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ABSTRACT

Air-lift pump is a type of deep wells pumps. Sometimes, it can be used for
removing water from mines or to pump slurry of sand and water or other
solutions. The performance of air-lift pumps depends mainly on the operational
parameters such as air volumetric flux, nature of lifted water and solid. The main
objective of the present work is to study theoretically the air-lift pump performance
under variety of operational parameters. A mathematical model simulating the
performance of air-lift pump under various operational parameters was developed. A
computer program was developed to solve the governing equation. The model results
were compared with available published data for validation. There was a good
agreement between the present results and the published data. The effects of
operational parameters on the air-lift pump performance are predicated and plotted
against the water volumetric flux and pump efficiency. The results showed that the
water volumetric flux and pump efficiency increased gradually reaching a maximum
value some where between 1 to 4 m/s, then slightly decrease with increasing the air
volumetric flux. The water volumetric flux and pump efficiency decrease linearly
with increasing the solid particles volumetric flux. The predicted results show that the
solid particles density and diameter had slight effects on the pump performance.

Key Words: Air-lift pump, Solid particles, Submergence ratio, Slug flow, Churn
flow, — Bubbly flow, Three-phase flow.
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1. INTRODUCTION

The simplicity in construction
and absence of moving mechanical
parts are two very umportant
advantages that makes the air-lift pump
useful in certain applications, where
reciprocating and centrifugal pumps
cannot be used, It can be used to pump
water from boreholes of any diameter
and depth and are the most simple and
reliable devices to serve this purpose,
sometimes used to remove water from
mines. The great focus towards the
renewable energy for water pumping
applications brought the attention to
revisit the analysis of the air-lift pump.
In simple air-lift pumping system the
wind turbine drives an air compressor
which  supplies an air-lift pump
submerged in the well, or fluid source.
It is possible to locate the turbine/
compressor unit remotely from the site.
Air-fift pumps can be used to pump
liquids contaminated by sand ash, or
peat or other "gritty” solutions and also
used in nautical archaeology to suck
stall objects, sand and mud from the
“sea bed and to transport the resulting
Qdebris upwards and away from its
-$ource. Air-lift pumps are, usually used
“for difficult pumping operations, such
as underwater explorations for lifting
marine muneral resources such as
-manganese nodules from the deep-sea
~bed at about 4000-6000 m to the sea
surface, (Hatta et al. (1998)), and to
raise coarse particle suspensions in the
dredging of river estuaries and harbors.
Recently, air lift pumps have been used
for pumping boiling liquids where
there is a change in phase from liquid
{o gas; and in petroleum fields, gas-lift
pumps are used for raising oil from
weak wells, (Brown and Heywood
(1991), Khalil et al. (1999), Hatta et al.
(1998) and Dedegil, (1986)). Use of
air-fift pump as the Defense Waste
Processing Facility (DWPF),
successfully operated and provided
sufficient flow to pump glass from the

bottom of the melt pool without
excessive glass foaming, (Imrich et al.
(2004)).

Kato et "al. (1975) investigated
experimentally and analytically the
performance of low head air-lift pumps
used to lift particles. The pump was
analyzed based on an existing theory of
two-phase flow. The model was
developed by coupling the momentum
equation of two-phase flow and the
equation of motion of a single solid
particle. The riser tube used was
transparent glass ~ pipe and solid
particles were glass balls with different
diameters. Tests were carved onto in
the three—phase flow section by
independently changing the flow rates
of air, water and solid particle. The
experimental and analytical results
were found to be in acceptable
agreement. Wurts et al.  (1994)
conducted experiments on air-lift
pumps characteristics at various riser
diameters. Air was injected at different
positions below the discharge outlet
with varied flow rates. Their results
showed that air-lift pumping rates
increased as the air flow increased.
Yoshinaga and Sato (1996) carried out
an extensive experimental study in
order to investigate the performance of
an air-lift pump used for conveying
uniform  coarse  particles.  The
experiments performed using ceramic
spheres with different densities as solid
particles, water and air as the working
fluids. The experiments were examined
with two air-lift pumps of same height
but, different tube diameter and various
submergence ratios. Also  they
proposed a theoretical analysis, to
predict the air-lift pump performance,
based on the concept of momentum
balance. The validity of that approach
was confirmed with the experimental
data of other investigators as well as
with their own experimental data. It
was seen that the theoretical model
developed by this method was wvalid



Mansoura Engineering Journal, (MEJ), Vol. 34, No. 2, June 2009.

not only for relatively small-scale air-
lift pumps but also for relatively large
and tall ones of about 300 mm in
diameter and 250 m height. Hatta et al.
(1998) proposed a method for
predicting the efficiency of an air-ift
pump based on one-dimensional multi-
fluid model. The multi-fluid model was
formulated by a set of conservation
equation governing balance of mass
and momentum of different phases in
each section of the air-lifting pipe.
Steady-state flow charactenstics were
predicated by solving the system of
equations numerically with the aid of
Euler method. The predictions were
compared with the experiments
conducted by other researchers for
validation. Comparison showed that
the theoretical model built up in the
study gave best-fit to the prediction of
the operation performance of an air-lift
pump data of other investigators, They
conducted that the theoretical model on
the basis of the multi -fluid model was
capable of predicting the maximum
solid/liquid volumetric flux. Kandil
and Elmiligui (1998) conducted an
experimental  investigation of the
performance of air-lif pump lifling
coarse, irregular and non-uniform
solid particles, and sand particles under
various submergence - ratios. They
concluded that the, performance of the
pump was pgreatly affected by the
submergence ratio where the flow rate
of solid particles increased with
increasing the submergence ratio at a
constant flow rate. Also, there was
always a point of maximum flow rate
beyond which the flow rate dropped
shightly. Kassab et al. (2001) carried
out experimentall investigation to
obtain the performance of an air-lift
pump lifting coarsc, irregular solid
particles, The pump performance was
obtained using crushed pink limestone.
The performance of the pump was
studied under varicus submergence
ratios. The  experimental results

indicated that the solid mass flow rate
increased with the increase of the
submergence ratio and/or the decrease
of the particle size. The performance of
air-lift pump, lifting water and solid
particles, depended on the flow pattern
in which the pump operates. The air-
hft pump operated in the stug or slug—
churn regime gives maximum water
and solid mass flow rates. Abed
(2003) conducted a theoretical analysis
using the model of Stenning and
Martin (1968) with the modification
suggested by Parker (1980) to find
operating characteristics curves of air-
hift pumps at wide range of operating
conditions and the operating limits of
each type. The maximum water flow
rate and the corresponding air flow
rate, and the minimum air flow rate
needed to start the water discharge
were obtained. The flow was
considered two-phase and slug flow. It
was concluded that, the maximum air
flow rate supplied increased when
inner  diameter  increased  and
submergence ratio decreased.
Moreover the maximum air flow rate
supplied depended on the riser tube
length, submergence ratio and inner
diameter of the riser. Fujimoto et al.
(2003) carried out an experimental
investigation of the performance of
small air-lift pump for conveying solid
pariicles. The experiments performed
using alumina or glass as solid
particles  with  different  particle
diameters. The flows in the lifting pipe
were water/solid two-phase mixtures
below the gas injection point, and
air/water/solid  three-phase mixtures
above it. The supplied gas flux, gas
injection point, particle size, and
material density of particles were
systematically changed as parameters.
Also, the critical boundary at which the
solid particles can be lifted along the
pipe was studied. Results indicated that
the discharged water increased with
gas flux reaches a minimum value and
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then decrease. The amount of
discharged particles decreased with
increasing particle diameter and/or
density. Both the discharged water and
particles become smaller for higher gas
injection points. It was confirmed that
the simple theoretical model, to obtain
the critical boundary at which solid
particle can be lifted was sufficiently
predict the minimum discharged water
flux. Fujimoto et al. (2004) carried out
experiments  to  investigate  the
performance of a small air-lift pump
for conveying solid particles. Alumina
used as a solid particles. Three type of
critical condition for transporting a
solid particle were measured. Results
indicated that the water flux for three-
phase flow was essentially less than
that for the case of two-phase flow.
The water flux at a given gas flux
decreased with increasing flux of solid
particles. The solid particles were lifted
if the water flux was larger than the
critical value. Awan et al. (2004)
developed an applied air-lift model for
air-water flow (two-phase flow)
experimental  analysis. Experiments
were conducted to study the effects of
various design parameters on the
performance at air-lift pump under
operating conditions. They conducted
comparative study of the characteristic
of an air-lift pump and a two-phase
centrifugal pump. A computer program
was developed by cormrelating the
various influencing parameters and on
the basis of the optimization of
influencing variables. Their
expenimental results indicated that as
the air pressure increased the discharge
of pump increased to a certain limit.
They conducted that the present model
is affected to contribute more to the
optimum design of the air-lift pump
installation. Nevertheless, the validity
of the program is under consideration
and was not presented in their present
work. Kassab et al (2007) modified
theoretical modet based on the original

model proposed by Yoshinaga and
Sato (1996) to predict the air- lift
pumps performance in air —water-solid
three - phase flow. The effect of solid
particles on the pump performance was
investigated. Also the conducted
experiments using coarse, irregular
non-uniform crushed pink limestone
particles. Their theoretical results
indicated the predictions of the
proposed model were in good
agreement with their experimental
results of an air-lift pump conveying
solid particles.

It can be concluded that, the
study of the air-lift pump performance
is of great importance because such
type of pumping system is found in a
variety of practical situations. It is
appeared from the literature review of
the previous work that, the air lift
pump performance depends mainly on
the operational parameters such as air
flow rate, gas pressure, and the nature
of lifted phase, It is clear that, few of
the previous workers tried to optimize
the airdit pump  performance.
Furthermore, few of them assigned the
applications of such pump for lifting a
mixture of liquid and solid particle.
The previous theoretical analysis suffer
from the fundamental weakness that a
generalized model, valid for all types
of flow regimes (bubbly, slug, churn
and annular) encountered in the pump
riser, is impossible since each type in
likely to have a different scale-law.
Therefore, the main objective of the
present work is to propose a theoretical
model to predict the three-phase air-lift
pump performance operating under
various operational parameters taking
into account the type of flow regime
exists in the upriser of the air-lift.

2. THEORETICAL ANALYSIS

In many systems, it is impossible
to test full scale models in the
laboratory and the flow in ar-lift



Mansoura Engineering Journal, (MEJ), Vol. 34, No. 2, June 2009.

pumps is a  highly complex
phenomenon involving properties of
the fluid, solids and types of multi-
phase flow expected in the riser of the
pump. Therefore, attempts have been
made to develop theoretical models to
predict the performance of air-lift
pumps Yoshinaga and Sato (1996),
Dedegil (1986), Hatta et al. (1998),
Nicklin (1963), Boes et al. (1972},
Kato et al. (1975), Clark (1984a),
Clark (1985), Clark and Dabolt (1986)
and Weber and Dedegil (1976).
However, these theoretical analyses are
not really applicable to  the
observations of many experimentalists.
Because all these theoretical analysis
suffer from the fundamental weakness
that a generalized equation, valid for
all types of flow encountered in the
pump nser is impossible since each
type is likely to have a different scale-
law. Therefore, the intent in this study
is to establish a general equation for
predicting air-lift pumps, valid for a
particular, type of flow in the pump
riser, and as a foundafion for later
theoretical refinements. Also to see
how consistent this formulation 1s
when applied tc a broad band of data.
This could help the air-lift pumps
designer to assess the performance
likely to occur in his pump at different
operating conditions.

One-dimensional theoretical
analysis of the performance of an air-
it pump, used for hydrau-preumatic
transport solids, based on the principle
of momentum balance is presented in
this study. The effect of changing
operational parameters such as gas
flow rate, solid particles size, density
and flow rate on the air lift-pump
performance  will  be  predicted.
Performing the momentum balance
over the whole tube length, the liquid
and awr flow rates are readily
numerically predicted. The numerical
computations are also required to
account for the variation in air pressure

and flow rate throughout the pump and
also for the calculations of solid,
liquid, and/or air volumetric fractions
throughout every section in the air-lift
tube.

2.1, Calculation
Governing Eguations

Methods and

In the present theoretical study, a
general analysis method for three-
phase flow and a design model for an
air-lift pump is presented. Essentially,
the modet is based on the idea
proposed by (Yoshinaga and Sato
(1996)). They have proposed a Figure
showing the outline of the mixture
flow and axial pressure distribution,
which is shown in Fig. (1).

The air-lift pump illustrated in

Figure (1) consists of two main parts.

One of them is of length (L,) between

the bottom end and the air-injection
ports while the other is an upriser pipe
of length (L, ) between the air injection
ports and discharge ports. The type of
flow in the suction pipe is either one-
phase (liquid) or two-phase (solid-
liquid) while that in the upriser either
two-phase (air-liquid) or three-phase
(air-liguid-solid). Fig. (1) shows the
pressure gradient throughout both the
suction and upriser pipes. This figure
shows that the pressure gradient inside
the suction and wupriser pipes is
different from the hydrostatic pressure
gradient outside the pipes. At the
steady state condition, the air-lift
pumping system operates under these
pressure distributions. The symbols £,
[ and O in Fig. (1) denote the levels of
the suction pipe inlet, the air injector
and the upriser outlet, respectively.
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Fig. (1): Diagram of the air-lift pamp and the axial preséure distribution
(Yoshinaga and Sato (1996)).

2.1.tMomentum equation

In the present study the folfowing
assumptions have been made for the
mathematical formulation of the air-lift
mechanism:

- Steady-state operating conditions,

- Compressible and ideal gas flow,

- The liquid medium is always the
carrier of the solid particles,

- The place of equal velocity and
equal pressure should be normal to
the pipe axis. This makes the
problem one-dimensional, which is
approximately the case in practice,

- No change of mass or momentum
between phases,

- Isothermal flow for all phase. This
assumption is justified only if the
three phase flow vary slowly
through the pipe so that a
continuous heat exchange with the
environment is no longer possible,

- The solid particles are of equal size
and density.

Based on the above assumptions,
the governing equation representing
the flow through the air-it pump is
the momentum equation. The concept

momentum will be applied to a control

* volume bounded by the pipe wall and

the cross sections £ and O. The
momentum equation may therefore be
wriften as:

A {/OLJL“L.E + Psiss i }

- A{pa.ofc.ouc,o + R Mo+ Psslse }
] L]

~ {;zi) J Tpsdz} - {ﬂi)_[rgdz}
E ]

_{A
_{A (pc.sG +OLEL; +psas)?)gdz}

+{ApLg(L2 +L3)}=0 ey

Where j is the volumetric flux, « is the
velocity, & is the volumetric fraction,
© is the density, 7 is the shear stress,
and g is the gravitational acceleration.
The subscripts G, L, S, P§ and 3 denote
the air, water, solid, two-phase water—
solid mixture (treated as a single phase
as pseudoliquid) and three-phase air—
water—solid mixture (treated as a two-
phase as air-pseudoliquid mixture),
respectively. The subscripts £, / and O

(pLgL.PS T PsEsps )gdz}

—_ D mt—
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represent the cross sections of the inlet,
air injector and the outlet, respectively.
The first and second terms in equation
{1 denote the
momentum which enters through I and
leaves through O. The third and fourth
ferms denote the frictional pressure
loss in the two-phase water—solid flow
and in the three-phase flow. The fifth
and sixth terms denote the weight of
the two-phase water—solid mixture and
that of the three-phase muxture. The
seventh term denotes the hydrostatic
pressure force of the surrounding
water, acting on the bottom end of the
pipe at section £. The pressure at O is
assumed to be equal to atmospheric
pressure. It 1§ noted that, the interaction
forces between the phases such as drag
and virtual mass forces appear in the
mathematical formulation only if the
conservation equations of mass and
momentumn are applied for each phase
separately.

Here the mean velocity of any
"Y' {y may be an air, liquid or

solid phase) is given by u, = 2

Py
¥

The first and second terms on

the left-hand side of Egn. (1}, may be

rewritten as follows:
Ao, j,, 5+ st} = ADpslpsptpse  (2)
APsoioctoo T Puivdtiot psjs.o“s.o}

= A{JOG,OJG.O Uso T st.oips,oups.o} (3)
where PS denotes a pseudoliquid
which s formed by liquid and solid
phase, 1.e. treating a two-phase flow as
a single phase as pseudoliquid.

where Jjp, ppe and u, are the

phase "y

volumetric flux, density and mean
velocity for pseudoliquid at section &
respectively. These are expressed as:

Jese =t * sk and
Ppsg =€, 0P TE5gPs
where ¢, ; and &, are void fractions

for liquid and solid at section E,

respectively, and p, and o, are

liguid and solid density respectively.
The third term on the lefi-hand side of
eqn. (1) may be rewritten as follows:

1 AP s
D ft,dz = A L, + 4P, (4)
E 4z

where AP, .. /4z is the frictional

pressure gradient in two-phase water
solid flow and 4F; is the entrance
pressure drop of the suction pipe,
which 1s the sum of the entrance fitting
loss and the entrance length loss,
occurs at E.

Since both the air pressure and -
air flow rate vary throughout the air-lift
pump, the frictional pressure gradient
in ihe three-phase flow cannot be
estimated at the muddle of the upriser
tube and, therefore, the upriser tube
should be divided into N segments in
the flow direction as shown in Fig. (1).
The length of each segment is chosen
such that the nodes length, for the
segment (k) is the same for every
segment. The frictional pressure loss
term in the momentum equation 1s then
calculated using step-by-step
integration procedure for N steps as
follows:

Assuming that the pressure
distribution for each segment is linear,
and the frictional pressure gradient of
each segment is calculated at the
middle of this segment. The fourth
term on the left-hand side of eqn. (1)
can be rewrtiten as:

AP LK)
T,

ij 3dz KI &( )
where AP, ;(k)[dz(k) is the frictional
pressure gradient in the three-phase

flow at the & node, and 4P, is the

entrance pressure drop of the upnser
tube, occurs at section 1.

A7(K)+AP} )
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The fifth term on the lefi-hand side of
eqn. (1)

!
A£ (pLgL.PS "‘Psgs,Ps)gdzz Agopsel,  (6)

The gravity force of the three-phase
mixture (air and pseudoliquid phase).
The sixth term on the left-hand side of
the momentum eqn. (1), is estimated in
the same way as the pressure gradient
and is rewritten as;

o
A}[ (/OGSG +PLE st PsEgs kdz
= A}[ (pcgc + Prs,sEps.3 )gdz

=Agg(sc(k)pa(k)wmﬁms(’f))&(k) (7

2.1.2 Correlations of volumetric
fractions

The correlations of volumetric
fractions in eqs. (2) to (7) are obtained
from the following correlations.

(a) Volumetric fraction of solid
particles

The volumetric fraction &
of solid particles in a two-phase flow
(single phase pseudoliquid flow) is
expressed as:

£ pe = Js.ps (3)
S.PS

Similarly, the volumetric fraction, € ; ,

of solid particles in a three-phase flow

(two-pbase pseudoliquid flow) is

expressed as:

£y, =22 ©)
uS,3

where ug; and wg ;. are the velocities

of solid particle in two-phase and in

three-phase flow, These velocities are

according to Wallis (1969) as:

usps = C\Us + 7))+ Coug (10)

and

ug, =Cl js+J, +Jjs)+Cug  (11)

where C,and C, are the distribution

coefficients for a spherical particles.

The values C, ofand C, are 1.2 and 1,

respectively, (Zuber and Findlay
(1965)).

The free settling velocity u, for a

single particle in still water s
expressed as:

4gds| ps—p,
T e 12
ST \/3%[ o (12)

where dfs is solid particle diameter and
C, 1s the drag coefficient of solid
particles and can be evaluated as a
function of the particle Reynolds

number, (Weber and Dedegil (1976))
as follows:

c - (24!Rq,°)(l+0.15Rq?,537) Re, <1000
4] 044 Re,>1000 (13)

Here, Re,, is defined by

Re, = dstaPr (14)
Hy
u, =0.345.[gD (15)
and _
Jo ¥ Js = Jpss (16)

where D is pipe diameter and Jps is

the volumetric flux of the pseudoliquid
and 1s given by

j —(——ML +MS} (17)
"~ APpss )

where M, and Ms are the mass flow
rate for liquid and solid.

where p,;, is the mean density of the
pseudoliquid in the three-phase
mixture, It 1s expressed according to
Yashinaga and Sato (1996) by the
following expression:

Do =0 2%} +p Es3
TN Iy (k) T\ d-gy(k) (1)

(b) Volumetric fraction of the air

The following relation expresses the
air volumetric fraction in the three-
phase flow which is modified as a two-
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phase air-pseudoliquid flow

Jo
E; = — 19)
“ CO(JPS +J, ) tug (

where C, and 173; depend on the flow

regime, and expressions used are given
in Table (1), Wallis (1969).

Table (1) Constants C, and 1y depend on the flow regimes, (Wallis (1969)).

Bubbly [1.2—0.2 ﬂ‘l} 14 oglo, - pg)
P pf
r—‘———*-‘—ﬂﬁ X
Slug 1.2 { 0.35 glo, —p)D |2
L p[. N
[ |
_ <4
Churn 1.0-13 0.35 g(pL—pG)D :
L P ]
. {
Annular 1.0-1.1 0. 32[ng{. — P ]4
Joit

(c) Volumetric fraction of the water

By knowing the volumetric
fraction of solid particles and gas, the
liquid volumetric fractions, €,,, is

easily predicted by the following

relation:
€4 =l-¢g g, (20)
2.1.3 Correlations of friction
pressure drops

The correlations of friction
pressure drop in eqs. {(4) and (5) are
obtained  from  the  following
correlations:

(a) Frictional pressure drop in the
two-phase water-solid flow

APy ps [z Frictional pressure
drop in the water—solid two-phase flow
{pseudoliquid) in Eqn. (4) is obtained
from the following correlation

Vald Do .
Az-fr 2 = Aps E%J'gs (21)
The friction coefficient in equation
(21) for hydraulically smooth and

rough pipes can be calculated

according to Blasius formula and is
given by

4,=0316Re,;”  (Smooth pipe) (22)

. Rough pipe) (23)

A =18 logy —————

0.13{Rc,, B)ms

where « is the mean pipe roughness.
equation (23) was modified by Round
and Garg (1986). It is valid for
0<a /D20.005 and 4000 <Re> 10°.

The Reynolds number (Re, ) Iis

defined as:

Reyy =22 (24)
Vps

where %, v, velocity and kinematic
viscosity of psendoliquid.

The kinematics  viscosity, vps,
modified as:

is

M. 101
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v, =2 :[*"PS;psgs JVL. (25)

PE

where V& is the kinematics viscosity of

the liquid.

(b) Entrance pressure drop in the
two-phase water-solid flow

y: in equation (4) accounts for
both pressure drop by the inlet flow,
which depends on the shape of the lnjet
fitting and also for pressure drop due to
the acceleration of the slurry from
standstill to the mean flow velocity in
the suction tube. It is calculated
accotding ta Dedegil’s equation
(1986):

(c+cg)£*’im (26)

where ¢ is the coeﬂioient of inlet fitting
loss was set equal to 0.5, and (g is the
coefficient of the entrance length loss
was set equal to 1 according to Dedegil
(1986),

(c) Frictional pressure drop in the
three-phase flow

Regarding the three-phase flow a
two-phase air-pseudoliquid flow, the
frictional pressure gradient in the
three-phase flow correspending to the
k™ segment may be the found from
the following relations, (Chishlom and
Laird (1958)),

{:ﬁ‘_ﬂi“‘_)}
Ay | m, 0 (27)
épf,m Z Z
Az
Where
AP, ,,
" Az (28)

The gas friction term is obtained as
follows:

Az
The gas friction coefficient 4, is given
as:
Ay =0.312 Re’” (30)
Re is the gas Reynolds number and
defined as:
Reg = P Jo

He

2
s 0.5.———}“0’33% (29)

GD

(d) Entrance length loss in the
three-phase flow

The pressure drop would AP i
equation (5) caused by the acceleration
of the two-phase water-solid mixture
due to air injection, may be defined
according to Dedegil (1986), injecting
the kinematic energy of the injecting
air in the flow direction, as follows:

2
,Op_g;( Jrs Eps 2
AP = 32

] C;{ 7 LI_EGJ] 5 jp{l (32)

where the coefficient, {,, was set equal
to 1. It is apparent that equation (32)
expresses the difference in kinetic
energy of the pseudoliquid upstream
and down stream of the air injection
level,

2.2. Air-Lift Pump Efficiency

The power consumed due to the
gas compression from aimosphenc
pressure to the air injectton pressure,
assuming isothermal comparison, Is
given by the following equation:

P
N.=M_RTIn —+—
= mirrf 2

[

= podl o m({)f—] 33)
+ PO

where P, £, R, and T are the pressure

at pump outlet equals to atmosphenc
pressure, the absolute pressure of the
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injected air (= 7}, + 4F, ), gas constant

and absolute temperature of the gas
phase, respectively.

The power gained is then given by
the following general relation:

No =Clglli+L)Ap, J, - pg (L +L) A 1+
(1-Olp, A&l ~ L)]

where ' = 0 when lifling liquids and
C = 1 while pumping solids.
Therefore, the theoretical lifting
efficiency is calculated according to
the following equation:

— NG

i N. (35)
To take into account the slip between
the particles and the phases throughout
the whole lifting pipe, an additional
efficiency term called slip efficiency

(7)) should be concerned. It is defined

according to Boes et al. (1972), while
for the whole air-lift tube (concerning
the N segments, air injection section,
outlet section, and the two-phase flow
section) as;

N T (36)

Jo S+ Js

where u_ i3 the free settling velocity
of the particles.

Finally, if the loss of hydraulic energy
in the air compressor, inciusive air
conduit losses, is concerned in an
efficiency term called compressor
efficiency (7.) therefore the air-lift

pump overall or totat efficiency (77,) is
defined as:

Up - ’7{!'1'?7.5’77.:‘ (37)

2.3 Empirical Correlation for Liquid
Volumetric  Flux and  Pump
Parameters

Most of the previous published
models used two variables as the input
values to the program. The two
variables are volumetric flux of gas

( J ) and the volumetric flux of liquid
(J,). Added to these two variables, the

volumetric flux of solid ( fg) in case of

three-phase flow. Using these variables
as input wvalues is not a good
representation of real engineering case,
where the air flow rate is the only input
parameter and the output is both water
and solid flow rates.

The liquid volumetric flux is
dependent upon the operating and
geometrical parameters. Therefore, an
empirical relationship between the
fiquid  volumetric flux and the
operating and geometrical parameters
could be obtained from  the
experimental data which are available
in literature. This empirical relation is
used for estimating the volumetric flux
of liquud (j,) as a first iteration. The

experimental data of Yoshinaga and
Sato (1996) and Fujimoto et al. (2003)
are used to find the empirical
correlation.

The correlation  could  be
defined by an equation of the type:
7y, = (0.0995858 ) 7§ 9%

(38)
Sr(l.2666){os d;)(O.O‘ZNT]D(-O.UIGSI)
The mean percentage ercor for
the correlation is 23.8 %.

3. MODEL VALIDATION

Validation of the theoretical model is
an important aspect developing any
code  program.  Therefore, the
computational results are compared
with published extensive experimental
results in Yoshinaga and Sato (1996)
and Fujimoto et al. (2003).

For each set of published experimental
data, the mean error has been
examined.
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The mean error results are shown in
Table (2)
Table (2) Mean error (D 26 mm)
Exper“i'mental results - Yoshmaga and Sato (1996) ----- F“&“Z'g;‘;jt“‘ -
Solid volumetric flux (m/s) 0 0.025 0 0.045 0.008
Submergence ratio, % 0.7 0.7 0.8 0.8 0.675
Mean error, % 113 | 77 14 8.2 6
-‘/“
1.2l d iy
¥ 1 “‘Q 0“0 ) Q.. o "—J B
+ 14 &
i 0.8 4 */y'r s 4 . o
3 T e
4 o684 e -
- - -14%
0.4 -~ s * §-
x|
o] .. ~ r — r
Q 0.2 0.4 0.8 o8 1 1.2 1.4

JL [exp) mia

Fig. (2): The deviations between the present predicted results and the published
results (Yoshinaga and Sato (1996} and Fujimoto et al. (2003)) for water

volumetric
Figure (2) indicates that the agreement
is good and most points fall within *
14% lines.

4. RESULTS AND DISCUSSIONS

The proposed model is verified
by comparing the theoretical results
with the published data. Therefore, the
calculations can be safely extended to
study and discuss the effect of different
operational parameters on the air-lift
pump performance. The predicted
results are indicated; the air-lift pump
performance with gas volumetric flux,
solid particles density, solid particle
diameter, and solid volumetric flux, An
iterative solution is required for the
calculation of liquid volumetric flux
and also for the other parameters

flux.

involved in the momentum equation
(1). During the calculations, the gas
temperature at the injection point is
assumed the same as the temperature
of the liquid—solid mixture (i.e the
phases are in thermal equilibrium).
Moreover, the temperature gradient is
neglected through the upriser tube.
Therefore, an isothermal expansion of
gas from inject pressure, P;, to pump
outlet pressure, Po (equal to
atmosphere pressure), may be held.

4.1 Effect of Air YVolumetric Flux, Jg

The most significant operating
parameter is the air volumetric flux
which has a great effect on both water
volumetric flux and efficiency of the
air-lift pump. The air volumetric flux
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was ranged between 0.5 to 12 m/s in
this study. The effect of the air
volumetric flux on the water
volumetric flux (ie. pump discharge),
at different submergence ratios, solid
volumetric fluxes and solid particle
diameters at constant diameter of the
upriser is shown in Figures (3) to (5).
From these Figures it is observed that
an increase in the air volumetric flux
initially causes the water volumetric
flux to increase gradually reaching its
maximum  value, when the air
volumeiric flux is between 2 to 4m/s,
then siightly decreased with increasing
the air volumetric flux. The air
volumetric flux corresponds to the
maximum water volumetric flux is the
optimum air volumetric flux where the
flow pattern is mainly slug-churn flow.
The optimum air volumetric flux is
wversely  proportional  to  the
submergence ratio at a constant pipe
diameter. It is known that the air-lift
pump works on the density difference
principle where the density of the
mixture ts varying and the density of
the liqud remains constant. Increasing
the air volumetric flux, a greater
quantity of pressurized air from the
injection holes will mix with water,
resulting in a decrease in the mixture’s
density, which leads to a gain in the
kinetic head. This is ultimately results
in an increase in the discharge of
water, because the raising of liquid has
been found to be mainly due to kinetic
head. An increase in the air volumetric
flux beyond the optimum values causes
a drop in the water volumetric flux.
This may be attributed to the flow

transition from slug flow to churn flow
or annular flow. At Jower air
volumetric flux, bubbly flow regime
doming in-the upriser tube, while at
higher air volumetric flux the flow
pattern tends to become chum or
annular,

Figures (6) to (8) show the
variation of pump efficiency with air-
volumetric flux. From these figures we
have observed that, for constant pipe
diameter and for different submergence
ratios. The efficiency increases sharply
with increasing the air volumetric flux.
uptil limited points (depending on the
submergence  ratio), where the
efficiency reaches its maximum value
at air volumetric flux between 0.5 to
2m/s. TFurther increage in air
volumetric flux will cause a significant
decrease in the efficiency. It could be
attributed to the fact that the flow
paftern in the upriser tube at higher air
volumetric flux tends to become churn
or annular. At lower air volumetric
flux, slug flow is dominated in the air-
lift tube. In this flow regime, the
efficiency is directly proportional io
the air volumetric flux. The results for
all  submergence  ratios,  solid
volumetnic fluxes and solid particle
diameters indicate the same common
pattern of variation. It is clear from
Figures (3} to (8) that the values of air
volumetric flux at which maximum
values of water volumetric flux occur
are higher than that at which maximum
efficiencies occur. Therefore, operating
the pump should be between the two
values of maximum water volumetric
flux and maximum efficiency.
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Fig. (3): Variation of liquid volumetric
flux with gas volumetrie flux at various
submergence ratios (d, =6.12 mm).
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Fig (4): Variation of liquid volumetric flux
with gas volumetric flux at various values of
solid volumetric flux (d; =6.12 mm).
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Fig. (5): Variation of liquid volumetric
flux with gas volumetric flux at various

Fig. (6): Variation of efficiency with
gas volumetric flux at various

values of solid particles diameter submergence ratios (d; =6.12 mm).
(D =26 mm).
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Fig. (7): Variation of efficiency with

gas volumetric flux at various values of

solid volumetric flux (d, =6.12 mm).

Fig. (8): Variation of efficiency with
gas volumetric flux at various values of
solid particles diameter (D=26 mm) .
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4.2 Effect of Solid Volumetric Flux, Js

The performance of the air-lift
pump is predicted theoretically for
solid particles volumetric flux values
ranged from zero (two-phase flow) to
0.1 mfs at different values of air
volumetric flux, submergence ratio and
solid particles diameters. Figures (9) to
(14) show the wvariation of water
volumetric flux and pump efficiency

Figures illustrate that both the water
volumetric flux and efficiency decrease
linearly with increasing the solid
particles  volumetric  flux.  This
behavior may be interpreted as
follows: as the solid volumetric flux
increases, the mean velocity of flow
increases also. The increasing in the
mean velocity of the flow causes an
increase in the head losses and
subsequently both water volumetric

M.
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with solid volumetric flux. The results
for all conditions indicate a common
pattern of variation. Generally, these

flux and efficiency of the air- lift pump
decreases.
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Fig. (9): Variation of liquid volumetric
flux with solid volumetric flux at
various values of gas volumetric flux.

Fig (10): Variation of liquid velumetric
flux with solid volumetric flux at
various submergence ratios.
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Fig (11): Variation of liquid volumetric flux
with solid volumetric flux at various values
of solid particles diameter (D=26mm).

Fig. (12): Variation of efficiency with
solid volumetric flux at various values of
gas volumetric flux .
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Fig. (13): Variation of efficiency with
solid volumetric flux at various
submergence ratios.

4.3 Effect of Solid Particles Density, © s

The effects of solid particles
density on the performance of an
air-ift pump operating at various
conditions are illustrated in Figures
(15) to (20). It can be seen clearly from
these figures that, as the solid particles
density increases from 1000 to
4000 kg /m”, under otherwise constant
conditions, the water volumetric flux
and the air-lift pump efficiency are
decreased linearly. These observations
may be attributed to the settling
velocity of solid particles, defined by
equation (}12), which increases with

increasing the density of solid
particles. For particles with high
velocity, greater  water

settling

Fig. (14): Variation of efficiency with
solid volumetric flux at various values

of solid particles diameter.

velocities are needed to initiate lifting
of solids and thus higher air volumetric
fluxes are needed. The drop in the total
pressure owing to the weight of the
mixture increases at higher settling
velocities where the solid particles
cause higher volumetric concentration
in the cross-sectional area of the pipe,
higher solid-liquid mixture density
{ ps) and higher pressure gradients due
to their lower absolute velocity.
Increasing the total pressure loss in the
suction pipe tends to decrease the air
injection pressure. The combinations
of these factors may cause a decrease
in the water volumetric flux and

efficiency with increasing the solid-

particles density.

a2

4 Etr) 0o 1500

ps (kg/m’)

Fig. (15): Variation of liguid volumetric

flux with solid particles density at
various values of gas volumetric flux
(D=26 mm).
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Fig. (16): Variation of liquid volumetrie flux
with solid particles density at various values

of solid particles diameter (D=26mm).
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Fig. (18): Variation of efficiency with
solid particles density at various values
of gas volumetric flux (D=26 mm).

Fig. (17): Variation of liquid volumetric-
flux with solid particles density at
various values of solid volumetric flux
(D=26 mm).
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Fig. (19): Variation of efficiency with
solid particles density at various values
of solid particles diameter (D=26 mm) .
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Fig. (20): Variation of efficiency with
solid particles density at various values
of solid volumetric flux (D =26 mm) .

4.4 Effect of Solid Particles yields an increase in the slip between

Diameter, ds

The influence of solid particles
diameter on the lifting characteristics
of an air-lift pump ts shown in Figures
(21) to (26). These figures show that
the diameter of the solid particles has
insignificant effect on the water
volumetric flux and efficiency through
the studied range from 2 to 10 mm.
Due to increasing the diameter of the
solid particles with j; constant, the free
settling velocity 1s increased also. This

the particles and the mean flow. Also,
the force needed in lifting particles in
much greater for particles with large
diameter than that with small one. In
addition, increasing the diameter of the
soiid particles at a constant solid
volumetric flux decreases the number
of solid particles within the flow.
Therefore, the combination of these
three factors may cause unchanged in
the water volumetric flux and pump
efficiency.
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Fig. (25): Variation of efficiency with
solid particles diameter at various
submergence ratios.

Fig. (26): Variation of efficiency with
solid particles diameter at various values
of pipe diameter.
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CONCLUSIONS

The effects of operational
parameters on the performance of an
air-lit  pump  were  investigated
theoretically, based on the resuits
obtained, the following conclusions
can be drawn:

1. The proposed modet is suitable for
predicting the performance of air-
lift pump operated with two—
phase flow (liquid and gas) or
three— phase flow (liquid, solid
and gas).

2. Comparison between the predicted

performance (water volumetric
flux and pump efficiency) using

the present model and the
NOMENCLATURE
A Pipe cross sectional area ()
C  Distribution coefficient
Cgs Drag coefficient of solid particles
d. Diameter of solid particles (m)
D Pipe diameter (1)
g Gravitational acceleration (#/57)
P Pressure (N/m°)
QO volume flow rate (m'/s)

R Universal gas constant (Jkg.X)

Re Reynolds number

Sr  Submergence ratio %
Greek letters

v Kinematics viscosity  (m%s)
A Friction factor

t  Shear stress (MWm”)

{  Entrance pressure loss factor
&  Mean pipe roughness
Subscripts

f friction

G Gas

L Liquid

S  Solid

K Property at cell face k

== S T

published experiments results

showed a good agreement.

3. The results showed that the water
volumetric  flux and pump
efficiency increase gradually to
maximum value some where it
was between 1 to 4m/s, then
slightly decrease with increasing
air volumetric flux.

4, The water volumetric flux and
pump efficiency decrease linearly
with increasing the solid particles
volumetric flux.

5. Solid particles density and
diameter had no significant
effects on the pump performance.

Volumetric flux (m/s)

Length of upriser between the air
injection ports and discharge ports (m)
Length of suction pipe ({wo-phase flow) (m)
Length of upriser between the air
injection ports and the water level (m)
Mass flow rate (kg’s)

Number of cells

Power consumed (W)

Power gained (W)

Velocity (m/s)

Quality

Temperature (K)

Void fraction gvolumetn'c fraction)
Density (kg/in”)

Surface tension (N/m)

Efficiency of the pump

Fluid viscosity (N.s/m”)

Liquid-Solid

Mixture

Gas at the pressure Po
Three-phase flow
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