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bstract

Based on the control volume approach, a theoretical model is developed to predict the airlift-pump performance in air–water–solid three-phase
ow. Experiments were performed using coarse, irregular non-uniform crushed pink limestone particles. The effect of the submergence ratio and
ize of solid particles on the pump performance are investigated. The predictions of the proposed model are in good agreement with the experimental

esults of an airlift pump conveying solid particles. In addition, the comparison with the experimental results shows that the proposed model can
e used, with good accuracy, to predict the performance of airlift pumps operating in air–water two-phase flow when the solid mass flow rate is set
o zero.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The principles of airlift pumping were understood since about
882, but practical use of airlift did not appear until around the
eginning of the twentieth century. In comparison with other
umps, the particular merit of the airlift pump is the mechanical
implicity. Moreover, airlift pumps have several advantages over
ther pumps. They do not have any moving parts, no lubrica-
ion or wear problems. Thus, theoretically, the maintenance of
his kind of pumps has a lower cost and higher reliability. Airlift
umps can be used for lifting corrosive and/or toxic substances in
hemical industries, conveying slurries in mining, lifting man-
anese nodules from deep-sea bed at about 4000–6000 m [1],
ludge removal in sewage treatment plants [2], operating con-
inuous sand filters, and lifting life fish in airlift fish pumps.

oreover, they are easy to use in irregularly shaped wells where
ther deep well pumps do not fit. Airlift pumps are not available

rom suppliers, but they are very simple to build. Generally, air-
ift pumping is most efficient when the static liquid level is high.
he main disadvantages of airlift pumps are their low efficien-
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ies and requirement of a very large submergence to obtain high
fficiency as compared to other pumps.

Many studies were performed to investigate the performance
f airlift pumps operating in two-phase flow [3–5]. For airlift
umps conveying solid particles, several experimental studies
ere reported in the literature, however, only few studies were

arried out to analyze their performance theoretically. Moreover,
nly uniform solid particles were used to investigate the pump
erformance.

An early study of airlift pumps lifting solids was performed
y Kato et al. [6] for a low-head airlift pump used to lift uniform
olid particles. They analyzed the pump based on an existing
heory of two-phase flow. The model was developed by coupling
he momentum equation of two-phase flow and the equation of

otion of a single solid particle. The performance of a typical
irlift pump was computed and its fundamental characteristics
ere obtained with neglecting the compressibility of air. They
alidated their model by comparing its results with the results
btained using a 19 mm diameter pipe as a riser and small glass
alls (density = 2600 kg/m3) of 3.75 and 7.57 mm diameters as

est solid particles.

Kato et al. [7] extended the study of Kato et al. [6] for high-
ead airlift pumps where the compressibility of air was taken into
onsideration. The test particles used in the experiments were

mailto:ahmedw@aecl.ca
dx.doi.org/10.1016/j.cej.2006.12.009
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Nomenclature

A pipe cross sectional area (m2)
c distribution coefficient
D pipe diameter (m)
f coefficient of friction
g gravitational acceleration (m/s2)
hd static lift
Hs static head (m)
J volumetric flux (m/s)
K friction factor
L length along the pipe (m)
L2 suction part (two-phase flow) (m)
L3 delivery part (three-phase flow) (m)
m flux of three-phase mixture
P pressure (N/m2)
Q volume flow rate (m3/s)
Re Reynolds number
S slip ratio
Sr submergence ratio
u velocity (m/s)
x quality

Greek letters
ε void fraction (volumetric fraction)
ρ density (kg/m3)
τ shear stress (N/m2)

Subscripts
f friction
G gas
L liquid
LS liquid–solid
S solid
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•

•
• Static lift, hd, which is the height to which water or solid–water
3 three-phase flow

lass balls of 50 mm diameter. They concluded that, the flow of
igh-head airlift pumps for solid particles could be analyzed by
xtending the analysis of the low-head case study.

Yoshinaga and Sato [8] questioned the validity of the momen-
um balance method and the empirical correlations used by
revious investigators because they were not universally con-
rmed. Moreover, the multi-fluid model is not satisfactory
pplicable because several constitutive equations for three-phase
ow are not sufficient to model the performance of airlift pumps

ifting solids. As a result, none of the models, together with their
elating constitutive equations, have been sufficiently success-
ul to be used in engineering applications. They developed a
heoretical model based on the momentum equation combined
ith some empirical correlations from pervious studies of three-
hase flow. They studied also the effects of pipe diameter, the
ubmergence ratio, and the size and density of the solid balls

n the pump performance. In their experimental work, they
sed ceramic spheres of diameters of 6.1 and 9.9 mm (den-
ity = 3630 kg/m3). Two pipes of 26 and 40 mm diameters were

•
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sed with the uniform ceramic balls. Several combinations of
he ceramic balls were lifted using the 40 mm diameter pipe.
ubmergence ratios of 0.6, 0.7, and 0.8 were tested. The theo-
etical model was validated by comparison with the experimental
esults.

Gas–liquid–solid three-phase flow in an airlift pump was also
odeled by Margaris and Papanikas [9] by a system of dif-

erential equations driven from the fundamental conservation
quations of continuity and momentum. Their approach led to
more general mathematical model that is applicable to a wide

ange of installations, from small airlift pump to very large sys-
ems. The analysis is based on a separated flow model. The set
f equations were programmed in a computer code, which they
sed as a tool for optimizing the design of airlift pump installa-
ions. They concluded that their model is capable of obtaining the
mportant parameters such as drag coefficients of both solid and
iquid; pump efficiency, and optimum values of pipe diameter,
ength, and injection point.

Another theoretical analysis of the three-phase flow in a ver-
ical pipe was presented by Hatta et al. [1]. The system of
overning equations used is based on the one-dimensional multi-
uid model. The transitions of gas flow patterns are taken into
ccount in the system of governing equations. The analysis was
ater extended to include the effects of the air compressibility
atta et al. [10], where a sudden change of the pipe diameter
as introduced to account for the compressibility of air. They

ound that the motion of the solid particles depends strongly on
he volumetric flux of the gas-phase as well as the submergence
atio.

In the present work, a theoretical model is developed to pre-
ict the airlift pump performance when operating in three-phase
ow regime. The capability of the model in predicting the per-
ormance of the airlift pump lifting coarse irregular particles is
xamined by comparing its results with the experimental results
f Ahmed [11].

It is known that airlift pump is not a fluid transport installation
ut it is only a fluid transfer device essentially short. Therefore,
n practice, there is no need to know the pipe losses in an air-
ift pump installation. As a pumping device, however, the airlift
ump has a large variation in efficiency, and any reduction of
ow below its optimum range increases hydraulic losses, irre-
pective of a lower pipe friction loss. For this reason a familiarity
ith the hydraulic performance of the airlift pump is much more

mportant than the knowledge of the pipe friction loss. There-
ore, the present work is concentrated on studying the parameters
ffecting the design of airlift installations. These parameters
re:

The ratio between the submergence (static lift) and the total
length of the pipe (the sum of the static head and static lift),
which is known as the submergence ratio, Sr. The submer-
gence ratio is the most important factor in the pump design.
Volume flow rate of the fluid (pump capacity), Q.
mixture is to be raised.
The important solid characteristics, such as the particle
size.
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of Eq. (1) is, as a result, rewritten as
Fig. 1. Diagram of the airlift pump and the axial pressure distribution [8].

. Theoretical analysis

There have been numerous publications suggesting proce-
ures for the design and the satisfactory operation of an airlift
ump lifting coarse particles. As listed by Yoshinaga and Sato
8], theoretical studies have been presented for uniform parti-
les by Kato et al. [6,7], Kawashima et al. [12], Usami and Saito
13], Dedegil [14] and Tomiyama et al. [15]. None of the above
odels, together with their related constitutive equations, have

een sufficiently successful yet to be used in engineering appli-
ations. Some of these studies are based on momentum balance
e.g. [6,7,13]), empirical correlations (e.g. [12]), power balance
14] and a multi-fluid model [15].

In the present study, a general analysis method for three-phase
ow and a design model for an airlift pump that was proposed
y Yoshinaga and Sato [8], is modified based on the present
xperimental installation [16].

The airlift pump with a vertical pipe having uniform cross-
ectional area, which is used in the analysis, is illustrated in
ig. 1 [8] together with the diagram of the pressure distribution,
, in the flow direction, z. The pump consists of two parts: a

uction pipe in which a two-phase water–solid mixture flows
nd an up-riser in which a three-phase air–water–solid mixture
ows. The symbols E, I and O denote the cross sections of the

π

ing Journal 131 (2007) 273–281 275

uction pipe inlet, the air injector and the up-riser outlet, respecti-
ely.

The momentum equation is applied to a control volume
ounded by the pipe wall and the cross sections E and O. Assum-
ng the solid particles to be conveyed are, in general, having
ame size and density. The momentum equation may therefore
e written as

{JLρLuL,E + JSρSuS,E} − A{JG,OρG,OuG,O + JLρLuL,O

+ JSρSuS,O} − πD

∫ I

E

τLS dz − πD

∫ O

I

τ3

− A

∫ I

E

{ρLεL,LS + ρSεS,LS}g dz − A

∫ O

I

{ρGεG + ρLεL,3

+ ρSεS,3}g dz + A

∫ O

I

{ρLg(L2 + L3)} = 0 (1)

here J is the volumetric flux, u the velocity, ε the volumetric
raction, ρ the density, τ the shear stress, and g is the gravita-
ional acceleration. The subscripts G, L, S, LS and 3 represent
ir, water, solid, two-phase water–solid mixture and three-phase
ir–water–solid mixture, respectively. The subscripts E, I and O
epresent the cross sections of the inlet, air injector and the out-
et, respectively. The first and second terms of Eq. (1) denote the

omentum which enters through E and leaves through O. The
hird and fourth terms denote the frictional pressure loss in the
wo-phase water–solid flow and in the three-phase flow. The fifth
nd sixth terms denote the weight of the two-phase water–solid
ixture and that of the three-phase mixture. The seventh term

enotes the pressure force of the surrounding water acting on E.
he pressure at O is assumed to be equal to atmospheric pres-
ure. The third term on the left-hand side of Eq. (1), as a result,
s rewritten as

D

∫ I

E

τLS dz = A

{
�Pf,LS

�z
L2 + �PE

}
(2)

here �Pf,LS/�z is the frictional pressure gradient in two-phase
ater solid flow and �PE is the entrance pressure drop of the

uction pipe, which is the sum of the entrance fitting loss and
ntrance length loss occurs at E.

Also, the sixth term in Eq. (1) is written as∫ I

E

{ρLεL,LS + ρSεS,LS}g dz = A{ρLεL,LS + ρSεS,LS}gL2

(3)

The up-riser is divided into N nodes in the flow direction
ecause the frictional pressure gradient in the three-phase flow
annot be estimated at the middle of I and O due to the expansion
f air. The distance between each two nodes is assumed to be
he same.

Let P(k) and P(k + 1) be the absolute pressures of the inlet
nd the outlet at kth node, the fourth term on the left-hand side
D

∫ O

I

τ3 dz = A

{
N∑

k=1

�Pf,3(k)

�z(k)
�z + �P1

}
(4)
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here �Pf,3/�z is the frictional pressure gradient in the three-
hase flow at the kth node.

The gravity force at each node is estimated at the middle of
ach element, then the sixth term in (1) becomes∫ O

I

{ρGεG + ρLεL,3 + ρSεS,3}g dz

= A

N∑
k

[{ρG(k)εG(k) + ρLεL,3(k) + ρSεS,3(k)}g�z] (5)

he correlations of volumetric fractions and pressure drops in
qs. (1)–(5) are obtained from the following correlations.

The volumetric fraction of particles in a three-phase flow is
xpressed by

S,3 = JS

uS
(6)

here JS is the volumetric flux of solid particles and uS is the
elocity of particles in a three-phase flow.

Based on the correlations for the velocity of particles in a
hree-phase flow proposed by Sato et al. [17], uS is expressed by

S = c
m

ρA
+ uSW (7)

here c is the distribution coefficient, m the flux of the three-
hase mixture, ρA the apparent density of the three-phase
ixture and uSW is the wall-affected settling velocity of the par-

icles in an imaginary still three-phase mixture with ρA. Where,

= 1 + c1 exp

{
−5

εS,3

1 − εG

}
, (8)

= ρGJG + ρLJL + ρSJS, (9)

A =
(

ρ3

ρLS,3

)1.5

ρLS,3 (10)

SW =
[

1 −
{

dS

D

}2
] {

1 − εS,3

1 − εG

}2.4√ (ρL/ρA)S − 1

S − 1
uST

(11)

The factor c1 in Eq. (8) is about 0.2 for a spherical particle.
ato et al. [17] proposed Eq. (10) by treating a three-phase flow
s a two-phase air-slurry flow. In (10), ρ3 is the mean density
f the three-phase mixture and ρLS,3 is the mean density of the
lurry.

The above parameters are expressed by

3 = ρGεG + ρLεL,3 + ρSεS,3 (12)

LS,3 = ρL
εL,3

1 − εG
+ ρS

εS,3

1 − εG
(13)

here S is the specific density of the particles and uST is the free

ettling velocity of a single particle in still water.

The volumetric fraction of particles in two-phase water–solid
ow, from section E to I, is obtained from (6) by setting JG and εG

n (8), (9) and (11)–(13) equal to zero. The volumetric fraction

s
u
i
t
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f air in a three-phase flow was proposed by Sato et al. [17] as

G =
[

1 + 0.4
ρG

ρLS,3

(
1

x
− 1

)
+ 0.6

ρG

ρLS,3

(
1

x
− 1

)

×
{

(ρLS,3/ρG) + 0.4((1/x) − 1)

1 + 0.4((1/x) − 1)

}0.5
]−1

(14)

here x is defined as the quality and given by x = ρGJG/m.
If the volumetric fractions of gas and solid are obtained, the

olumetric fraction of water is then given by

L,3 = 1 − εG − εS,3 (15)

Frictional pressure drop in the water–solid two-phase flow is
btained from the correlation as mentioned by Yoshinaga and
ato [8].

�Pf,LS

�z
= λLS

1

D

ρLS

2
{JL + JS}2 (16)

here the friction factor is given by

LS = 0.316Re−0.25
LS (17)

he Reynolds number is expressed by

eLS = {JL + JS}D
νL

(18)

The entrance pressure drop in the two-phase water–solid,
PE is calculated from Dedegil Dedegil’s equation [14] which

orrelates the entrance pressure drop in a suspension flow con-
aining fine particles, by treating the suspension as a two-phase
ater–coarse particles mixture, the equation can be written as

ollows:

PE = (ξ + ξE)
ρLS

2
{JL + JS}2 (19)

In the present study, the coefficient of inlet fitting loss, ζ,
as set equal to 1.56, and the coefficient of the entrance length

oss, ζE, was set equal to 2.5. These factors were determined
xperimentally for a pipe with sharp entrance.

The entrance loss in three-phase flow is calculated as a pres-
ure drop at section I using Dedegil Dedegil’s equation [14], as
ollows:

P1 = ξ1

[
ρLS,3

2

{
JL + JS

1 − εG

}2

− ρLS

2
{JL + JS}2

]
(20)

1 was set equal to 1.5 in the present calculations.
In the original model presented by Yoshinaga and Sato [8] two

ariables are used as the input values, namely volumetric flux of
olid (JS) and volumetric flux of gas (JG). While the output of the
odel is the volumetric flux of liquid (JL), which is not a good

epresentation of the real engineering case where the air flow rate
s the only input parameter and the output is both the water and
olid flow rates. In the modified model, developed in the present

tudy, the equation obtained by Stenning and Martin [18] is
sed to obtain an initial relation between the water lifted and the
nput gas flow rate. This equation was previously investigated by
he present authors in studying the performance of airlift pump
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ically shown in Fig. 3. It consists of a vertical transparent pipe
(riser) (1), of 3.75 m length and 25.4-mm inner diameter, and a
down-comer pipe (2) of 30 mm inner diameter. The riser pipe
is divided into three sections to allow studying the effects of

Fig. 3. A schematic diagram of the airlift pump setup used for conveying solids.
ig. 2. Comparison between Yoshinaga and Sato [8] model and the present
odified model.

ifting water only [19]. The model predicts the performance of
he pump accurately for the two-phase flow. The results obtained
y the model are used to estimate the water flow rate for each
alue of the input air mass flow rate. These results are used
or estimating the water flow rate with solid particles as a first
teration. This assumption is quite good for the slug flow region
ecause there is no sensible difference between the water flow
ates for two-phase flow and three-phase flow [16].

The relation between the water and air flow rates was obtained
y Stenning and Martin [18] in the form:

Hs

L
− 1

1 + (QG/sQL)
= V 2

1

2gL

[
(K + 1) + (K + 2)

QG

QL

]
(21)

here K is the friction factor and S is the slip factor. In the original
odel by Stenning and Martin, constant values were assumed for

oth K and s. Later the model was modified by Ahmed [11] where
riction factor K is calculated from the following correlation.

= 4fL

D
(22)

here f is friction coefficient which is determined from the
olebrook–White equation for turbulent flow. The slip ratio,
, is determined from the expression proposed by Griffith and
allis [20] in the following equation:

= 1.2 + 0.2
QG

QL
+ 0.35

√
gD

V1
(23)

. Validation of the proposed model

Before validating the modified model in predicting the exper-
mental data performed by Kassab et al. [16], the model is first
sed to predict the data presented by Yoshinaga and Sato [8] to
how the effect of the proposed modifications and simplification
n the original model as shown in Fig. 2.

Fig. 2 shows a comparison between the volumetric gas flux,

G, and the volumetric liquid flux, JL, from the experimen-
al work of Yoshinaga and Sato [8], as well as the results
btained using their model, and the results predicted by the mod-
fied model proposed in the present study. The comparison is

(
(
p
w
d

ing Journal 131 (2007) 273–281 277

ased on using spherical particles and a volumetric solid flux
JS ≤ 0.063 m/s). It is noted that, the modified model is in good
greement with the model proposed by Yoshinaga and Sato [8].
his means that the modified model can be used to predict the
ump performance for non-uniform coarse solid particles with
n acceptable accuracy.

It should be noted that there are some limitations on the
sage of the model when the pump riser is very long as in the
pplication in lifting manganese from deep sea-beds, where the
ompressibility of air is significant and can not be neglected [10].

In Fig. 2, the comparisons show that, good agreement
etween the present model and the experimental data obtained
hen the airlift pump operates in two-phase flow. This means

hat, the model could be used to investigate also, the performance
f the airlift pump lifting liquid only by setting the volumetric
ux of solids to zero.

. Experimental setup

The experimental setup used in the present study is schemat-
1) Riser, (2) down comer, (3) water collecting tank, (4) strainer, (5) drain,
6) water feeding tank, (7) over-flow pipe, (8) compressor, (9) regulator, (10)
ressure gage, (11) thermometer, (12) air-jacket, (13) bellow meter, (14) feeding-
ater line, (15) control valve, (16) solid-particle tank, (17) mixing box and (18)
elivery tank.
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Table 1
Configuration of the strainers used to separate the particles in the present study

Size number Average size (mm)

1 4.75
2 7.1
3
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5. Results and discussion

F
a

ig. 4. Performance of airlift pump lifting solid particles at submergence
atio = 0.5.

hanging the length. The upper end of the riser is connected to
n overhead collecting tank where the air escapes to the atmo-
phere and water is collected in the tank. The water flow rate is
easured by using the collecting tank (3). In order to separate

he solid particles from the water–solid mixture a strainer (4) is
sed. A constant water head s kept in the movable water supply
ank (6) is kept by overflowing the water through pipe (7). The
ater may be passed through a pipe (5) to the drain. The supply

ank can also be moved up or down to change the submergence
atio. All pipes and tanks are made of transparent materials for
lear visualization of the flow patterns.

Air is supplied to the air injection system from a central air
ompressor (8) through a 25-mm diameter pipeline to an on/off
alve, then to a pressure-reducing valve (regulator) (9), where
he pressure is reduced to the desired working pressure. Air is

hen injected into the riser at a constant pressure and can be mea-
ured by the pressure gage (10). A mercury thermometer (11)
s used for measuring the upstream air temperature. A constant r

ig. 5. Flow visualizations show the sequence of flow patterns at different values of
nnular.
9.5
11.3

ir mass flow rate passes through an air jacket (12) around the
ertical pipe using the air injector. The volume of air is measured
sing a calibrated bellow-meter (13). The air injector consists of
6 small holes of 3 mm diameter uniformly distributed around
he pipe perimeter in seven rows and eight columns to insure
niform feed of the air to the pipe at the mixing section 20 cm
bove the lower end of the pipe.

The solid tank (16) is used to feed the mixing box (17) with
olid particles. The mixing box is designed to assure continuous
resence of the solid particles at the pipe entrance.

Experiments were performed using irregular non-uniform
oarse particles. The type of the solid particles used in the present
tudy is crushed pink limestone with density of 2427 kg/m3. The
izes of the solid particles are listed in Table 1. The mesh size of
he strainers used for separating different particle sizes is used
o define the particle size.

The performance of the airlift pump was investigated under
arious submergence ratios, namely 0.35, 0.5, 0.72 and 0.78.
or each submergence ratio, and certain particle size, the airflow
ate was varied and the corresponding mass flow rates of water
nd solids were measured. A specific operating procedure was
ollowed for each run. The details of operating procedure as well
s the uncertainty analysis are given by Ahmed [11].
The variation of solid mass flow rate and water mass flow
ate as a function of the air mass flow rate at submergence

air mass flow rate: (a) bubbly-slug; (b) slug; (c) slug-churn; (d) slug-churn; (e)
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strongly dependent on the submergence ratio. Fig. 8 shows that
as the submergence ratio increases the effectiveness curves shift
upward and the point of maximum effectiveness is located at
smaller values of air mass flow rate. In addition, it is found that
S.Z. Kassab et al. / Chemical Eng

atio of 0.5, using particles of size 1, is shown in Fig. 4. With
he aid of flow visualization performed during the experimen-
al work, Fig. 5, it is noticed that, for low values of air flow
ate, no water or solid are lifted as shown in Fig. 5a. This is
ecause the buoyancy force is not enough to raise either water or
olid.

When air mass flow rate increases, a small quantity of water
s lifted without any solid particles. The flow pattern changes
rom bubbly to slug flow similar to the flow pattern in the case
f airlift pump working in two-phase flow (air–water) presented
y Kassab et al. [16].

When air flow rate increases slightly over 1.7 kg/h, flow of
olid particles starts with a small value of 0.5 kg/h. Fig. 5b shows
hat the flow regime is totally slug. Solid particles are distributed
niformly in the water slugs. This is due to the higher friction
rag between water and solid than that between air and solid.
n addition, the particles in a gas slug are caught up with the
hasing gas/liquid interface and then move in a liquid slug [21].
he same explanation was given by Kato et al. [6,7], who stated

hat, solid particles will fall much faster in air than in water
ecause of a big difference in drag forces. The present study con-
rms the assumption that all solid particles are surrounded with
ater.
As the flow rate of air increases, the solid and water flow rates

ncrease gradually until the water flow rate reaches a maximum
alue of 865 kg/h at air mass flow rate of 4 kg/h. The flow pattern
t this point is mainly slug-churn flow, as can be seen in Fig. 5c
nd d.

As air flow rate increases further, the flow rate of water
ecreases by a small amount to 850 kg/h and approximately
emains constant after this point while the flow pattern is com-
letely annular flow. Meanwhile, the solid mass flow rate keeps
n increasing to reach a maximum value of 175 kg/h where
he air flow rate is about 12.7 kg/h, and the flow pattern, as
an be seen from Fig. 5e, is annular flow. At this point the
orresponding water mass flow rate is 800 kg/h. This slight
ecrease in the water flow rate is logic because more of the
ir energy was consumed to lift the solid particles instead of
ater.
The performance of airlift pump lifting solid particles of

ize 1, at different values of submergence ratio, is shown in
ig. 6. These results show that the performance of the airlift
ump strongly depends on the submergence ratio. The relation
etween flow rate of solid particles and air flow rate has similar
rend for all submergence ratios. At a constant value of air mass
ow rate, as the submergence ratio increases the mass flow rate
f the solid particles increases. Moreover, the starting point of
ifting the solid particles moves to the left of the horizontal coor-
inate as the submergence ratio increases. This may be attributed
o the increase of the static head available at the pump entrance,
hich helps the solid particles to flow earlier.
In the case of airlift pump conveying solid particles there is no

efinition of the efficiency in the literature. Therefore, in order

o evaluate the performance of the airlift pump conveying solid
articles, a new parameter called the effectiveness of the pump
E), is introduced as the ratio between the mass flow rate of the
ifted solid particles and the mass flow rate of the injected air

F
r

Fig. 6. Effect of submergence ratio on solid mass flow rate.

nd can be written as

= Ṁsolid

Ṁair
(24)

Fig. 7 shows the relation between air mass flow rate and
he effectiveness at submergence ratio of 0.5. The effectiveness
ncreases rapidly with the increase of air mass flow rate up to
3, at air mass flow rate of 4 kg/h. As the airflow rate increases
eyond this value, the effectiveness of the pump decreases. Com-
aring the results presented in Figs. 4 and 7, one can see that the
aximum effectiveness does not exist at the point of maximum

olid mass flow rate. Meanwhile, it is noted that the values of
ffectiveness of the airlift pumps are low. But this can be made
p by the fact that no other pump can be used in the airlift pump
pplications such as recovery of underwater objects where the
ost important parameter is the safety of the objects.
The effectiveness of the airlift pump is also found to be
ig. 7. Variation of pump effectiveness with air mass flow rate at submergence
atio = 0.5.
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the solid mass flux to zero. This is shown in Fig. 12, where the
ig. 8. Variation of pump effectiveness with air mass flow rate at different
ubmergence ratios.

he maximum effectiveness has a maximum value of 143 at the
ighest value of submergence ratio used in the present study, i.e.
.78.

For different particle sizes and at a submergence ratio of 0.72,
ig. 9 shows variation of air mass flow rate with the solid mass
ow rate. The point where the solid flow starts is found to be
ifferent for each particle size. Further, it is noticed that, for the
ame air mass flow rate, as the size of solid particle increases the
olid mass flow rate decreases. This is due to the deceleration of
olid particle as the weight increases. Also, for small particles
he surface area is greater than that for large ones for the same

ass, therefore, the friction drag between solid and water in the
ase of larger sizes is lower than for smaller sizes. This results in
difficulty in carrying the large solid particles by liquid. Another
xplanation is given by Kato et al. [6,7] that the force required
n lifting particles is much higher for large particles than for
mall ones. The present results agree with the results obtained

y Kandil and Elmiligui [22] using an airlift pump to lift both
ourse particles and sand.

ig. 9. Effect of particle size on the performance of airlift pump at submergence
atio = 0.72.

p
a
t

F
K

ig. 10. Comparison between proposed model and the experimental results of
assab et al. [16].

. Comparison between the proposed model and
xperimental results

In order to validate the present analysis, the results are com-
ared with the experiments performed by the present authors
16]. This validation is presented in Figs. 10 and 11 through
he comparison of predicted results, using the geometric param-
ters such as, pipe diameter of 25.4 mm and pipe length of
.75 m, etc. The agreement between the proposed model and
he experimental results is reasonable. There is a small devia-
ion between the model results and the experimental results. This

ay be attributed to neglecting the interaction forces between
he phases as pointed out by Hatta et al. [10], also neglecting the
ompressibility of air, and because the present analysis is based
n empirical correlations.

The present model can be used to predict the airlift pump
erformance operating in two-phase flow by setting the value of
erformance predicted by using the model for two-phase flow
nd the proposed model for the three-phase flow are plotted with
he experimental data for a submergence ratio of 0.48 [19]. It

ig. 11. Comparison between proposed model and the experimental results of
assab et al. [16].
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ig. 12. Comparison between proposed models for two and three-phase flow
egimes when the pump is lifting water.

s found that the present model for three-phase flow gives good
greement with the experimental results if adjusted to predict
he two-phase flow.

. Concluding remarks

The following concluding remarks can be obtained from the
resent work:

The present modified model based on the original model pro-
posed by Yoshinaga and Sato [8] for a uniform solid particle,
gives a good agreement with experimental results for coarse
particles that represent the more real engineering applications.
The mass flow rate of the solid particles increases as the
submergence ratio increases at the same airflow rate.
The mass flow rate of the solid particles increases with the
decrease of the particle size.
The performance of the airlift pump, lifting water and solid
particles, depends on the flow pattern in which the pump
operates.
The model proposed to predict the airlift pump performance
operating in three-phase conditions, can be used to predict the
performance of airlift pumps lifting liquid only by setting the
value of the solid mass flow rate in the model to zero.
The present model can be used in optimizing the design and
operating conditions of airlift pumps operating in the three-
phase flow. It can be used also to select the best geometric
parameters for each application and operating conditions.
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