
this paper, but general features and observati@terare discussed. Some results of the experiments
done at a pressure of 1 MPa were already presbgtkdcas et al. (2010b). Two examples which give
a qualitative impression of the void fraction disfition in the pipe are shown in Fig. 4. While the
cross section averaged void fraction decreasesadaendensation over all the pipe length in case of
6.8 K sub-cooling, re-evaporation occurs for lakgle for the two cases with lower sub-cooling. This
behaviour is discussed more in detail in the folfmnsection.
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Fig. 4: Evolution of the void fraction along thip@. Point 140 (J= 1.017 m/s,d= 0.534 m/§
2 MPa, sub-cooling: 3.2 K (left), 5.0 K (middle)ch6.8 K (right)

3.1 Time and cross-section aver aged void fraction

In case of high sub-cooling, that averaged voidtioa continuously decreases along the pipe and the
steam finally completely vanishes. Examples forahelution of the void fraction are shown in Fig. 5
for two different pressure values. The volume fl@ates of water and injected steam are the same in
both cases. Although the sub-cooling is slighthgéa in the 4 MPa case (7.6 K) the decrease of the
void fraction is slightly slower compared to thMPa case (sub-cooling 6.8 K). This is mainly due to
the larger steam density. Also the influence oéifstcial area density is clearly visible from tHetg.
Leaving all other parameter unchanged, the stedection trough 1 mm orifices produces smaller
bubbles compared to the 4 mm injection, i.e. therfacial area density is larger. Consequently the
condensation rate is larger in case of the 1 meciign. For these cases with high sub-cooling the
water temperature clearly remains lower than tharaion temperature at each position along the

pipe.



OECD Nuclear Energy Agency & IAEA Workshop CFD4ANRSExperimental Validation and Application of CFBd&aCMFD Codes to
Nuclear Reactor Safety Issues, Washington D.C., U2A16 September 2010

14F Y ' j 4 20 T T T
- 12f0 1 _
S F ] T [ o
= ‘ +—+ 1 mm injection h = 1510 —t imm injection ]
£ = -3 4 mm injection b s I G -8 4 mm injection
g ] S
£ 5 8
3 - ]
£ ] £
3 ] 2
g q o
o 4 >
@ = 2]
o ] ) )
o ] 8
N ] 5o ]
b B e @ \ | ;‘ﬂ ﬁﬁﬁﬁﬁ e YF
0 10 20 30 40 20 20 20
LD [ LD [

Fig. 5: Evolution of the cross section averaged Waction along the pipd2oint 140
(& =1.017 m/s,d= 0.534 m/s), left: 2 MPa and 6.8 K sub-coolinght. 4 MPa and 7.6 K sub-cooling

The situation is different for cases with low suming. Fig. 6 presents as an example the
measurement done at 2 MPa and 3.2 K sub-cooling.LHd < 10...15 the void fraction again
decreases. For larger L/D an increase of the va@idtibn is observed which is mainly caused by
evaporation. Of course the decrease of pressung ale pipe leads to a slight expansion of the gas
but this effect is much smaller. Due to the dedreppressure with increasing L/D also the saturatio
temperature decreases (see Fig. 6, right-hand. Stfe)the other hand due to condensation of the
injected steam there is an increase of the watepedeature. Most of this increase is observed dyrect
at the position of the steam injection. For thizsmn the sub-cooling measured for the smallestid./D
already much smaller than the set value. Startimgp L/D = 10...15 saturation conditions are reached
and evaporation occurs. In this case the watereesmpre should be slightly higher than the satomati
temperature. This is not seen in Fig. 6 (right-haidk). This demonstrates the uncertainty of the
temperature measurement. Also after careful caidarahe error of the thermo-couple measurement is
in the order of 1 K. As in the example shown in.Fgalso in all other cases with re-evaporation the
curves of the saturation temperature and the medsuater temperatures are parallel.
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Fig. 6: Evolution of the cross section averageid waction (left) and averaged temperature (right)
along the pipe. Point 140 (3 1.017 m/s,g= 0.534 m/s), 2 MPa and 3.2 K sub-cooling

The evolution of the averaged void fraction alohg pipe for decreased steam and water flow rates
and lowest sub-cooling values measured are shoviigin7. The results are compared for different
pressure values. Figs. 5 to 7 show, that the ext&ff area density is important as long as a cdebr

cooling is obtained. In contrast for conditionsseldo the saturation the dynamics of the phasefgan
process are of less importance.
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3.2 Radial profiles

Since the steam is injected from the pipe wallsrtteximum of the radial void fraction profiles is

found in the outer region of the pipe for small L/During the condensation process the bubbles
migrate towards the pipe centre as shown in Figih#& spreading of the steam over the pipe cross
section gives useful data for the validation of eledor lateral bubble forces. Due to the buoyancy

effects the radial void fraction profile also irgloces the radial velocity profile. An example isoal
shown in Fig. 8.

Obviously there is for all cases an intensive faglixing of the liquid. For none of the experimeats
pronounced radial profile of the temperature waseolbed. The temperature differences obtained from

the single thermo couples distributed over the pguus are within the error level of the tempematu
measurement.

301 T T T T ] 1.8 [ T T T T
[ L/D=14 +
_ L/D=28 g 16f ]
S I ] t 1
5 20f L/D=130 ] T 14f ]
8 E L/D =39.7 g r
< 15f 1 g 12F .
E ] T F L/D=14
3 10f ] é% Lok L/ID=28 E
(ég o L/D=130
St E 08 L/D=3097 ]
[0]= i L h ] 0.6L L L L L
0 20 40 60 80 100 0 20 40 60 80 100
Radius [mm] Radius [mm]

Fig. 8: Radial profiles of the void fraction (lgfind the gas velocity (right). Point 140
(3. =1.017 m/s,d= 0.534 m/s), 4 MPa and 7.6 K sub-cooling, 4 mjadion

The new steam injection chamber with 1mm orificesated at L/D = 0.2 below the wire-mesh sensor
gives some insight in the flow situation closetlte injection. As discussed by Lucas et al. (2016b)
the 1 MPa experiments also for higher pressuredtl velocity profiles are characterized at this
position by a steep decrease of the gas velocitleasonstrated in Fig. 9 (right-hand side). Theakdi
position of this steep decrease corresponds tpdkigion of the maximum of the radial void fraction
distribution (Fig. 9, left-hand side). The raditdaam injection leads to a strong vortex. At thetieenf
this vortex the steep decrease is observed angtéhen collects at the centre of this vortex. Dughéo
larger radial momentum the centre of the vorteatia lower radial position for point 140 compared t
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point 118. Also the height of the step of the vigloprofile is slightly larger for the 4 MPa cases
compared to the 2 MPa ones.

Gas volume fraction [%]

|
Gas velocity [m/s]

80 T T T T
[ —— 118,2MPa 3.7K
L —— 118,4MPa, 2.7K
60f —— 140,4MPa, 26K 7
4()?
201 B
ol ‘ 1 1 1
50 60 70 80 90
Radius [mm]
Fig. 9:

Radial profiles of the void fraction (Igfind the gas velocity (right) at L/D = 0.2.

100

35[
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05t

T T T T
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—— 140,4MPa, 2.6 K

50

60 70 80 90
Radius [mm]

(& =1.017 m/s, point 1185 0.219 m/s, point 1405F 0.534 m/s)

3.3 Effects of bubble sizes

Bubble size distributions are calculated from the data as described in section 2.3. They prekent t
gas volume fraction represented by each bubbles.cig. 10 gives an example for the different
bubble size distributions resulting from the 1 mnad & mm injection. Much larger primary bubbles
are generated by the 4 mm injection. For the 1 njaciion the condensation process is superposed by
bubble coalescence for small L/D. The size of #rgdst bubbles first increases until L/ID ~ 7.4. The
maximum of the distribution decreases for L/D >. E8r the largest L/D measured (~ 40) the bubble
size distributions are similar for both injectiosom Fig 7 (left side, red curve) can be seen, tha
some re-evaporation occurs at L/D ~ 40.

Volume fraction per bubble size [%/mm]
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10: Bubble size distributions for point (8= 1.017 m/s,d= 0.219 m/s), 2 MPa, sub-cooling
3.7 K 1 mm injection (left) and 4 mm injection (nigy

Fig. 11 shows bubble size distributions for a cagh relatively weak condensation at low L/D and

evaporation for large L/D (see Fig. 6) and a cask strong condensation all along the pipe (see Fig
5, right-hand side). In the first case there arey afight changes of the bubble size distribution
observed along the pipe, while in the condensatase a continuous shift of the distribution towards
smaller bubbles is found.

One example for radial gas volume fraction profitescomposed according to the bubble size is given
in Fig. 12. According to the lift force correlatidoy Tomiyama (2002) the critical diameter at which
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the lift force changes its sign should be equal wheh for steam-water at 2 MPa. Indeed the
experimental results show wall peak for bubbles teen 4.5 mm and a core peak for larger ones.

.g 10» gk T T T T T .g 10» T T T T T

2 E 1 L + +LD=11 1

o 081 38 ] o 08 % % L/D=25 B

> + + LD=11 ] N [ ]
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Fig. 11: Bubble size distributions for point 1d0= 1.017 m/s,d= 0.534 m/s), 1 mmmijection,
2 MPa, sub-cooling 3.2 K (left), 4 MPa, sub-coolihg K (right)

0.4F T T T T

— db<45mm 1 -
—— 45mm<db<6mm ] 3.4 Uncertainties of the

measur ements

Systematic as well as statistic error have to
be considered. In general the number of
measured bubbles is very high leading for
all the presented data to a statistic error
which is much smaller compared to
g ] possible systematic errors. This can also be
0.0t 1 1 1 1 ] seen from the flatness of the curves. An
0 20 4F? adius[mn?]o 80 100 exception is the data decomposed according
to the radial position and the bubble size.

Fig. 12: Radial gas volume fraction profiles forme 1N fluctuations of the curves shown in Fig.
by bubbles of defined size ranges, point 118 12 result from statistics. The error of the
(‘]L =1.017 m/S,@]: 0.219 m/S)Z Mpa, temperature measurement is about 1K.
sub-cooling 3.7 K, 4 mm injection, L/D =39.7  Several investigations were done regarding
systematic errors of the wire-mesh sensor
measurements. Most important is the interactiowéet the bubbles and the sensor. Due to the lower
surface tension this effect should be weaker fearstwater flows as investigated in this work
compared to air-water flow at ambient conditionsonarative measurements with gamma
radiography of an air/water flow showed that theialgons between wire-mesh sensor and gamma
measurement are limited to + 5 % (Prasser 2000 fdiography of a steam/water flow at
atmospheric pressure confirmed this statement (kaeeal. 2001). Differences in the absolute void
fraction were determined in a comparison to X-@yography (Prasser et al. 2005) for a bubbly flow
in the range of + 1 % and for slug flow a systematiderestimation of approx. - 4 % was observed.
Comparative measurements with a high-speed cameravailable to estimate the measurement error
for the determination of the volume equivalent Haldiameter. The investigations were performed in
a transparent flow channel with air/water flows hwdifferent bubble sizes. Prasser et al. (2001)
demonstrated that only bubbles with a diameterelarg2 mm can be recorded due to the limited
spatial resolution in case of a wire-mesh senstr aipitch of the wires of 3 x 3 mm. In additiohet
comparisons between the data of the wire-mesh s@mbthe high-speed camera showed that the
volume equivalent diameter is measured at supatficater velocities of > 0.2 m/s with an accuracy
of + 20 %. The data of an extensive air-water $estes were used to compare air volume flow rates
obtained from the measured void fraction and gaecitg profiles with the set values. An

o
w
)
1

Gas volume fraction [%)]
o o
[ N
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overestimation up to about 20 % (relative errorswhserved for the measurements on bubbly flows
at low void fraction (Lucas et al., 2010b).

4. CONCLUSIONS

CFD-grade data suitable for the validation of CHipraaches for poly-dispersed flows as well as
corresponding closure models for mass, momentum esnedgy transfer between the phases are
obtained in a new measuring series at the TOPFLQ@WMitly of Forschungszentrum Dresden-
Rossendorf. Condensing upward vertical pipe flomigstigated for pressure values of 1, 2, 4 aBd 6.
MPa. Steam and water flow rates and the level bfcaoling were also varied. Due to decreasing
hydrostatic pressure along the pipe in some cdsesre-condensation was obtained. The database
presently comprises radial gas volume fractionifg®fradial profiles of the gas velocity, bubbiees
distributions, radial volume fraction profiles degposed according to the bubble size and temperature
distributions. The data are presently used to a#didhe extensions of the Inhomogeneous MUSIG
model for phase transfer recently implemented @&X (Schmidtke et al., 2010).
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