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ABSTRACT

The void fraction is one of the key parametersiia phase
flows. Quite a few methods have been proposed &snore this
void fraction. Yet many of these methods are quienplex,
intrusive and/or are not applicable to all possimé fraction
ranges. Capacitance measurements have alreadysbeen to
characterize the two phase flow behaviour of refidgts. Due
to the curvature of the electrodes for circular emibthe
measured capacitance does not vary linearly with \thid
fraction. In this work a method is proposed to lmate a
capacitive sensor and thus determine the voidifradtased on
capacitive measurements. The proposed method wigdpo
270 measurement points. The tube diameter D foithalte
points is 8mm, the mass flux ranges from 200 to k§inzs
and the vapour fraction ranges between 2.5% an8%7.
Refrigerants R134a and R410A were used. The refaulthese
data points were compared to the Rouhani-Axelssoin fldix
void fraction model. A very good agreement withstinmodel
was observed.

INTRODUCTION

Quite a number of experimental methods have alrbagy
proposed to measure the void fraction of two pitse. Yet,
most of these methods are either intrusive (suchthas
conductive methods), not widely applicable (the iaght
methods) or very complex and expensive (e.g. ganoma
neutron attenuation).

In optical methods, visual images of the flow aregessed
to determine the void fraction. This requires asgarent tube
(glass or plastic) which limits the possible tengteres and
pressures. Ursenbacher et al. [1] developed anabpéchnique
to determine the void fraction which showed a gagteement
with the drift flux void fraction model by Rouhahixelsson
[2]. However, this optical method could only be distor
stratified flow regimes, which limits the applichtyi of the
measurement technique.
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Methods based on X-ray attenuation, like the orptieg by
Owen et al. [3] do not require a transparent t0fet.there are
serious cost and safety issues connected to thtsoche

Ultrasonic transmission techniques detect changes i
acoustic impedance which is closely related todbasity of
the media. However, a gas-liquid interface actsoalmas a
perfect mirror for an acoustic wave. This technigc&n
therefore only be used for total void fractionsto20%, [4].

Capacitive void fraction measurements are oftend,use
because they are quite easy to implement, nonsintruand
relatively low cost compared to some other techesguror air-
water flow and oil-water flow this has already bgmrformed
[5], [6] and [7]. Keska et al. [6] made a companisaf four
techniques to measure the flow behaviour: a resistiethod, a
capacitive method, an optical method and a statessure
based method. It was concluded that the capacitideresistive
methods were both very effective to characterize flow
behaviour. Caniere et al. [8] also showed that rfeasured
time signal of a capacitance sensor can be useba@cterize
the flow regime of a refrigerant two phase flow.tYibe
capacitive sensor used by Caniéere et al. [8] waslibrated, it
provided a signal related to the capacitance, buthe actual
void fraction value. In this work a calibration rmed for this
sensor is proposed, so the void fraction can besomed.

CAPACITIVE SENSOR BY CANIERE ET AL.

The sensor designed by Caniére te al. [Bhs used in a
straight round tube with an 8mm diameter. The seosnsists
of two concave electrodes, both with an angle di°lénd a
length of 8mm. For more information about the senso
construction we refer to [9], [10] and [11]. Due tbe
difference between the dielectric constant of the gnd liquid
phase, the measured capacitance between the dkstro
depends on the void fraction. However, due to thwature of
the electrodes the electric field is not homogeseds a result
of this, the measured capacitance is dependentmypton the
void fraction but also on the spatial distributiohthe phases
and the capacitance does not vary linearly with to@d



fraction. In Figure 1 void fractions derived by assng a linear
variation of the measured capacitance betweenvfybur and
full liquid flow are shown for R410A, T=15°C, G=20@/m?3s

and D=8mm. The void fraction predicted by the Raia
Axelsson drift flux void fraction model and the hogeneous
void fraction model are also shown for comparisdie

measured values do not agree with the Rouhani—soeldrift

flux void fraction model, which has been shown ® dne of
the most accurate void fraction models for thigdkad flow by

both Thome et al. [12] and Ghajar et al. [13].
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Figure 1Void fraction data without calibration (linear«C-
relation assumed) for R410A, T=15°C, G=200 kg/mfs a
D=8mm. The void fraction predicted by the Rouhaniel&son
drift flux void fraction model and the homogenecoid
fraction model are also shown for comparison

The sensor design can be modified to reduce thednpf
the spatial distribution of the phases. This cokd done by
reducing the electrode angle, as shown by Strazah E] for
a water-oil annular flow. However, the differencedielectric
constant between the phases is quite small foigesfnts,
compared to that for water-oil flow. For R134a &°Q the
difference of the dielectric constant of the liquibase to that
of the gas phase is about 7, whereas for watdtesil and air-
water flow this is about 80. Because of the smidedknce in
dielectric constant between the phases, the meahsure
capacitance difference between total vapour flew (1) and
total liquid flow € = 0) is in the order of 1pF for the sensor
designed by Caniére et al.[8]. Reducing the eldetrangle or
the electrode length will reduce the measured dtpae
values even further, which will make it difficulb tobtain
measurements with a low uncertainty. As both tbesftegime
and the void fraction are important influence fastéor the
pressure drop and heat transfer, it would be caeweéif they
could be both determined using this capacitive aengo this
end, the capacitive void fraction sensor designe@éniére et
al. needs to be calibrated so that it is also &blemeasure the
void fraction.
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DATASET

Caniere et al. [14] designed a test setup and dedaa large
dataset for R134a and R410A at varying mass fluk\eapour
quality x. For each point in the dataset the terpee is 15°C
and the inner tube diameter is 8mm. The capacitaeosor
designed by Caniere et al. was used to record Isigataall
points and these signals were analysed to be usefiow
regime discriminator. A probabilistic unsupervisdtbw
mapping technique was developed [9] and a flowmegwas
assigned to each point of the dataset. A three pgrou
classification was considered: slug, annular artérinittent
flow. In Figure 2 the result of this flow regimeaskification is
shown.
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Figure 2 Results of the flow mapping technique by Caniére et
al. [9]

INTERFACE STRUCTURE FOR THE DIFFERENT
FLOW REGIMES

In order to calibrate the capacitive sensor takintp
account the spatial distribution of the phases, plssible
spatial phase distributions need to be known. @rgibution



depends on the flow regime. In the next sectionassumed
phase distribution is discussed for each of thiese fegimes.

Slug Flow

For slug flow, the interface structure has a peciald
variation. This is illustrated in Figure 3, showitige elongated
gas bubbles (Figure 3 a)) which alternate withitdcglugs with
just a few vapour bubbles in them (Figure 3b)).

a) Simplified flow structure

b) Simplified flow structure
for elongated bubble

for liquid slug

Figure 3 Interface structures for slug flow (liquid phase is
shown blue and vapour phase white)

For the elongated bubble flow structure, the shafpthe
elongated bubble is important to determine the bcation
curve. In literature, very little was found abotist subject.
Two simple cases were compared: one where thelligums a
stratified layer at the bottom of the tube and evieere the
vapour bubble is perfectly cylindrical. For thetéatcase the
gas core is positioned in the tube so that it tesdhe tube wall

at its highest point. The €-relation for these cases was

determined using FEM simulations. The results &@as in
Figure 4. Both these calibration curves were usedetermine
a void fraction for each slug measurement, the ltesuere

¢ relation for cylindrical vapour bubbles can be dider
determining the void fraction for both the elongateapour
bubbles as for the liquid slugs. The results ofdhigration are
shown in the next paragraph.
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void fractione [-]

a) Normalized Ce relation for stratified and cylindrical vapour tlés

compared to the Rouhani—Axelsson drift flux voicchion
model and the homogeneous void fraction model. The
agreement with the Rouhani—-Axelsson model for the

b) Stratified vapour bubbles ¢) Cylindrical vapour bubbles

cylindrical elongated bubble assumption was vergdyorhis
model was also shown to be the best prediction odetor the
average void fraction in horizontal straight tulbgsWojtan et
al. [15] and Ghajar et al. [13]. In Figure 4 theamalized Ce
relation is shown, this is calculated as:

C -C

vapour

C

vapour

C =

1
norm '~ )

liquid

For the stratified bubble assumption the void faactwas
systematically overestimated. Moreover, in morentb@% of
the cases, the calculated void fraction for thisuagption was
larger than the homogeneous void fraction, whichngt
possible [16].

For the liquid slug, the flow structure is mainlly kquid
flow with just a few small vapour bubbles which arestly
quite close to the top wall of the tube. This candeen in
Figure 3b). For this flow structure, the cylindficaapour
bubble assumption also gave good results. For ofhet
spherical) vapour bubble geometries the resultsewanly
marginally different from that for spherical onékence, the C-
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Figure 4 Results of FEM simulations for slug flow with
stratified and with cylindrical elongated vapoubbles. The
assumed flow structures are also shown (liquid @li@shown
blue and vapour phase white)

Intermittent flow

The interface structures for slug and annular feoe quite
different from one another. The intermittent floegime can be
seen as a transitional flow regime between slugv feind
annular flow. For a low vapour quality X, it showslot of
similarity with slug flow. Liquid waves obstructirg large part
of the tube cross section still occur, though teg’t reach the
top of the tube anymore. For higher X, the flowdebur starts
to look more and more like annular behaviour.

Because the intermittent flow structure seems toabe
transition between slug and annular flow and besdusre was
very little literature found about structure ofénmittent flow,
the void fraction for this flow regime is determéheas a
weighted average of the void fraction for slug flamd that for
annular flow. The weighing is based on the vapoaction x as
shown in equation (2):



&
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annular slug

In this equation xis the vapour fraction at which the slug-

results for R410A are not shown
asymmetry is also limited to 3.

here, but for ttese the

intermittent flow transition occurs anghs the vapour fraction

at which the intermittent-annular transition occurfwo

methods to determinegxand X, were tested and gave

relatively good results:

¢ Method 1: x;s and x, are determined from experimental
results. For the expected G and x range a certaguat
of measurement points need to be available. Fon eac
measurement from this dataset the flow regime is
determined using the method by Caniére et al. fiél] &
flow map for the measured data can be plotted. From

this flowmap x and %, can then be determined.
« Method 2: x5 and x, are determined using a flowmap.
Two different flow maps were tested for this method

the Wojtan-Ursenbacher-Thome flow map [17] and the

intermittent-annular transition boundary by Barbier
al. [18] combined with the slug-intermittent traticsn

boundary of the Wojtan-Ursenbacher-Thome flow map.

[14] had previously found that this last combinatlmest
agreed with the recorded dataset.

Annular Flow

Figure 5 a) shows the simplified structure for danélow:
a liquid ring with a vapour core in the middle. Y#tis is not a
very realistic flow structure. In the vapour cdiquid droplets
of various sizes can be entrained. Also, for hatiabtubes the
liquid film tends to be thicker at the bottom oéttube due to
gravity. A more realistic (though exaggerated) danfiow
structure is shown in Figure 5b).

a) simplified

b) realistic

Figure 5 Annular flow liquid-vapour interface structure (liigl
phase is shown in blue and vapour phase white)

It goes without saying that to perform an adequate
calibration; a realistic flow structure should s@med when
determining the G-curve. Yet, this is only necessary if thes C-
relation for the realistic flow structure differigsificantly from
that for a simplified flow structure.

The effect of gravity on the annular flow structwan be
expressed as the asymmetry of the liquid film; ihidefined as
the ratio of the liquid film thickness at the batté,.y.m and the
liquid film thickness at the topy,. In Figure 6 the asymmetry
of the liquid film is shown as calculated with tberrelation of
Schubring et al. [19]. Comparing this to the dateven in
Figure 2 one can clearly see that the asymmetniays lower
than 3 for a G and x where the flow regime is aanuThe
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Figure 6 Asymmetry of the annular liquid film for R134a, T =
15°C and D=8mm

1 . T T
i i = |deal annular flow
\\ ! ! == == Asymmetry = 3
0.8——————\ ————— 4 - == - - — = [
\ [ | |
RS I I I
I N I I I
| ~ | |
— 06F--—---- S S™NL PR o]
— | [N | |
€ | | N\ | |
=4 | | [ |
e | | |
O 04l AN
| | | |
l l l :
| | |
02—t e AN
| | | |
l l l l
| | | |
O 1 1 1 1
0 0.2 04 0.6 0.8 1

void fractione []

Figure 7 effect of liquid film asymmetry on the normalized
calibration curve for R134a

In Figure 7 the effect of the assymetry of theiligfiim on
the normalized calibration curve is shown. For danfiow the
void fraction is typically large, in Figure 11 arkigure 12
furtheron it can be observed that the minimum Voadtion for
annular flow is 80%. For these high void fractidhe effect of
the assymetry of the film is small to negligible.

Next, the correlation of Oliemans [20] is used &etdmine
the entrained fraction. The entrained fracteois defined as the
ratio of the mass flow rate of droplets in the gase my., to
the total liquid mass flow rate g The maximum droplet hold
up y can now be estimated by neglecting the slip batvtbe
gas phase and the liquid droplets [21], thus assythiey are



small enough to follow the gas flow rather thanfeufrom The Sauter mean diameter of the entrained dropetsbe

their inertia: determined with the correlation of Azzopardi [28Etresults
£ 1-x Py for R134a are shown in Figure 9. One can see HeaSauter
y=e——— mean diameter of the droplets is mostly in the oafelOpum.

1-¢ x p 3) For low vapour fractions the Sauter mean diamet&rger, but

) ) o ) ) for these conditions the flow is not annular (ségufe 2). The
In equation (3) the void fractioa is determined with the  results for R410A are not shown here for simplictiyt they

Rouhani-Axelsson drift flux void fraction model. giire 8 are entirely similar. As a result for both refrigats, the sauter
shows the predicted droplet hold up for R134a &C16ne can  mean diameter of the entrained droplets for anredaditions
see thaty is limited to 0.2 for all mass fluxes. For the sakK does not seem to be influenced much by G or x.
simplicity, the droplet hold up for other temperatsi and for Yet, the droplet hold up does vary quite a lot with G and
R410A is not shown here, though they are all lichite 0.2. x. If the effect of the entrained droplets woulddmeounted for
in the calibration curves, this would make the lraliion quite
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Figure 9 Sauter mean diameter of the entrained droplets for  Figure 10 Normalized Ce relation for R134a and R410A, the
R134a calculated with the correlation of Azzop§Pdi linear relation was used for the uncalibrated data
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As will be discussed further on, this approximatipalds
quite good results for the low mass fluxes, whére droplet
hold up is limited. For higher mass fluxes the appnation
leads to a slight over estimation of the void fi@tt These
results are shown in the next paragraph.

RESULTS AND DISCUSSION

The calibration curves for R410A and R134a whiahthe
result of the assumed interface structures as sigclin the
previous paragraph are shown in Figure 10.
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The results of the calibration are shown in Figlitefor R134a
and in Figure 12 for R410A. For these figurgsand x, are

determined from measurements (method 1). The sefdtthe

other weighing methods are not shown here, but they
compared in Table 1. It is observed that each nietlices a
quite similar result. The actual choice of the noetho use can
therefore mainly depend on practical considerations
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Figure 11 calibration results for R134a, the weighing foemittent flow is based on the vapour fractiog,and %, are
determined from measurements. For the uncalibraggsurements, a lineareCelation is assumed.
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Figure 12 calibration results for R410A, the weighing foramnittent flow is based on the vapour fractiog,and x, are determined from
measurements. For the uncalibrated measuremdinisaa Ce relation is assumed

method 1 method 2
Thome flowmap Barbieri flowmap
u (%) o (%) u (%) o (%) p (%) o (%)
R410A, Slug Flow 4514 10,227 1,749 10,48 1,74p2 0,68
R410A, Intermittent flow 0,224 1,804 2,0793 3,58782,0824 4,3032
R410A, Annular flow 0,806 1,260 0,273] 1,6120 0,64Y 1,4775
R410A, Total 0,905 3,508 1,0659 4,6661 1,1589 740
R134a, Slug Flow -2,356 12,258 -3,6619 9,31f78 366 9,3178
R134a, Intermittent flow -0,8266 2,381 0,486¢4 1393 -0,297 1,2539
R134a, Annular flow 1,332 1,332 1,218 1,5783 1,391191,4756
R134a, Total 0,19 4,02 0,1529 4,4432 0,11E1 4,397

Table 1comparison of the different weighing methods toRweihani—Axelsson drift flux void fraction model.ethod 1: x-
based weighing, xand %, are determined from measurements. Method 2: xebagghing, x and %, are determined from

flowmaps.
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Figure 11 and Figure 12 show the results for thee taveraged
void fraction. However, the void fraction variestime. This is
very pronounced for slug flow and intermittent flowhe

Rouhani—Axelsson drift flux void fraction model rhigpredict

the average void fraction very well; it cannot peédthe

dynamic behaviour of the void fraction. This canrbeasured
using the capacitive void fraction sensor desigme@aniéere et
al. combined with the proposed method.

CONCLUSIONS

A method to calibrate the capacitive sensor desigmg
Caniére et al. [14] was proposed. For this methakparate C-
¢ relation is used for each flow regime, to accofort the
sensitivity of the sensor to the spatial distribotof the phases.
For slug and annular flow, the usedes @elation is found with
FEM simulations.
For intermittent flow a weighing between slug andaar flow
is proposed. Two different weighing methods wenmpared to
the Rouhani—Axelsson drift flux void fraction moderhis
model was shown by different authors ([13] and [15] give
the best prediction of the time averaged void feexct Both
methods gave comparably good agreement with thehd&ou
Axelsson correlation. The weighing method to bedusan
therefore be selected on practical consideratiomsch makes
this method widely applicable.

NOMENCLATURE
G [kg/mzs] Mass flux
C [F] Capacitance
Ciiquid [F] Capacitance for all liquid flow
Chrorm [ Normalized capacitance
Crapour [FI Capacitance for all vapour flow
e [ entrained fraction of liquid in the annulasgcore
Maron [kg/s] mass flow rate of droplets entrained in the annular
gas core
Miig [kals] total liquid mass flow rate
X [1 vapour fraction
Xia 4 ;/rz;rrJ]oSLIJ“r Of;at(;tli(c;r; at which the intermittent-annular
place
Xis 4 vapour fraction at which the slug-intermittent

transition takes place

Special characters

Y [1 droplet hold up in the annular gas core
€ [ void fraction
c [ void fraction determined with €+elation for
annular annular flow
void fraction determined with €+elation for
Eintermittent [']

intermittent flow
[l
er [

Eiiquid dielectric constant of the liquid phase

dielectric constant

265

void fraction determined with €+elation for slug

Esiug flow

Evapour dielectric constant of the vapour phase

n [-] mean

Pg [kg/m3] density of the gas phase

ol [kg/m3] density of the liquid phase

c [-] standard deviation
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