
 

 
 
 

 
 

 
1. INTRODUCTION 

In pipeline gas-cap evacuation process, it is very hard to be 

emptied only with air compressor pumping into the pipe 

sections between two pump stations (except the continuous 

down-grade line), since the working pressure of air 

compressor differ greatly from that of pump station. As one 

effective method to reduce gas-liquid mixing section length 

and improve the evacuation efficiency, pump-assisted 

evacuation aims to form the state of “compressed air pushing 

and booster pump assisted-pumping” by adding booster pump 

at original oil transmittal pump station, decreasing gas waste 

and improve evacuation efficiency. The sliding vane pumps 

are mostly used as assisted pump for its availability to transmit 

gas-liquid mixture. 

In recent years, many scholars have studied the mixture 

flow in the evacuation process of mobile pipeline gas cap [1-

3]. The scholars, such as Jiang Junze etc. [4], have built the 

transient model of field gas pipe line evacuation process, 

including gas motion equation, liquid motion equation and 

coupled equation of phase interface, and adopted finite volume 

method to solve the model. Also, Liu Zhenjiang [5] etc. 

established the pressure drop model in different working 

conditions by dividing the evacuation pipelines into different 

sections such as pure gas section, gas-liquid mixture section 

and pure liquid section. The key issue in the gas-cap 

evacuation process was the gas-liquid mixture section in 

upgrade pipeline, which not only has greatly increased the 

degree of oil-gas mixing and caused serious oil waste, but also 

brought challenges for flow pattern judgement and pressure 

drop calculation in the evacuation process. Hence, it is 

imperative to adopt the new pump-assisted evacuation method 

to improve gas-cap evacuation technique. This paper mainly 

aims to study the flow pattern of upward inclined pipe, 

pressure fluctuation characterizes at pipe bottom and pipeline 

outlet flow variation in pump-assisted evacuation process, so 

as to draw the conclusions and suggestions guiding mobile 

pipeline evacuation in actual operation. 

2. TEST METHOD 

2.1 Test facility  

The whole test facility for pipeline evacuation was 

composed of water flooding system and evacuation system as 
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ABSTRACT  
 
The test studies the gas-liquid two-phase flow characteristics in pump-assisted evacuation process for hilly-

terrain pipeline system. In pump-assisted evacuation process, there appear two flow patterns: stratified flow and 

slug flow. By means of reducing upstream back pressure, the pump-assisted evacuation can increase the liquid 

flow rate, promoting the transition of flow pattern. For the pipe-bottom pressure change process, it increases 

firstly, then decreases, and slowly increases at last. During the process of pressure drop, there will appear 

temporary buffer section for the slug accumulation. The pressure fluctuation doesn’t increase with inlet 

superficial gas velocity, and the max fluctuation range appears in the working condition with 0.88m/s superficial 

gas velocity. The outlet liquid flow rate corresponds to the pressure fluctuation. Four stages are divided for the 

variation process. The flow rate is less influenced by the inlet superficial gas velocity, but more influenced by 

the inclined angle. By using gas front-end velocity meter to check the evacuation efficiency, it is found that 

with inclined angle of upward inclined pipe (UIP) unchangeable, the higher the gas superficial velocity, the 

greater the gas front-end velocity, presenting an approximate linear relationship; with the gas superficial 

velocity unchangeable, the gas front-end velocity almost remains the same, even with the inclined angle of 

upward inclined pipe increasing. 
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shown in Figure 1. The flooding system made of centrifugal 

pump, water tank and valve filled the pipeline with water 

before evacuation; the evacuation system of air compressor, 

sliding vane pump. flow meter and organic glass tube. In the 

test, use the piston-type air compressor at rated discharge 

capacity 18m3/h and discharge pressure 0.1Mpa, install gas 

buffer tank at air compressor outlet to ensure stable flow rate, 

and inject gas into pipeline with the discharge pressure 

controlled by ball valve at pump outlet; adopt the light-oil 

sliding vane pump SUB50-15/40 as shown in Table 1 for 

related parameters. The pipeline system was composed of 

downward micro-inclined pipe (organic glass tube), elbow 

(steel-wired rubber tube) and upward inclined pipe (organic 

glass tube). The downward micro-inclined pipe was designed 

to ensure gas-liquid mixture in stratified flow status before 

entering upward inclined pipe, avoiding disturbing the flow 

pattern of upward inclined pipe which is 2m long with 40mm 

inner diameter. MIK-P300 pressure sensors (range between-

0.1-0.1Mpa, and accuracy class 0.1) were installed 

respectively at air compressor outlet, bottom and top of upper 

inclined pipe). For capturing the sharp image of pipeline flow 

status, FAST CAM Ultima 512 high-speed camera with 500 

FPS collection speed was installed 1m away from the pipe line 

in the middle location of upward inclined pipe.  

 

Table 1. Parameters of sliding vane pump tested 

 
Type No. 

 

Differential 

Pressure 

/Mpa 

Rated 

Flow 

/ m3·h-1 

Rotation 

/r·min-1 

Efficiency 

/ % 

SUB50-15/40 0.4 15 1440 71 

 

 
Figure 1. Experiment schematic 

 

2.2 Test procedure  

At 17°C indoor temperature, firstly open the valve 2 # and 

3#, close the valve 1# and 4#, and turn on the centrifugal pump 

to inject water into pipeline until the pipeline is filled with 

liquid by observing the glass tube; then turn off the centrifugal 

pump, and valve 2 and 3#. The evacuation started with 

opening valve 1/4/5#, air compressor and sliding vane pump 

at the same time. Change the opening degree of air compressor 

discharging valve 1# to keep inlet gas velocity within test 

specified range, and change the opening of relay valve 5# to 

control liquid flow rate. The inlet valve 5# of sliding vane 

pump was called relay valve, which opening could influence 

the front pipe friction, change the liquid flow rate for adjusting 

its assisted efficiency. Use high-speed camera to record flow 

process in the upward inclined pipe, close the air compressor 

after evacuation, and open the elbow to drain the residue. 

Conduct the next test with inlet gas flow rate 0.44~1.32m/s 

and inclined angle range 5°~25° by changing the inclination of 

upward inclined pipe. Make records of the pipe-bottom 

pressure, outlet flow, and flow status of upward inclined pipe. 

3. RESULTS AND DISCUSSION  

3.1 Flow pattern changing rule in liquid evacuation 

process 

 

The test shows that two flow patterns called as stratified 

flow and slug flow appeared in the upward inclined pipe 

during the pump-assisted evacuation process as shown in 

Figure 2. It was difficult to form bubble flow, because the 

booster pump was opened to speed up liquid flow rate and 

reduce the back pressure of upper pipe, increasing the 

differential pressure at two ends of pipe, which was far greater 

than the static pressure and friction of the liquid in upward 

inclined pipe; so the gas could rapidly flow into upward 

inclined pipe within a short time, and drive the liquid slug to 

be sprayed at high speed.  

 

 
(a) Stratified flow  

 
(b) Slug flow 

 

Figure 2. Flow pattern of evacuation process 
 

descending pipe
θ

centrifugal pump

elbow

pressure gauge

pressure gauge

gas flowmeter

liquid flowmeter

      air
compressor

high speed camera

ascending pipe

1
2

4

3
pressure gauge

gas

      water tank

vane pump

5

1046



 

Figure 3 and 4 shows the high-speed images of stratified 

flow and slug flow respectively in the development process of 

upward inclined pipe. It can be concluded in Figure 3 that the 

liquid layer thickness of stratified flow basically remains the 

same, but the included angle of the gas-liquid interface at front 

end of gas in horizontal direction decreased firstly and then 

increased, because at first the gas velocity was over liquid, and 

the more the gas intruded into liquid, the smaller the inclined 

angle of the interface; also in the evacuation process, the liquid 

velocity was gradually accelerated to be over gas velocity 

finally, and then it got less for gas intrusion while the inclined 

angle of the interface became larger. 

 

 
 

Figure 3. High speed photograph of stratified 

flow(USG=1.32m/s, θ=5°)  

 

With gas velocity decreases, the gas couldn’t rapidly and 

continuously flow into the upward incline pipe, which made 

the internal liquid to be dispersed by gas; the gas-liquid 

mixture flew intermittently in the form of big bubbles and 

slugs, converting the flow pattern from stratified flow to slug 

flow in the upward inclined pipe as shown in Figure 4. The 

Taylor bubbles have passed three stages: generation, growth 

and merging. Generated at the inlet, the bubbles gradually 

merged with the previous ones, while the leading bubbles 

increased constantly to achieve max value at pipe top; at t=10 

s, gas flowing into upward inclined pipe, Taylor bubbles were 

formed, and then the leading bubbles merged with following 

bubbles continuously as shown in Figure 4 (t=11.08 ~ 11.41 s) 

for merging details. 

 

 
 

Figure 4. High speed photograph of slug flow 

(USG=0.44m/s, θ=20°)  

 

Figure 5 shows the flow pattern of pump-assisted 

evacuation for upward inclined pipe. The stratified flows were 

mostly found in high-gas velocity and small inclined-angle 

areas, because the smaller the inclined-angle was, the smaller 

the static pressure, and the more the gas flow rate was, the 

greater the gas pressure, which made it easier for the liquid to 

be drained at one time and for the gas-liquid mixture to form 

stratified flow. The slug flows were centred on low gas-

velocity and large inclined-angle area, because the lower the 

gas velocity was, the worse the liquid-carrying capacity for the 

gas, and the larger the angle, the greater the static pressure of 

the liquid, which made it easier for the liquid to form terrain 

slug in evacuation process. 
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Figure 5. Flow patterns of pump-assisted evacuation 

 

3.2 Variation rule of pipe-bottom pressure  

Figure 6 shows the variation rule of upward inclined pipe-

bottom pressure over time at different inlet superficial gas 

velocity. Keep the opening degree of relay valve to be 0.6, to 

avoid exaggerated vacuum degree and liquid velocity. 

Generally, the pipe-bottom pressure increases firstly, then 

decrease, and rises slowly at last, which can be divided into 

four stages marked with sequence number respectively in 

Figure 6(a) . At stage 1, with pressure increased, open the 

sliding vane pump and air compressor simultaneously, but the 

measured points were farther from sliding vane pump and 

closer to air compressor, thus, the barotropic pressure wave by 

air compressor was firstly transmitted to measured points, 

causing the pipe-bottom pressure of upward inclined pressure 

to rise, and the higher the gas velocity, the bigger the pressure 

increases. At stage 2, pressure decreased, because the suction 

waves by sliding vane pumps have transmitted to the measured 

points, and the liquid inside started accelerated movement by 

pumping and pushing of air compressor. With the differential 

pressure of sliding pump far above the power by air 

compressor, the sliding vane pump played a leading role in 

liquid evacuation process and the pipe-bottom pressure 

decreases sharply [6][7]. At stage 3, the pressure drop stopped. 

The pipe-bottom pressure started to remain stable at this stage, 

because the liquid inside the pipe was erupted by the exhausted 

transient gas-liquid mixture, while there existed some recoil 

force at the pipe outlet applied to internal gas, sealing the pipe 

bottom with the retreated gas, which causes the suction wave 

of booster pump to be un transmittable. At stage 4, the pressure 

started to rise stably, but less than the previous two stages. The 

reason was that the air compressor blew into the pipe 

continuously at lower inlet superficial gas velocity, and the 

discharge pressure was less than the pumping pressure of the 

sliding vane pump which cannot entirely offset the negative 

pressure by sliding vane pump. Hence, only little liquid 

vibrated in the pipe while gas was the big part there. 

The Figure 6 also shows, at different inlet superficial gas-

velocity it takes almost the same time for the pressure to 

achieve the peak value and stable value, i.e. inlet gas velocity 

has no impact on the pump-assisted evacuation time, because 

with the liquid dominated in sliding vane pump during the 

liquid evacuating process, the pump has rather high efficiency, 

while with greater differential pressure, the pipe liquid 

velocity is mainly determined by sliding vane pump, and the 

air compressor has small impact on evacuating efficiency. 

However, for the first three stages, the pressure increases with 
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the inlet superficial gas velocity, thus the air compressor has 

higher impact on pipe pressure than on the flow rate. It is found 

in Figure 6 (b) , the pressure fluctuation doesn’t increase with 

the inlet superficial gas velocity, with the max fluctuation 

ranges in the working condition of 0.88m/s gas velocity. 
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Figure 6. Bottom pressure variation for different inlet 

velocity 

 

3.3 Variation of flow rate 

Figure 7 shows the variation rule of outlet flow rate in 

pump-assisted evacuating process and the relationship with 

pipe-bottom pressure. At stage 1 shown in Figure7, with liquid 

flow rate as fixed value, this stage was considered as quasi-

steady state process, because the air compressor played the 

main role then, the pipeline length was rather short, and the 

valve opened slowly with inconspicuous transient effect. But 

at stage 2 with booster pump and air compressor, the flow rate 

started to increase at 2m3/h; it was rapid pressure drop stage 

for evacuating mainly: the pressure and flow rate variation 

both presents transient nature, and most of the liquids was 

discharged after the gas front end separated from the upward 

inclined pipe. The flow rates at stage 3 and 4 present non-

periodic vibration, indicating that little liquid slug flew out of 

the pipe line. 

 
 

Figure 7. Outlet liquid flowrate and pressure fluctuation of 

P1 (USG=0.88m/s, θ=5°)  

 

Now the influence factor for flow rate shall be discussed 

mainly for the first two stages as the key ones for evacuation 

process. Figure 8 shows the changes in the relationship 

between outlet flow rate and inclined angle. In Figure 8 (a) , at 

5° inclined angle, the liquid flow rate is less influenced by inlet 

superficial gas velocity, and the curves of liquid flow rate in 

three working conditions are basically overlapped, because the 

differential pressure by booster pump is far beyond the 

pressure by air compressor with constant inclined angle; then 

the liquid flow rate during the evacuating process is mainly 

controlled by booster pump with fixed rotation and differential 

pressure in various working condition. Figure 8 (b)  shows the 

changes in the relationship between outlet liquid flow rate and 

inclination angle of upward inclined pipe at fixed inlet 

superficial gas velocity. It is found that the variation trend of 

flow rate at different angles tends to be the same, but the bigger 

the inclined angle is, the less the liquid flow rate, since with 

larger inclined angle and liquid static pressure, it needs to 

overcome more resistance for evacuation. 

In evacuation process, it is very important to exactly predict 

the evacuation velocity. Call the speed of the interface 

between the most front of the gas and the liquid as front end 

velocity as shown in figure 3 “Gas liquid interface”, which can 

represent evacuation velocity. The motion velocity at front end 

doesn’t mean the flow rate of terminal liquid, so the velocity 

at front end cannot be judged by detecting the outlet liquid 

flow rate [8]. By means of organic glass tube and high speed 

camera, this paper captures the motion at front end so as to 

calculate the motion velocity at front end. The analysis above 
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shows that, divided the glass tube length by the time from front 

end to glass tube, the front end velocity can be calculated. The 

Figure 9 shows the relationship between the inclined angle and 

the gas front-end velocity with the changing of inlet superficial 

gas velocity.  

 
(a) θ=5° 

 
(b) USG=0.88m/s 

 

Figure 8. Outlet liquid flowrate vs. gas superficial velocity 

and inclination angle 

 

Figure 9(a) shows that the front end velocity increases with 

the gas superficial velocity, following an approximate linear 

relationship, when the inclined angle of the upward inclined 

pipe keeps constant. In evacuation process, liquid pressure was 

the difference between upstream gas pressure and downstream 

sliding vane pump inlet pressure; with the inlet pressure of 

sliding vane pump unchangeable, the gas front-end velocity 

only depend on gas pressure which varies with its quality, thus, 

the higher the gas superficial speed, the greater the gas front-

end speed.  
Figure 9 (b) shows that the front end velocity doesn’t 

change with the inclined angle of upward inclined pipe at the 

same gas superficial velocity. Based on the research literature 

[11], the liquid slug velocity decreased with the inclined angle 

increasing, because the differential pressure at two pipe ends 

increased with the larger hydraulic head on gas-liquid 

interface. The gas forward speed was influenced by 

differential pressure and also its moving pattern in liquid for 

the gas was regarded as large bubble in evacuation. According 

to other research literature [12] [13], the bubble speed 

increased with the inclined angle, and the max velocity can be 

reached at 60°. In conclusion, as the inclined angle increases, 

the front-end speed should remain approximate constant. The 

previous researches for the bubble flow in the liquid mostly 

adopted the method of releasing bubbles into upward inclined 

pipe in the atmospheric pressure condition, without reaching 

an agreed conclusion for movement speed which was only 

related to pipeline length, diameter and physical parameters 

etc. Furthermore, the bubble movement speed showed certain 

particularity, because the special working condition using the 

air compressor to fill gas at the inlet and the sliding vane pump 

to pump at the outlet was applied in this paper. 

 
(a)  

 
(b) 

 

Figure 9. Gas cap velocity vs. superficial gas velocity and 

inclination angle 

4. CONCLUSION 

The test studies the flow pattern of upward inclined pipe, 

pipe-bottom pressure characteristics and outlet flow rate 

variation in the evacuation process, the following conclusions 

are made: 

(1)  For the upward inclined pipe in pump-assisted 

evacuation process, there are two flow patterns: stratified flow 

and slug flow; the former appears in the working conditions of 

high gas velocity and small inclined angle; while the latter in 

the working condition of low gas velocity and large inclined 

angle.  

(2)  For the pipe-bottom pressure, it increases firstly, then 

decreases, and slowly increases at last. During the process of 

pressure drop, there will appear temporary buffer section for 

the slug accumulation. The pressure fluctuation doesn’t 

increase with inlet superficial gas velocity, and the max 

fluctuation range appears in the working condition with 

0.88m/s superficial gas velocity.   

(3)  The outlet liquid flow rate corresponds to the pressure 

fluctuation. Four stages are divided for the variation process. 
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The flow rate is less influenced by the inlet superficial gas 

velocity, but more influenced by the inclined angle.  

(4)  By using gas front velocity meter to check the 

evacuation efficiency, it is found that with inclined angle of 

upward inclined pipe unchangeable, the higher the gas 

superficial velocity, the greater the gas front-end velocity, 

presenting an approximate linear relationship; with the gas 

superficial velocity unchangeable, the gas front-end velocity 

almost remains the same, even with the inclined angle of 

upward inclined pipe increasing. 
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