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Abstract: The flow rate of the oil-water horizontal flow is measured by the combination of the turbine flow meter and the single- 
beam gamma ray densitometry. The emphasis is placed on the effects of the pipe diameter, the oil viscosity and the slip velocity on 
the measurement accuracy. It is shown that the mixture flow rate measured by the turbine flow meter can meet the application 
requirement in the water continuous pattern ( o - w  flow pattern). In addition, by introducing the developed drift-flux model into the 
measurement system, the relative errors of measurements for component phase flow rates can be controlled within 5%± . Although 
more accurate methods for the flow rate measurement are available, the method suggested in this work is advantageous over other 
methods due to its simplicity for practical applications in the petroleum industry. 
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Introduction0F

  
The simultaneous flow of two immiscible liquids 

is encountered in a diverse range of process industries. 
The measurement of the oil-water two-phase flow is 
one of the most critical technologies in the oil produ- 
ction. The flow rate of each component is measured 
without the need to separate each component in the 
two-phase flow. During the last decades, considerable 
efforts have been put in its studies for the oil and 
water flow, such as the developments of the V-cone 
flow meter, the single-phase meter, the ultrasonic te- 
chniques, the tomography and the capacitance pro- 
bes[1]. Among these methods, the combination of two 
or more kinds of technologies makes a precise flow 
rate measurement possible. The measurement based 
on the correlation of a single phase flow meter with 
the densitometry becomes one of the main trends of 
current two phase flow measurements because of its 
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simple structure and easy realization[2]. 
The turbine flow meter is a kind of flow meters 

with good stability and high accuracy, which can work 
under the conditions of high temperature and high pre- 
ssure. In recent years, the turbine flow meter was used 
to measure the mixture flow rate of a gas-liquid two- 
phase flow[3]. In general, it is shown that the relative 
errors can be less than 20% in most cases when the 
gas fraction is small. However, little work has been 
reported in literature for the oil-water two-phase flow. 
For the mixture flow with a low oil volume fraction, 
the study of Skea and Hall[4] shows that the measure- 
ment errors could be controlled within 1% by using 
the turbine flow meter. 

The component phase fraction is another parame- 
ter to be measured in order to estimate the flow rate of 
each phase. For the measurement of the local phase 
fraction, the electrical or optical local probes are used 
to obtain the dispersed phase fraction. Unfortunately, 
these two kinds of probes present the same types of 
shortcomings: the indirect measurement of the bubble 
size based on bubble chords and the low accuracy of 
the bubble parameters since the probes are localized in 
a limited portion of the pipe cross-section. These pro- 
blems are partly solved by the use of wire-mesh sen- 
sors, which has been extensively applied in the gas- 
liquid flow[5,6] and the oil-water flow[7]. However, due 

http://crossmark.crossref.org/dialog/?doi=10.1016/S1001-6058(15)60515-7&domain=pdf


 549 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Schematic diagram of the oil-water two-phase flow loop 
 
to the different electrical conductivities of component 
phases, the method is limited to specific flow patterns 
based on continuous phases or dispersed phases. The 
gamma ray densitometry is a non-intrusive technique 
that does not disturb the flow under investigation, and 
is also simple for practical applications. Thus, this te- 
chnique was successfully applied to the oil-water flow 
to obtain the local phase fraction under certain condi- 
tions[8]. 

In order to extend the information gained from 
the measurements of the component phase flow rate in 
an oil-water horizontal flow, the present study uses the 
correlation of the turbine flow meter, the gamma ray 
densitometry and the drift-flux model. In the measure- 
ment system, the mixture flow rate is determined by a 
turbine flow meter and the component phase fraction 
is measured by a single beam gamma ray densitome- 
try. Here, the gamma densitometry is installed in the 
necking pipe of 0.025 m in diameter since it is easier 
for the mixture flow to form a dispersed flow. In addi- 
tion, the drift-flux model is developed to identify the 
phase velocity according to the effects of the slip velo- 
city on the measurement. Based on the experimental 
data, the measurement accuracy can be improved 
greatly and the prediction errors are less than 5%. 
 
 
1. Experimental system 

A schematic diagram of the experimental system 
is shown in Fig.1. All experiments are conducted by 
using white oils with two different viscosities and 
water at room-temperature and under atmospheric out- 
let pressure. The system consists of a steel frame su- 
pporting a transparent Perspex pipes. Water and oil 
are pumped from their respective storage tanks, mete- 
red, and introduced into pipes via a T-junction. The 
volumetric flow rates of two phases could be regula- 
ted independently and are measured by a root flow 
meter (LLQ) for oil phase and an electromagnetic 
flow meter for water phase, respectively. The mixture 
flows along a 14 m long horizontal pipe from the 

entry point to the test section, which provides a suffi- 
cient entrance length to stabilize the flow. The flow 
regimes are determined based on visual observations, 
and a high-speed camera and a still picture camera are 
used to visualize the flow. 
 
1.1 Single-beam gamma densitometry 

In this work, the densitometer is equipped with a 
radioactive source, a detector and a signal processing 
system. The source and the detector are located dia- 
metrically opposite to each other on the test section. 
The source is mounted inside a lead shielding contai- 
ner. The gamma densitometer is installed in the mi- 
ddle of the test tube, to measure the gamma ray abso- 
rption, which allows the local phase fraction to be 
calculated. The densitometer is calibrated by scanning 
a Plexiglass box which contains water and oil in di- 
fferent ratios and thus provides different phase fra- 
ction values to be used as calibration points. The cou- 
nting rate is integrated over 80 energy bands centered 
at the peak energy band of the 662 keV generated 
from the 137 Cs scattering. The gamma counts are re- 
corded for three separate periods of 60s to obtain an 
average value of the phase fraction, with a measure- 
ment error of 6.12%.  

To check the data from the gamma densitometer, 
the average local phase fraction is also measured by 
two rapid closing valves, which are the full opening 
ball valves with an inside diameter equal to the inside 
diameter of the pipe so that the flow is not disturbed 
by passing through the open valves. The two rapid 
closing valves connected by mechanical linkages are 
installed in the test section at a distance of 1 m. The 
operation time of the two rapid closing valves is 0.5 s. 
This provides a sufficient short time to measure accu- 
rately the phase volumes. During the average local 
phase fraction measurement runs, a sufficient time is 
taken to allow the establishment of a fully developed 
flow. The rapid closing valves are closed to get a re- 
presentative sample of two-phase flows. The sample is 
then transferred to a graduated cylinder by carefully 
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purging the liquid phases using pressurized gas in 
order to assure not to leave any liquid inside of the test 
section. The samples are left in graduated cylinders 
for a time period of about 6 h to assure virtually com- 
plete gravitational phase separation before the measu- 
rement of the liquid phase volumes. By taking repea- 
ted measurements of samples it is found that the flu- 
ctuation of the mean value of the measurements over 
the three runs is around 6.7%. 
 
1.2 Turbine flow meter 

Turbine flow meters are frequently used in the 
measurement of single-phase flow rates. In principle, 
the turbine meter operates simply as a hydraulic turbi- 
ne. It is essentially a device which rotates as the fluid 
flows through the turbine blades, and the rotational 
speed of the blades is related to the volumetric flow 
rate. In a single-phase flow, the fluid passes through 
the pipe and drives the turbine rotation. The relation- 
ship between the rotate speed of the turbine and the 
flow rate is as follows 
 

= fQ
K

                                   (1) 

 
where Q  is the volume flow rate, f  the rotating 
speed of the turbine and K  the meter factor, which 
may be influenced by the fluid properties. The measu- 
rement uncertainty will increase when the second 
phase component is present in the turbine flow meter. 
Therefore, both the input oil fraction and the oil visco- 
sity can affect the measurement precision of the turbi- 
ne flow rate when it is used in two-phase flows. In the 
present study, the LWGY turbine flow meters with 
nominal diameter of 0.050 m and 0.025 m, respecti- 
vely, are used to measure the mixture flow rate in the 
range of 2 m3/h-40 m3/h. For a single-phase water 
flow, the measurement accuracy is 0.5%. The relative 
error of the turbine flow meter is defined as 
 
Relative error (Er) =  
 

[Turbine flowmeter reading in oil-water flow /  
 

(Single oil meter reading +  
 

Single water meter reading) ] %−1            (2) 
 
1.3 Test matrix 

One of the main goals of the experimental work 
is to generate a comprehensive set of data in oil and 
water flows. Thus, the ranges of oil and water flow 
rates covered are 0 m3/h-13 m3/h and 0 m3/h-15 m3/h, 
respectively. To examine the effect of the diameter on 
the measurement of the local phase fraction, the test 

sections of the two different pipes are 0.05 m and 
0.025 m in diameter, respectively. Moreover, the in- 
fluences of the fluid viscosity on the turbine flow 
meter are also considered by using two kinds of while 
oils of different viscosities. The physical properties of 
test liquids are listed in Table 1. 
 
Table 1 Liquid phase’s properties measured at 20oC and 

0.101 MPa 

Liquid 
phase 

Density, 
/ρ kg⋅m−3 

Surface 
tension, 

/σ N∙m−1 

Viscosity, 
/µ Pa∙s 

Water 998 0.0712 0.001 

White 
oil 1 860 0.0445 0.050 

White 
oil 2 860 0.0452 0.138 

 
 
2. Theory 
 
2.1 Component phase flow rate by the homogenized 

model 
The mixture flow rate of the oil-water flow, mea- 

sured by using the turbine flow meter, is defined as 
 

o= +m wQ Q Q                               (3) 
 
where the subscripts o and w refer to the oil phase and 
the water phase, respectively. The component phase 
flow rates can be given, respectively, as: 
 

o o o=Q u Aε                                 (4) 
 

w o w= (1 )Q u Aε−                            (5) 
 
where A  is the pipe cross-sectional area and u  the 
average velocity. oε  is the average local oil phase 
fraction. If the mixture flow is homogenized before 
being measured, it can be assumed that a no-slip con- 
dition is prevailed between the phases. The compone- 
nt phase velocity is equal to the mixture velocity 
 

o w= =mu u u                               (6) 
 
then, once a solution is obtained for oε  by the single- 
beam gamma densitometry, the component phase flow 
rates can be obtained, respectively, as: 
 

o o= mQ Q ε                                 (7) 
 

w o= (1 )mQ Q ε−                             (8) 
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2.2 Component phase flow rate by the drift-flux model 
In fact, due to the different densities of the two 

fluids, for different local phase fractions, there is a slip 
velocity between two phases under most of inlet con- 
ditions. Namely, it is impossible that two component 
phase velocities are equal. In general, the slip pheno- 
menon can be expressed in terms of the ratio between 
the average local velocities of the two-phases, with S 
being defined as the ratio of the local oil to water ve- 
locities, as follows 
 

o

w

o

w

=S

β
β
ε
ε

                                  (9) 

 
where β  is the input phase volume fraction. Accordi- 
ngly, S  is greater than 1 when the oil is the faster 
flowing phase, and conversely, S  is less than 1 when 
the water is the faster flowing phase. 

For a two-phase mixture flow, two available me- 
thods, the two-fluid model and the drift-flux model, 
are commonly used to predict the component phase 
velocity. In the two-fluid model, the liquids are treated 
as completely separated layers with a smooth interface, 
which, in most cases, will lead to an underestimation 
of the measurements[9,10]. Thus, the drift-flux model is 
considered as advantageous over other methods due to 
its simplicity and enough accuracy to be practically 
applied in industry. In the present work, the drift-flux 
model, which modifies the homogeneous flow theory 
to account for the slip velocity between oil and water, 
is used to predict the oil velocity as 
 

o 0= +m du C u u                             (10) 
 
where 0C  describes the effects of the non-uniform 
distribution of both velocity and concentration profiles. 
If oil and water are uniformly mixed, the concentra- 
tion profile will be flat and 0C  should be equal to 
unity. du  is called the drift velocity, and accounts for 
the local relative velocity between two phases. If the 
liquid is stationary, du  corresponds to the rise veloci- 
ty of the dispersed phase in the stagnant liquid. Tradi- 
tionally, the drift-flux model is used most widely for 
vertical dispersed systems, and it is derived from the 
continuity equation in dispersed systems[11]. The 
model is extended to include the segregated horizontal 
flows[12,13]. In Fig.6, ou  vs. mu  curves are plotted in 
two different flow patterns. By using the linear regre- 
ssion, the two parameters 0C  and du  can be determi- 
ned. 

By substituting Eq.(10) into Eqs.(3) and (4), the 
component phase flow rates can be expressed, respe- 

ctively, as: 
 

o 0 o= +m
d

QQ C u A
A

ε 
 
 

                     (11) 

 
w o= mQ Q Q−                              (12) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Relative error vs. input oil fraction with oil viscosities of 

50 mPa·s and 138 mPa·s, respectively 
 
 
3. Results and discussions 
 
3.1 Mixture flow rate by the turbine flow meter 

The relative error vs. the input oil fraction curves 
are shown in Figs.2(a) and 2(b) for the oil-water flow 
with oil viscosities of 50mPa·s and 138mPa·s, respe- 
ctively. Most of data are obtained from measurements 
in the dispersed flow regimes. It can be seen that the 
errors increase slightly with the increase of the input 
oil fraction and then decrease sharply around the 
phase inversion region. Based on our previous stu- 
dies[13], for the mixture flow of white oil and water the 
point of phase inversion is always close to the range 
of the input oil fraction from 0.7 to 0.8. Thus, it is in- 
teresting that the relative errors are always positive 
when the mixture flowing in the water continuous pa- 
ttern ( o / w  flow pattern). On the other hand, most of 
the relative errors are negative for the oil continuous 
flow ( w / o  flow pattern), and this means that the 
measurement values are always less than the actual 
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value. Moreover, the absolute values of the relative 
errors of the latter are significantly greater than those 
of the former. This phenomenon is consistent with the 
findings of Huang et al.[14]. 

In this work, the relative error of 5%±  is defi- 
ned as the standard to define the valid work area[15], 
and two horizontal lines of the relative error of 5%±  
is used to distinguish the effective boundary of the 
work area. It can be found in Fig.2(a) that for the mix- 
ture flow with oil viscosity of 50 mPa∙s, the relative 
errors are within 5%±  during the entire range and the 
turbine flow-meter works well at any given oil fra- 
ction. However, for the mixture flow with oil viscosity 
of 138 mPa·s, Fig.2(b) shows that the absolute value 
of the relative errors keep within 5% in the water con- 
tinuous pattern. With the input oil fraction increasing, 
the errors sharply decline and go bellow −5%. The fai- 
lure area appears in the range of 0.8-1 of the input oil 
fraction. This phenomenon is probably due to the fact 
that there is a certain dependence of parameter K  in 
Eq.(1) on the Reynolds number. Here, the parameter is 
assumed as constant based on the low viscosity fluid. 
Therefore, the errors could be enlarged in the oil con- 
tinuous pattern since the apparent viscosity of the flui- 
ds is affected mainly by the viscosity of a continuous 
phase. 

In general, the experiment results indicate that 
the valid work area of the turbine flow meter is influe- 
nced by both the oil viscosity and the input oil fraction. 
Under the condition of a high viscosity oil, the una- 
cceptable turbine flow-meter errors appear in the oil 
continuous pattern. If the 5%±  accuracy limit is acce- 
ptable in industrial applications, the mixture flow with 
a low viscosity oil can meet the requirements of the 
turbine flow meter applications for the entire range of 
oil fraction, and yet for the high viscosity oil-water 
flow, the turbine flow meter could be suggested to 
measure the mixture flow rate in the water continuous 
patterns. These data are in accord with those of Guo et 
al.[16]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Local oil fraction versus input oil fraction by using the 

gamma densitometry with two different pipe diameters 
 
 

3.2 Local oil fraction by the gamma ray densitometry 
Figure 3 depicts the local oil fraction vs. the 

input oil fraction curves by using the gamma densito- 
metry with two different pipe diameters. Here, the ac- 
tual local oil fractions are measured by the repaid clo- 
sing valves. Although all test points are obtained by 
two methods for the local oil fractions, only selected 
one constant mixture flow rate is included in the 
Figure. It can be found that the data by the gamma 
densitometer in the 0.050 m diameter case show a 
large deviation from the actual values. Based on ex- 
perimental observations, when the mixture flow rate is 
4.5 m3/h, the oil-water flow pattern in the 0.050 m dia- 
meter case is a segregated flow, while the pattern in 
the 0.025 m diameter case is a dispersed flow. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Ratio of local oil to water velocity versus input oil fra- 

ction at constant mixture flow rates, respectively, with 
two different pipe diameters 

 
Figure 4 shows the effects of the pipe diameter 

and the flow pattern on the slip velocity at constant 
input mixture flow rates. Most flow patterns in 50 m 
diameter pipes are a segregated flow. On the other 
hand, those in the 0.025 m diameter pipes are a disper- 
sed flow. In Fig.4(a), for two constant mixture flow 
rates (2.0 m3/h and 4.5 m3/h), the velocity ratio ( )S  
increases quickly from 0.3 to 1.6 with the input oil 
fraction increasing. However, for those in the 0.025 m 
diameter pipes, the velocity ratio is less sensitive to the 
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the input oil fraction, and all data points are in a band 
between 0.8 and 1.2. Thus, combined with Fig.3, the 
test section with a small diameter is more appropriate 
to obtain the local phase fraction by the single-beam 
gamma densitometer. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Comparison of the component phase flow rates predicted 

with input oil or water flow rates under the condition of 
no-slip assumption 

 
3.3 Component phase flow rate 

Under the no-slip condition between the phases, 
Fig.5 shows a comparison of the component phase 
flow rates, predicted by the homogenized model, with 
the input oil or water flow rate for the mixture flow in 
the 0.025 m diameter case. It can be seen that the re- 
sults predicted by the correlation of a turbine flow 
meter with the gamma ray densitometry enjoy a reaso- 
nably good performance with 90% of the data falling 
in the range of 20%± . However, a more accurate pre- 
diction of the flow rates should be possible if the slip 
velocity is considered. Thus, in the following predi- 
ction, the slip velocity is introduced into the measure- 
ment system by using the drift-flux model. 
 
Table 2 Ranges of parameters in collected data 

Superficial 
water 

velocity/ 
ms−1 

Superficial 
oil 

velocity/ 
ms−1 

Relation 
of 

density 
of oil to 
water 

Relation 
of 

viscosity 
of oil to 
water 

Pipe 
diameter/ 

m 

0.01- 
3.52 

0.01- 
3.60 

0.787- 
1 

1.43- 
138 

0.024- 
0.152 

To resolve 0C  and du  in Eq.(10), the drift-flux 
model is used to determine the slip velocity. Here, the 
flow patterns are classified into the following two ca- 
tegories[17]: the segregated flow, where the two fluids 
flow in separate layers according to their different 
densities (ST or ST and MI flows), and the dispersed 
flow, where one fluid is continuous and the other is in 
the form of drops dispersed in it ( Do / w  and w , 
Dw / o  and o , Do / w  and Dw / o , o / w  or w / o  
flows). About 685 experimental data points are colle- 
cted, and the range of parameters are given in Table 2. 
The experimental data consist of the hydraulic pipe 
diameters in a range from 0.024 m to 0.152 m, and the 
oil phase viscosities from 1.43 mPa·s to          
138 mPa∙s[9,18-24]. The correlation calculation related 
to the two systems can be used to establish the follo- 
wing function: 
 

o = 1.035 0.017mu u − , in the segregated flow    (13) 
 

o = 1.031 + 0.079mu u , in the dispersed flow     (14) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Correlation coefficients calculated referring to the corre- 

sponding set of experimental data in this work and for 
other systems reported in literature 

 
The comparisons of the theoretical predictions 

obtained from Eqs.(13) and (14) for the average local 
oil velocity with experimental data in this work and 
for other systems reported in literature are shown in 
Fig.6. It can be seen that a good agreement is obtained 
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between theory and data. The fitting results are within 
the average absolute error of 6.03% for the dispersed 
flow and 8.05% for the segregate flow, respectively. 
These results substantiate the general validity of the 
models presented for predicting the average local oil 
velocity when the flows are divided into two different 
categories. By substituting Eqs.(13) and (14) into 
Eqs.(11) and (12), Fig.7 illustrates the comparison of 
the predicted component phase flow rates with the 
input oil or water flow rates. It can be observed that 
the predicted results can describe the majority of the 
experimental data within 5%±  of errors. The com- 
parison with Fig.6 shows that this improvement enha- 
nces the prediction precision. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7 Comparison of the component phase flow rates predicted 

by introducing the drift-flux model into the measure sys- 
tem with input oil or water flow rates 

 
 
4. Conclusions 

The present study measures the flow rates in an 
oil-water flow via the correlation of the turbine flow 
meter, the gamma ray densitometry and the drift-flux 
model. Based on the experimental results and analysis, 
the following conclusions can be reached: 

When the turbine flow meter is used to measure 
the mixture flow rate of oil and water, the mixture 
flow with low viscosity oil can meet the requirements 
of the turbine flow meter applications for the entire 
range of oil fraction, and yet for high viscosity oil and 
water flow, the turbine flow meter is suggested to 
measure the mixture flow rate in the  water conti- 

nuous patterns. The single-beam gamma densitometry 
installed in the pipe of small diameter is more appro- 
priate to obtain the local phase fraction since the mix- 
ture flow is easier to form the dispersed flow. 

Measurements of the component phase flow rates 
by the correlation of a turbine flow meter with the ga- 
mma ray densitometry enjoy a reasonably good per- 
formance with 90% of the data falling in the range of 

20%± . However, by introducing the developed drift- 
flux model into this combination instrument, the mea- 
surement accuracy can be improved greatly, and the 
prediction errors are less than 5%± . Although more 
accurate methods for the flow rate measurements of 
the oil-water flow might be applied, the method su- 
ggested in this work is advantageous over other me- 
thods due to its simplicity for practical applications in 
the petroleum industry. 
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