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Abstract: The accurate prediction of the pressure distribution of highly viscous fluids in wellbores and pipelines is of great significance for heavy oil production and transportation. The flow behavior of high-viscosity fluids is quite different with respect to that of low-viscosity fluids. Currently, the performances of existing pressure-drop models seem to be relatively limited when they are applied to high-viscosity fluids. In this study, a gas-liquid two-phase flow experiment has been carried out using a 60 mm ID horizontal pipe with air and white oil. The experimental results indicate that viscosity exerts a significant influence on the liquid holdup and pressure drop. At the same gas and liquid volume, both the liquid holdup and pressure drop increase with an increase in the viscosity. Combining two existing models, a modified pressure drop method is developed, which is applicable to horizontal pipes for different viscosities and does not depend on the flow pattern. This new method displays a high accuracy in predicting the new experimental data presented here and other published data in literature.
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1  Introduction

Recently, more attention is being paid to heavy oil production. However, improving the development efficiency of heavy oil production remains an important challenge to the oil industry. High viscosity fluids have significantly increased challenges to the exploitation and transportation of heavy oils. Due to the limitation of experimental conditions, there are few studies on pressure drop models of fluids with different viscosities. Studying the pressure drop of gas-liquid two-phase flow with different viscosities can provide theoretical and practical support for the development and efficient transportation of heavy oils [1,2].

In recent years, some research on different viscosity of gas-liquid two-phase flow in horizontal pipes have been carried out and the influence of viscosity on flow parameters studied. Andritsos et al. [3] conducted gas-liquid two-phase flow experiments in a horizontal pipe with a pipe diameter of 95.3 mm and a length of 25 m. The liquid viscosity was varied from 1 to 80 mPa·s. The experiments focused on the transition of stratified flow and slug flow under different viscosities. NäDler et al. [4] studied the influence of different fluid viscosities on the phase distribution of slug flow in horizontal pipe. The experimental pipe diameter was 59 mm, and the fluid viscosity range was between 14 and 37 mPa·s. The authors observed increased liquid holdup values with the increase of viscosity. Matsubara et al. [5] studied the effect of liquid viscosity on the flow pattern of gas-liquid two-phase flow in horizontal pipes, with a liquid viscosity range from 1 to 11000 mPa·s. The results revealed that two-phase flow pattern is dependent on the viscosity of the liquid. With the increase of the viscosity of the liquid phase, the wave flow and stratified flow regions were replaced by annular flow and intermittent flow, respectively. Sarica et al. [6] studied the gas-liquid two-phase flow law of medium viscosity oils (39 to 180 mPa·s) in horizontal pipe and the effect of viscosity on pressure gradient, liquid holdup and flow pattern observed. The study reported that when the viscosity of oil increases, the smooth region of stratification decreases. In addition, in comparison with the low viscosity conditions, the dispersed bubble flow presents a larger bubble concentration at the top of the pipe.

Some scholars have also developed and presented models to predict liquid holdup and pressure drop for oils of different viscosities. Gokcal et al. [1] studied the effect of high viscosity oil on the flow pattern in horizontal tubes. It was found that the existing mechanistic models need to be modified, and in some cases, new models developed to predict flow patterns, liquid holdup and pressure drop more accurately for higher-viscosity oils. Colmenares et al. [7] studied the pressure drop prediction slug flow model of horizontal pipe with high viscosity. The authors pointed out that the existing closure relationships should be improved in order to predict the parameters of high viscosity gas-liquid two-phase flow. Their modified mechanistic model provided better performance when compared with the existing models. Smith [8] conducted oil-gas two-phase flow experiments in horizontal pipes with 69 mm and 52 m pipe diameters respectively. His study suggested that the common multiphase flow models generally predict large pressure drop. Al-Safran et al. [9] studied the influence of high viscosity liquid on the liquid holdup of horizontal slug flow, and presented a physical explanation for the phenomena observed in the experiment. A new empirical model was presented to predict the liquid holdup of high viscosity liquid horizontal slug flow. Foletti et al. [10] used their experimental data to verify the Petalas [11] and Orell [12] mechanistic models, and the agreement is not satisfactory.

Previous experimental studies demonstrate that the multiphase flow modelling of high viscosity liquid differs from that of low viscosity liquid. Most of the gas-liquid two-phase flow models are based on the low viscosity liquid experiments, when these models used to predict liquid holdup and pressure drop of high viscosity gas-liquid two-phase flow, in most of the cases, the comparison is poor, and showing the need to develop a modified model.

In this paper, the influence of viscosity on gas-liquid two-phase flow was analyzed by carrying out two-phase flow oil-gas experiments in a horizontal pipe with oils of different viscosity. Models which predict of liquid holdup and pressure drop in horizontal pipe were studied. A modified pressure drop model, independent of flow pattern, in horizontal pipes for different viscosities was developed and its accuracy verified using experimental data and data from literature.

2  Experiment of Oil-Gas Two-Phase Flow with Different Viscosity in Horizontal Pipe

2.1 Experimental Device and Experimental Measurement

The experiment was carried out on the multiphase flow experimental platform at the Gas Lift Innovation Center located at Yangtze University. The platform, described in detail by Liu et al. [13] can be used to study multiphase pipe flow dynamics under different inclinations, diameters and temperatures. Pressure, temperature, and pressure differential sensors, as well as quick-closing valves and other devices, are installed on the pipe section. Data collection is done directly online at the control center. The inner diameter of the test section used in the experiment was 60 mm. This inner diameter is commonly used in petroleum industry. A high-speed camera installed on the pipe section (L/D ≈ 100) is used to record the flow patterns. The length between the two quick-closing valves and length between the two differential pressure sensors are 9.5 m and 8 m, respectively. This study provides approximately 2.4 m for the flow to develop [13], and the first differential pressure sensor is installed in the pipe 2.4 m away from the inlet. The length of 8 m is enough to observe all the fully developed flow patterns. The flowchart and the original experimental setup are shown in Fig. 1.
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Figure 1: Flowchart of the experimental (a) and the original picture of the experiment (b)

In the experiment, a constant liquid flow rate was maintained, while the gas flow rate was adjusted. When the system was steady, the data were recorded, and the experimental flow pattern was observed. The experimental data were recorded every 5 s for 3 min; finally, the average value of each measurement parameter was obtained. After completing the data recording, the quick-closing valve was closed, and the liquid holdup was measured. Liquid holdup was calculated as the ratio of the volume of the residual liquid to the volume of the whole pipe was used as the average liquid holdup of the experiment.

The ranges of experimental parameters are shown in Tab. 1, and all the typical flow patterns can be captured in the experiment. The flow range of liquid phase flowmeter was from 0 to 20 m3/hour with a measurement error of ±0.3%. The flow range of gas phase flowmeter was between 0 and 2100 m3/hour with a measurement error of ±1%. The inclination angle of the whole section could be adjusted from 0° to 90°. The error of the differential pressure sensors was ±0.025%. The uncertainty for pressure drop and liquid holdup are within ±2% and ±5%, respectively [14].

Table 1: Experimental parameters range
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2.2 Experimental Fluid

For this experiment, air was the gas phase, while the liquid phase was white oil with tackifier, which can be soluble in white oil and increase viscosity of the white oil. The relationship between density and temperature, viscosity and temperature of liquid phase were obtained by fitting a curve to the measured data. The physical properties of the liquids are shown in Tab. 2. Tab. 2 shows that the viscosities of the white oil vary with temperature. Therefore, the viscosity of the oil was controlled by keeping the temperature constant in the experiments.

Table 2: Physical parameters of fluid medium
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3  Experimental Results

3.1 Flow Pattern

In the experiment, when the liquid volume is kept constant, bubble flow, stratified flow, wave flow, slug flow, churn flow and annular flow were observed with the increase of gas volume. The typical flow patterns observed in the experiment captured by the high-speed camera are as shown in Fig. 2, and these flow patterns are different from the flow patterns in inclined and vertical pipes [15,16]. The churn flow is the transition region from slug to annular flow. It is found that the transition region decreases with the increase of viscosity.
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Figure 2: Typical flow patterns in this experiment (a) Bubble flow, (b) Stratified flow, (c) Wave flow, (d) Slug flow, (e) Churn flow, (f) Annular flow

3.2 Effect of Viscosity on Liquid Holdup

The changes of liquid holdup with liquid viscosity are shown in Figs. 3 and 4. It can be seen that the liquid holdup decreases with the increase of gas volume flow rate, and increases with the increase of liquid volume flow rate. This is because when the gas volume flow in the pipeline increases, the apparent gas flow rate will increase, and the gas has a stronger liquid carrying capacity, which leads to the decrease of liquid holdup in the pipeline. In addition, it can be seen from the Figs. 3 and 4 that when the gas flow rate (>200 m3/hour) or liquid flow rate (>2 m3/hour) is large, their influence on liquid holdup becomes smaller, however, viscosity has a great on liquid holdup at different flow rates.

[image: images]

Figure 3: Liquid holdup under different gas volume flow and viscosity
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Figure 4: Liquid holdup under different liquid volume flow and viscosity

3.3 Effect of Viscosity on Pressure Drop

The change of pressure drop with viscosity under the same gas and liquid volume are shown in Figs. 5 and 6. It can be seen from the Fig. 5 that when the volume flow rate of gas is constant, the pressure drop increases with the increase of the liquid viscosity. This is because when the viscosity is greater, the friction drop between the liquid in the pipe and the pipe wall will become greater. It can be seen from the Fig. 6 when the volume flow rate of the liquid phase is constant, the pressure drop increases obviously with the increase of the volume flow rate of the gas phase, which is caused by the ratio of the pressure drop to the quadratic power of the velocity. Moreover, with the increase of the volume flow rate of the gas phase, the liquid film gradually forms and spreads on the pipe wall, and the friction pressure drop between the liquid and the pipe wall increases. When the volume flow rate of the gas phase is constant, the pressure drop will increase with the increase of the volume flow rate of the liquid phase. This is because when the volume of the liquid phase increases, the proportion of the nearly smooth pipe wall covered by the rough interface formed by the liquid phase and the gas phase is larger, and the larger the volume of the liquid phase is, more energy is needed to overcome the viscous resistance in the pipe to promote the viscous fluid, which leads to the friction coefficient and friction pressure increased. It can be also seen from the figure that, with the increase of liquid flow rate or gas flow rate, the influence of viscosity on pressure drop becomes larger.

[image: images]

Figure 5: Pressure drop under different liquid volume flow and viscosity
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Figure 6: Pressure drop under different gas volume flow and viscosity

4  Development and Evaluation of Oil-Gas Two-Phase Pressure Drop Model in Horizontal Pipe

The liquid holdup directly affects the gravity pressure drop in the pressure drop of inclined and vertical pipes. Although there is no gravity pressure drop in the horizontal pipe, previous studies have shown that the calculation of friction pressure drop in the horizontal pipe is needed to determine the liquid holdup. In the horizontal pipes, Taitel et al. [17] indicated that when the liquid flow rate is small, with the increase of gas flow rate, the flow pattern will change from bubble flow to laminar flow, and then to slug flow. However, when the liquid flow rate exceeds a certain value, the flow pattern will directly change from bubble flow to slug flow. Therefore, this paper developed a liquid holdup model, and then proceeded to develop a pressure drop model independent of flow pattern based on the given liquid holdup model.

4.1 Calculation Method of Liquid Holdup in Horizontal Pipe

Many researchers have recognized the method of analyzing the liquid holdup by using dimensionless criterion, for instance Abdul-Majeed et al. [18] introduced Lockhart [19] dimensionless parameter to calculate the liquid holdup. The Mukherjee [20] liquid holdup model is expressed by a set of dimensionless standard numbers, among which the liquid viscosity number 
Nl
 can be used to characterize the effect of liquid viscosity on flow parameters. The comparison of the experiments in the paper and Mukherjee is shown in Tab. 3.

Table 3: The comparison of the experiments in this paper and Mukherjee et al. [20]
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According to Mukherjee et al. [20] model, in the paper, the liquid holdup 
Hl
 is designed as a function of the gas phase apparent velocity number 
Nvg
, the liquid phase apparent velocity number 
Nvl
 and liquid viscosity number 
Nl
, and the equation of liquid holdup is given as follows:


Hl=exp⁡(c1Nlc2Nvlc3Nvgc4+c5Nvlc6Nvgc7)
(1)

The coefficients obtained by experimental data fitting are shown in Tab. 4.

Table 4: Liquid holdup coefficient
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4.2 Pressure Drop Model of Horizontal Pipe

Considering that Beggs et al. [21] pressure drop model is also independent of the flow pattern. The comparison of the experiments in the paper and Beggs et al. [21] is shown in Tab. 5.

Table 5: The comparison of the experiments in the paper and Beggs et al. [21]
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In the paper, a modified model is proposed based on the Beggs-Brill model. The general formula for calculating the pressure drop in the horizontal pipe of Beggs et al. [21] model is as follows:


−dpdl=λvm2ρf2d1−[Hlρl+(1−Hl)ρg]vmvsg/p
(2)

The friction coefficient can be calculated by the following equation:


λ=λ0en
(3)

where 
λ0
 is the friction coefficient of two phases without slippage; is the hydraulic friction coefficient of gas-liquid mixed transportation.

In the Beggs et al. [21] model, the important parameter to determine the friction pressure drop is the hydraulic friction coefficient 
λ
, and the value of 
λ
 depends on the friction coefficient 
λ0
 and coefficient 
n
 when there is no slippage between two phases. The determination of 
λ0
 is related to the Reynolds number without slippage, and 
n
 is the empirical formula based on the experimental results. Therefore, the value of 
n
 has a great influence on the calculation results of the hydraulic friction coefficient. In addition, 
n
 has a certain relationship with liquid holdup 
Hl
. In this paper, we use the new model of liquid holdup calculation to calculate 
Hl
, and revise the calculation formula of n combined with the new 
Hl
. The expression given by the coefficient 
n
 in the original model is:


n={−ln⁡m0.0523−3.182ln⁡m+0.8725(ln⁡m)2−0.01853(ln⁡m)4ln⁡(2.2m−1.2)(m≤1orm≥1.2)(1.2<m<1)
(4)

In this paper, we use the similar form of n to add the factor of 
(ln⁡m)3
, as follows:


n=−ln⁡ma1+a2ln⁡m+a3(ln⁡m)2+a4(ln⁡m)3+a5(ln⁡m)4
(5)


m=R1Hl2
(6)

where 
n
 and m are the coefficient; 
R1
 is the volume liquid content; 
Hl
 is the liquid holdup.

Finally, according to the experimental data, the fitting coefficient values are shown in Tab. 6.

Table 6: New coefficient of friction pressure drop
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4.3 Evaluation of Pressure Drop Model

In order to compare the accuracy of the new model, six existing pressure drop models (Beggs et al. [21], Mukherjee et al. [20], Dukler I et al. [22], Dukler II et al. [23], Shannak [24], Baker [25]) were validated by using the experimental data. Beggs et al. [21] model, Mukherjee et al. [20] model and Baker model are empirical models, Beggs et al. [21] model and Mukherjee [20] model can be used to predict the pressure drop from horizontal to vertical pipes, Baker [25] model can only be used for pressure drop prediction of horizontal pipes. Dukler I et al. [22] model and Dukler II et al. [23] model are assuming that between the two phases is no slip flow and slip flow, respectively. Shannak [24] model includes a new definition of the Reynolds number and the friction factor of two-phase flow. The friction pressure drop correlation is as follows:


f(Two−phase)=F(Re(Two−phase),εd)
(7)

Two statistical parameters (The average percentage error and the absolute average percentage error) are employed for evaluating the performance of the models. The average percentage error (APE) is a statistical indicator used to measure the accuracy of prediction, and the absolute average percentage error (AAPE) can accurately reflect the actual prediction error. N is the number of experimental groups, and the formula is as follows:


PE=(Hl)C−(Hl)E(Hl)E×100%
(8)


APE=1N∑i=1N(PEi)
(9)


AAPE=1N∑i=1N|PEi|
(10)

The prediction errors of the six pressure drop models are shown from Tabs. 7–12. It can be seen from the results that, when the liquid viscosity is low (10 mPa·s), the performance of Beggs et al. [21] model, Mukherjee et al. model [20] and Shannak [24] model is better. However, the prediction accuracy becomes worse with the increase of viscosity. The prediction performances of the Dukler I et al. [22], Dukler II et al.[23] and Baker [25] models are poor for all viscosity experimental data. Overall, it can be seen that the six models are not suitable for high viscosity fluid flow, and the errors increase with the increase of viscosity, and the predicted results are smaller than the experimental values.

Table 7: Verification of pressure drop calculation of Beggs et al. [21]
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Table 8: Verification of pressure drop calculation of Mukherjee et al. [20]
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Table 9: Verification of pressure drop calculation of Dukler I et al. [22]
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Table 10: Verification of pressure drop calculation of Dukler II et al. [23]
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Table 11: Verification of pressure drop calculation of Shannak [24]
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Table 12: Verification of pressure drop calculation of Baker [25]
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The prediction error of the new model is shown in Tab. 13. It can be seen from the results that the prediction accuracy of the modified formula has been improved under various viscosity conditions, and the average percentage error APE is within ±10%. The results indicate that the new model can be applied to the conditions of high gas-liquid ratio and high viscosity, and broaden the scope of application.

Table 13: Verification of pressure drop calculation of present model
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In order to better evaluate the applicability of the new model, the new model was used to predict the experimental pressure drop data of horizontal tube disclosed by Badie et al. [26]. The experimental conditions of Badie [26] are shown in Tab. 14.

Table 14: The experimental conditions of Badie et al. [26]
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The results are shown in Tab. 15. The APE between the pressure drop predicted by the modified formula and the experimental data is within 10%, and the prediction accuracy is higher.

Table 15: Verification of the new model to open experimental data
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5  Conclusion

In order to obtain the accurate calculation method of oil-gas two-phase pressure drop of different viscosity in horizontal pipe, experiments of gas-liquid two-phase flow with different viscosities were carried out. Through the analysis of the experimental data, it can be seen that viscosity has a great influence on the liquid holdup and pressure drop. Under the condition of a certain flow rate of gas and liquid, with the increase of liquid viscosity in the pipe, the viscosity between the liquid-phase fluid and the pipe wall will increase with the increase of viscosity as the friction between the liquid and the wall increases, the liquid holdup and pressure drop increase with the increase of viscosity. Based on the methods of Beggs et al. [21] and Mukherjee et al. [20], a new model for prediction of two-phase flow pressure drop in horizontal pipe is presented. The verification results of the new model, implemented by using experimental data and published literature data, show that the new model has higher prediction accuracy and can be applied to the case of high gas-liquid ratio and high viscosity.
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290 —54.80 54.80
480 -50 51 5051
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Air Water (1 mPa-s) -2 to +2 15, 20, 25 0.001-0.049 m/s
Shell Tellus 22 oil (40 mPa-s)
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Viscosity (mPa-s) APE (%) AAPE (%)
10 —87.66 87.66
50 -92.89 92.89
100 -95.49 95.49
290 -97.11 97.11
480 —97.45 97.45
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White oil with tackifier p = —0.00067 +0.869 = —0.00337> + 0.560172 — 33.606T + 765.47

Note: T is the temperature, °C.
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Viscosity (mPa-s) APE (%) AAPE (%)
10 3.05 22.12
50 -8.93 20.91
100 ~1.64 29.35
290 -5.16 28.22
480 9.62 33.91
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(a)

Water inlet

1. Water content meter; 2. Filter; 3. Accumulator; 4. Pressure sensor; 5. Liquid flow
meter; 6. Control center; 7. Quick close valve; 8. Differential pressure sensor; 9. Pressure
sensor; 10. Gas-Liquid mixture; 11. Temperature sensor
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(mPa-s)

Beggs-Brill  Air 1 (Water) -90 to +90 25.4, 38
This paper  Air 10480 0 60
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