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Abstract: Void fraction is an important process variable for the volume aasbs momputation required for transportation of gas-
liquid mixture in pipelines, storage in tanks, metering and custody trahsfecurate measurement would introduce errors in
product measurement with potentials for loss of revenue. Accuraturee@ent is often constrained by invasive and expensive
online measurement techniques. This work focuses on the use offecte and non-invasive pressure sensors to calculate the
gas void fraction of gas-liquid flow. The differential pressure iregedfrom the vertical upward bubbly and slug air-water flow
are substituted into clasalanathematical models based on energy conservation to deriveithzaction Electrical Resistance
Tomography (ERT) and Wire-mesh Sensor (WMS) are used as benchmeakidimte the void fraction obtained from the
differential pressure. Consequently the model is able to produce abtsagreement with ERT and WMS on the void fraction
measurement. The effect of the wall friction on the mathematiodkels is also investigad and discussed. It is concluded the
friction loss cannot be neglected, particularly when gas void fraction is &86.th

Keywords: Differential pressure, void fraction, frictional pressure loss

1. INTRODUCTION

Two-phase flow is any type of flow containing more than one phialsgual, gas or solid. These processes are
frequently encountered in the process industries. Mean volumetridraeciibn is a key parameter to characterise
two-phase flows. Many reseasswere carried out to correlate differential pressure and void fractiomiphase
flow, but hindered by inability to generate one model that was validlifflow regimes. This is due to the complex
nature of the different flow patterns and energy interaction® [fLl]. Lockhart and Martinellf2] gave the general
correlation of pressure drop for two-phase flow. Wallis [3] fitted aragou to the plot of liquid hold ug/-a4”
against Lockhart and MartinelliX”” parameter which was a function of the two-phase pressure drsppddiulate
implies that the pressure drop in the two-phase flow is higher tiaarot gas phase or liquid phase alone, because
the gas phase is involved in irreversible work on the liquid phase andetenpe of more than one phase in the
flow conduit reduces available cross sectional area of flow for eithids fluesent in the two-phase flow. In support
of the Lockhart and Martinelli correlation, Merchuk and Stein [4] cameitipanother correlation by including the
impact of all the energies acting on the multiphase flow mechanisniiftqpchias pressure drop due to frictional
force. Tang and Heindel [5] further stated that pressure drop of tagegdlow was partially because of mechanisms
within the system which caused energy losses, namely; the fricfiorea existing between flowing fluid and
conduit internal surface. It also came from turbulence between the dqdidhe gas phases, due to the slip ratio,
which was the difference in velocities of two phases. On the contrafyidtienal pressure drop was neglected by
Hasan [6] and Shafquet et B] on ground that it was negligible because the mass flow rate of the figase was
far higher than that of the gas phase. A comparison of resultgdfffarent authors on multiphase pressure drop was
done by Miller-Steinhagen and HecH [® match many correlations for two-phase pressure drop. This analysis
showed a large variation over the different correlations given by different autipplying to the same experiment.
Gharat and Joshi J[@lso made a similar analysis by comparing results from anothertié&rsasome already in by
Muller-Steinhagen and Heck’s analysis [8] and attributed the discrepancies to inability of the models to be valid
across various flow regimes. According to Gharat and Joshh@two-phase frictional pressure loss was dependent
on two mechanisms, first was shear stress due to turbulentte @onduit wall and secondly due to presence of
bubbles in the mixture, with some additional parameters like eddy diffusivitubble and mixing length.
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Electrical Resistance Tomography (ERT) and Wire-mesh Sensor (WMS) arerapimagmnodalities and they
have more complicated measurement mechanism than pressure sensoERBand WMS can measure gas void
fraction without the consideration of friction loss in the two-phase flolich provides an alternative approach to
validate the gas void fraction model based on differential pressure. Th&aaiidn measurement accuracy of ERT
and WMS were discussed by Farap] and Sharaf]1]. The principle behind ERT is to determine the electrical
conductivity by measuring the voltage between the ERT electrodes mamtibe internal circumference of the
conveying conduit. The measured conductivity is subjetiatle Maxwell’s equation 12] to calculate the local
cross-sectional void fraction of the dispersed phdges is an invasive but non-intrusive local void fraction
measurement technique in two-phase mixtures, which is also capablevadimg tomographic cross-sectional
images WMS consists of two planes of wire electrodes arranged perpendicularly to eactatotm angle of 90
degrees covering the flowing cross-sectional area. One plane of #®isvihe current transmitter while the other
plane is the current receiver. The conductivity is measured by injectiolja@e pulse into one of the transmitting
wires, while the other transmitting wires are kept at ground voltage tfilcurrent flowing to all receiving wise
are measured simultaneously and conductivity estimate made frorfitibatoid fraction of gas is derived from the
normalised conductivityBoth ERT and WMS can present local cross-sectional void fracAdnlocal void
fractions are averaged to obtain the mean void fraction.

2. EXPERIMENT SETUP AND PROCEDURES

The experiment was carried out on the flow loop facility at the Uniyeo$iteeds. The sketch of the flow loop
is shown in Figure .1In the experiment, air and tap water are gas and liquid phase respedtheighannel in blue
represents the water flow and the red channel represents the air sunqgplyah section represents the mixed air-
water flow. The stabilised air flow rate is regulated by the air mass flawatier. After the loop bend, the upwards
air-water mixture goes through the flow instrumentations, 5.80 mdmial section and then back to the water tank,
where air is released and water is recycled. The detailed information ométess was described in literature [12].
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Figure 1. Experimental flow loop

This flow loop onlycancreate bubble and slug two flow regimes. As indicated in Tablabhl® flow regime ws
created from the cross combination between three inlet water flow ratdiarndlet air flow rates. Slug flow
regime was created from the cross combination between three inleflavatestes and eight inlet air flow rates.



Table 1. Inlet flow rates of air and water

Bubble flow Slug flow
Water flow rate| Air flow rate Water flow rate| Air flow rate
(m’/s) (m’/s) (m’/s) (m’/s)

2.04x10° 8.33x10° 9.32x10* 5.00x10"
1.45x10° 1.67x10" 6.72x10" 5.83x10"
8.02x10" 2.50x10" 4.11x10° 6.67x10"
3.33x10° 7.50x10*

4.17x10 8.33x10"

9.17x10*

1.00x10°

1.08x10°

A wet/wet differential pressure sensor with two tubes was adoptedtfinsts Inot suitable for the air-water flow
measurement, because the small air bubbles entering the tubedaffectaccuracy of readings. The diaphragm
gauge pressure sensor was tested later. It worked well when the @ressie the loop was larger than that of
atmosphere, however, because of the working principle of the gaesgupe sensor, it failed to provide the correct
readings if the pressure inside the loogs less than atmosphierpressure. Eventually two absolute pressure sensors
(Omega PXM209) witt®~2.50 bar measurement range and 0.25% full scale accuracy were seleeteliffdrential
pressure is obtained from the subtraction of two individual absoluteupgessnsors. The front-end interface of the
pressure sensor is intrusive but non-invasive with fluids. Sthematic of the experimental sensors is shown in
Figure 2 below. Wire-mesh sensor, ERT sensor and electromagnetitefter (EMF) are installed along the
vertical Perspex pipe with 500 mm inner diameter. Two absolute pressigas are 600mm apart.

WMS sensor

Pressure sensor-

EIT sensor

Pressure sensor:

Zﬁ Flow Direction

Figure 2. Installation of flow meters

Before dynamic experiment, the pressure sensors were calibrated agaisgthaimpressure and static water
head to eliminate the systemic error. After each water flow had been estdldishdily in the flow loop, reference
measurement concurrently was taken for ERT and WMS. The peessudings were sampled via a data acquisition
system with 16 bits resolution of analogue to digital converdigpon completion of measurement taken for
reference, the flow rate of water was kept constant while air was introdtuidéterent flow rates controlled via the
gas mass flow rate controller. Once the air flow rats stable, ERT, WMS and pressure readings were taken
concurrently for 10 seconds to get the mean valle experiment procedures were repeated for different flow
conditions.



While the above process was running, readings were also takestir flow rate via the turbine flow meter,
air flow rate via the mass flow meter and water velocity via the electratiagiow meter (EMF). The fluid
temperature was monitored throughout the whole process. Once all the dateemadownloaded, numerical
correlations shown in the next section were conducted on the data to estins@tedhenetric void fraction.

3. DIFFERENTIAL PRESSURE CORRELATION FOR VOID FRACTION
The correlation of differential pressure and void fraction is based on the cl&&sicallli’s principle of energy
conservation within a flowing conduit, which states that as shown uatieq (1), the sum of all forms of
mechanical energy in a steady fluid along a pipeline is the same at all points.
%pvz +pgh+P = constant @
where ¥/? is kinetic energypgh is potential energy and i pressure.

If considering the two tapping points where the pressure sensors are lecatation (L can be developed as
equation (2

%pme+pm9h+ F’1=%pmvzz +pnd + P+ Fy @)

wherepnis gas-liquid mixture density, Hs frictional pressure loss. Since the pipe is of uniform crosgsatt
area. It is assumed force due to velocity of fluid is constant,wv, therefore, the kinetic energy on both sides are
cancelled.

PuON+R =pgh +F +F, ®3)

The tapping poinbf the pressure sensor 1 is regarded as reference point with the hei@lkind the height of
pressure sensor 2 issh. Equation (3) above is simplified to

R=p.gh+P+F, (4)
Therefore differential pressurt® between tapping point 1 and 2 is
AP=R-B,=p,gh+F, )5
In gas-liquid two-phase flow, the mixture dengityis defined from gas density and liquid density,.
Pn=L-ay)p +ayp, (6)
Substituting equation (6) into equation (5) gives
AP=[(1-a,)p +ayp,lgh+F, (1)
Solving for void fractiorug from the equatior7) gives

_AP-pgh-F,
(g —p)gh

®)

9

The frictional pressure loss, 5 defined as



F - ipaV ©)
D

Before F, is computed, the actual liquid velocity v and the Fanning friction fagtoave to be predetermined.
Ccis formulated into different format in terms of the different flow condgi@nd the roughness of the pipe wall.
The material of the pipe is Perspex, which has relatively smooth wallitlexperiment, the Reynolds numbers
(Re=pvD/u) of all flow conditions are in the range of 3,000~100,000, therE&mning friction factorC; is
simplified as the form in equation (L0

C¢ =0079Re 0% (10)

For simplicity, water dynamic viscosity p is taken in Reynolds numbierdensity pq is approximated t®
because it is nearly 1000 times less than water demsityd the mass flow rate of water much is larger than the
mass flow rate of air, which caused 0.12% error of void fractiathigyapproximation.

Due to the complex nature of the gas-liquid two-phase flow, the on-limését@n of the actual liquid velocity
v and viscosity 4 remain a challenge, which hampers the accurdegnafng friction factor (bbtained In our
study, the liquid velocity v is approximated from the division of tommingled flow rate reading on the
electromagnetic flow meter (EMF) and the internal cross-sectional area of the &MFTIpis velocity is an
indication of the actual liquid velocity and not the superficial velocity basetheprinciple of operation of the
EMF meter. Fluids temperature is monitored to calibrate water viscosity antydensalculating the Reynolds
number. Applying these assumptions and substituting equatiortg®dnation (8), void fractionyis expresseds

2Cv?
AP . v (11)
pgh gD

4. RESULTS AND DISCUSSION
4.1. Void Fraction from Differential Pressure

Figure 3 indicates the relationship between air/water flow rate and differpreidure. The different colour
symbols represent different inlet water flow rate. When inlet water flowigdtept constant, differential pressure
decreases with the increase of inlet air flow rate. When inlet air flow ra@n&roonstant, differential pressure
decreases with the decrease of inlet water flow rate.
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Figure 3. Variation of differential pressure with air/water flow rate
(Inlet water flow rates are presented with different legend

Differential pressure subtracted from two absolute pressure sensorfedva®o mathematical model in
equation (11). The change of air void fraction with air/water flow ratdlustrated in Figure 4. Void fraction
increases with the increase of inlet air flow rate, when inlet water flow rate ds&obnvoid fraction increases with
the decreases of inlet water flow rate, when inlet air flow rate is constant.
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4.2. Comparison with ERT and WM S

To ensure the precision of the ERT and WMS air void fraction measuteom air-water flow, four flow
conditions were configured. The experiment was repeated five timesn&an air void fraction and corresponding
standard deviation of each flow condition is listed in Table 2. Data in Tablexhibited in Figure 5 to show the
standard deviation in the form of error bar. It is shown thaptieision of ERT and WMS is on the same scale and
it is difficult to conclude the superiority of two tomographic modalitiéswever it is noticed that ERT has smaller
measurement variation than WMS when air void fraction is less th&n 0.0

Table 2. Precision of ERT and WMS air void fraction measurement

. Mean air void Mean air void
Water f3|ow rate| Air ro;/v rate fraction from Sta_nd_ard fraction from Sta_nd_ard
(m°/s) (m°/s) ERT deviation WMS deviation
2.04x10° 8.33x10° 3.948x1072 1.066x10° 4.145¢102 5.951x10°
2.04x10° 8.33x10" 2.105¢10%2 9.31%10° 2266x10" 3.504¢10°
9.32x10" 8.33x10° 725351072 8.303x10° 6.724x10°2 8.608<10°
9.32x10* 8.33x10° 2.970%10* 3.148x10° 3.043x10* 7.017%10°
0.35
— 0.30
&
£ 0.25 |
S
= 0.20 | L
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Figure 5. Precision of ERT and WMS air void fraction measurement

All the void fractions obtained at different combinations of air and wider rate in Table 1 are plotted in
Figure 5, where differential pressure (DP) model agnetsthe guiding principles that void fraction increases with



gas superficial velocity and vice versa. This is because, in the bubbleefiowe, the void fraction is less due to the
large volume of water that comingles with the air in this regihie,dauses more drag on the dispersed gas bubbles
preventing them to move through the continuous liquid phase thezehging the void fraction, but a change in
trend is seen in the slug flow regime when the gas superficial velodaiigrésased given the aiubbles more energy

in moving up through the continuous water phase without the dtagpd in the bubble flow regime.

Comparison between ERT and WMS has been discussed in pervious litftajJuERT and WMS have good
ageement when air void fraction is less thaBS0However, it is apparently noticed that the void fraction from ERT
is underestimated when void fraction is more than.0v2kd fraction from DP model has great match with WMS
void fraction estimations, particularly if void fraction is larger than 0.1 also noticed that void fraction from DP
model has larger discrepancy with that from WMS when air void fraiditess than 0.2The reason might because
at these flow conditions, the absolute pressure readings belong to the lowerofam@ssure sensor’s full
measurement range, although differential pressure between two premssioes is larger (5000~6000 Pa in Figure
3). A standard differential pressure sensor should overcome ttitepr. The term of frictional pressure loss in
equation (8 plays an important role towards calculating void fraction less thanSe@ion 4.3 focuses on the
discussion on this issue.
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Figure 6. Air void fraction comparison for WMS, ERT and DP Model

4.3. Impact of Frictional Pressure Losson Void Fraction Estimation

The impact of neglecting the frictional pressure loss is further anatys€P model. Figure 7 illustrates the
relative difference of air void fraction when frictional pressure loss is iediumt neglectedThe solid curve in
Figure 7 represents the trend line of the points. Figure 7 shows thatghet iaf friction on the air void fraction.
Generally, the smaller the air void fraction is the greater relative differenceandhwithout taking pipe whl
friction into equation (8). When air void fraction is larger than th2 relative difference is less than 3% and the
frictional pressure loss is somewhat negligible. However when air vaadidn is 0.15, the relative difference
reaches 10% and keeps increasing to 65% at void fraction 0.04 whick piparwall friction has more significant
effects.
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Figure 7. Relative difference with and without pipe wall friction

5. CONCLUSIONS

Two absolute pressure sensors are used to measure differential prEissurethod has benefits of low capital
cost and ease of installation, however, the accuracy of pressure mesrguneight not be sufficient at the lower
range of sensor’s full scale. The differential pressure model based on energy conservatiedisrived based on a
few assumptions. Experimental results show that the void fractbtained from differential pressure model has
good agreement with those obtained from Electrical Resistance TomograpWi@athesh sensor. Results also
show that the term of pipe wall friction in differential pressure model hgerl@&ffect on the air-water flow with
smaller air void fraction. This term cannot be neglected when air void frastismaller than 0.2Vhen air void
fraction is larger than 0.2, the relative difference of void fraction camgeeglecting pipe wall friction is less than
3%. In summary these findings will help in the estimation of vmdtfon for multiphase flow systems, which will
serve as a platform for further engineering studies in the arealtypimase flow metering.
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Nomenclature

e pis density

e Vvis velocity

e gis acceleration due to gravity
e his static head above pressure tapping point
e Pispressure

e Fpisfrictional pressure loss

e ais the gas void fraction

o AP is differential pressure

e G is fanning friction factor

e Disinternal diameter of pipe

¢ Reis Reynolds number

e  Uisviscosity

Subscripts

e mis mixture

e gisgas

e lisliquid

e pis pipe

1 & 2 are sensor positions



