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Abstract: This paper presents the optimal conditions for fast transfer of solid particle with an airlift
pump. The experimental examinations were carried out in an airlift pump with a length of 5.64 m
and an inner diameter of 0.102 m in order to determine the impact of submergence ratio, air flow, and
physical particle properties, such as shape, size, and density, on the vertical velocity of the particle in
detail. The results showed that with the same air flow, the maximum particle velocity was achieved
when the churn flow regime is established with a submergence ratio close to 0.89. However, in bubble
and slug flow, it is not possible to carry a large particle in the dimensions of centimeters. Furthermore,
in a churn flow, the velocity of the particle exceeds the velocity of pumped water; hence, water is not
the only particle carrier in a vertical three-phase flow.

Keywords: vertical velocity; drag coefficient; submergence ratio; three-phase flow; churn flow;
void fraction

1. Introduction

Airlift pumps are used to transport liquids or slurries (liquid-solid) in different tech-
nologies, such as transporting different gravels and a drainage system in mining, treating
urban wastewater, and transporting radioactive and corrosive solutions in the chemical
industry [1]. Despite its low efficiency (only 10% to 30%) compared to other types of pumps
(eccentric, screw piston, diaphragm etc.), an airlift is a simple device and offers a number of
advantages, like lower initial coast, lower maintenance, easy installation, and small space
requirements. Despite the very simple structure of the pump, particle movements in a
three-phase flow has not yet been precisely described.

Most of the theoretical and practical research on this pump has been conducted in two-
phase flow (air-water), and less attention has been paid to cover the various aspects of three-
phase flow. Kato et al. [2] investigated the lifting of round glass particles with an airlift of
3.55 m height and 19 mm diameter. This study was limited in that slug flow region and other
upflow regimes, such as churn and annular, were not investigated. Kirichenko et al. [3]
developed the theory and calculation algorithms to use when airlift works in slug flow
to transport manganese nodules from deep sea mining. Research conducted only on
spherical particles is widely prevalent in the literature. Among them, Yoshinaga and
Sato [4] established a triangular relationship between the amount of water flow, discharged
particle rate and the amount of air flow based on experimental investigations of some
round ceramic particles. Therefore, their model is established only for spherical particle
size distribution. Another noteworthy point is that the particles transported by the airlift
pump were small and had dimensions in the range of millimeters. Fujimoto et al. [5]
considered the mechanism of sphere particle transportation in pulsating water flow by
stereo videography and numerical simulations. The tested particles were 3 mm and 5 mm
in diameter with two densities of 3600 kg/m? and 2520 kg/m?®. Berg [6] proposed a
theoretical approach to estimate the output flow rates of airlifts for transporting small
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marine gravel with particle size distributions ranging between 2 mm and 15 mm. For the
experimental tests, the author used an airlift of 3.05 m height with two pipe diameters of
40 mm and 90 mm.

Contrary to the principles of upward water flow due to reduced density and buoyant
force, some researchers have conducted studies on three-phase flow, the results of which
can also be used with appropriate approximation for the airlift pump. Erian and Pease [7]
evaluated vertical transportation of sand particles in annular and dispersed flow. To create
an annular flow, they added water to a mixture of compressed air and sand particles and
then directed them to a vertical pipe. Deendarliantoa et al. [8] studied the behavior of sand
and coal particles up to 0.81 mm in size with an image-processing technique. Unlike Erian
and Pease [7], they added compressed air to a mixture of water and solids and tried to
evaluate the transportation efficiency by changing the angle of the micro-bubble injectors.

In most theoretical studies, the authors mainly focused on establishing mathemati-
cal models for the specific operating condition of airlift pumps, and empirical research
has not covered the different types of three-phase flow regimes. Moreover, there are no
detailed instructions on using some equations in practice [9]. Hence, it is necessary to
determine a number of experimentally derived factors, which requires time and is resource-
intensive. One case that has not been studied yet is the movement of one particle in the
vertical air-water flow. Most empirical tests were designed to estimate the amount of solid
transportation over time, and the behavior of single particle in different flow regimes is
still unknown.

In this study, the operating modes of the airlift pump for transporting three different
particles with a lifting pipe of 0.102 m diameter and 5.64 m length at varied submergence
ratios were investigated. Empirical studies were carried out for different flow regimes from
bubble up to churn flow to accurately estimate the velocity of the solid phase. Considerable
attention was paid on establishing critical boundaries so that the solid particle could be
lifted in water (one-phase) and in the air-water (two-phase) flow. The average transport-
ing velocity of a solid particle can be determined by using a simple calculation process
related to two-phase flow theories. This makes it possible to develop recommendations
for determining the optimum operating modes of the airlift pump, in particular for the
submergence ratio and the air flow rate.

2. Materials and Methods

The outline of the airlift pump is shown in Figure 1, which was designed at the
Technical University Bergakademie Freiberg under the framework of the HydroCoal Plus
project, funded by the Research Fund for Coal and Steel (European Commission). The main
parts of this pump are: (1) sump made of transparent hard plastic, (2) suction pipe, (3) air
jacket, (4) riser pipe, (5) separator tank, and (6) downcomer pipe. We recommend that the
reader refer to Enany et al. [9] for further details about the sensors, air jacket, and working
conditions for water pumping.

At the beginning of the experiment, the airlift was filled with water up to the required
level h. The compressed air was injected into the air jacket to induce circulation of the
liquid. The air-jacket was a cylindrical stainless-steel pipe with 84 circular holes, 3 mm
in diameter. The mixture of air and water was lifted to the separator tank, where air and
water could be easily separated. The air was released to the atmosphere, and the water
came back to the downcomer pipe. Therefore, the installation worked in a closed loop,
which was useful for performing each experiment with the same condition several times.
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Figure 1. Schematic of the working principle of the airlift pump.

The flow rate of air (Q;) and submergence ratio (S;) could be changed independently
during the experiment. The submergence ratio was determined as S; = h;/hy, where hy, is
the air injection depth (m). Since the velocity of water transport by the airlift was strongly
dependent on the submergence ratio, the minimum amount of air to move the particle
vertically was varied at each submergence ratio. The two considered particles were made
of glass and the third one was coal, the specifications of which are provided in Table 1. It
should be noted that the dimensions of the coal particle are the longest three main axes in
two perpendicular sections of it (L1, Ly, L3: long, medium and short axes, respectively). For

more information, please see Supplemental Figure S1.

Table 1. Parameters of the investigated particles.

. Density . Dimension
Symbol Shape Material (kg/m®) Weight (gr) (cm)
Pg Sphere Glass 2510 3.45 D=14
Py Half sphere Glass 2510 3.49 D=17
L; =346
Pc Irregular Coal 1340 17.81 L, =247
L3 =225

Practical examinations have always been performed on a single particle, and there have
never been several particles moving inside the pump at the same time. Each experiment
is initiated at the minimum amount of air velocity required to suck a particle into the
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suction tube, and it ends when the particle reaches the end of the riser tube where it is
connected to the separator tank. The particle is then returned to the suction area by free-fall
settling in the downcomer. A distance between the entrance of the suction pipe and the
bottom of the sump was adjusted so that the particle has maximum suction possibility. The
measurement of transportation time for one particle was repeated 30 times for each change
in submergence ratio and inlet compressed air rate. The initial velocity of the particle falling
into the downcomer had no impact on recording the values, because the time between
particle entry into the suction pipe and it hitting the wall of the separator tank (5.97 m) was
used in calculations.

Since the sump and suction pipe of the airlift installation are made of transparent hard
plastic, the moment the particle transport began (introduced in suction pipe) was observed
and recorded with one camera; the camera level was illustrated in Figure 1. Moreover,
Supplemental Figures S2 and S3 show the position of the camera in actual set-up. At
the end of the path, the transported particle hit the wall of the separator tank, and the
resulting noise was loud and clearly audible. Nevertheless, to capture sound and video at
the same time, a noise-canceling microphone was installed to record sound at the level of
the separator tank. A part of the particle movement took place in the separator tank, the
length of which could not be determined precisely because there was no possibility to see
inside the separator. Thus, the particle could hit any part of the tank wall in a quadratic
space. The motion of particle was recorded with 35 frames per second. This means that
there is 0.028 s between each frame. We increased this value to 0.04 to cover the invisible
small length in the separator tank. Therefore, from the analysis of video and audio data,

the time intervals (t;) for the whole transportation time were determined with a precision
of £0.04 s.

3. Results and Discussion

To determine the velocity of a particle during transportation by airlift pump, three
variable parameters were considered: submergence ratio S;, type of particle, and air
flow rate Q,. According to the results of two-phase flow (see Figure 2), in this study,
submergence ratios 0.7, 0.8, and 0.89 were considered to have more water velocity with the
least amount of injecting air. Based on the data presented in Figure 2, it is obvious that the
airlift worked, as the Reynolds number (Re) varied from 6 x 10° to 1.4 x 10°. Therefore, the
vertical transport of the solid particle was in accordance with the turbulent flow conditions
(laminar flow Re-Number is lower than 2300).
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Figure 2. Experimental two-phase flow characteristics with different submergence ratio.
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3.1. Flow Regimes

In terms of influent air flow rate (Q,), different regimes of two-phase flow (gas-liquid)
may be distinguished in the following order (Figure 3): bubbly, slug, churn, annular, and
dispersed flow regimes [10]. The lack of same criterion for interpreting the flow behavior
and the diversity of empirical results on different pumps led to a non-uniform agreement
on the classification and illustration of upward two-phase flow boundaries and exposure
to different two-phase upflow maps by researchers. Miller and Cain [11] examined the
influence of solid particles on vertical three-phase flow transitions. They concluded that
solid particles accelerate the transitions of flow from bubble to slug flow and do not play
an effective role in transitions of flow from the slug to churn flow. Therefore, the two-phase
flow map presented by Taitel et al. [12] is applicable for our experimental conditions.

3 4 5

Liquid velocity

: bubbly
slug

: churn

- annular

: dispersed

—

Gas velocity

Figure 3. Flow pattern transitions in vertical upward two-phase flow.

Figure 4 shows the boundaries for different two-phase flow transitions together with
our two-phase experimental results. Unlike other researchers whose results cover only
certain dimensions of the pump, Taitel et al. [12] presented a flow map based on the
relationship between the pipe length and diameter (L/D). To find the transition zone
from slug to churn, given the dimensions of the riser pipe in our test, this ratio is equal
to 60, which stands between graph 50 and 100. It should be noted that in accordance
with the environmental conditions of the experiments, the boundary of the transition flow
from the churn to the annular is considered when the Kutateladze number is equal to 3.1
(Vair = 5.78 m/s). Therefore, from the observations in Figure 4, it is also evident that our
experiments are done in bubble, slug, and churn flow regime.

3.2. Particle Velocity

Since the focus of this work was on measuring the velocity of a particle pumped by an
airlift, it was obtained by dividing the total length of the vertical tube through which the
particle has travelled over time (Vp = (hs + hy)/t;). For different measurement conditions,
the arithmetic mean of velocity was calculated. Figure 5 shows the correlation between the
air velocity and solid lifting velocity for particles Ps, Py, and Pc at a submergence ratio
of 0.8. In Figure 5, the starting point of each diagram corresponds to the amount of air
required to reach the vertical velocity of the water, which is slightly higher than the settling
velocity of the particle falling into the still water. Therefore, by injecting less compressed air
than this amount, the particle cannot be sucked and pumped to a higher level. The vertical
bold line in Figure 5 corresponds to the transition zone from slug to churn flow. Beyond the
type of flow regime, the velocity of a particle was increased by raising the velocity of the
inlet air. This stepwise increment was more significant for coal, as it has a higher volume
and lower density than the other glass particles.
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Figure 4. Comparison of experimental two-phase results by Taitel’s flow-pattern map.
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Figure 5. Particle velocity transportation in relation to the velocity of inlet gas in the airlift.

Owing to the high speed of a transported particle and its severe impact on the separator
tank wall, it was possible to destroy the particle and change its usual shape. Hence, the
experiment could not be continued for annular flow regime. Figure 5 also depicts that with
increasing compressed air injection, the amplitude of velocity oscillations (vertical particle
transporting time) enhance until it reaches the highest in the churn flow regime. In terms
of the position of each phase inside the tube, the churn flow regime is very similar to the
annular flow, where the main liquid phase is close to the wall of the pipe and large cores
of gas are located in the middle. This condition raises the collision of the solid particle
with the pipe wall, in which the irregular particles have a less chance of rolling on the wall
and the friction caused by the collisions will definitely cause fluctuations in the particle
transporting time. It can be concluded that the more irregular the shape of the particle, the
greater the transporting velocity oscillation.

Due to the significant difference between the density of the gas and the liquid, the
particles in the gas settle much faster than the liquid. Therefore, some researchers have
argued that the water phase carries the solid particle and air has no contribution in vertical
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transportation [5,13,14]. It should be noted that they monitored the state of small solid
particles transportation in the range of bubble and slug flow. This point of view is in sharp
contradiction with our empirical outcomes in the churn flow regime, which are displayed
in Figure 5. As seen in this figure, by increasing the velocity of inlet air by more than
2.4 m/s, the velocity of the liquid phase is almost constant and does not change much, but
all types of particles still show an increase in velocity. Therefore, the above assumption in
the already mentioned study does not hold true, and air also participates in carrying the
particle upwards in the churn flow regime.

In addition, simultaneous comparison of two glass particles (Ps and Py) indicate that
the drag coefficient in a low amount of incoming air in the churn flow regime is an effective
parameter for faster particle transfer, while on increasing the amount of influent air, the
effect of this case gradually minimizes and eventually the spherical and half-spherical
particles are transported upwards at the same velocity. The cause of such an event still
needs more research to better determine the orientation of the particles in high air flow and
clarify the interaction between the three phases.

3.3. Effect of Submergence Ratio

The results of practical experiments for spherical particle (Ps) with three submergences
ratios (Sy) along with water velocity are presented in Figure 6. As can be seen from the three
curves in Figure 6, the relation between solid particle velocity and submergence ratios has a
similar trend for round glass particles. At a constant air rate, the vertical velocity of the solid
transportation rises with an increase in the submergence ratio. The starting point of vertical
pumping of the particle is found to be different for each submergence ratio, and it moves to
the right of the horizontal coordinate as the submergence ratio decreases from 0.89 to 0.7.
Regardless of submergence level, the Pg particle always initiates movement whenever the
velocity of water reaches around 1.4 m/s. It is quite clear that the maximum solid velocity
does not belong to the time when we have the maximum velocity of displaced water.

Sphere particle

2.6
2.4
22 @ Velocity of Ps at Sr=0.89
2
1.8 A Velocity of Psat Sr=0.8
1.6
é X Velocity of Psat Sr=0.7
é_ 14
8 1.2 o= \/elocity of water atSr=0.89
>
0.8 =i \/e|ocity of water atSr=0.8
0.6 4= Velocity of water atSr=0.7
0.4
0.2

0 1 2 3 4 5

Air velocity m/s
Figure 6. Effect of the submergence ratio on the solid particle transportation.

At submergence ration equal to 0.7, in terms of particle velocity transfer, it can be
inferred that in low incoming air velocity, 0.3-2.8 m/s, the most energy of compressed
air is spent on vertical water pumping rather than on solid particles, which this role
completely changes when the air velocity exceeds 2.8 m/s. Similar conditions are observed
for the submergence ratios of 0.8 and 0.89 in Figure 6. The only difference is that at higher
submergence ratios, the solid reaches considerable velocity, even with just a lower amount
of compressed air. By increasing the submergence ratio from 0.7 to 0.89, while the amount
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of injected air is the same, the particle transfer velocity can be increased up to three times.
These results emphasize that the solid particle can move upwards faster if the amount of
incoming air or the submergence ratio is increased. In general, under certain air velocity
conditions, it is necessary to have a suitable water height to achieve the highest particle
transfer velocity with the least amount of compressed air.

3.4. Theoretical Background

Unfortunately, there is no information in the accessible scientific and technical liter-
ature related to one solid particle movement in a vertical multiphase flow. To validate
our results, we used the existing empirical correlations together with theoretical equations
related to multiphase flow. In airlifts that use the radial air injection method (air-jacket),
the process of transporting one solid particle should be divided into two parts: (1) moving
the particle in a liquid (suction pipe) and (2) the area after the injection of compressed air,
where the solid phase moves with a mixture of air and water. To better distinguish these
sections, index ‘i’ was defined as follows: i = 1, if the solid particle is ambient in the water
(suction pipe); i = 2 if the particle stands in the air-water mixture (riser pipe).

Assuming that the density of solid and fluid particles is not the same, due to the action
of gravity, the velocity of the particles in the carrier fluid is less than the velocity of the
fluid [15]:

Vs= Vi—Vr 1)

where Vs is the velocity of solid phase (m/s), V¢ is the average velocity of fluid phase (m/s),
and Vr is the terminal settling velocity of one solid particle falling in the center of the pipe
with still water (m/s), determined by the following equation:

2gV (ps - pf)
_ p
V= V ACpops @)

where vp is the volume of solid particle (m3), g is the free fall acceleration (m/ s2), ps and p¢
are the densities (kg/m?) of solid and fluid phase, respectively. Cp is drag coefficient of
solid particle (-) and Ac denotes the cross-section area of the particle in perpendicular to
the direction of motion. In the literature, an ideal sphere is often assumed for calculating
the volume and area of solid particles. Although the actual shapes of solids can be very
different, there are several methods to estimate the geometry of non-spherical particles,
such as equivalent volume diameter, angularity, and sphericity approaches; a detailed
explanation of the procedure can be found in Reference [16].

It is worth noting that the density of the air-water mixture (p;) is strongly dependent
on the ratio of each of the phases, which is known as the void fraction (x). It is highly
unlikely that one correlation can estimate void fraction for the entire range of vertical flow
regimes. For this aim, among the studies published in the literature, the equations proposed
by Nicklin et al. [17] for range of slug flow [Equation (3)] and Hasan [18] for Churn flow
[Equation (4)] are considered for vertical two-phase flow:

Jg
= 3
"~ 12(j,1j,,) +035,/gD )

og = s )

115(j,Hy,) + 0.345,/%

where, jg and j,, are the superficial velocity of gas and water, respectively. D is the pipe
diameter, pg and py are the densities of gas and water, respectively. The density of the
gas-phase at the level of gas-injection can be determined using the following relation as:

P

- = ©)

Pg
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By ignoring the volume of one solid particle compared to the volume of air and water,
the density of fluid in the raiser pipe can be determined according to the equation proposed
by Fujimoto et al. [19] as:

oow=1—ag 6)

P2 = QwPy + KgPg @)

in which a,, denotes the volumetric fraction of water in the riser pipe. Assuming the
motion of a particle and a fluid are in the same direction, the velocity of the solid for the
individual phases, (i = 1, 2), derives from Equation (1):

Vs1= Vg —V11 (8)

Vo= Vp—Vr )

where Vg; and Vg, (m/s) are the velocities of solid particle in water and air-water flow,
respectively. Note that if the velocity of the particle falling into the fluid is greater than
the velocity upward of the fluid, the result of the calculation will be a negative value. In
this case, the solid velocity is considered zero. The average velocity of a solid particle in
transporting an airlift pipe with a total length of h (see Figure 1) can be determined as:

_ hg+h;
1+t

(10)

where hs and h; (m) are the length of the suction and riser pipe, respectively. t; denotes the
time spent for transporting the particle from the entrance of the suction pipe to the height
hs, t is the time needed for the particle to pass the riser pipe with a length of h;. Assuming
the particle does not collide with the pipe wall, the following relationship is easily derived:

t1 =hs/Vgand t, =h,/Vg (11)
By combining Equations (10) and (11), we can write:

Vsl X Vsz(hs+hr)
(hSXVsz) + (thVsl)

Vs = (12)

By substituting Equations (2) and (7-9) in Equation (12), the final form can be written
as follows:

2gv(ps—pP1) 2gv, (ps—(Xw Pw+aGPG))
(Vﬂ - AIZCDI P1 ) <Vf2 o \/ APC)CDZ((XWDW+O“G PG) > (hS+hr)
Vs = (13)
2gv, (ps—(owpw+acPg)) 2gv,(ps—pP1)
hs <Vf2 B \/ AiCDZ(“wa+°‘GPG) ) +h <Vf1 - A]ZCDl 1 >

3.5. Validity of Meagerd Data

Experimental data are now evaluating with the Equation (13). So far, different em-
pirical equations have been proposed to estimate the drag coefficients of spherical and
non-spherical isometric particles, and the final answer varies. A drag coefficient of the
sphere particle was calculated from the equation provided by Ferguson and Church [20].
The obtained value was equal to 0.44. The drag coefficient, especially for non-spherical
particles, can affect the accuracy of velocity evaluation. The lack of a comprehensive corre-
lation and the variability of the experimental results led to inconsistent agreement among
the researchers when calculating the drag coefficient for irregular-shaped particles. Based
on the temperature and pressure of the test medium, the drag coefficients for particles Py
and Pc were determined experimentally. The settling time of the particles in the still water
was measured 50 times in a tube with a diameter of 40 cm, and average drag coefficients
are equal to 1.01 and 0.426, respectively.
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The values predicted by Equation (13), together with the experimental points for S,
equal to 0.8, are plotted in Figure 7a—c. The vertical bold line in Figure 7a—c indicate the
point that the flow regime is transient from slug to churn flow. Many researchers have
tried to offer the best and optimum working condition for an airlift that can be used for
solid transportation. Deendarliantoa et al. [8] in a study on the transport of sand and coal
with a maximum size of 0.8 mm concluded that the appropriate flow regime for pumping
these particles is slug flow. The results of our study confirmed that when the slug flow is
maintained in the airlift, the velocity of the water in the suction pipe is insufficient to suck
even a particle in centimetres, let alone carry it to the end of the riser pipe. According to
research by Pougatch and Salcudean [21], the transition in the type of flow can be delayed
by breaking up large bubbles after they collide with solid particles. Therefore, the optimal
flow regime is highly dependent on the operating conditions of this type of pump.

Based on the data presented in Figure 7a, the computation result with Equation (13)
had the same slope as the experimental data and was not too far off from the values for
spherical particle (Ps); hence, agreement between the experimental data and theoretical
calculation is good, except in the early stage of churn flow, where trends in the calculating
suggest a transporting velocity lower than is examined.

A lower velocity estimation was also observed for particles Py and Pc. As is clear
from the theory part, the density of the air-water mixture along with its velocity play an
important role in estimating the vertical velocity of a particle. They can be well estimated
when the ratio of air volume to water volume in the riser tube is correctly determined.
The reason for small deviation between the predicted and average measured velocity for
particles may be related to the accuracy of the equation, as developed by Hasan [18] to
apprise the void fraction in the churn flow regime.

For particles Py and Pc, the values calculated by the formula in the high air flow
range often correspond to the maximum velocity obtained in practical experiments, which
can be attributed to several factors. In vertical pumping, one particle moves in the center
of the suction pipe, because this area has the highest vertical velocity compared to the
surrounding, but in the lift tube, the velocity distribution does not always follow a same
pattern so that with the onset of churn flow, the liquid phase is distributed axisymmetric
around the perimeter of the tube, where the center of the pipe is occupied by a large
gas core. We assumed that solid-free flow occurred without any collision with the pipe
wall, but with the further development of churn flow due to increased air injection, this
assumption is sometimes unrealistic, especially for large and irregular particles, which
cause a deceleration. Moreover, the water flow in churn flow is not always upwards and
sometimes moves in the opposite direction of main air flow [22]. Therefore, this may lead
to irregular particle rotation and impair the estimation of the largest particle area during
upward motion. Therefore, for irregularly shaped particles, it is highly recommended to
use the average drag coefficient in the formula, which is obtained from the main faces of
the particle.

The difference between theoretical and practical results can also be attributed to the
indirect motion of the particle. In a study by Yoshinaga et al. [23], the zigzag motion of a
particle was noted while it was moving upward in a mixture of air and water. Hence, the
particle trajectories in the vertical plane may enhance the transportation time, which in
turn diminishes the velocity of practical measurement.



Fluids 2022, 7, 95 110f13

(a)
2 Particle Ps
1.8
16
1.4

=
[N]

o©
o0

Solid velocity m/s
=

o
)

. ® Experimenta data

©
S

=== Calculated results

o©
)

o

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Air velocity m/s

(b)

22 Particle Py

[ e e
N M O

o°
o0

Solid velocity m/s

o
o

® Experimental data

I
>

=== Calculated results

o
)

o

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Air velocity m/s

(c)

Particle P
25

15

Solid velocity m/s

® Experimental data
0.5

==t Calculated results
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Air velocity m/s

Figure 7. (a—c) Comparisons of the particle velocity calculated by the present method with experi-
mental data for S, = 0.8.
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4. Conclusions

In this study, we experimentally explored the vertical velocity of three different par-
ticles and compared the results to theoretical estimation, which confirmed a superior
agreement with the measures for spherical particles. However, for irregularly shaped
particles at high air injection velocity, it is necessary to consider the velocity drop owing to
the particle colliding with the inner wall of the tube.

The interesting thing about the end stage of the churn flow regime is that the impact of
the shape factor for spherical and half-spherical particles on the vertical transport velocity
is almost negligible and both particles move at the same velocity.

As discussed in detail above, the velocity of the water pumped in the slug flow is
incapable of lifting a particle a few centimeters in size, and the force is insufficient to
transport it completely to the end of the riser pipe.

Since most researchers have investigated transportation particle by airlifts in slug flow,
the outcomes of our study clarified that the assumption by previous researchers that the
water phase carries solid particles in the annular regime is incorrect, because the velocity
of all three types of particles exceeds more than the velocity of the transferred water and,
therefore, air also participates in carrying the particle upwards.

From the performed tests, it appears that the particle has a maximum vertical velocity
when the airlift works in the churn flow regime, especially in vicinity of the transition to the
annular flow. Altogether, we recommend the correct choice between compressed air velocity
and maximum submergence ratio with particles that have a higher drag coefficient so that
the airlift pump performances in optimal economic conditions and particles transfer faster.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article /10.3390/fluids7030095/s1. Figure S1: The digital gray-scale image of a
coal particle, which contains a large axis L;, medium axis L, and small axis L3. The particle was
tilted 90° with respect to the position in left, so that L, is visible and L3 measurable. Figure S2: The
lower part of the airlift pump. Figure S3: The location of the camera to record the moment of the
particle is introduced into the suction pipe.
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