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Abstract: Horizontal well production technology gradually occupies a dominant position in 
the petroleum field. With the rise in water production in the later stage of exploitation, slug 
flow phenomena will exist in horizontal, inclined and even vertical sections of gas wells. To 
grasp the flow law of slug flow and guide engineering practice, the flow law of slug flow at 
various inclination angles (30°~90°) is studied by means of the combination of laboratory 
experiments (including high frequency pressure data acquisition system) and finite element 
numerical simulation. The results reveal that because of the delay of pressure variation at 
the corresponding position of pipeline resulting from gas expansion, the highest point of 
pressure change curve corresponds not to the highest point of liquid holdup curve (pressure 
change lags behind 0.125 s of liquid holdup change). Thus, the delay of pressure should be 
highlighted in predicting slug flow using pressure parameter change; otherwise the 
accuracy of prediction will be affected when slug flow occurs. It is generally known that 
liquid holdup and pressure drop are the major factors affecting the pressure variation and 
stable operation of pipelines. Accordingly, the results of finite element numerical simulation 
and Beggs-Brill model calculation are compared with those of laboratory experiments. The 
numerical simulation method is applicable to predicting the pressure drop of the pipeline, 
while the Beggs-Brill model is more suitable for predicting the liquid holdup variation of 
the pipeline. The research conclusion helps reveal the slug flow law, and it is of a scientific 
guiding implication to the prediction method of flow parameters under slug flow pattern in 
the process of gas well exploitation. 
 
Keywords: Slug flow, volume liquid holdup, pressure, pressure drop, flow pattern, 
numerical simulation. 

1 Introduction 
Slug flow refers to a common flow pattern in the fields of petroleum production and 
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transportation, nuclear energy, as well as chemical industry. It is characterized by 
alternating gas and liquid slugs. Such flow pattern can lead to periodic drastic variations 
in pressure and flow rate in pipelines, cause serious damage to stability of pipelines, 
shorten the life of pipelines, and cause a series of safety accidents. 
Kordyban et al. [Kordyban and Ranov (1970)] stated that the slug moves at the identical 
speed to that of the gas and slides over the underlying film without mixing or reacting 
between the slug and the film. However, due to the limitation of experimental conditions 
and the immature development of theory, their theory has not been further extended. 
Despite intensive research on slug flow Nydal, O. J, Barnea, D Kaya, A. S, Gomez, L. 
Hongyan Zhang, Xin Chang [NydaI, Pimus and Andreussi (1992); Barnea and Taite 
(1993); Chen and Chen (2010); Kaya, Sarica and Brill (1999); Gomez, Shoham and 
Schmidt (2000); Zhang, Bai and Wu (2017); Chang (2017)] their research only 
experimentally analyzed and predicted the flow law of slug flow in horizontal pipeline. 
Most of them were combined with experiments, using existing models to analyze and 
predict slug flow law [Liu and Li (2011); Li, Wu and Zhang (2018); Wang, Liu and Li 
(2016)]. As research technology for multiphase pipe flow continues to develop, the 
combination of laboratory experiment and numerical simulation has gradually become 
the mainstream research form. The combination of numerical simulation and experiment 
will be the most convincing method for flow pattern research. Thus, to gain more insights 
into the flow characteristics of slug flow at various angles simulation and laboratory 
experiments are employed to facilitate an in-depth study of the pressure, liquid holdup 
and gas-liquid distribution slug flow, providing reliable theoretical support for reducing 
the accidents attributed to slug flow in production field, It will be of high reference and 
guiding implication to the accurate assessment of slug hazards and quantitative analysis 
of slug characteristics. 

2 Slug flow theory 
Generally, based on the nature of formation of slug flow, it can be divided into four types 
[Li and Jia (2015)]: hydraulic slug flow, severe slug flow, slug flow induced by 
topographic fluctuation and slug flow resulting from operation. Hydraulic slug flow and 
severe slug flow are the most common. The main characteristics of slug flow are the 
alternation of gas and liquid. Compared with other flow patterns, slug flow exhibits an 
unstable volume holdup, large fluctuation of pressure drops and obvious change of 
pressure when slug flow occurs in pipelines. In this study, only the formation and flow 
law of hydraulic slug flow will be studied. 
Hydraulic slug flow refers to slug flow attributed to hydraulic parameters (liquid holdup, 
gas superficial velocity and liquid superficial velocity) in pipeline just reaching the 
condition of slug flow formation. Before the formation of hydraulic slug flow, the liquid 
primarily behaves as wave current. Due to the superficial velocity of gas, the wave 
formed by liquid reaches the top of the pipeline, which cuts off the flow passage of gas. 
At this time, the slug flow is formed. 
The study of multiphase pipe flow primarily includes flow pattern identification, liquid 
holdup measurement and pressure drop calculation. The calculation of liquid holdup is 
the basis of flow pattern discrimination and pressure drop calculation, and plays an 
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important role in process calculation. At present. It is generally accepted that Beggs-Brill 
[Beggs and Brill (1973); Brill and Beggs (1986)] obtained a classical comprehensive 
mechanism model after a large number of experiments. After fully considering various 
factors affecting the pressure drop, the pressure drops calculation theory, including 
gravity pressure drop, friction pressure drop and accelerated pressure drop, is 
summarized as Eq. (1). 
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whereϕ is the resistance coefficient along the two-phase flow, dimensionless, G is the 
mass flow rate of the mixture,v represents the average flow velocity of the mixture, A
represents the cross-section area of the pipeline, D represents the diameter of the pipeline, 
θ represents the inclination angle of the pipeline, sg

v represents the apparent flow 
velocity of the gas phase, l

ρ , l
H represents the density of the liquid phase and the liquid 

holdup of the pipeline respectively. 

3 Numerical simulation 
3.1 Geometric model 
To describe the flow pattern of slug flow more intuitively and accurately, relevant 
software was used to simulate the flow pattern in the whole pipeline, and water and air 
were selected as the simulation medium. First, using SolidWorks mapping software, a 
three-dimensional model of 40 mm diameter and 10 m length of pipeline is established 
(Fig. 1(a)). For transient numerical simulation, it is necessary to determine the number of 
meshes used in the calculation and the irrelevance between the time step and the 
calculated results, i.e., to verify the grid independence and time independence 
(irrelevance), because the density of meshing is directly related to the results of finite 
element analysis. This paper verifies the grid independence of four different mesh 
numbers. According to the Jiao study [Jiao and Deng (2013)], when the error of the 
results under different mesh numbers is less than 2%, the results are considered to be 
desirable. After comparison, 665,256 meshes are selected, and time step is 0.0001 s for 
simulation calculation [Johansen, Mo and Meese (2015)] (Fig. 1(b)).

       
(a)                                       (b) 

Figure 1: Pipeline three-dimensional model and structured grid 

3.2 Mathematical model 
The VOF (Volume of Fluid) model is selected to yield the phase interface of two-phase 
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fluid. The model refers to a surface tracking method based on a fixed Eulerian mesh 
provided that two or more fluids (or phases) do not mix with each other. In VOF model, 
different fluid components satisfy a set of momentum equations. The interface between 
phases is tracked by solving a continuity equation of phase volume fraction. The 
governing Eq. (2) is written as: 
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where qα denotes the volume fraction of the q  phase; V


is the velocity vector; qSα is 
the mass source phase. By default, the mass source term at the right end of the equation is 
zero. When each phase is assigned, the mass source term is not zero, and the volume 
fraction of the main phase is calculated by Eq. (3). 
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qρ  denotes the density of the q phase, which is calculated by Eq. (4): 
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The same momentum equation is adopted throughout the velocity field (5): 
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Lastly, the RNG K-epsilon turbulence model is employed to close the flow field, and the 
effect of gravity on the flow pattern is considered in the calculation. 

3.3 Boundary conditions and solver settings 
The boundary conditions are set as mass flow inlet and free outflow outlet, and the inlet 
pressure is atmospheric pressure. To ensure the consistency of results with the experiment, 
the self-edited program is applied in the simulation calculation to assign the inlet flow in 
accordance with the sinusoidal fluctuation law. In the process of the simulation, the phase 
holdup, velocity, streamline, pressure, liquid holdup and other parameters in the flow 
direction are recorded. 

3.4 Analysis of simulation results  
Given the results of simulation calculation, the working conditions of gas-liquid 
superficial velocity of 𝑣𝑣𝑠𝑠𝑠𝑠=7.0781 m/s and 𝑣𝑣𝑠𝑠𝑠𝑠=0.2687 m/s are taken, respectively. The 
flow characteristics of slug flow are analyzed as follows. 

3.4.1 Pipeline holdup and pressure 
The variation curve of gas holdup and pressure (Fig. 2) suggests that the pressure in the 
gas phase region (Peak of gas content curve) is basically stable and the pressure in the 
liquid slug region (Valley of gas content curve) fluctuates greatly. Some reports [Wang, 
He and Luo (2007); Zhao, He and Xu (2005)] indicated that pressure rises 
instantaneously in the pipeline when the liquid slug flows past and decreases sharply in 
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the gas phase region. In this study, whereas it is found that the highest pressure is not in 
the liquid slug zone, and there is no cliff-jumping drop in the gas phase zone. This is 
attributed to the compressibility of the bubbles carried in the liquid slug, Accordingly, the 
pressure variation lags behind due to the cushioning effect of the bubbles. The 
intersection of the blue vertical line and the gas content curve in Fig. 2 represents the 
formation of a liquid slug in the pipeline at this time, and the highest pressure always 
appears after the liquid slug.

(a)                                   (b)

                  (c)                                    (d)

Figure 2: Gas content and pressure curves at various inclination angles

3.4.2 Distribution of liquid phase 
Fig. 3 (red area represents gas, blue area represents liquid, fluid flows from left to right) 
suggests that when slug flow occurs in the pipeline with an inclination of 30°, all the 
liquid will deposit at the bottom of the pipeline, primarily because the gravity of the 
liquid affects the distribution of gas and liquid phases in the pipeline. When the angle 
rises, the gas will gradually occupy the center of the pipe, so the liquid phase begins to 
extend around the pipe wall, and the head of the liquid slug will be gradually regularized, 
as indicated by degree 30°, 45°, 70°. In the vertical pipe, the liquid phase has been evenly 
distributed around the pipe wall (degree 90°). The liquid slug formed in the vertical pipe 
is a regular cylinder. The liquid film at the end of the liquid slug is squeezed by the gas 
core, and it adheres to the wall of the pipe evenly. With the rise in the angle, the 
gravitational force in the direction of vertical liquid flow gradually decreases, making the 
gas phase a vital factor affecting the flow pattern of liquid phase. To be specific, the 
liquid phase is disturbed by gas, and the flow becomes more dispersed and disordered. 
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Figure 3: Gas holdup contours of slug flow at various inclination angles 

3.4.3 Two-phase flow law 
To explain the cause of pressure fluctuation, gas-liquid two-phase streamline diagram and 
velocity vector diagram (Fig. 4) are employed to analyze the fluid flow state. The 
streamline diagram suggests that the liquid slug flow is not a simple one-dimensional 
flow, whereas it has the deformation and movement of the fluid mass, as well as the 
rotation of the fluid mass, i.e., the motion parameters of the two-phase fluid change along 
two or three coordinate axes simultaneously. Furthermore, the eddy flow appears around 
the large bubbles owing to differences of frictional forces between the gas-liquid interface 
and the liquid-liquid interface around the large bubbles. Line, in which the fluid is 
agitated at a certain moment, exhibits various velocity directions. It is suggested that the 
large bubbles in slug cause the pipeline pressure to fluctuate at high pressure. The 
velocity vector diagram reveals that the velocities around the bubbles in the liquid slug 
are different, and the local velocities are zero. The flow direction of liquid, affected by 
gas in the local area, is complex. For some areas in the liquid slug and inclinations (e.g., 
90° (Figs. 4(c) and 4(d)), the velocity is vertical to the flow direction of fluid. Then, the 
phenomenon of liquid slapping on the pipe wall will occur in the local part of the pipeline, 
further leading to pressure fluctuation. In actual production, high-pressure effect on pipe 
wall not only affects the pipeline stability, but also accelerates corrosion of pipeline under 
long-term high-pressure effect, thereby causing pipeline perforation or fracture. In brief, 
the pressure fluctuation is primarily attributed to the difference of fluid characteristics 
and the variation of liquid holdup in pipelines. 

    

    
Figure 4: Streamline and velocity vector diagrams with different inclinations 
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4 Experimental study 
4.1 Experimental system 
The experimental device consists of a central control system, a high-speed camera system, 
a gas circulation system, a liquid supply system, a gas-liquid mixing system and a 
multi-phase separation system, as shown in Fig. 5. The gas flow and liquid flow are 
regulated by the central console, and the high-speed camera system is composed of the 
high-speed camera with the acquisition frequency of 1000fps and its control software 
Motion Studio. 
To obtain high frequency pressure signal in pipeline, DH5960 high performance dynamic 
signal test and analysis system is adopted to collect voltage signal, and then Eq. (6) is 
used to convert voltage signal into pressure signal. 

( )min
min max min

max min

V V
p p p p

V V

−
= + −

−
           (6) 

where p  denotes the pressure value to be converted; min
p  is the minimum range of the 

corresponding sensor; max
p refers to the maximum range of the corresponding sensor; V

represents the voltage signal collected using the DH5960 data acquisition system; min
V  

represents the minimum voltage signal of the DH5960 data acquisition system; max
V  is 

the maximum voltage signal of the DH5960 data acquisition system. 
The experimental device adopts a 10 m length and 40 mm diameter organic glass tube; 
the inclination angle of the pipe ranges from 0° to 90°; the gas flow range is 0-150 m3/h; 
and the liquid flow range is 0-1.3 m3/h. To ensure the full development of flow pattern, a 
gas-liquid mixer and a stable section of 2 m are installed at the entrance of the 
experimental pipeline and at the entrance and exit of the pipeline, respectively. 
In the experiment, air and water are employed as experimental media. During the 
experiment, data are collected (e.g., gas flow rate, liquid flow rate, pressure drop, inlet 
pressure, outlet pressure, pipeline temperature and liquid holdup). Transient variations of 
pipeline flow pattern are recorded with high-speed camera, which are used as an 
important reference for flow pattern judgment. 

 
Figure 5: Experimental devices and flow chart 
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1-Data acquisition system; 2-Control system; 3-Compressor; 4-Dryer; 5-Plunger pump  
6-Mass flowmeter; 7-Ball valve; 8-Mixer; 9-13-Pressure transducer; 10-12-Quick close 
valve; 11-High-speed camera; 14-Gas-liquid separator; 15-Water tank; 16-Buffer tank  
17-One-way valve; 18-Pneumatic valve. 

4.2 Experimental procedure 
First, the winch is adjusted to the required inclination angle, and the primary switch of 
the console is turned on. Subsequently, the gas flow and liquid flow are regulated by 
remote control pneumatic valve according to the gas flow and liquid flow designed in the 
experimental scheme. When the flow is stable, the data required for the experiment will 
be collected, and the high-speed camera is used to observe and record the experimental 
phenomena and flow pattern. 

4.3 Image processing and data analysis 
Through observation(𝑣𝑣𝑠𝑠𝑠𝑠=7.0781 m/s and 𝑣𝑣𝑠𝑠𝑠𝑠=0.2687 m/s), it is found that when the 
liquid has not reached the top of the pipeline during flow from the left to the right, due to 
the different friction forces between liquid and gas, liquid and liquid, the velocity 
difference between upper and lower fluids in the pipeline will be raised, and the gravity 
of liquid makes the head of slug flow form a ladder shape. When the volume of liquid 
accumulated in the pipeline is up-regulated, and the wave crest reaches the upper wall of 
the pipeline, the slug flow will be formed (as shown in the head of the slug marked by the 
red curve in Fig. 6), the velocity difference value between the upper and lower layers will 
decrease, and the head of the slug will be gradually regular. After the slug flows, the 
bubble containing in the slug will accumulate [Deng, Liu and Bian (2018)] at the tail of 
the slug (the bubbles are marked in the green circle of Fig. 7). Fig. 7 suggests that with 
the rise in the inclination angle, the radial force of liquid gravity decreases. The principle 
of material balance indicates that when the liquid film at the bottom of the pipeline 
becomes thinner, the liquid film at the top will be thicker (the green curve in Fig. 7 
indicates the liquid film thickness in the gas zone.). When the inclination angle is 90°, the 
liquid uniformly will surround the pipe wall. 
To collect the pressure signal at the outlet of the pipeline, the high frequency data 
acquisition system is used. The peak in the pressure waveform represents the liquid slug 
area, and the trough refers to the development stage of the gas slug area or slug flow. Fig. 
8 suggests that when slug flow occurs, the fluctuation of pipeline pressure will be large, 
and the fluctuation of pressure wave peak will be small.  
The control variable method is employed to study the effect of angle change on slug flow 
characteristics by selecting the apparent gas-liquid flow velocities of 𝑣𝑣𝑠𝑠𝑠𝑠=7.0781 m/s, 
𝑣𝑣𝑠𝑠𝑠𝑠=0.2687 m/s, respectively. The pressure signals corresponding to the steady slug flow 
at various angles are observed (Fig. 8). It is found that the oscillation frequency of 
pressure signal increases as inclination angle rises from 30° to 90°, i.e., the motion of 
fluid becomes more complex at large inclination angles. 
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Figure 6: Head of slug                 Figure 7: Tail of slug 

When the inclination angle is 30°, the peak of the pressure waveform (point A in Fig. 
8(a)), due to the larger gas velocity and the shear action between the phases interfaces, 
drives the liquid flowing forward at the bottom of the pipeline and thus causes the rapid 
accumulation of low-speed liquid phase and the formation of liquid slug, thereby leading 
to the peak of pressure rise. The peak is very sharp, which reveals that there is no liquid 
slippage after the slug flow or there is no large number of bubbles in the slug body. The 
valley (point B in Fig. 8(a)) of the pressure waveform represents the gas phase region 
after the liquid slug. The variation of the trough curve reflects the process of liquid phase 
accumulation. With the rise in the inclination angle, the liquid phase in the pipeline will 
exhibit obvious slippage phenomenon, thus resulting in small fluctuation of pressure 
wave peak. Figs. 8(b), 8(c) and 8(d) suggest that calculated pressure fluctuation proves 
the accumulation and rupture of bubbles in the liquid slug region. 
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Figure 8: Slug flow pressure vs. time at various angles 

By comparing the simulated and measured values of pipeline pressure at various angles, 
it is found that they are slightly different, and the measured results of pressure in gas 
phase region by the two methods are almost the same, because the pressure value of 
pipeline will be affected by factors in actual operation (e.g., gas-liquid flow instability 
and pipeline vibration). Compared with the simulated value, there will be slight 
fluctuation, whereas the frequency of liquid slug measured with the two methods is the 
same [LV, Chen and Du (2003); Li, Gong and Li (2013); Wang and Guo (2006); Yin, Li 
and Gong (2011)]. It also suggested that it is feasible to simulate the pipe flow, and the 
simulation results can be compared with the experimental data. 

    
Figure 9: Variation of pressure drop and liquid holdup at various inclination angles 

Fig. 9 draws a comparison of pressure drop and volume holdup using numerical 
simulation, actual test and Beggs-Brill calculation model under specific working 
conditions. Fig. 9(a) suggests that the actual measured pressure drop increases with the 
rise in the angle when the inlet gas-liquid flow rate and the medium viscosity remain 
unchanged, but both the simulated and the Beggs-Brill model calculation have maximum 
values. The relative error between the calculated results and the measured values is   
53.6% when the inclination angle is 70°, and the calculated results of Beggs-Brill and the 
simulated when the inclination angle is 45°, the relative errors between the calculated and 
the measured are 9% and 14.9%, respectively. Under this condition, the slug flow 
pressure drop can be predicted by simulation study. The comparison of the measured 
holdup in Fig. 9(b) with the holdup calculated by Beggs-Brill model suggests that the 
holdup will peak at an inclined angle of 45° when the gas-liquid flow rate at the inlet is 
constant. The main reason is that the gravity and viscosity of the liquid affect the 
variation of the liquid holdup in the pipeline. When the shear force of gas is constant, 
θ<45°, the downward gravity of the liquid along the pipe wall will be greater than the 
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friction force between the liquid and the pipe wall, thus increasing the slippage between 
the two phases and increases the liquid holdup gradually. When θ>45°, the liquid in the 
pipeline will be filled with the inner wall of the pipeline, and it in the pipeline is 
considered a whole. Because the slippage between the two phases decreases, the holdup 
will decrease gradually. The relative error of Beggs-Brill model is 11.62% when the 
inclination angle is 45°, and the simulated may be more applicable to predicting liquid 
holdup variation in vertical pipelines. 

5 Conclusion 
Two research methods were adopted to compare and analyze the slug flow changes in the 
flow process. The experimental phenomena are well consistent with the simulation results. 
It is suggested that the simulation is reliable, feasible and comparable to the experiment. 
Combining the Laboratory experiment and simulation results, the following conclusions 
can be drawn: 
1) When slug flow occurs in the pipeline, the volume holdup will change with the rise in 
the angle, which verifies the accuracy of the Beggs and Brill model in predicting the 
volume holdup of the pipeline. 
2) When high pressure occurs at the position of the pressure measuring point in the 
pipeline, it was not certain that there must be a liquid slug at this point, and the gas 
expansion which promotes the flow of the liquid slug will also produce high pressure. 
3) There are numerous types of movement in slug (e.g., deformation, movement and 
rotation). The bigger the inclination angle, the more complex the flow pattern inside the slug. 
4) The two-phase distribution and flow pattern in slug flow can be observed from the 
simulated gas holdup contours. With the advantage of simulation technology, the flow 
state and variation mechanism in pipeline can be explained effectively. 
These results will theoretically support field construction and pipeline maintenance and 
have important reference and guiding significance for accurate assessment of slug 
hazards and quantitative analysis of slug characteristics. 
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