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A three-phase airlift pump is a pumping system that utilizes compressed air to lift
fluid and solid particles, widely used due to its efficiency and minimal mechanical
components. The injected air flow rate plays a crucial role in influencing the flow
pattern, velocity, and phase distribution within the system. This study aims to examine
the effect of varying air flow rates on the three-phase flow characteristics in an airlift
pump with a 15° injector angle, including the critical condition, superficial velocity of
each phase, flow patterns, and changes in solid, gas, and liquid hold-up values.
Experiments were conducted with air flow rates ranging from 30 to 60 LPM and a water
column height of 34h. Data were analyzed using image processing techniques to
calculate flow velocity and hold-up. Based on the experimental results, it was found that
the solid hold-up increased from 0.7592 to 0.9030, and gas hold-up from 0.0531 to
0.0819, while liquid hold-up decreased from 0.1877 to 0.0151 as the air flow rate
increased. The superficial liquid velocity also rose from 0.056 m/s to 0.158 m/s, with
the value recorded at 50 LPM representing the most optimal operating condition of the
airlift pump and serving as the ideal reference for system operation. This research is
expected to contribute to the development of airlift pump applications in industrial

applications.
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1. INTRODUCTION
Indonesia is a country rich in natural resources,

including oil and natural gas. Activities related to the
oil and gas (0&G) sector exploration, production,
processing, marketing, and transportation continue
to play a strategic role in national development.
Despite their significant contribution to the national
economy, these activities also pose considerable
environmental risks, particularly due to the large
volume of waste generated [1].

One of the primary waste products resulting
from oil refinery processes is drilling mud or
residual sludge. According to Faoziyah [2], this
sludge consists of materials generated during oil
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and gas exploration, which, on a large scale, can
negatively affect water quality around exploration
sites. The high hydrocarbon content in oil sludge has
the potential to contaminate soil, surface water, and
groundwater|[3].
industries still discharge their waste directly into

Moreover, many oil and gas

rivers and oceans, resulting in the accumulation of
aquatic
ecosystems and

pollutants and sedimentation in

environments, which harms
degrades water quality.
Numerous studies have explored the behavior
and performance of airlift pumps under various
conditions. Ahmed et al. [4] identified several flow

regimes within airlift pumps, such as bubble, slug,
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churn, and annular flows, which are influenced by
parameters like submergence ratio and air flow rate.
Swirl phenomena and backflows were also observed
in the suction region[5][6].

Visualized the three-phase (gas-solid-liquid)
flow patterns in airlift pumps, showing that slug
flow is the most effective regime for transporting
solid particles. Factors such as particle size and
volumetric flow rate were found to have a
significant impact on performance [7].

Further research by Fujimoto et al. [8] focused on
the transport characteristics of gas-liquid-solid
mixtures in airlift pumps, emphasizing the influence
of gas particle solid
concentration on transport efficiency. Examined the
effect of a 15° injection angle, demonstrating that
such a configuration can produce more stable spiral

flow rate, size, and

flows, enhance microbubble-particle interactions,
and improve upward thrust under certain
conditions[9].

Based on these findings, the present study aims
to determine the critical condition of a three-phase
airlift pump for lifting water and solid particles
under varying air flow rates and to investigate the
flow characteristics of a three-phase (solid-liquid-
gas) airlift pump system. Specifically, it seeks to
analyze flow behavior such as bubble and slug
motion, as well as liquid and solid hold-up, under
various air flow rates. By varying the injected air
flow rate, this research aims to understand how it
influences the internal flow dynamics within the
airlift pump and contributes to the optimization of
sediment removal in environmental applications.

2. METHODOLOGY
An experimental study was conducted to investigate

the behavior of three-phase flow (gas-liquid-solid)
in a vertical airlift pump system. The system
comprises a transparent vertical acrylic pipe with an
inner diameter of 50 mm and a height of 2.54
meters, as illustrated in Figure 1.

Airlift pumping was achieved by injecting air at
the bottom of the riser pipe through a nozzle with an
injection angle of 15°, directed toward the sediment
layer. This configuration was chosen to enhance
bubble-particle interaction and flow stability, based
on previous research [9].
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Figure 1. Three-phase airlift pump schematic

The main variable examined in this study is the
inlet air flow rate, which plays a key role in
determining the critical condition of a three-phase
airlift pump. Experiments were conducted at air
flow rates of 30, 40, 50, and 60 L/min, while other
variables such as water volume, solid type, and
column height (1.9 m) were kept constant. The
water flow rate was calculated using the formula
(D):

4
°=3

where Q is the volumetric flow rate (m3/s), V is the

(1

volume of water (m?), and t is the time ().

The solid phase consisted of granular particles
(e.g., sand or simulated sludge) with a density of
1184 kg/m?. Water was used as the liquid medium.
Air served as the gas phase and was injected at
varying flow rates[10]. Air and water flow rates
were measured using a digital flowmeter and
manually timed volume collection. These were
converted into superficial velocities using the
following formulas[11][12]:

_ Q¢
Je = T (2)
QL
L= ” (3)
IJs = _PLA (4)

Where Jg, Ji, and Js is superficial gas, liquid, and solid
velocity (m/s). Qg and Q. is gas and liquid flow rate
(m3/s). Ms is solid mass flow rate (kg/s), p. is solid
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density (kg/m?), and A is cross-sectional area of the
pipe (m?).

To identify the flow regimes within the airlift
pump, high-speed video recordings of the flow
inside the riser were analyzed using MATLAB 2021.
The objective was to classify flow patterns such as
bubble, slug, and churn flow based on the behavior
of gas-liquid-solid interactions observed in the
recorded images. MATLAB was used to calculate
object displacement between frames, with time

intervals determined from frame rate (fps),
using[7]:
. (pix, — pix;)
Veloaty = (A r ) x (total time in video recorder) (5)
f ame total frame

To quantitatively determine the gas, liquid, and
solid hold up within the airlift pump system, an
image processing technique was employed using
MATLAB 2021. This approach utilized frame-by-
frame analysis of high-speed video recordings to
extract volumetric distribution information of each
phase in the riser section.

The total phase holds up satisfied the following
equations (6):

H5+Hl+(,¥=1 (6)

Where Hg, Hj, and a represent the solid, liquid, and
gas hold-up, respectively. According to each hold-up
can be calculated as:

Vsolid
Hy = 77— (7)
s Vtotal
Vliquid
H, = 2 (8)
! Vtotal
V
H, = 2= 9)
g Vtotal

where V denotes volume (m?).

3. RESULTS AND DISCUSSION
Based on the results of the study, the experimental data
are presented in the following Table 1.

Table 1. Test data

From the table above, the resulting water flow rates
are presented in the following Table 2.

Table 2. Water flow rate measurement data

. Water Flow Rate
Air Flow Rate (L/s) (L/s)
0.50 0.416
0.67 0.649
0.83 0.833
1.00 1.223

Based on the data presented in Table 2, a graph
can be created as illustrated in Figure 2.

Figure 2. Graph of the critical operating condition of the
airlift pump

At an air flow rate of 0.83 1/s, the airlift pump
system reaches its critical condition, characterized
by optimal water and solid lifting performance with
stable flow behavior. Although the maximum water
flow rate of 1.233 1/s occurs at 1.00 1/s air flow, this
0.83 1I/s is
considered the most efficient operating condition
based on both graphical data and visual observation.

By inputting the values of gas, liquid, and solid
flow rates, the superficial velocities for each phase

exceeds the critical point. Thus,

were obtained, as shown in Table 3.

Table 3. Superficial velocity values of each phase

Jg (m/s) Ji (m/s) Js(m/s)
0.25477707 0.212314225 0.00504747
0.33970276 0.330879312 0.00883090
0.42462845 0.424628450 0.01900786
0.50955414 0.572532742 0.04400378

Air Flow Water Lifted

Subrgs;}% ence Rate Volume  sand mass ngle
(Ipm) (m]) (gr)

30 1000 28.3 2.40

3h 40 1000 31.6 1.54

50 1000 53.0 1.20

60 1000 91.0 0.89
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Figure 2 shows the comparison graph between the
inlet gas superficial velocity and the outlet particle
superficial velocity, while Figure 3 presents the
comparison graph between the outlet water superficial
velocity and the inlet gas superficial velocity.
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Figure 2. Graph of the comparison between solid
superficial velocity and gas superficial velocity in a
three-phase airlift pump
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Figure 3. Graph of the comparison between liquid
superficial velocity and gas superficial velocity in a
three-phase airlift pump

An increase in the superficial gas velocity
injected into the system significantly enhances the
superficial velocities of both liquid and solid phases,
particularly within the air flow range of 40-60
1/min. This indicates a direct correlation between
gas velocity and the transport efficiency of the other
two phases, especially after surpassing the critical
condition where the flow regime transitions to slug
and churn. These flow patterns facilitate more
effective particle lifting in the three-phase airlift
pump system[13][14].
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Figure 4. Bubble with airflow rate (a) 30 lpm,
(b)40 lIpm, (c) 50 Ipm, and (d) 60 Ipm

()

Based on visual observations during data
collection, it was observed that in the initial
condition inside the upriser pipe, many bubbles
were formed due to air injection. These bubbles
then merged with others, forming slugs. The
formation of slugs becomes larger as the injected air
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flow rate increases. For a clearer explanation, refer
to the description of each flow pattern below.
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Figure 5. Slug with airflow rate (a) 30 Ipm, (b)40 Ipm,
(c) 50 Ipm, and (d) 60 Ipm
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Figure 6. Churn with airflow rate (a) 30 lpm,
(b)40 lIpm, (c) 50 Ipm, and (d) 60 Ipm

B) (b)

This study observed bubble, slug, and churn flow
patterns at 3h riser height. Increasing air flow
resulted in more dynamic flow regimes and greater
particle lifting. Particles were propelled upward by
slug and churn flows but tended to fall back into
bubble or churn tails when the flow subsided, only
to be re-lifted by subsequent slug or churn pulses. At
low air flow rates, slug flow rapidly transitions to
churn due to insufficient gas pressure[7][11].

Table 4. Flow velocity data
Flow velocity (m/s

Flow pattern

Bubble 0.768 0.819 0.894 1.024
Slug 1.280 1.536 2.043 2.560
Churn 1.536 2.048 2.554 3.072

From the data, the following graph was obtained

Kecapatan Alran {mis}

Figure 7. Graph ratio superficial gas velocity with flow
velocity.
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The graph of the relationship between gas
superficial velocity and flow velocity shows that
each flow pattern (bubble, slug, churn) has a
different effect on fluid velocity. An increase in gas
velocity has a minor impact during the bubble
regime, a more significant effect during slug flow,
and the highest impact during churn flow due to
greater turbulence and gas dominance[15].

Table 5. Phase hold-up analysis results using image
processing method

J, (m/s) SoIiZ :old Gasu ’;,Old 15,01;1‘;1:;
0.2547 0.7592 0.0531 0.1776
0.3397 0.8320 0.0653 0.1027
0.4246 0.8723 0.0698 0.0578
0.5095 0.9030 0.0726 0.0244

From the data, the following graph was obtained.

FeldLs (Fraes

Kesapatan Superfaial Gas (mes

Figure 8. Graph of the relationship between gas
superficial velocity and hold-up values of each phase

The variation in phase hold-up values reflects a
transition in flow patterns as gas velocity increases.
Initially, high liquid hold-up and low solid/gas hold-
up indicate bubbly flow. As gas velocity rises, slug
flow develops, marked by increased solid hold-up.
At higher gas velocities, churn flow dominates,
characterized by low liquid hold-up and greater
solid and gas dominance, indicating stronger
turbulence and enhanced particle transport [16].

4. CONCLUSION
Based on the results obtained:

1. The critical condition of the three-phase airlift
pump was found at an air flow rate of 50 1/min,
representing the optimal point for maximum
lifting with stable flow.

2. An increase in air flow rate leads to higher gas
superficial velocity, which also increases liquid
and solid superficial velocities.

3. Flow patterns observed include bubble, slug, and
churn flows, with more developed patterns
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forming at higher air flow rates, enhancing solid
lifting.

4. Furthermore, higher gas velocity increases both
gas and solid hold-up while reducing liquid hold-
up, indicating a shift in phase distribution
favoring gas and solid dominance.
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