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ABSTRACT KEYWORDS
Gamma ray attenuation method is widely used non-intrusively for mea- Gammarays,
suring void fraction in gas-liquid two-phase flow systems. In this study, Void fraction;

single-energy gamma rays of activity 30mCi from caesium-137 were used Horizontal flow.
to measure void fraction in a horizontal air-water two-phase flow system
at ambient temperature. The study was done on a test rig made of PVC
pipe of diameter 2.54cm. The gamma ray counts for the static calibra-
tions and air-water two-phase flow mixture at various water flow rates
were measured using thallium-activated Nal scintillation detector and the
void fraction calculated. The trend of the results obtained compared well
with existing trends. When the water flow rate was varied from 6L/min to
16L/min, at a constant air flow rate, the void fraction varied from 0.141
to 0.102 respectively. The experimental results were compared with those
obtained from the use of the model of Chisholm to obtain the mean devia-
tions. The error margins were in the range of 0.3% — 4.2%.
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INTRODUCTION

Two-phase flow occurs in a wide range of in-
dustrial plants. Typically, vapour and water flow
together in heat transfer equipment like boilers, heat
exchangers and nuclear reactor cooling systemg®.
From a practical engineering point of view, one of
the major design difficulties in dealing with two-
phase flow isthat the mass, momentum, and energy
transfer rates and processes are usually sensitive to
the geometric distribution of the phase components
within theflow field. A particul ar type of geometric
distribution of the phases in a two-phase flow is

called ‘flow pattern’ or ‘flow regime’. Accurate as-
sessment of the actual flow regimes when gas and
liquid flow together in apipeisachallenging prob-
lem in two-phase fluid dynamics. Thisisdueto the
complexity of the flow regimes aswell as the rates
of change of the phase geometries. Among the pa-
rametersthat characterizetwo-phaseflow, void frac-
tionisof particular importance'?.

Void fraction

It is the ratio of the gas flow area to the total
flow area. Knowledge about void fractionisrequired
in setting safety limits of important operating pa-
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rameters such as pressure drop, heat transfer coeffi-
cient and two-phase flow mixture density in some
process plants including nuclear power reactorsin
which two-phase flow occur. Water moderated re-
actors, for instance, can be madeinherently safer by
ensuring that the core reactivity decreases with in-
creasing void fraction and decreasing water den-
sity. A quantitative knowledge of void fraction would
therefore ensure the optimization of such process
plantswith regardsto economics and safety issues?.

Among the techniques based on radiation appli-
cation in measuring void fraction, gammaray atenu-
ation technique has a number of advantages. It is
simple and easy to operate. It is less expensive, in
termsof shielding, than neutron attenuati on techniques.
It also provides single-energy gamma rays without
intensity fluctuations which cannot be obtained with
x-ray application technique . The method of appli-
cation of radiation, especialy beta, gammaand x-ray
in void fraction measurement is more often referred
to as densitometryi* 5. Gama densitometry has been
used by many researchers including Abro and
Johansent®, Kern!”, Zhibiaoe, Yingxiang and
Donghui®, and Stahl and von Rohr® for measuring
voidfraction. Inthisstudy, gammaraysfrom caesum-
137 and sodium iodide detector were used to mea
sure void fraction in horizontal air-water two-phase
flow system at ambient temperature as a feasibility
study on the rig used in the study. The purposeisto
assess Whether it is possible to modify therig into a
dual-purposefacility, capable of being used, for study-
ing void fraction in horizonta air-water two-phase
flow and still maintain itscurrent function. Currently,
thetest rig isused mainly as Residence Time Distri-
bution studying facility, in the National Nuclear Re-
search Ingtitute of GhanaAtomic Energy Commission.

Void fraction models

Determining the phasedistribution frominput con-
ditionsfor agiven pipein two-phase flow is compli-
cated. Due to its complexity and inadequate under-
standing of the basi c underlying physicsof two-phase
flow systems, mgjority of the analyseswere morein-
clined towards empirical correlations. Many void
fraction models were devel oped analytically or cor-
related under variousflow conditionsand phase con-
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figurations and are presented in literature. Some of
thosevoid fraction model srelevant to thisstudy were
used to verify the experimental result. Notable among
those that apply well to horizontal air-water two-
phase flow systems at ambient temperature arethose
of Chisholm!® 9, Francaet d and Zhibiaoe et .8l
For Chisholm;

1

1
_ 2
1+ pe[lxj[l_ X(l_pL)i|
po\ X Ps

P, and p aregasand liquid phase densities

O, =

(1)

respectively
The flow quadlity, X, is the ratio of mass flow
rate of the gasto thetotal massflow rate.

uSG
0.16+0.98U (2)
Ug, is the gas phase superficial velocity.
U isthe sum of theindividual phase superficia
velocities.

For Franca et al; o =

1

Oy, =

For Zhibiaoe et al; 1+[0.2+0.98574(USL)} (3)
u

SG

U, istheliquid phase superficia velocity.

It is noted from Equations (4) to (6) that it is not
possibleto measurethevoid fraction directly. At best,
theflow quality, the mean phase velocitiesaswell as
the phase densities (which depend on the void frac-
tionitself) of thefluid must be known beforethe void
fraction can be found. Hence experimental determi-
nation of void fraction is done by inferences made
from the measurement of other quantities.

M easur ement principle

Gammaray attenuation technigue for measuring
void fraction employs gamma densitometer as the
measuring equipment. Gammadensitometer consists
of gamma source and a detector. The source is a
radioisotope, which emits gamma radiations. The
sourceis shielded with a collimator and usually has
only one opening to form anarrow gamma-beam.

The attenuation of gammaraysin solidsishigher
than that in liquidswhichis also higher than that in
gases. Theintensity of the emanating radiation asit
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traversesmatter istherefore ameansto concludeon
the phase of the matter. The measured intensity can
be represented by the count rates registered by the
detector sincetheintensity of single-energy gamma
rays is directly proportional to the photon counts
per unit time“, Attenuation of gamma rays depend
upon the density, composition and thickness of the
material. Theattenuation of anarrow beam of single-
energy gamma photons penetrating ahomogeneous
materia of good geometry follows Lambert-Beer’s
exponential attenuation law!®.

| =1,exp(-px) (4)

|, =initid intensity of the gammarray incident
on atarget material (y/cm?s)

x = thickness of target material (cm)

u =linear attenuation coefficient of target mate-
rial (cm™)

| = intensity of gamma ray that passes through
thetarget materia (y/cm?s).

When Equation (4) is applied to the situations
wherethe pipecontainsonly air (1)), only water (1),
and the two-phase flow mixture (both water and air
inthe pipe) (Itp), Equation (5) can be obtained which
could be used to calculate the void fraction (o).

0
B
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THE EXPERIMENTAL SYSTEM

Theexperimental facility

Thestudy was carried out using an experimental
facility in the Radiotracer Laboratory of National
Nuclear Research Institute of GhanaAtomic Energy
Commission.

The experimental facility is made of
polyvinylchloride pipeof interna diameter of 2.54cm.
Thetest sectionwasmade of transparent tubingto aid
visua monitoring. Theloop of therigusedinthe study
has atotal length of about 7.5m. The water flow rate
through the facility was measured with aflow meter
which could aso regulate the flow rate from amini-
mum of 2L/minto amaximum of 26L/min. Astherig
Is primarily designed for studying Residence Time
Didtribution, it has no provision for air inlet

Dataacquisition system

Figure 1 shows the equipment used in the data
collection. Theradiation detector used wasthalium-
activated sodium iodide scintillation detector. It is
commonly used for counting transmitted gammea-rays
dueto its good detection efficiency!'.

Experimental procedure

Figure 2 shows the gamma source and Nal(Tl)
detector mounted on the test section.

Figure 1: Equipment used for data collection
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‘
Nal(Tl) gamma
detector

Figure 2 : Gamma source and Nal(TI) detector mounted on the test section

The background radiation was measured before
the radiation source was brought into the laboratory
for taking the experimental data. Theradiation source
was mounted at the test section directly opposite to
the detector. The power source of the pump wasthen
turned on for the water to circulate through the test
rig. The water was allowed to run for sometimefor
it to get stabilized before the first flow rate of 6L/
min was set. The data acquisition system was then
operated for five minutes with recycling time of
10seconds to record the radiation counts. The same
procedure was used in determining the radiation
countsfor the other flow rates.

Experimental void fraction

The average value for the background counts,
I, was first calculated from the 30 data points ob-
tained for the background counts. Similarly, the av-
erage values for the static calibration counts for air
only in the pipe, |, and water only in the pipe, I,,,,
were also separately computed. The average back-
ground count was then used to make background cor-
rection for the counts obtained for each flow rate.
Background correctionswere also madefor the static
calibration counts, | ;, and |,,,. The corrected counts
were then used in Equation (3) to calculate 30 void
fraction values (o) from the 30 data points obtained
for each of the six (6) flow rates used. The average
void fraction was then computed for each flow rate
to obtain six (6) average void fraction values corre-
sponding to the six (6) different flow rates used.

Theoretical (analytical or correlated) void frac-
tion

The enabling input parameters used in evalua-
tion of the theoretical (anaytical or correlated) void
fraction models are presented in TABLE 1.

The water flow rates were converted to veloci-
tiesand used in the theoretical void fraction models.
This was done to obtain void fraction values which
could serve as reference against which the experi-
mental void fractions could be compared in order to
have a good idea of the performance of therig being
assessed. Every void fraction model relieson theflow
rates or velocities of each phase asits simplest input
data to compute the void fraction. However, the test
facility used in this study was primarily designed for
studying Resident Time Distribution and has no pro-
vision for air inlet. The amount of air that naturally
circulated with the water during the experiment was
therefore estimated. Some amount of air was actualy
collected by the pump and circulated with the water
during the experiment, as is usuadly the case when
liquid is pumped through pipe; hence air-water two-
phase flow was created during the experiment. As
such dl the air velocities used in these void fraction
models were estimated at 5%, 10%, 25% and 40%
of theminimum water velocity. Theamount of air that
circulated with the water during the experiment was
expected to be the samefor each flow rate setting.

Only onevalue of the air velocity isrequired for
the eva uation of thetheoretical void fraction models

CHEMICAL TECHNOLOGY
A Judian Jowrual



CTAIJ, 10(6) 2015

S.Y.Adzakloetal.

311

—=  PFull Peper

TABLE 1: Input parameters

PARAMETERS
. 0,
CONSTANTS(Temp;eraturerange. 20°C - VALUE
25°C)
Density of water (kg/m°) 998.5
Density of air (kg/m?) 1.2928
MEASURED CALCULATED ESTIMATED
Water flow rate . Air velocity, usg (m/s). Estimated at 5%, 10%, 25% and 40% of
(L/min) Water velocity, us (m/s) 0.19733
6.0 0.19733
8.0 0.26310
10.0 0.32888
0.00987, 0.01973, 0.04933, 0.07893
12.0 0.39465
14.0 0.46043
16.0 0.52621

Pipe diameter = 25.4mm

but estimating onevaluemight result inunder or over
estimation henceit was necessary to get at | east three
estimates. The best estimate used in the validation of
the experimenta results was determined from the
graphsof experimental and theoretica void fractions
that were plotted. Equations (1), (2) and (3) were
used to calcul ate the theoretical void fractions.

RESULTSAND DISCUSSION

The graphs for the results were plotted at vary-
ing water velocities and constant air velocities as
indicated on each graph. Except the curve for the
experimental void fraction the others depend on the
estimated air velocities. Figure 3 shows the graph
for estimated air velocity of 0.00987m/s (that is 5%
of the minimum water velocity).

In order to fairly assess the experimental void
fraction, it was necessary to use at least two differ-
ent theoretical void fraction models. Using void frac-
tion values calculated from one theoretical model
would be misleading because the void fraction mod-
els which were supposed to be “standards” do not
agreewell among themsel ves. Thismight be because
they were derived based on different sets of assump-
tions. The trend depicted by the experimental void
fraction in Figure 3 appears to follow those of
Chisholm and Zhibiao et al more closely than that of
Franca et al. However the experimental void frac-
tion values were higher than those obtained using

thetheoretical models. Thisisanindication that the
amount of air estimated and used for the modelsin
the plot of Figure 3 might be smaller than the one
which actually circulated with the water. This is
because the greater the amount of air in the system
the higher isthevoid fraction. Thereforeif the esti-
mated amount of air were close to its actua value,
the theoretical void fraction curves and the experi-
mental void fraction curve would have been closer.

It could be said from Figure 4 that the trend of
the curvefor the experimental void fraction relative
tothosefor thetheoretica void fraction was not dif-
ferent from that observed for Figure 3. However,
the curves for the theoretical void fraction models
gave higher void fraction values and were closer to
the curvefor the experimental void fraction. Thisis
because the air velocity (and hence the amount of
air) used in plotting the graph of Figure 4 was more
than that used for Figure 3.

Figure 5 shows the graph for estimated air ve-
locity at 0.04933ms? (that isat 25% of the minimum
water vel ocity). The values of the experimental void
fractions compare morefavourably with those of the
theoretical void fractions in Figure 5 than those of
Figures4 and 3. The curvesfor the theoretical void
fractions are also closer to that of the experimental
void fraction. Thisisan indication that the value of
the air velocity used for computing the theoretical
void fractions was close to that which circulated
with thewater during the experiment.

) CHEMICAL TECHNOLOGY

A Judian Jowrnal



312

Full Paper

CHEMICAL TECHNOLOGY
A Judian Jowrual

Determination of void fraction in horizontal air-water two-phase flow

e
0.16
Usg = 0.00987ms™, (5%Ug; min)
0.14
M Experimental
N 0.12
g 0.1 ‘\.\.}_‘7 @ Zhibiao et al
- 3
£ {correlated)
éﬂ 0.08 A Francaet al
& correlated
S 0.06 ( )
] # Chisholm
<]
0.04 . {Analytical)
0.02 %
0 T T ]
0.15 0.25 0.35 !'J1.45 0.55

ety Oy Oy, and aExp

ug/ms
Figure 3 : Void fraction against water velocity (1)

0.16
Ugg = 0.01973n0/s, (10%0g; 0i0)

0.14
012 .
M Experimental
0.1

@® 7Zhibiao et al

0.08 (Correlated)

0.06

A Francaet al

0.04 (Correlated)

+ Chisholm

5
0.02 (Analytical)

0 : :
0.15 0.25 0.35 0.45 0.55

Mg /ms!

Olchy Opp Oz and uE)c|:|

Figure 4 : Void fraction against water velocity (I1)

0.25
Usg = 0.04823ms™?, (25%ug,) M Experimental
0.2
® Zhibiaoet al
(Correlated)
0.15
A Francal
(Correlated)
3.1
# Chisholm
(Analytical)
0.05
0 T T
0.15 0.25 0.35 0.45 0.55

us /ms?
Figure 5 : Void fraction against water velocity (I11)

CTAIJ, 10(6) 2015



CTAIJ, 10(6) 2015

S.Y.Adzakloetal.

313

—=  Fyl] Peper

023

015

Ucy Opp Uz, AN Oy,

—

0.05

.\'\‘\-‘Qb

Ugg— 0.078%4m/s, (40%0ugy )

B Experimental
® Zlubiao el al
(correlated)

ATFrancaet al
(correlated)

+ Chisholm
(Analytical)

0

015 025

035

045 055
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Figure 6 presentsthe graph for the estimated air
velocity of 0.07894m/s (that is at 40% of the mini-
mum water velocity).

Thetrend of the curve for the experimental void
fraction is not different from those of the graphs for
lower air velocities. However, the theoretical void
fraction values are higher than those of the experi-
mental vaues, indicating higher estimated air veloc-
ity than that which actually circulated with the water
during the experiment. It isimportant to mention that
thecurvesfor all the graphs appear to follow existing
trendsin literature even though they are not paralle
to one another at every point. Thismay be dueto the
fact that not all the assumptions underlying the deri-
vation of these equations are the same. Some of the
uncertainties with the experimental results were de-
termined through error analysis in order to establish
the accuracy and reliability of the results.

Error analyss

Two statistical parameters, the mean deviation
(D ., ) adstandard deviation (SD) wereused to tet,
verify and vaidate the experimenta result against the
theoretical ones. Thetheoretical resultswere obtained
from the use of Chisholm model (Eqgn. (1)) at the esti-
mated air velocity of 0.04933ms?! (that is 25% of the
minimum value of the water flow rate). The smaller
the value of these statistical indicators, the better is
the experimental result*> 23, Vaues of mean devia-
tion reported in theliterature werein therange of 1%

- 2.5% but it is possible to achieve better resultswith
proper planning and careful experimental designi*4.
Thesummary of thevalues of these statistical indica-
torsare presented in TABLE 2.

— 1 N
Dav = e, - Oyl (7)

1
2

1 .
8D == [(0e ~oaf | ®)

o= experimental void fraction

agy = void fraction obtained from the model
equation used asthe standard

N = number of data points obtained for each flow
rate

The choice of the Chisholm model as the stan-
dard at the estimated air velocity of 0.04933ms?* was
due to the fact that the experimental void fractions
compare more favourably with those of Chisholm
model in Figure (6).
TABLE 2: Error marginsfor the experimental void frac-
tion

WFLR (L/min) Devo, D%
6 -4.2240 4.2999
8 -2.2834 2.3201
10 -0.3731 0.4212
12 +0.3085 0.3727
14 +0.9756 1.0085
16 +1.9664 2.0036
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CONCLUSIONS

Void fraction was successfully measured on the
test facility, usng gammaray attenuationtechniquein
air-water horizontal two-phase flow at ambient tem-
perature. The experimenta results and their trends
compare well with those reported in literature. The
experimental void fraction compare well with those
obtained using themode of Chisholm. Themean de-
viations of theexperimenta void fractionsfrom those
obtained from the use of the Chisholm moddl ranged
from 0.3%for thewater flow rate of 12L./minto4.2%
for water flow rate of 6L/min. The standard devia-
tions a so ranged from 0.3% to 4.3% for water flow
rates of 12L/min and 6L/min respectively. If the val-
uesof statitical parametersare meansto makejudge-
ments and conclusions, then the test facility isworth
considering for modification for studying void frac-
tion in horizontal air-water two-phase flow system.
This is because the vaues of the statistical param-
eters gave good accounts of the performance of the
test facility as potentially suitable for consideration
for modification for studying void fraction.
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