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Abstract: The self-priming pump is a kind of centrifugal pump product with self-priming function,
and the structural parameters of its reflux hole determine the performance. In order to reveal the
mechanism of the self-priming process, we summarized the influence of structure parameters of the
reflux hole on the performance of the self-priming pump. In this study, the transparent experimental
pump was designed and manufactured, and a visual test bench was built. The gas-liquid two-phase
flow pattern during the self-priming process with different reflux hole structure parameters was
captured by high-speed camera. Results showed that: (1) the reflux hole of the self-priming pump
affected the self-priming performance of the pump by affecting the backflow rate of the gas and liquid
phases during the self-priming process. (2) Due to the uneven distribution of liquid velocity in the
pump, the position of reflux hole had an obvious impact on the duration of self-priming middle stage,
and the shortest duration was 13 s when ¢ = +15° and the longest duration was 45 s when ¢ = —30°.
(3) The diameter of reflux hole had a very significant impact on the duration of the self-priming
middle stage, and the shortest duration was 17 s when d = 10 mm and the longest duration was 94 s
when d = 0 mm.

Keywords: gas-liquid two-phase flow; self-priming process; reflux hole; visualization experiment

1. Introduction

The self-priming pump is a centrifugal pump with a special exhaust structure, which
can discharge the gas in the pump through the movement of the impeller, thereby realizing
the suction of the liquid into pump. It is widely used in municipal, agricultural, petrochem-
ical, and energy fields [1-5]. The exhaust process of the self-priming pump is a complex
gas-liquid two-phase mixing-separation process where the gas exhaust rate determines the
self-priming performance of the self-priming pump; based on previous studies, the struc-
ture parameters of the reflux hole are the main influence factors [6]. However, because of
the transient gas-liquid two-phase flow with strong swirl during the self-priming process,
the mechanism of the self-priming process was not revealed yet, and the influence mecha-
nism of reflux hole structure parameters on self-priming performance is even more difficult
to reveal, which seriously restricts the performance improve of self-priming pumps.

With the advancement of gas-liquid two-phase flow observation technology, high-
speed camera has been widely used in the study of gas-liquid two-phase flow in centrifugal
pumps and has achieved significant results [7-9]. Barrios et al. [10,11] studied the flow
patterns and bubble behavior inside the ESP and predicted the operational conditions
which cause surging by visual experimental and theoretical analysis. Monte Verde [12]
and Zhang et al. [13] studied the dynamic multiphase flow behavior inside the impeller
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under different gas volume fractions with high-speed camera. The correlation between the
change of centrifugal pump performance and the flow state of the gas phase in the impeller
was revealed. With the gas volume fraction rising, there were four different flow patterns
in the pump: bubble flow, agglomerated bubble flow, gas pocket flow, and segregated flow.
The above research indicated that the visualization experiment is of great significance to
explore the gas-liquid two-phase flow pattern in the pump.

In the research of self-priming pump, numerical simulation is still the main method [14-16];
the inner flow of vertical [17], horizontal [18], vortex [19], and jetting [20] self-priming pumps
has been studied by numerical simulation. However, due to the serious mixing of the gas-liquid
two-phase in the pump, it is difficult to accurately capture the gas-liquid two phase interface
in numerical simulation. Some researchers have used high-speed cameras to study the self-
priming process and the gas-liquid two-phase mixing process of the self-priming pump [21-23]
and summarized the gas-liquid two-phase circulation law in the pump [24]. However, the
researchers are focused on the gas-liquid separation chamber and the volute diffusion section,
and less attention is paid to the flow pattern at the reflux hole. At the same time, the influence
mechanism of the reflux hole structure parameters on the performance of the self-priming pump
has not been revealed. In this study, a visual test bench was built, the gas-liquid two-phase flow
pattern in the pump during self-priming process was fully captured by high-speed cameras, and
the gas-liquid circulation law under different reflux hole positions and diameters was studied
to reveal the influence mechanism of the reflux hole structure parameters on the self-priming
performance. This study provides experimental support for self-priming pump research.

2. Experimental Facility and Method

The visual test bench is mainly composed of two parts: the experimental pump and
the image acquisition part. In order to deeply reveal the influence mechanism of the reflux
hole structure parameters on the performance of the self-priming pump, and to capture
the complete motion state of the two-phase flow in the pump, the zw50-20-20 self-priming
pump was used as a prototype. In the design of the transparent experimental pump,
the structural parameters of impeller and volute were consistent to ensure the hydraulic
performance was consistent, the structure of the gas-liquid separation chamber and return
hole area was optimized to study the gas-liquid two-phase flow cycle, and the S-shape
elbow extended outward to avoid blocking high-speed cameras. The specific structure is
shown in Figure 1.
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Figure 1. Test pump structure. (a) Comparison of critical fluid domains between actual product and
the test pump; (b) transparent part of the test pump.
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This paper mainly studies the influence of different reflux hole positions and different
reflux hole diameters on the performance of the self-priming pump. Therefore, in the design
process of the model pump, five reflux holes with different circumferential angles were
designed at equal radial distances of the volute; the angular distribution is —30° > ¢ <30°,
separated by 15°. Every reflux hole can be completely blocked by the reflux hole plug
with the help of pipe threads, so by adjusting the installation quantity and position of the
reflux hole plug, the position of the reflux hole in the model pump can be changed. In
addition, a set of reflux hole plugs with different diameters through the hole in the middle
was specially designed, which can be replaced with ordinary reflux hole plugs to change
the diameters of the reflux hole. The position of the reflux hole and the design of the reflux
hole plug are shown in Figure 2.

@=+30° @ =+15°

(b)

Figure 2. Reflux hole design details. (a) Reflux hole plug with different diameters; (b) Reflux hole
with different position.

The image acquisition part (Figure 3) is mainly composed of a high-speed camera
and two digital cameras. The high-speed camera is mainly used to record the gas-liquid
two-phase flow pattern at different areas in the self-priming pump, and the digital camera
is mainly used to record the change rule of water level of inlet and outlet pipe during the
self-priming process. Due to the short exposure time of the high-speed camera, a 1500 W
dysprosium lamp was used to supplement light, and the experimental pump was used
with reduced frequency to ensure the picture frame size and clarity of the high-speed
camera. The performance parameters of the high-speed camera and experimental pump
after frequency reduction are shown in Table 1.

Table 1. Parameters of the test pump and high-speed camera.

Parameter Value
Model pump
Flow rate Qg (m3/h) 5
Total head Hy (m) 6
Rotation speed 7 (r/min) 1680
Specific speed nq 59.6
Impeller inlet diameter D1 (mm) 60
Impeller outlet diameter D, (mm) 158

Blade outlet width b, (mm) 16




Energies 2022, 15, 4617 40f 11

Table 1. Cont.

Parameter Value
Number of blades z 2
Warp angle ¢ (deg) 255

Area of reflux hole § (mm?) 113
High speed camera
Sensor type CMOS
Maximum resolution 1920 x 1080
Pixel size (us) 11 x 11
Maximum frame rate (full resolution) (fps) 2128
Exposure time (ms) 0.0015-40
Pixel scan speed (MHz) 55
RAM (GB) 36
Interframe space (us) 3.15

1. Digital camera 1
2. Digital camera 2
3. High speed camera
4. Light

| H;Ocm
950mm
%+~ H=-95cm
150mm
300mm
|
Figure 3. Visualization test bench.
3. Results
3.1. Influence of Different Reflux Hole Position on Water Level Change during
Self-Priming Process

From previous studies [24], we know that the self-priming process was mainly divided
into three stages, namely, the initial stage in which the water level in the inlet pipe rises
rapidly, the middle stage in which the water level in the inlet pipe rises slowly and causes
gas discharge outside the pump, and the last stage in which water flows into the impeller
and pumps out to the outlet pipe. Figure 4 shows the water level change laws of the inlet
pipe and outlet pipe with different reflux hole positions during the self-priming process.
In the first 5 s (self-priming initial stage), the water level of each scheme kept changing
synchronously and the water level height was similar. When entering the middle stage
of the self-priming process (after point A), the water level rise speed of the inlet pipe was
obviously different: the scheme ¢ = +15° rose the fastest, and reached the top of the inlet
pipe at 18 s; the scheme ¢ = +30°, 0° and —15° rose slowly, and almost all reached the
top of the inlet pipe at 24 s; the scheme ¢ = +30° rose the slowest, the middle stage of
the self-priming process being two-times longer than other schemes, and the water level
reached the top of inlet pipe at 50 s. In addition, from the time point of the appearance of
the liquid phase in the outlet pipe, ¢ = +15° appeared the earliest, and ¢ = —30° appeared
the latest. The rising speed of the liquid in the outlet pipe was similar, and they all showed
a linear rising law. At the same time, it can also be seen from the figure that the speed of the
water level rising in the pump (scilicet, the time interval between the water level reaching
the top of the inlet pipe and the appearance of liquid in the outlet pipe) was affected by the
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position of the reflux hole. The time interval was the shortest when ¢ = +15°, and the time
interval was the longest when ¢ = —30°. In summary, the influence of different reflux hole
positions on the middle stage of the self-priming process was the most obvious, and the
influence on the initial stage and last stage was relatively weak.
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Figure 4. Water level change law with different reflux hole positions.

3.2. Influence of Different Reflux Hole Positions on Gas—Liquid Two-Phase Flow Pattern

Figure 5 shows the distribution of gas-liquid two-phase flow pattern in the pump at
the 10th seconds, and the red line represents the trajectory of the gas phase after it comes
out of the volute. At each return hole position, the gas phase will flow from the gas-liquid
separation chamber to the reflux hole in the pump, but different reflux hole positions will
make the flow rate different. In general. since the fluid flow direction at the outlet of the
volute has a leftward sub-velocity, there is more reflux gas phase in the left flow channel of
the pump body. The farther the reflux hole is from the left edge (v), the less gas recirculation,
and we obtain a better self-priming performance. At the same time, the gas phase will
accumulate under the cover plate and then enter the reflux hole; the farther the reflux hole
is from the lower edge of the cover plate (h), the better self-priming performance. From the
experimental results, the gas-liquid mixed fluid flowing from the gas-liquid separation
chamber to the return hole had a large velocity, which forms a clear vortex at the turning
point of the cover plate, so that the influence of the h value on the self-priming performance
is less than the v value. Therefore, in this experiment, the self-priming performance of
@ = +15° was better than ¢ = 0°.

According to the above inference, ¢ = +30° should have better self-priming perfor-
mance than ¢ = +15°, which is inconsistent with the test results, so further observation is
required. Figure 6 is the trajectory of the air bubbles in the pump during the self-priming
process with an angle of +30°. Since the position of the reflux hole ¢ = +30° is too close
to the right side, part of the reflux liquid during the self-priming process comes from the
right channel, which makes the air bubbles in the gas-liquid separation chamber accom-
pany the recirculation liquid from the right channel to the reflux hole (A). The movement
also formed obvious vortices and bubble aggregation at the corners of the cover plate.
The gas phase enters the reflux hole from the right channel, resulting in a decrease of
self-priming performance. All in all, when ¢ = +15°, the experimental pump had the best
self-priming performance.
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Figure 6. Gas phase reflux in the right channel of pump body.

3.3. Influence of Different Reflux Hole Area on Water Level Change during Self-Priming Process

Figure 7 shows the changes in the water level of the inlet and outlet pipes during the
self-priming process of self-priming pumps with different diameter reflux holes. It can be
seen from the figure that the different schemes had similar rising laws of the water level
in the inlet pipe during the self-priming process, rising fast in the initial stage and then
decreasing significantly in the middle stage. From second 0 to 5, the water level of the
inlet pipe rose rapidly by nearly 100 cm, and in the middle stage of self-priming, the time
required for the water level of the inlet pipe to rise by 8.5 cm with different reflux hole areas
ranged from 17 s to 94 s. Meanwhile, by comparing the end time of self-priming middle
stage in each scheme, it can be found that the diameter of the reflux hole had an optimal
size. The water level of the inlet pipe in the scheme of d = 10 mm reached the top of the
inlet pipe 2 s earlier than the scheme of d = 12 mm. With the continuous reduction of the
diameter of the reflux hole, the time required for the middle stage of self-priming process
increased rapidly. When d = 0 mm, it took 99 s for the liquid phase to rise to the top of the
inlet pipe. Therefore, the diameter of the reflux hole has little effect on the water level rise
rate in the self-priming initial stage, and has a very significant impact on the water level
rise rate in the middle stage.
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Figure 7. Water level change law with different reflux hole diameters.

Figure 8 shows the relationship between the area of the reflux hole and the duration
of the middle stage of self-priming process. It can be seen from the figure that when the
diameter of the reflux hole changed from d = 12 mm to d = 10 mm, the duration of the
self-priming middle stage decreased. However, with the further reduction of the reflux hole
area, the duration of the self-priming middle stage increased linearly. When the diameter
of the reflux hole suddenly decreased from d = 4 mm to d = 0 mm, the duration of the
self-priming middle stage increased rapidly from 38 s to 94 s.
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Figure 8. The relationship between the area of reflux hole and the time of the self-priming mid-stage.

3.4. Influence of Different Reflux Hole Area on Gas—Liquid Two-Phase Flow Pattern

Figure 9 shows the gas-liquid two-phase flow in the pump at 10 s for the self-priming
pump with different reflux hole areas. It can be seen from the figure that with the reduction
of the return hole area, the liquid phase content in the volute and the impeller decreased
continuously, and especially the front cavity of the impeller was almost completely occupied
by the gas phase. The reduction of the diameter of the reflux hole significantly reduces the
return flow of the liquid phase, so that the flow rate of the gas-liquid mixture discharged
from the volute to the gas-liquid separation chamber decreased rapidly, which also caused
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D12

a great decrease in the exhaust performance of the self-priming pump, increasing the
self-priming time.

D10 D8

Figure 9. Gas-liquid distribution in the pump at 10 s.

Figure 10 shows the trajectories of the bubbles in the diffuser section with different
reflux hole areas. Due to the shape of the diffuser section of the volute, according to the
bubble movement laws, it can be divided into two parts: the discharged bubbles and the
stagnant swirling bubbles. As the area of the reflux hole decreased, the liquid-phase return
volume decreased continuously, which led to the decrease of discharge volume of the gas—
liquid mixture in the volute. At the same flow velocity, the flow area of gas-liquid mixture
decreased such that the flow area occupied by the stagnant swirling bubbles increased. It
can also be clearly seen from the amount of air bubbles at the outlet of the volute that with
the decrease of the reflux hole area, the exhaust capacity of the self-priming pump was
weakened (A).

Stagnant swirling bubbles

Figure 10. Bubble trajectory in volute at 10 s with different reflux areas.

In order to fully demonstrate the phenomenon of bubble stagnation and swirling in
the diffusion section of the volute, the pump with D = 6 mm was selected as the sample,
taking the air bubbles in the diffusion section of the self-priming middle-stage as the
research object, and their motion states were tracked by human judgment. Figure 11 is
the movement trajectory of the bubbles. Due to the excessive number of bubbles, it is
impossible to describe all of them, and four clear and representative bubbles (A, B, C and
D) were selected to capture the motion trajectory. It can be clearly seen from the figure
that the two bubbles A and B on the left moved rapidly towards the outlet of the volute
with the passage of time, while the two bubbles C and D on the right basically stagnated in
place, and there was even a trend towards the impeller movement.
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()

Figure 11. Bubble tracking at the volute diffuser. (a) 9.587 s, (b) 9.587 s + At, (c) 9.587 s + 2At, (d) 9.587 s + 3At,
(e) 9.587 s + 4At, and (f) 9.587 s + BAL.

4. Conclusions

In order to deeply reveal the self-priming mechanism of the self-priming pump, on
the premise of ensuring that the self-priming mechanism is consistent, a visual self-priming
pump experimental bench was built. By changing the position and diameter of the reflux
hole of the experimental pump, the flow pattern of the gas-liquid two-phase flow in the
pump during the self-priming process under different structures was captured, and the
influence rule and mechanism of the reflux hole on the performance of the self-priming
pump were revealed. This study provides clear advice and experimental support for
the selection of reflux hole position and diameter in the design process of self-priming
pumps [25]. The specific conclusions are as follows:

(1) The research fully proved that the change of the reflux hole structure parameters
affects the self-priming performance of the self-priming pump by affecting the gas—
liquid two-phase backflow rate during the self-priming process.

(2) Since the outlet of the volute was not vertically upward, there was a lateral component
velocity when liquid flowed out of the volute, which led to the uneven distribution of
the pump body velocity. Therefore, the reflux hole in different positions will lead to
the change of gas-liquid two-phase back flow rate in the pump chamber, thus affecting
the self-priming pump performance. In this study, the self-priming performance was
best when reflux hole was at +15°, and worst when reflux hole was at —30°.

(3) The area of the reflux hole mainly affected the composition of the backflow gas-liquid
mixture in the pump. With the increase of the area of the reflux hole, the self-priming
time of the centrifugal pump first decreased and then increased; an excessively large
reflux hole increased the gas flow back, while a too-small reflux hole limited the liquid
flow back hole. The optimal diameter of the reflux hole in this study was d = 10 mm.

(4) In the diffuser of the volute, as the area of the reflux hole decreased, the area of
stagnant swirling bubbles expanded. Tracing specific bubbles showed that due to the
structure of the volute, the stagnant swirling bubbles are mainly concentrated on the
right side of the diffuser.

(5) Although this paper fully revealed the gas-liquid two-phase flow pattern in the pump
during the self-priming process, due to lots of bubbles in the pump, serious overlap,
and small volume, the evolution characteristics of the bubbles during the self-priming
process were not quantitatively analyzed. Bubble image processing and analysis can
be the main content of subsequent research.
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