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Abstract – Airlift pumps are used in many industries. In these pumps, the performance is strongly affected by the geometrical design 
conditions. In this study, the performance of an airlift pump is experimentally evaluated for both circular and annulus pump risers. An 
airlift pump operating under air-water two-phase flow conditions was tested using a dual pump injector and for a constant submergence 
ratio. Capacitance sensors are used to measure the instantaneous void fraction through the pump riser, while high-speed images are 
analyzed to identify the interfacial structures of the air-water two-phase flow patterns through the pump risers. The results show that the 
water flow rate and efficiency of the pump for both risers are strongly dependent on the flow-pattern. In the annulus riser, higher liquid 
flow rates and pump efficiency are achieved at low gas flow rates, where slug pattern exists, while for the circular riser, the pump performs 
better at higher gas flow rates. Also, void fraction was found to be higher in the annulus riser for the entire range of gas flow rate due to 
the smaller cross-sectional area and the faster gas phase velocity through this area. Moreover, in the annulus riser, the Taylor bubble 
exhibited rotational motion around the pipe axis while moving upward. The length of Taylor bubbles in the pump riser was found to be 
longer and move with higher velocity and frequency in the case of the annulus riser, which is contributing to the better pump performance 
at low air flow rates.     
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1. Introduction 

Airlift pumps are usually utilized for flow recirculation and aeration purposes in many industrial applications like 
aquaculture and sewage treatment, while they can be used to lift heavy and viscous liquids/mixtures such as hydrocarbons 
in oil and gas extraction or moving explosive and toxic liquids in chemical processing plants. An airlift pump is composed 
of a vertical pipe (i.e., riser) submerged into liquid tank and connected to a gas injector at the bottom, where gas is injected 
and leads to the creation of a gas-liquid mixture within the riser. The two-phase mixture has lower specific gravity; this, in 
turn, pushes the liquid phase upward, and pumping is accomplished. Having no moving mechanical components, these pumps 
offer low maintenance costs and more reliable operation while consuming less energy compared to conventional rotary 
pumps [1]. 
       Literature review shows that both the lifted liquid flow rate vs. injected gas flow rate and efficiency (the ratio of the 
work used for lifting liquid to the work entering the system through isothermal expansion of the gas phase) curves of airlift 
pumps are influenced by operating and geometrical design conditions. Two-phase flow pattern within the riser, injected gas 
flow rate, void fraction, and working fluids are the most important operating conditions affecting their performance. On the 
other hand, geometrical aspects like submergence ratio (submerged length divided by the total riser length), riser diameter 
and length, injector design conditions (gas injection method and location) also strongly impact the pumps performance. 
Several studies have investigated altering the operating and geometrical conditions to improve the pump performance both 
experimentally and numerically. Generally, four common types of two-phase flow pattern (bubbly, stable and unstable slug, 
churn, and annular) have been observed in airlift pumps (Kassab et al. [2], [3], Hanifzadeh et al. [4], Ligus et al. [5], 
Charalampos et al. [6]). According to the literature, the pump performance is flow pattern dependent. That is, depending on 
the geometrical design, bubbly-slug transition [7], slug flow pattern [2] or slug-churn transition [8], [9] has been observed to 
give the highest efficiency, while slug-churn/churn flow patterns have been seen to result in the highest performance (i.e., 
increased liquid flow rate) [4]. Majority of the conducted studies have concentrated on the impact of operating and 
geometrical parameters on airlift pumps performance. According to the literature, the performance curve of airlift pumps is 
a function gas flow rate and pressure as well as submergence ratio and riser length and diameter [2], [10], [11]. In fact, lifted 
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liquid flow rate increases with increasing injected gas flow rate and reaches a maximum value (slug-churn transition), is 
followed by a slight decrease and then, remains nearly unchanged (churn and annular regimes) [2], [12], [13]. However, with 
increasing gas flow rate, the pump efficiency increases first to a maximum point and then, drastically declines [2]. The study 
conducted by Kassab et al. [2] showed that maximum efficiency does not necessarily takes place at the maximum liquid flow 
rate.  

Larger submergence ratios contribute to a better performance, i.e., increased liquid flow rate, due to the higher static 
pressure of the liquid column in the riser [2], [3], [11], [13–17]. Also, increasing submergence ratio has been found to reduce 
the minimum gas flow rate needed to lift the liquid phase [2], [12]. Also, Kassab et al. [2] found that increasing riser length 
(static lift) at constant submergence ratio can lead to slight improvement in the pump performance. Another important 
geometrical parameter is the riser diameter. Fan et al. [18] and Qiang et al. [15] found that upwelling efficiency of airlift 
pumps increases with the increase of riser diameter (from 0.4 m to 2.0 m) due to lower friction in larger pipes. The same 
increasing effect on performance for small diameter risers, 3-25 mm and 12-19 mm, had been seen by Reinemann et al. [19] 
and Kouremenos and Staicos [20]. However, the findings of Kim et al. [21] revealed that as the riser diameter increases, the 
pump performance declines (i.e., lower liquid flow rates are resulted) and the minimum gas flow rate for lifting liquid 
increases. Dare et al. [22] also reached the same conclusion; they discovered that small diameter risers deliver a higher lift. 

Majority of airlift pumps’ performance studies have investigated them under wide ranges of operating and geometrical 
conditions for risers with circular cross-section. However, in the case where annulus pump riser is required for either 
operational purposes or to gain access to the core of pump risers such as in nuclear applications, no available data was found 
in the literature. To the best knowledge of the authors, only one study (Sohn et al. [23]) has studied the effect of inserting a 
blunt body into the riser of an airlift pump on its performance. They discovered that blunt body-inserted riser and circular 
riser exhibit different behaviors in terms of bubbles rising velocity and wall friction despite having the same flow area; this 
was attributed to the inevitable difference in the hydraulic diameters and wall areas between the two risers. It was also found 
that at different submergence ratios, the blunt body-inserted riser delivers higher pumping performance (i.e., higher liquid 
flow rates) at low inlet gas flow rates because of lower bubble rising velocities, whilst at high gas flow rates, the circular 
riser gives higher performance since it has lower frictional losses. However, this study failed to compare flow patterns and 
the characteristics of the bubbles between the two riser configurations. Moreover, they investigated pump’s performance at 
a limited inlet gas flow rate range; that is, the study did not cover high gas flow rates where performance curve passes its 
maximum point. Furthermore, void fraction data and associated characteristics were not discussed. To fill above-mentioned 
gaps, this study compares the performance of an airlift pump for annulus and circular risers under a wide range of inlet gas 
flow rate. Also, flow patterns and large bubbles characteristics (length, velocity, and frequency of appearance as well as their 
shape and movement dynamics) together with void fraction data are compared between the two geometrical configurations. 
The study has been conducted experimentally; all experiments have been carried out at one submergence ratio of 0.7 (i.e., 
Sr=70%) using a dual air injector.  
 
2. Methodology  
2.1. Experimental apparatus   

Test loop used in this study is the one used by Abed et al. [24] (see Fig. 1). Fig. 1 is a schematic of the experimental 
configuration using an airlift pump. To keep the liquid level in the secondary supply tank constant so that the 
submergence ratio of the airlift pump system could be calculated, liquid from a reservoir tank was pumped into it. The 
static head, Hs, is divided by the pipe's overall length, L, to determine the submergence ratio. The submergence ratio for 
the collection of air-liquid experiments was set to 70%. To form a two-phase mixture and pump the liquid up the riser, 
air was added to the liquid using the gas lift pump. Mass flow controllers (MFC) were used to regulate the air flow rate 
throughout a range of 4 liters per minute (LPM) to 60 LPM, which were the minimum and maximum air flow 
respectively. The setup's collection tank, located on top, channeled fluids toward a measurement tank with one-liter 
intervals, which was used to gauge the volume of collected liquid. The volumetric liquid flow rate (LPM) was determined 
by timing the flow of water collected in the measurement tank using a human-operated stopwatch. In addition, two-
phase flow patterns, bubble length, and bubble velocity along the airlift riser pipe were examined using high-speed 
imaging. Instantaneous void fraction data was collected using a capacitance sensor. Fig. 2 indicates a schematic drawing 
of the air injector and Fig. 3 shows the dimensions of the annulus used; both circular and annulus risers have the same 
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diameter of OD = 1 1
4�
′′

and length of 1.57 m. The uncertainty analysis of the measured parameters is provided in Table 1. 

 
 

Fig. 1: Schematic diagram of the test loop. Redrawn and modified with permission 
from Abed et al. [24]. Copyright 2022 Elsevier. 

Fig. 2: Schematic view of the used airlift. 
Redrawn and modified with permission from 

Abed et al. [24]. Copyright 2022 Elsevier.  
 

 
Fig. 3: Annulus riser used 

Table 1: Uncertainty analysis 
Parameter Uncertainty 
Air mass flow rate ±1.2% 
Water mass flow rate ±3.0% 
Void fraction ±6.0% 
Pump efficiency ±0.3% 

 

 
2.2. Image processing  

High speed images, taken at a location Z/D = 30 downstream of the pump’s injector for eight different gas injection 
rates ranging from 3LPM to 60LPM, were analyzed. The measurement of the bubble velocity was obtained by comparing a 
set of images that tracked the bubbles displacement between two frames, scaled using the known diameter of the riser, as 
well as the time elapsed between the frames. Similarly, the bubble length was measured according to the scaled riser diameter. 
At high flow rates, elongated bubbles were longer than the image frame, thus, the velocity of the bubble was multiplied by 
the time elapsed between the entry and exit of the bubble to determine the bubble displacement, which also corresponded to 
the bubble length. Finally, the bubble frequency was obtained by counting the number of passing bubbles with respect to the 
time elapsed at each flow rate. 

 
3. Results and discussions 
3.1. Pumping performance  

Figs. 4a and 4b show the lifted liquid flow rate and efficiency for both circular and annulus risers, respectively. Note 
that the pumping efficiency of the airlift pump has been calculated using the modified version of Nicklin equation that 
considers the dual injection method [12], as follows: 

𝜂𝜂 =
𝜌𝜌𝜌𝜌𝑄𝑄𝐿𝐿(𝐿𝐿 − 𝐻𝐻𝑠𝑠)

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑄𝑄𝐺𝐺𝐺𝐺 ln � 𝑃𝑃𝐺𝐺
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎

� + 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑄𝑄𝐺𝐺𝑎𝑎 ln � 𝑃𝑃𝑎𝑎
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎

�
 

(1) 

        
       Looking at these figures, one can see that both risers show the same behavior for lifted liquid flow rate and efficiency 
variations against inlet gas flow rate. That is, in both risers, lifted liquid flow rates drastically increase with increasing gas 
flow rate and reach their maximum and then, moderately decline. On the other hand, their pumping efficiencies sharply 
increase up to the maximum points, followed by drastic reductions. At the lowest inlet gas flow rate (0.33 kg/hr), both risers 
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fail to lift the liquid phase effectively; this is because at this flow rate, flow pattern observed within both risers is slug flow 
with short Taylor bubbles (see Fig. 10a). The buoyancy of the short Taylor bubbles are not enough to dominate the 
gravitational forces; therefore, liquid phase is not lifted sufficiently to exit from the risers. As the inlet gas flow rate increases, 
Taylor bubbles length becomes longer (see Fig. 10a) and the buoyancy force overcomes the gravitational forces; therefore, 
both lifted liquid flow rate and efficiency increase for each riser. Taylor bubbles act like a piston pushing the liquid phase 
entrained within the liquid slug upward while moving up. Further increase in gas flow rate leads to transition from slug to 
churn flow pattern. Long bubbles in churn pattern are longer than Taylor ones and move faster (see Figs. 10a and 10b); also, 
liquid film surrounding long bubbles in churn pattern do not move downward as opposed to slug flow pattern. As a result, 
lifted liquid flow rate continues to increase in both risers after the slug-churn transition and reaches a maximum point and 
then, decreases as the two-phase flow becomes closer to annular flow regime. However, the pumping efficiency of both risers 
reaches its maximum and drastically declines after the transition point; this is because, long bubbles in churn pattern have 
lower ability to use the work entered the system through gas phase’s isothermal expansion for lifting the liquid phase 
compared with Taylor bubbles.              

  
Fig. 4a: Pumping performance of the airlift pump for circular 

and annulus riser 
Fig. 4b: Pumping efficiency of the airlift pump for circular and 

annulus riser 
        
       Comparing performance curves between circular and annulus risers (Fig. 4a), one can see that at low inlet gas flow rates 
(lower than 0.69 kg/hr), the annulus riser delivers more liquid than the circular riser; however, at higher inlet gas flow rates, 
the circular riser performs better and gives higher liquid flow rates. Also, as the gas flow rate increases, the difference 
between the lifted liquid flow rates becomes bigger up to the maximum performance point. This is because higher gas flow 
rates that bring about higher liquid flow rates, the frictional losses within the annulus riser become higher than the circular 
riser due to larger wall areas; therefore, circular risers perform better at higher gas flow rates. Both circular and annulus risers 
reach maximum performance in churn flow regime at the same inlet gas flow rate (3.67 kg/hr); however, at maximum 
performance point, the circular riser delivers nearly 1470 kg/hr of water, whereas the annulus delivers almost 1225 kg/hr of 
water. That is, maximum water flow rate of the annulus riser is around 16.6% lower than that of the circular riser. After the 
maximum performance point, the difference between the water flow rates delivered by the risers becomes slightly smaller.  
       The same behavior is observed in the efficiency curves (Fig. 4b); annulus riser gives higher efficiencies (up to maximum 
efficiency points) at lower gas flow rates (lower than 0.69 kg/hr) because of its higher liquid flow rate in this region. At 
higher gas flow rates, this is the circular riser that gives slightly better efficiencies since it delivers more water. However, the 
difference between the risers’ efficiencies becomes smaller and smaller as gas flow rate increases so that they reach nearly 
the same values at the highest gas flow rate. Both circular and annulus risers reach maximum efficiency in slug flow regime; 
interestingly, they give almost the same values of maximum efficiency (around 16.7%). However, the circular riser reaches 
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the maximum efficiency point at a higher gas flow rate than the annulus riser. This is because slug-churn transition takes 
place at higher gas flow rates in the circular riser compared to the annulus riser. The differences between the circular and 
annulus risers in terms of performance can be better understood by comparing two-phase flow structures behavior within the 
riser as described in the following sections.   

 

3.2. Flow patterns  
Experimental observations revealed the presence of two two-phase flow patterns including slug and churn flow within 

both risers under the studied test conditions. Flow patterns were identified by both flow visualization and instantaneous void 
fraction measurements, both at Z/D=30, where two-phase flow within the riser reaches quasi-developed region [12]. The 
PDF diagrams of the measured void fraction data have been shown in Figs. 5. Figs. 6 and 7, respectively, reveal the time-
series void fraction data and their average values measured in the circular (dashed graphs in Fig. 6) and annulus (continuous 
graphs in Fig. 6) risers for all 14 test points.  

 
  

   

   

   

 
 

 

 
Fig. 5: Void fraction PDFs at Z/D=30 and different inlet gas flow rates for circular (blue bars) and annulus (green bars) risers  

   

According to Figs. 6 and 7, with increasing inlet gas flow rate, instantaneous and subsequently, time-average void 
fraction increases in both risers; however, the annulus riser gives higher values of void fraction, notably at higher inlet gas 
flow rates. This is because the annulus riser has smaller cross-sectional area (i.e., smaller hydraulic diameter); this, in turn, 
allows the gas phase to occupy more area in the annulus riser compared to the circular riser under the same inlet gas flow 
rates.  
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Fig. 6: Time series void fraction results at Z/D=30 and different inlet gas flow rates for circular and annulus risers 
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Higher void fractions in the annulus riser contribute to faster transition to churn flow. Experimental observations and 
PDF diagrams comparison show that in the annulus and circular risers, slug flow exists up to inlet gas flow rates of 
respectively 12 and 16 LPM (average void fraction of almost 19% in both risers), where the PDFs are still showing two 
peaks. Correspondingly, slug-churn transition starts at 12 and 16 LPM of gas flow rate for these risers and extend to the inlet 
gas flow rates of 24 LPM and 28 LPM (average void fraction of almost 24% in both risers), respectively, where churn flow 
appears, and the PDFs become wider and show only one peak. Also, PDF diagrams show that in all slug, slug-to-churn, and 
churn flow patterns, the annulus riser covers slightly wider ranges of void fraction than the circular riser, leading to wider 
PDF diagrams in this riser. These differences in void fraction data between the risers can be justified by interfacial structures 
behavior within the risers as expounded in the next sections. 

 

 
Fig. 7: Time-average void fraction for the risers 

 
3.3. Interfacial structures behavior 

Figs. 8 and 9 indicate successive images of slug and churn flow patterns observed in the circular and annulus risers at 
imaging location of Z/D=30 and inlet gas flow rates of 6 LPM (slug flow) and 24 LPM (churn flow), respectively. As can 
be seen in the annulus riser, both Taylor bubbles and long bubbles in churn pattern fail to embrace the rod in the middle; this 
leads to the presence of a narrow path for liquid phase in the body of the large bubbles. Upward flow of the liquid phase 
through this path imposes drag forces on the large bubbles; this leads Taylor bubbles and long bubbles in churn pattern to 
have clockwise and counterclockwise rotational movements around the inner rod while moving up as clearly shown in Figs. 
8b and 9b, respectively. The rotational movement of the long bubbles is expected to cause a rotational movement in the 
liquid phase within the liquid slugs above and behind the large bubbles. This is clearly observable by the rotational movement 
of small bubbles in slug flow pattern and wider dispersion of the aerated region in the liquid slug that occupies almost whole 
pipe diameter in the annulus riser. Another clear difference is the population and size distribution of small bubbles; as can 
be seen, in both slug and churn flow patterns, small bubbles are of larger population with smaller diameters in the circular 
riser. This is because the rotational movement of both large bubbles and liquid slugs in the annulus riser cause more collisions 
between small bubbles, leading to their coalescence with either themselves or large bubbles at a higher rate. 
    

  
(a) (b) 

Fig. 8: Successive images of slug flow pattern observed in (a) circular riser and (b) annulus riser  
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(a) (b) 

Fig. 9: Successive images of churn flow pattern observed in (a) circular riser and (b) annulus riser  
      
       Figs. 10a, 10b, and 10c respectively represent large bubbles (Taylor bubbles and long bubbles in churn pattern) length, 
velocity, and frequency of appearance against variations in inlet gas flow rate in both risers. According to these figures, in 
both risers, large bubbles’ length, velocity, and frequency of appearance increase with increasing injected gas flow rate. This 
is because larger inlet gas flow rates imply larger volume of the gas phase introduced to the riser; also, at higher gas flow 
rates, number of small bubbles within the riser increases which leads to more collision and coalescence with large bubbles, 
resulting in longer length and higher velocities and frequencies due to larger buoyancy effects. However, large bubbles show 
larger lengths, velocities, and frequencies of appearance in the annulus riser compared to the circular riser. This can be 
attributed to the smaller flow area in the annulus riser and the higher gas velocity. In fact, smaller cross-sectional area makes 
longer bubbles under the same inlet gas flow rates, and this, in turn, brings about higher velocities and frequencies from large 
bubbles in the annulus riser. In the slug flow regime, Taylor bubbles and their behaviour are the main driving mechanism 
behind delivered liquid flow rate; essentially, longer Taylor bubbles with higher rising velocities lead to more liquid flow 
rate. As shown in Figs. 10a and 10 b, at low air flow rates (slug regime), Taylor bubbles of the annulus rise show slightly 
larger lengths with higher velocities; this can be probably the reason behind better performance (i.e., higher liquid flow rates) 
of annulus riser in slug flow regime.     

 
Fig. 10: Long bubbles (a) length over riser diameter, (b) velocity, and (c) frequency of appearance in the risers 

 
4. Conclusions 

In this study, the effect of an annulus riser pipe geometry on an airlift pump’s performance was investigated. All 
experiments were conducted at a submergence ratio of 70% for both annulus and circular pump risers. The performance was 
mainly tested for 14 different input gas flowrates of 4-60 LPM. According to experimental observations and void fraction 
data, annulus geometry leads to higher void fraction and subsequently, faster slug-churn transition under the same inlet gas 
flow rate. Also, Taylor bubbles and long bubbles in churn pattern well as small bubbles and liquid phase in the liquid slug 
exhibit rotational movement around the inner rod while moving upward. In annulus geometry, Taylor bubbles were found to 
be longer with higher velocities and frequencies. The experimental results showed that mainly at lower inlet gas flow rates, 
the pump performed better with the annulus riser compared to that of the circular riser. However, at higher inlet gas flowrates, 
the circular riser produced better performance outcomes concluding that the circular riser is in fact the better choice for 
higher inlet gas flowrates. The pump’s efficiency produced the same results when comparing the two setups as the lower 
inlet gas flowrates within the annulus riser produced a higher efficiency, and at higher inlet gas flowrates the pump was more 
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efficient in the circular riser. With the research results regarding lower gas inlet flowrates, further investigations regarding 
different submergence ratios, different tube diameters, or the influence of the annulus on mass transfer are highly suggested 
to further test the effects of the annulus. These findings help introduce airlift pumps to different industries and more remote 
locations where peak performance inlet gas supplies may be difficult. 
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