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A B S T R A C T

Online flow rate measurements are encountered in many areas with a great need for high accuracy, especially in
low-quality (0–0.1) flows. This paper concerns gas flow rate measurements using a Venturi meter and gamma-
ray attenuation technique. A linear correlation is developed to predict the gas flow rates with wide ranges of void
fractions (0–95%). The correlation predictions were compared to experimental data in which the root mean
square errors of the oil-air-water multiphase flow prediction results are 7.72%, 8.93% and 9.11% for the gas flow
rate, the quality and the gas-liquid slip ratio, respectively. The effect of the Venturi size was tested, and the
metering accuracy is found to increase with the inlet diameter. The prediction accuracy is improved for three-
phase flows than for the corresponding two-phase flows due to the oil-water stirring in the three-phase flows.
The analyses of the results indicate that the measurement accuracy is higher with stable flow regimes than
intermittent flow regimes. The present method can be widely applied to both two-phase and three-phase flows in
the oil industry even for different Venturis and fluid media.

1. Introduction

Low-quality (0–0.1) multiphase flows are commonly encountered in
the petroleum industry, particularly in crude oil extraction and pro-
cessing. An important parameter in multiphase flows is the flow rate
(by volume or mass) of each individual phase. The traditional method
used in industry is to separate each phase and then to measure the
single-phase flow rates separately. Differential-pressure devices, e.g.
Venturi or orifice meters, are the most commonly used devices [1].
However, the separation method is expensive and needs large space.
Online multiphase flow rate measurement is a good choice that elim-
inates the deficiencies of the separation method. Therefore, there is a
need to develop an efficient online multiphase flow rate measurement
method [2].

Normally, online multiphase flow rate measurements are based on
conventional single-phase measurement methods, such as differential-
pressure methods. Venturi meters are the most commonly used differ-
ential-pressure devices for multiphase flows [3]. The smooth flow
profile in a Venturi meter reduces the frictional loss, which increases
the reliability of the device and improves the pressure recovery [4]. A
number of studies have been published to describe applications of
Venturi meters in multiphase flows [5–10].

Gas flow rate is an important parameter and should be accurately
measured to characterize the multiphase flows. Gas flow rate mea-
surements by differential-pressure devices generally need another
parameter, e.g. void fraction. Popular methods used to measure void
fractions are based on electrical impedance technique or gamma-ray
attenuation technique [11]. Electrical impedance technique has been
widely used in laboratories, owing to its safety and low cost [12–14].
However, the relative permittivities or conductivities of the monitored
phases cannot be assumed to remain constant during the whole life of
an oil well. Changes in these parameters will result in measurement
errors for the electrical impedance technique. By contrast, gamma at-
tenuation technique is widely used in the commercial oil industries to
measure the void fractions since it is non-intrusive, reliable, sensitive
and robust [15,16].

Besides direct experimental metering facilities, calculation models
are also necessary in online gas flow rate measurements. When a
Venturi meter is used to measure multiphase flows, the basic assump-
tions are that all phases are homogeneous and travelling at the same
velocity. However, these ideal conditions rarely exist in practice.
Hence, a correction factor is required to compensate for the flow’s de-
viation from non-slip condition. A large number of correlations have
been developed for differential-pressure flowmeters regarding two-

https://doi.org/10.1016/j.expthermflusci.2018.09.017
Received 6 March 2018; Received in revised form 9 August 2018; Accepted 25 September 2018

⁎ Corresponding author.
E-mail address: wangdong@mail.xjtu.edu.cn (D. Wang).

Experimental Thermal and Fluid Science 100 (2019) 319–327

Available online 26 September 2018
0894-1777/ © 2018 Published by Elsevier Inc.

T

http://www.sciencedirect.com/science/journal/08941777
https://www.elsevier.com/locate/etfs
https://doi.org/10.1016/j.expthermflusci.2018.09.017
https://doi.org/10.1016/j.expthermflusci.2018.09.017
mailto:wangdong@mail.xjtu.edu.cn
https://doi.org/10.1016/j.expthermflusci.2018.09.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expthermflusci.2018.09.017&domain=pdf


phase flows [17–29], such as Murdock correlation [17], Lin correlation
[20], and Chisholm correlation [27,28]. These correlations are mostly
nonlinear, whereas a linear correlation would more effectively improve
the prediction accuracy.

Table 1 lists typical multiphase flow measurement studies [17–24].
It shows that most existing researches have focused on either multi-
phase flows under high pressure [17–20] or very low quality cases of
0–2% under low pressure [21–23], both of which do not cover the
complete ranges of actual oilfield multiphase flows. In addition, these
studies have been mainly intended for either two-phase flows or three-
phase flows [30]. Hence, a general correlation is needed to cover both
two-phase and three phase flows.

The objective of this work is to develop an online method for gas
flow rate measurements in low-quality multiphase flows (0–0.1) under
low pressure (1.5–6.0 bar). The void fraction of the flow has a wide
range from 0% to 95%. A linear correlation was first developed based
on the modified separated flow model from a linear regression. Then a
Venturi and the gamma attenuation technique were experimentally
used to precisely measure the pressure drop and void fraction, and
further to predict gas flow rate. Finally, different factors including
geometrical size and fluids properties were tested to see how they affect
the measurement accuracies.

The organization of the paper is as follows. Section 2 deduces the
linear correlation. Section 3 describes the experimental set up. Section 4
presents the experimental results and discusses the key effects. Finally,
Section 5 summarizes the conclusions.

2. Theoretical description

The pressure difference from the inlet to the nozzle throat is mea-
sured through a Venturi meter. In single-phase gas flows, the relation-
ship between the gas flow rate and the pressure difference is defined as:
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where Qg,1 and Wg,1 are the gas volumetric and mass flow rates of the
single-phase gas flow, ε is the expansion coefficient, C is the Venturi
discharge coefficient, A is the Venturi throat area, ρg is the gas density,

pΔ is the pressure difference, andβis the throat ratio.
Different phases in multiphase flows are not travelling at the same

velocity due to the slip between phases. Therefore, the original corre-
lations used for the single-phase flow need to be modified when applied
to multiphase flows. Several models have been developed for two-phase
flows and the separated flow model is a popular one [20,31]. This
model assumes thermodynamic equilibrium between the two phases.
The gas and liquid phases are regarded as two continuous fluids without
momentum exchange or phase change. According to the separated flow
model, the gas flow rate of a two-phase flow is defined as:
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where Qg,2 and Wg,2 are the gas volumetric and mass flow rates in
multiphase flow defined by the separated flow model, α is the void
fraction. When α equals 1, Eq. (2) simplifies to Eq. (1). However, Eq. (2)
cannot accurately describe the real condition that contains both mo-
mentum exchange and phase change. Thus, a modified coefficient, ϕ, is
introduced into Eq. (2).
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From Eq. (3), ϕ can be deduced as:
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Similar to Eq. (1), the total flow rates of the gas-liquid two-phase
flow can be defined by:
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whereWtp is the mass flow rate of the gas-liquid two-phase flow, ρ is the
density, and the subscripts g and l refer to the gas and liquid single-
phase flows, respectively.

From Eqs. (4) and (5), ϕ can also be defined as:

= + −ϕ x
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where =x W W/g tp is the quality in the multiphase flow [32].
The gas-liquid slip ratio, S, is a function of the void fraction, α, and

the gas quality, x .
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Assuming that the gas and liquid viscosities are constants, the gas-
liquid slip ratio can be defined as a function of the density ratio, ρ ρ/g l
[17,26]:
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Eqs. (6)–(8) can be combined to deduce ϕ as a single function of α. It
should be noticed that α is not an independent variable, but rather it is
a parameter related to the flow features such as the velocity, density
ratio and gas-liquid slip ratio.

In this paper, the reference modified coefficient, ϕ, used to obtain
the empirical correlations, will be determined from obtained data of
various pΔ , α and Qg through Eq. (4). Fan et al. [33] developed a cor-
relation with exponential form which showed good agreement with
experiments. Similarly, by processing the data of various parameters,
we figured out the linear relationship between αϕln( ) and α:

= +αϕ a α bln( ) · (9)

where the constants a and b are the slope and the intercept determined

Table 1
Typical multiphase flow measurement studies.

Author Year Test fluid Pressure (Bar) Quality (%) Metering technique

Murdock [17] 1962 Steam-water 39.6–40.3 78.0–95.0 Orifice
James [18] 1965 Steam-water 7.7–16.8 6.2–66.9 Orifice
Chisholm [19] 1974 Steam-water 10.0–70.0 0–15.0 Orifice
Lin [20] 1982 R113 Vapor-liquid 19.6–28.6 0–100.0 Orifice
Zhang [21] 1992 Air-water 2.0–3.2 0–1.0 Orifice+ quick closing valve
Zhang et al. [22] 2005 Oil-water 2.0–4.0 0–2.0 Venturi meter+ ECT
Huang et al. [23] 2005 Oil-gas 2.0–4.0 0–2.0 Venturi meter+ ECT
Yuan et al. [24] 2015 Air-water 6.0–14.0 30.0–100.0 Venturi meter

Note: ECT refers to electrical capacitance tomography.
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from the experimental data.
The correlation can then be used to predict the modified coefficient,

ϕc, and the gas flow rate, Qg, after the void fraction and pressure drop
have been obtained.
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=Q ϕ Qg c g,2 (11)

For typical gas-liquid-liquid three-phase flows in the oil industry,
the gas, oil and water densities are around 1 kg/m3, 875 kg/m3 and
1000 kg/m3, respectively. The gamma-ray absorption coefficient for the
gas is negligible since the coefficient is as high as 0.13 cm−1 and
0.16 cm−1 for oil and water, respectively. Therefore, the gas phase can
be easily distinguished in the mixture. Thus, for gas flow rate mea-
surements, the oil and water mixtures are normally considered a single
phase in an oil-gas-water three-phase flow.

The flowchart for measuring the gas flow rate, as well as the quality
and the gas-liquid slip ratio, based on the modified separated flow
model is shown in Fig. 1. First, the actual flow rate of each phase is
obtained by single-phase flow meters, and the void fraction is measured
by the gamma ray detector. Second, the empirical coefficients in Eq. (9)
are determined from a linear regression of the data. The empirical
correlations are then used to predict the modified coefficient. Then, the
gas flow rate can be determined using Eq. (11). After the quality is
calculated, the gas-liquid slip ratio can be obtained using Eq. (7).

3. Experimental apparatus and method

3.1. Flow loop

Fig. 2 shows a diagram of the multiphase flow loop with the fluids of
transformer oil, air and tap water. The Venturi meter and gamma-ray
densitometer were installed on the vertical test section. Single-phase
oil, gas and water flows were first pumped into the single-phase flow
meters before entering the mixer. The multiphase flow was then mea-
sured in the vertical test section. The two-phase or three-phase flow
then entered the separator downstream of the test section to be sepa-
rated and recycled.

The commercial single-phase flow meters have accuracies within
0.2% of the full scale readings. Hence, the measured single-phase flow
rates were regarded as the reference data. The temperature and

operating pressure sensors in the flow loop have an accuracy within
0.075% of the full scale reading. The experiments were performed at
pressures between 1.5 and 6.0 bar with an operating temperature of
20 °C. Transformer oil, air and tap water were used as the test fluids and
their densities at 20 °C are listed in Table 2. The density of air is much
lower than that of oil or water.

Table 3 lists the experimental conditions including the gas and total
liquid (oil plus water) flow rates. The flows were measured for void
fractions between 0 and 95% with wide ranges of the test fluid flow
rates. Two kinds of pipe diameter, DN50 and DN80, were used in the
experiments.

3.2. Test section

Fig. 3 shows a schematic of the Venturi meter installed vertically in
the test section. The multiphase flow was first pumped into the inlet at
the bottom, and then went upward through the Venturi tube. The dif-
ferential pressure and the operating pressure were measured by high-
precision sensors made by the ROSEMOUNT Company with an accuracy
0.075% of the full scale reading.

As shown in Fig. 3, a gamma-ray densitometer was installed at the
Venturi throat to measure the void fraction. The gamma-ray densit-
ometer included a gamma source and a detector. The intensity decayed
as the gamma rays passed through the multiphase flow in the pipeline.
The cone beam did not cover the entire cross section of the channel but
only a wedge-shaped segment. The experiments used the encapsulated
50mCi Am-241 gamma sources for the DN50 Venturi meters and the
encapsulated 100mCi Am-241 gamma sources for the DN80 Venturi
meters.

The gamma rays are collimated before passing through the mixture
and accepted after a 2-cm diameter hole. The void fraction was de-
termined by measuring the average effective linear attenuation coeffi-
cient in the measurement volume over the pipe cross-section [34]. Since
the test section was installed in a vertical pipeline, the line void fraction
was assumed to be independent of the measurement angle. The void
fraction was then calculated by:

=α I I
I I

ln( / )
ln( / )

l

g l (12)

where I , the transmitted intensity, is a function of the fractions of gas
and liquid in the flow. Il and Ig are the calibrated intensities for pure
liquid and gas, respectively. The sampling time was 15–30min for each
case and the void fractions were the time-averaged results of the
readings.

Table 4 lists five kinds of test sections in the experiments. Two
Venturi inlet diameters, 80mm and 50mm, were used with the throat
ratios, β, of 0.45, 0.50, and 0.55. The Venturi meters and fluid media
were combined to form nine sets of experimental data. Regarding the
notation, DN80 (0.45) O-A-W means an oil-air-water three-phase flow
measurement with a 80mm inlet diameter and a 0.45 throat ratio for
Venturi.

4. Results and discussion

This section presents the typical metering results for DN50 (0.50) O-
A-W condition, including the modified coefficient, ϕ, the gas flow rate,
the mass quality, the gas-liquid slip ratio, and their corresponding er-
rors. The effects of Venturi size and the fluid properties are then ana-
lyzed by comparing the metering results for the different experimental
series.

4.1. Typical results

4.1.1. Modified coefficient, ϕ
The results for experimental case DN50 (0.50) O-A-W are shown in

Obtain actual flow rates  by single-phase 
flow meters 

Measure differential pressure and void 
fraction

Calculate correlation by linear regression

Measure  differential pressure and void 
fraction 

Calculate quality and gas-liquid slip ratio

Calculate gas flow rate

Calculate modified coefficient

Fig. 1. Flowchart for determining the gas flow rate, quality and gas-liquid slip
ratio.
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Figs. 4–8. Fig. 4 presents the linear regression results between the re-
ference modified coefficient, ϕr from Eq. (4), and the void fraction, α.
The correlation for the modified coefficient for DN50 (0.50) O-A-W
condition is:

=αϕ αln( ) 4.474 - 5.324c (13)

where ϕc is the calculated modified coefficient. As shown in Fig. 4, the
results have good linearity.

Water 
Tank

Oil 
Tank

Oil 
Tank

Gas 
Buffer 
Tank

Mixer

DN80 Flowmeter

DN100 Flowmeter

DN15 Flowmeter

DN25 Flowmeter

DN50 Flowmeter

DN100 Flowmeter

DN25 Flowmeter

DN50 Flowmeter

DN80 Flowmeter

DN25 Flowmeter

Oil Pump

Three Phase 
Separator

Air Compressor

Water Pump

Test Section

p

T

Fig. 2. Schematic diagram of the flow loop.

Table 2
Experimental conditions and measurement uncertainties.

Conditions Range Uncertainty

Temperature 20 °C 0.075%

Densities 1.204 kg/m3 (air, 20 °C) 0.5%
998.5 kg/m3 (water, 20 °C)
875.2 kg/m3 (transformer oil, 20 °C)

Pressure 1.5–6.0 bar 0.075%

Table 3
Experimental conditions.

Experimental ranges DN80 DN50

Total liquid flow rate
(m3/h)

7.0–74.0 (0.39–4.10m/s) 4.5–27.0 (0.64–3.80m/s)

Gas Flow rate (m3/h) 7.0–380.0
(0.39–21.00m/s)

4.6–82.0 (0.65–11.60m/
s)

Water cut 0–100% 0–100%
Void fraction 0–95% 0–90%

Note: DN means the nominal pipe diameter, and the water cut refers to the mass
fraction of water in the oil-water mixture.

Detector

Gamma-ray 
Source

Collimation

D
etector

Mixed Fluid

Gamma-ray 
Source

Cone Beam

AA

A-A cross section
(amplified for a clear view)

Fig. 3. Schematic of the test section.

Table 4
Venturi meter sizes used in the experiments.

Inlet diameter (mm) Throat ratio
−

εCA

β

2

1 4

DN80 0.45 4.862
0.55 7.502

DN50 0.45 2.0556
0.5 2.163
0.55 3.1409
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Fig. 4. Linear regression between ϕr and α for DN50 (0.50) O-A-W condition.
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Fig. 5. Relationship between ϕr and α for DN50 (0.50) O-A-W condition.

Fig. 6. Flow regimes in vertical pipes [34].
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Fig. 7. Comparison of the reference ϕr and the calculated ϕc for DN50 (0.50) O-
A-W condition.
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Fig. 8. Relative error between the calculated and reference gas flow rates for
DN50 (0.50) O-A-W condition.
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ϕc can then be determined from Eq. (13) once α is known. Thus, Eq.
(13) can be used to estimate the multiphase flow parameters in prac-
tical applications.

Fig. 5 shows the relationship between ϕr and α to analyze the effect
of the flow regimes on ϕr. The relationship between the reference
coefficient and the void fraction is not linear due to the friction pressure
drop. Generally, multiphase flow friction losses increase with the void
fraction. Meanwhile, the pressure drop, pΔ , is proportional to ϕ1/ 2 from
Eq. (3). Thus, when the frictional pressure drop increases with void
fraction, ϕr is relatively weakened. The deviation of the experimental
data forming the comprehensive trend, α =0.7–0.75, is due to the in-
termittent flow pattern.

Fig. 6 shows diagrams of typical flow regimes in vertical pipes
which are defined as bubbly flow, slug flow, churn flow, wispy-annular
flow and annular flow. The flow regime transitions are arranged in
terms of increasing α.

Among the five flow regimes, the bubbly flow and annular flow
regimes are stable. By contrast, the slug and churn flows are inter-
mittent flows, which significantly affect the metering accuracy. The
separated flow model assumes that the velocity of each phase is con-
stant. However, the buoyancy has a significant effect on intermittent
flows which results in different velocities of gas and liquid phases. This
is one source of the measurement errors during intermittent flows.
Another error source is the random measurement differences.
Intermittent flows are instable flow patterns characterized by oscil-
lating flowrates and pressures. Due to the limited sampling time, the
measured results of intermittent flows will have higher uncertainty that
also leads to the dispersion of the results in Fig. 5.

Fig. 7 compares the calculated coefficient, ϕc, and the reference
coefficient, ϕr. For ϕr > 0.125, the void fractions are greater than 0.6
in Fig. 5 that indicate the intermittent flow pattern. In Fig. 7, when ϕr is
less than 0.125, the calculated coefficients agree well with the reference
coefficients. When ϕr is larger than 0.125, ϕc gradually deviates from ϕr
due to intermittent flow pattern.

After calculating the modified coefficient, the gas flow rates for
DN50 (0.50) O-A-W condition can be calculated from Eq. (11). Fig. 8
illustrates the relationship between the void fraction and the relative
error to describe the flow pattern impact on calculation accuracy. The
relative error of gas flow rate (Fig. 8) is defined as

= ×
−

ε 100%,
Q α Q α

Q α
( ) ( )

( )
predicted reference

reference
where Q α( )reference is determined by

inlet single-phase flow meters and regarded as the reference,
Q αand ( )pridicted is calculated by the model in this work.

During the intermittent flow (α at 0.7–0.75), relative differences are
relatively high. For >α 0.77, the flow regime gradually transforms to
annular flow that again satisfies the requirement for the separated flow
model and the relative differences decrease to less than 10%. The
average overall difference is relatively low with a root mean square
error (RMSE) of 7.72%. Thus, the measurement and calculation
methods are reasonable and have high accuracy, especially for annular
flow.

4.1.2. Gas-liquid slip ratio and quality
The gas-liquid slip ratio and the quality were also calculated based

on the modified separated flow model. This section presents typical
results for those two parameters for DN50 (0.5) O-A-W condition.

The gas-liquid slip ratio and the quality deduced from Eqs. (5) and
(6) are:
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where xc is the calculated quality and Sc is the calculated gas-liquid slip

ratio.
Fig. 9 presents the calculated results for those two parameters to

characterize the multiphase flow with comparisons to the reference
values. The calculated results are consistent with the reference data.
The results can be divided into three parts according to the void fraction
range.

For void fractions less than 0.4, the flow regime is bubbly flow in
which the dispersed gas is entrained into the continuous liquid as small
bubbles. Considering the large density difference between the gas and
the liquid, the gas mass fraction is negligible and the gas-liquid slip
ratios do not exceed 1.

For void fractions between 0.4 and 0.7, the bubbles become lager
and the flow pattern transforms first into plug flow and then slug flow.
The quality also increases and the buoyancy effect cannot be neglected
anymore. The buoyancy causes the gas phase to flow faster than the
liquid phase, so the slip ratio increases to greater than 1. The reference
values are more dispersed than the calculated results, indicating that
the approximate processing of the modified separated flow model
weakens the real dispersion of slip ratios.

For void fractions larger than 0.7, the flow regime changes to slug
flow, churn flow and annular flow as the quality increases rapidly and
most of the flow channel is occupied by gas. Since churn flow is
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Fig. 9. Calculated characteristic parameters for the multiphase flow.
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characterized by large waves travelling along the liquid film, the me-
tering slip ratios vary between 0.9 and 2.1.

Fig. 10 shows the relative errors in the calculated quality for the
DN50 (0.50) O-A-W case. Since xc is determined from ϕc, the calculated
errors in xc depend on those in ϕc. Thus, the results in Fig. 10 have very
similar trends to those in Fig. 8. For < <α0.7 0.75, the errors are re-
latively large while for α > 0.77 the errors decrease significantly. The
error trends also show that the flow pattern can be estimated to be
intermittent flow for < <α0.7 0.75 and annular flow for α > 0.77. The
standard deviation of the calculated quality is 8.93%.

Fig. 11 shows the relationship between the void fraction and the gas
volume fraction. It results from the changes of slip ratios. For slip ratios
less than 1, the gas velocities are lower than the liquid velocities and
the void fractions are larger than the gas volume fractions. As α in-
creases, S gradually increases to greater than 1 and then the gas volume
fractions begin to exceed the void fractions.

Similarly, since Sc is determined from xc, the errors in Sc also depend
on ϕc. Despite the effects of the unstable flow patterns, the calculated
gas-liquid slip ratios are in good agreement with the reference values
with a standard deviation of 9.11%.

4.2. Effects of Venturi meter size and fluid properties

Venturi meters with diameters of 50 mm (DN50) and 80mm
(DN80), were used to study the effects of Venturi size on the metering
accuracy. The effects of the fluid properties were also studied.

Despite the gently varying cross section, the Venturi channel still
modifies the flow pattern, which affects the metering accuracy. Fig. 12
shows the linear regression results of αϕln( )r as a function of α for all
nine experimental series. Fig. 12(a) shows the data for DN50 test sec-
tions while Fig. 12(b) shows the data for DN80 test sections. The results
show less dispersion of the data for the larger DN80 Venturi meters.

The data for the DN50 Venturi meters in Fig. 12(a) can be correlated
as:

=αϕ αln( ) 4.567 - 5.191c (16)

Similarly, the correlation of the data for the DN80 Venturi meters in
Fig. 12(b) is

=αϕ αln( ) 4.167 - 5.063c (17)

Then, Eqs. (16) and (17) are used to predict the gas flow rates of the
multiphase flows measured by the DN50 and DN80 Venturi meters.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-40

-30

-20

-10

0

10

20

30

40

Void fraction

R
el

at
iv

e 
er

ro
r 

of
 q

ua
lit

y 
(%

)

Fig. 10. Relative error in the quality for DN50 (0.50) O-A-W condition.
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Next, the predicted results are compared with the reference data to
analyze the prediction accuracy. Fig. 13(a) shows that the relative er-
rors in the DN50 data are larger than those in the DN80 data in
Fig. 13(b). For example, the±20% error bands contain 86% of the
relative deviations for DN50 while the±20% error bands contain 97%
of relative deviations for DN80. Thus, the larger inlet diameter Venturi
meters have the higher metering accuracies.

The separated flow model assumes that the gas-liquid slip ratio re-
mains constant during the pressure drop measurement. However, the
fluid accelerates while passing through the Venturi with different phase
accelerating rates. Therefore, the void fraction at the Venturi throat
differs from that at the inlet. This means that the flow pattern may
change from the inlet to the throat. For example, slug flow at the inlet
may become churn flow at the throat.

However, the void fractions in Eq. (4) are assumed constant from
the upstream to the throat. These flow pattern transitions will affect the
linear relationship between αϕln( )r and α deduced from Eq. (4). A
Venturi with a small inlet diameter has more effect on the flow pattern
stability due to the flow deformation, so larger diameter Venturi meters
will tend to be more accurate. Even so, the metering accuracy of the

DN50 Venturi is still acceptable with a root mean square error (RMSE)
of 11%.

Table 5 lists the linear regression correlations for all the nine ex-
perimental series including two Venturi inlet diameters, various throat
ratios and three fluid combinations. The correlation coefficients are
weakly dependent on the Venturi throat ratios and the test fluid with
the coefficient a varying from 3.870 to 4.859 and the constant b varying
from −5.343 to −4.915. Thus, the present correlation model is effec-
tive for both two-phase and three-phase flows measured by different
Venturis.

Table 6 shows the root mean square errors (RMSEs) of calculated
gas flow rates for the nine experimental series. The results show that:

(1) The measurement accuracies of three-phase flows are higher than
those of the corresponding two-phase flows. For example, for the
same Venturi size, DN80 (0.45), the gas flow rate root mean square
errors (RMSEs) are 4.01% for the oil-air-water mixtures, 13.35% for
the air-water mixtures and 4.25% for the oil-air mixtures. The high
viscosity of the oil phase effectively mixes the fluid, which reduces
the bubble sizes in the mixture. The flow patterns tend to be more
homogeneous.

(2) The larger inlet diameter Venturi results in a higher accuracy. The
errors listed in Table 6 show that the gas flow rates measured by the
DN80 Venturi meters are generally more accurate than those
measured by the DN50 Venturi meters since the flow patterns are
more stable in the larger Venturi meter with weaker deformations.

(3) The average error is 8.66%, which is sufficient for practical appli-
cations.

5. Conclusions

An online method was developed to more accurately measure gas
flow rates in low-quality (0–0.1) two-phase and three-phase flows. A
liner correlation was presented to modify the calculation model.
Various factors, e.g. Venturi size and the fluid properties, were tested to
see how they affect the measurement accuracy. The following conclu-
sions can be made.

(1) Single-energy gamma attenuation technique was used to measure
the void fraction and a Venturi was used to measure the pressure
drop. The present method can be widely applied to predict gas flow
rates online in both two-phase and three-phase flows.

(2) A linear correlation was developed based on the modified separated
flow model and experimental data to predict gas flow rates in
multiphase flows. The void fraction of the flow has a wide range
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Fig. 13. Influence of Venturi size on the metering accuracy.

Table 5
Correlations for ϕ for the nine experimental series.

Venturi meter sizes A-W A-O O-A-W

DN80 0.45 4.380α-5.243 4.269α-5.066 4.323α-5.047
0.55 4.351α-5.252 3.870α-4.915 4.273α-5.070

DN50 0.45 4.859α-5.343 – –
0.5 – – 4.474α-5.324
0.55 4.431α-4.981 – –

Table 6
RMSEs of the calculated gas flow rates for all nine experimental series.

Inlet diameter β A-W (%) A-O (%) O-A-W (%)

DN80 0.45 13.3 4.3 4.0
0.55 9.2 9.9 5.1

DN50 0.45 10.1
0.5 7.9
0.55 11.3
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from 0% to 95%. The linearity of the correlation effectively im-
proves the prediction accuracy. The constants in the correlations,
the coefficient a and constant b, are less affected by the Venturi
throat ratios and the fluid properties. This means the present model
has a good applicability to be used for different Venturis and fluid
media.

(3) The present method has high measurement accuracy. The root
mean square errors for DN50 (0.5) O-A-W condition are 7.72% for
the gas flow rates, 8.93% for the quality and 9.11% for the gas-
liquid slip ratio. The overall average root mean square error for all
of the measured gas flow rates was 8.66%.

(4) Both the Venturi size and the fluid properties have weak effects on
the measurement accuracy. The measurement accuracy is found to
be higher in stable flow regimes than that in intermittent flow re-
gime. Large inlet diameters result in high accurate results. The flow
regimes for three-phase flows are more stable than the corre-
sponding two-phase flows, leading to higher measurement ac-
curacies for three-phase flows.
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