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Abstract: Flow rate and holdup are two essential parameters to describe oil-water two-phase flow. The distribution of oil-water two-phase 
flow in the pipeline is very uneven, and there is a significant slippage between the phases. This makes it difficult to measure these two flow 

parameters. In this paper, a new measurement method of flow rate and holdup based on phase state regulation is proposed. The oil-water 
two-phase flow is adjusted to oil or water single-phase flow according to the time sequence by the phase state regulation, and the oil-water 
phase interface is measured with a conductance sensor. A wavelet transform based phase inflection point detection model is proposed to 
detect the oil-water phase change point. The experimental results show that the maximum measurement error of the flow rate of water is 
3.73%, the maximum measurement error of the flow rate of oil is 3.68%, and the flow rate measurement repeatability is 0.0002. The accuracy 
of the measurement holdup is better than 3.23%, and the repeatability of the measurement holdup is 0.0003. The prototype designed based 
on this method has two advantages. One is that it is small in size, the other is that it does not depend on the accuracy of the sensor. Therefore, 
it can be widely used in oilfield ground measurement.  

Keywords: Oil-water two-phase flow, phase state regulation, flow rate, holdup. 

 

1. INTRODUCTION 

After the oilfield enters the middle and late stages of 

development, water holdup increases and crude oil 

production decreases [1]. For example, in one block of the 

Daqing Oilfield there are about 23800 oil wells. The average 

liquid production of a single well is less than 15 m3/d, and the 
average water holdup is 98.6%. Due to the complex and 

variable flow patterns of oil-water two-phase flow [2], the 

distribution of oil and water in the pipeline is extremely 

uneven. There is significant oil-water inter-phase slippage, 

and measurement parameters such as total flow rate and phase 

holdup are coupled. This makes it very difficult to measure 

the oil-water two-phase flow parameters. The interpretation 

of logging data and the accuracy of logging instruments 

largely depend on the flow rate and holdup parameters [3]-

[5]. Therefore, flow rate and holdup are two essential 

parameters to describe the oil-water two-phase flow. 

The measurement of flow rate and holdup is divided into a 
separation method and a non-separation method. The non-

separation methods mainly include the turbine method [6]-

[11], the ultrasonic method [12], [13], the correlation method  

[14], the tracer method [15], the electromagnetic method [16], 

[17] and the microwave method [18], [19]. The above non-

separation methods have good measurement results in some 

fields. However, they still have shortcomings in flow rate and 

holdup measurement of high-water holdup and low-rate oil-

water two-phase flow with low flow rate. The main drawback 

of the turbine method is that the response characteristics of 

the turbine flow sensor are significantly affected by the well 

inclination angle and the fluid viscosity [20]. The 

disadvantage of the ultrasonic method is that its theoretical 

model needs further improvement [21]. The correlation flow 

method requires two sets of sensors and t cannot meet the 

volume limit of the narrow measurement space [22]. The 

tracer method [23] is divided into particle tracers, thermal 

tracers and radioactive tracers [24], [25]. Radioactive tracer 

is divided into the radioactive isotope tracer method and the 

pulsed neutron-oxygen activation method [26], [27]. The 

disadvantage of the radioactive isotope tracer method is that 

the use of radioactive sources does not meet the safety and 

environmental protection requirements. The disadvantages of 

the pulse neutron oxygen activation method are the high 
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instrument costs and the short lifetime of the neutron tube. 

The electromagnetic method has yet to be studied for high 

water holdup and low-rate oil-water two-phase flow [28]. 

Separation methods mainly include the partial separation 

method [29], [30] and the full separation method [31], [32]. 

In the partial separation method, the equipment volume is 

significantly reduced. However, the high-speed rotation in the 

cyclone causes droplet break. This makes oil-water 

separation difficult. Therefore, the measurement accuracy of 

the partial separation method is limited. The full separation 

method not only completely solves the problem of parameter 

coupling, but also has the advantages of high measurement 

accuracy and a wide measurement range. In addition, it is not 

affected by flow pattern change. However, the equipment 

volume using the full separation method is always very large. 

In the existing oil-water two-phase flow measurement 

methods, the equipment volume using the separation method 

is too large. The non-separation methods often directly use 

sensors to measure flow and holdup. The measurement 

accuracy of non-separation methods in highly dependent on 

the accuracy of the sensor. To solve these problems, this 

paper proposes a new flow rate and holdup measurement 

method based on phase state regulation. In the measurement 

method proposed in this paper, the oil-water two-phase flow 

is adjusted to oil phase flow and water single flow in 

chronological order by phase state regulation. The sensor 

used in this method only detects the oil-water interface. 

Therefore, a high measurement accuracy of the flow can be 

achieved. 

2. MEASUREMENT PRINCIPLE 

A. Measurement method of oil-water two-phase flow 

The measurement principle is as follows: By regulating 

valves 1, 2 and 3, the oil-water two-phase flow from the inlet 

becomes a single-phase flow of oil or water, which flows in 

time sequence when it reaches the conductance sensor. The 

oil phase or the water phase are judged by the signal from the 

conductance sensor. Then the flow rate and holdup are 

calculated according to the volume of the measurement tank 

and the accumulated time. 

valve1

valve 2

upper outlet

lower outlet

valve3

thermometer

piezometer

inlet

 conductance sensor 

computer
control

acquisition

measurement 

tank

 

Fig. 1.  Diagram of measurement principle. 

As shown in Fig. 1, first, the oil-water two-phase flow 
enters the measurement tank from through inlet; then the oil-

water two-phase flow in the measurement tank is regulated 
into oil layer and water layer by gravity; then the 

measurement tank is filled with the oil layer and water layer; 
then the oil layer and water layer are regulated at the outlet 

into single-phase oil, oil-water two-phase and single-phase 

water by regulating the valves. At last, the sensor detects the 
phase state, and the accumulated time is recorded. The flow 

rate and holdup of the oil-water two-phase flow are 
determined by the accumulated time. The detailed 

measurement process is as follows: 

Measurement of flow rate  

The measurement tank is initially empty. The signal level 
of conductance sensor in Fig. 2 is low. Open valves 2, 3 and 

close valve 1 so that the oil-water two-phase flow enters the 
measurement tank through the inlet. At the same time, the 

timer starts to record time. The beginning time is called 0. 

The oil-water two-phase flow in the measurement tank is 
regulated into an oil layer and a water layer by gravity. When 

the measurement tank is filled with the flow, the water layer 
flows out of the measurement tank through the lower outlet 

and the oil layer continues to accumulate. At this time, the 
conductance sensor signal level goes from a low level to a 

high level (at point A). When the oil layer reaches the 
conductance sensor, the signal level of the conductance 

sensor goes from a high level to a low level (at point B). The 

flow rate of oil 𝑣𝑜 is expressed by (1): 

 𝑣𝑜 =
𝑉+∆𝑣

𝑡𝐵
 (1) 

where 𝑉 is the volume of the measurement tank, ∆𝑣  is the 

volume of the pipe from the lower outlet to valve 3, and 𝑡𝐵 is 
the time when the signal level of the conductance sensor goes 

from high level to low level. 

 

Fig. 2.  Diagram of the conductance sensor signal. 

According to (1), the oil flow rate is achieved. Similarly, the 

water flow rate 𝑣𝑤  is achieved as (2): 

 𝑣𝑤=
𝑉

𝑡𝑤
 (2) 

where 𝑡𝑤  is the water accumulation time. 
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Measurement of holdup 

The measurement equipment volume has a fixed size. 

Therefore, the holdup of oil or water is inversely proportional 

to their accumulation time. Considering the volume 

difference between the oil phase measurement and the water 

phase measurement, the water holdup ℎ𝑤 and the oil holdup 

ℎ𝑜 are calculated by (3): 

 

{
 

 ℎ𝑜=
𝑡𝑤×(

𝑉+𝛥𝑣

𝑉
)

𝑡𝐵+𝑡𝑤(
𝑉+𝛥𝑣

𝑉
)

ℎ𝑤=
𝑡𝐵

𝑡𝐵+𝑡𝑤(
𝑉+𝛥𝑣

𝑉
)

 (3) 

B. Recognition of oil-water two-phase flow phase change 

point 

As shown in Fig. 2, the signal amplitude of the oil-water 

two-phase flow changes abruptly when the conductance 

sensor has detected the phase change point of the oil-water 

two-phase flow. The detection of the phase change point of 

the oil-water two-phase flow belongs to the determination of 

the signal singularity. According to the signal singularity, the 

wavelet coefficient modulus maxima method is used to detect 
the mutation point of the signal on the appropriate scale. In 

this paper, the wavelet analysis method is used to detect the 

critical point of the oil-water signal. 

The wavelet function is divided into two classes. When the 

wavelet function is the first derivative of the smoothing 

function, the local extremum of the modulus is considered as 

a signal mutation point. When the wavelet function is the 

second derivative of the smoothing function, the zero-

crossing point of the modulus is considered as the signal 

mutation point. Therefore, the zero-crossing point of the 

modulus of the wavelet transform coefficient and the local 
extremum point are used to detect the signal mutation point. 

The modulus maxima mutation detection procedure is as 

follows: First, the signal is smoothed; finally, the mutation 

point is detected using the first and second derivatives of the 

smoothed signal. 𝜃(𝑥) is a smooth function, which satisfies 

∫ 𝑞(𝑥)
+∞

−∞
𝑑𝑥 = 1.  𝜓1(𝑥) and 𝜓2(𝑥) are the first and second 

derivatives of 𝜃(𝑥), respectively. They satisfy the following 

admissible conditions: 

 ∫ 𝜓(𝑥)𝑑𝑥 =
+∞

−∞
∫

𝑑𝜃(𝑥)

𝑑𝑥

+∞

−∞

𝑑𝑥 = 0 (4) 

Therefore, 𝜓1(𝑥) and 𝜓2(𝑥) are all wavelets. We can 

obtain the wavelet transform of the function 𝑓(𝑥)  over 

wavelet 𝜓1(x) and 𝜓2(𝑥) on scale j and position x: 

 {

𝑊2
1𝑗𝑓(𝑥) = 𝑓 ⋅ 𝜓𝑗

1(𝑥) = 𝑗
𝑑

𝑑𝑥
(𝑓 ⋅ 𝜃𝑗)(𝑥)

𝑊2
2𝑗𝑓(𝑥) = 𝑓 ⋅ 𝜓𝑗

2(𝑥) = 𝑗2
𝑑2𝜃𝑗

𝑑𝑥2

𝑑2

𝑑𝑥2
(𝑓 ⋅ 𝜃𝑗)(𝑥)

           (5) 

The wavelet transform is obtained from the convolution of 

the function  𝑓(𝑥) and the smooth function 𝜃𝑗 multiplied by j 

and j2 with respect to the first and second derivatives of j. The 

local extremum of  W2
1𝑗𝑓(𝑥) corresponds to the zero-crossing 

point of  𝑊2
2𝑗𝑓(𝑥) and the inflection point of  𝑓 ∙ 𝑞𝑗(𝑥). 

Multi-scale detection can determine the exact location of 

the mutation point. Multi-scale mutation point detection 

serves to smooth the function 𝑓(𝑥)  through the smooth 

function 𝜃𝑗(𝑥) corresponding to scale j and it is expressed as 
𝑓 ∙ 𝑞𝑗(𝑥). When the scale j is small, the steep mutation part 

of 𝑓(𝑥)  is preserved; when the scale j is large, some 

characteristics of the large-scale slow change are preserved, 

which are erased by the filtering effect. The scale factor j can 

properly adjust the parameter values according to the 

characteristics of 𝑓(𝑥) , and then effectively detect the 

positions of the different mutation points of 𝑓(𝑥)  in the 

signal. Therefore, the mutation points on different scales are 

determined by different j values. 

3. DESIGN AND OPTIMIZATION OF EXPERIMENTAL 

PROTOTYPE 

To study the influence of the measurement tank geometric 

structure on the measurement, two-dimensional simulation is 

used to simulate the flow pattern in the measurement tank. 

The volume, shape, internal structure, size and position of the 
inlet are analyzed one by one. Then, the influence of the flow 

rate change on the results is simulated to further optimize the 

measurement tank and determine the final scheme for its 

simulation. 

The initial parameters of the prototype are shown in Fig. 3. 

The application conditions of the experiment are as follows: 

the upper limits for the water and oil phase flow rates are 

10.00 m³/d and 30.00 m³/d, respectively; the pressure upper 

limit is 3.00 MPa; the temperature range is 40.00 °C-

100.00 °C. 

 

Fig. 3.  Intention of prototype structure. 
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The simulation nephogram and the dynamic curve of the 

oil phase detected at the sensor position are shown in Fig. 4. 

As shown in Fig. 4, for a total inlet flow rate of 40.00 m³/d, 

the cross-sectional velocity is 0.26 m/s and the Reynolds 

number and turbulence intensity are 10606.02 and 0.05, 

respectively. The oil-water interface is clear and the scheme 

is reasonable. 

According to the simulation results, the final prototype 

parameters are as follows: the inner diameter of the inlet is set 

to 50.00 mm and a baffle with a height of 100.00 mm is 
placed vertically 50.00 mm away from the inlet. The inner 

diameter of the upper and lower outlet is 40.00 mm, the 

height of the measurement tank is 1200.00 mm and the inner 

diameter is 600.00 mm. The upper and lower ends of the tank 

are conical and have a height of 100.00 mm. 

 
(a) 

 
(b) 

Fig. 4.  The simulation nephogram and dynamic curve of oil phase 
(a) simulation nephogram; (b) dynamic curve. 

4. EXPERIMENT 

To verify the flow rate and holdup measurement method of 

the oil-water two-phase flow with a low flow rate proposed 

in this paper, an experimental prototype was created, as 

shown in Fig. 5. 

       
(a) (b) (c) 

Fig. 5.  Diagram of the experimental system: (a) system device; (b) 
measurement of water; (c) measurement of oil. 

The experimental prototype consists of a conductance 
sensor array for export flow pattern identification, a 

collection, control and export flow pattern identification 
module and a measurement tank. The measurement tank 

contains an inlet distributor, a flow field buffer component, 
three shutter valves and a temperature sensor. The 

measurement tank is made of acrylic PMMA. The 
temperature sensor is a Pt100 temperature sensor and the 

output signal is a 4 mA ~ 20 mA DC signal. The inner 
diameter of the transmission pipe is 40.00 mm and the wall 

thickness is 5.00 mm. The transmission pipe is made of 
PMMA, and the DN50 flange is used to connect with the oil 

well. Three shutter valves adopt a hydraulic valve, and turn 
off time is 0.10 s. The conductance sensors are equipped with 

six-electrode conductance sensors.  
The oil-water holdup and flow rate are controlled by the 

multiphase flow control system, and the oil-water two-phase 
flow flows into the measurement tank after full stabilization. 

The experimental parameters are as follows:  

• temperature: 20.00 ℃;  

• pressure: 100.00 KPa;  

• flow rate of oil: 0-30 m3/d;  

• flow rate of water: 0-30 m3/d;  

• water holdup: 30%-70%;  

• length of steady flow section: 2000.00 mm;  

• ∆𝑣: 0.0019 m3. 

5. RESULTS AND DISCUSSION 

A. Oil-water two-phase flow measurement experiment 

Many measurement experiments are performed. One array 

of measured data is shown in Fig. 6. The data are processed 
by the recognition method of oil-water two-phase flow phase 

change point, and the phase change point is shown in Fig. 6. 
In Fig. 6, the water phase accumulation time is 659.00 s and 

the oil phase accumulation time is 337.00 s by the phase 
change point detection method of oil-water two-phase flow. 

The actual flow rate of oil is 5.00 m³/d and the actual flow 
rate of water is 10.00 m³/d. The measurement value of the 

flow rate of oil is 4.93 m³/d and the measurement value of the 
flow rate of water is 10.20 m³/d. Thus, the measurement error 

for the flow rate of oil is 1.22% and the measurement error 
for the flow rate of water is 3.03%. The actual oil holdup is 

33.33% and the actual water holdup is 66.67%. Therefore, the 
measured oil holdup is 33.90%, the measured water holdup is 

67.21% and the measurement error for water is 2.35%. 
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Sensor signal

Change Point by  d1

337 659

Time(s)  

Fig. 6.  The results of the measurement experiment. 

B. Repeatability of the oil-water two-phase flow 

measurement experiment 

To reduce the measurement uncertainty, many experiments 

are performed with different flow rates and different holdups. 

The experimental results are shown in Fig. 7 and Fig. 8. In 

Fig. 7 and Fig. 8, each measurement value is the average of 

30 measurement values. 
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(b) 

Fig. 7.  Experimental diagram of randomness of the oil-water two-
phase flow measurement: (a) oil measurement, (b) water phase 

measurement.  

As shown in Fig. 7, the average error of the flow rate 

measurements of oil is 3.37%. The maximum error is 3.68% 

when the actual flow rate is 8.00 m³/d. The minimum error is 

3.00% when the actual flow rate is 3.00 m³/d. Therefore, the 

flow rate of the oil measurement accuracy is better than 

3.68%.  

The average error of the flow rate measurements of water 

is 3.40%. The maximum error is 3.73% when the actual flow 

rate is 2.00 m³/d. The minimum error is 2.89% when the 

actual flow rate is 12.00 m³/d. Therefore, the flow rate of the 
water measurement accuracy is better than 3.73%.  

For a flow rate of oil measurement from 1 m³/d to 10 m³/d, 

the mean square error is 0.0022, 0.0031, 0.0024, 0.0021, 

0.0019, 0.0023, 0.0017, 0.0025, 0.0028 and 0.0026, and the 

repeatability is less than 0.0002.  

For a flow rate of water measurement from 1 m³/d to 

30 m³/d, the mean square error is 0.0019, 0.0024, 0.0033, 

0.0037, 0.0023, 0.0029, 0.0017, 0.0026, 0.0028, 0.0029, 

0.0026, 0.0031, 0.0027, 0.0022 and 0.0024, and the 

repeatability is less than 0.0002. 

In Fig. 8, the average error of the measurement experiment 
of water holdup is 2.84%. The maximum error is 3.23% when 

the actual holdup is 25.00%. The minimum error is 2.10% 

when the actual holdup is 50.00%. Therefore, the accuracy of 

the holdup measurement is better than 3.20%. For a flow 

holdup measurement from 30% to 70%, the mean square error 

is 0.0023, 0.0029, 0.0034, 0.0021, 0.0025, 0.0026, 0.00017, 

0.0025, 0.0028, 0.0024, 0.0029, 0.0027, 0.0029, 0.0028, 

0.0032, 0.0023, 0.0035, 0.0026, 0.0031, 0.0025 and 0.0032, 

and the repeatability is less than 0.0003. 
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Fig. 8.  Experimental chart of random measurement of the oil-water 
two-phase flow holdup 

From the above analysis, the repeatability of the flow rate 
is less than 0.0002 and the repeatability of the holdup is 

0.0003. Therefore, the measurement results have high 

repeatability. 

The prototype designed in this paper can measure high 

water holdup and low flow rate of oil-water two-phase flow. 

If the liquid level at the conductance sensor is smooth, the 

volume of the prototype does not need to be increased when 

the flow rate increases. Otherwise, the volume of the 

prototype must be increased. 
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6. CONCLUSIONS 

A flow rate and holdup measurement method of oil-water 
two-phase flow based on phase state regulation is proposed. 
This method does not depend on sensor accuracy and reduces 
sensor accuracy requirements. The volume of the 
experimental prototype based on this method is small and 
overcomes the disadvantage of too large volume of the 
separation method. The conclusions are as follows: 

1. The phase state regulation of oil-water two-phase flow 
is proposed, which regulates the mixed oil-water two-
phase flow into single-phase water flow and single-
phase oil flow. 

2. The wavelet analysis method for detecting the oil-water 
two-phase flow phase change point is proposed, which 
can effectively detect the phase change point. 

3. Through simulation, the prototype parameters are 
determined and a flow rate and holdup measurement 
experiments are performed. The experiment results 
show that the water measurement accuracy of flow rate 
is better than 3.73%, the oil measurement accuracy of 
the holdup is better than 3.68% and the maximum 
measurement error of holdup is 3.23%. The repeatability 
of the flow rate is less than 0.0002 and the repeatability 
of the holdup is 0.0003. 
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