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Abstract

A modd is developed which simulates water airlift pumps. The water flow rate can be
predicted for a given airlift system, or, the required air flow can be estimated for a desired water
flow rate. Predictions of the model were compared with a series of experiments performed by the
Institute of Geological Research and were found to be in good agreement. The predictions were far

superior to those of model found in the literature.
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1. Introduction

Airlift pumping is used in specialized applications, where more conventional and
efficient pumps fail to operate. Despite the low energy efficiency of airlift pumping, their
simplicity and lack of moving mechanical parts are two important advantages which make them
useful for applications such as pumping corrosive fluids and in geothermal wells, [1]. It is also
used for pumping of hydrocarbons, viscuous fluids [2], in bioreactors [3,4], and for seabed

mining [5].

Simulation of these pumping systems can be achieved by using empirical correlations
[6], or by using mathematical models based on afirst-principle approach [7,8,9]. This paper aims
in developing a new model, referred to as the integral model, which uses a combination of afirst
principal approach and experimental correlations. This model can address two basic airlift design

problems:

e Calculation of the water pumping rate for agiven air flow rate, and,

e Calculation of the air flow rate needed to obtain a prescribed liquid pumping rate.

It is relatively easy to extend the integral model in order to address more complicated design
problems, such as optimization of the air compressor and pipe diameters, and simulation of

tapered pipe (variable diameter) systems.

To verify the new model, simulations are compared with experimental measurements and
with the predictions of another model currently in use, the mean void fraction model, [7,8]. In
subsequent sections, the mean void fraction model and integral models are presented. The two
models are then used to reproduce a series of measurements taken by the Greek Institute of

Mineorological Research (IGME) for a series of water wells.



2. Nomenclature

A

A

D.
D,

J"

Re
T

Ug&UIs

Volume fraction (void fraction is air volume fraction)
Suction pipe cross section (water flow)

Upriser pipe cross section (two phase flow mixture)
Diameter of outer pipe

Equivalent diameter of suction pipe

Equivalent diameter of upriser

Momentum flux, M ?/(a, p, A*),i =g,

Length of inner pipe, I, +1, +1,

Mass flow rate

Number of cells

Pressure

Universal gas constant

Specific gas constant: R/(molecular weight)
Reynolds number

Temperature

Superficial gas and liquid velocity, V. /A,, i =g
Volume flow rate

Volume fraction

Diameter of inner pipe

Friction coefficient

Gravity acceleration

Length of upriser above the water level

Length of suction pipe



ls Length of upriser below the water level

M Massflux, M, /(a, A), i =gl

4z (I +15)/N

& Convergence criterion for iterative procedures
u Viscosity

& Entrance factor

p Density

Subscripts-super scripts

1,2, i Property at point 1, 2 or i

f Friction

gl Gas or liquid phase property
k Property at cell face k

m Average property of cell

3. Description of Airlift Pumping - Mean Void Fraction M odel

3.1. Description of airlift pumping

Figure 3.1 displays a typica airlift pumping system. It is composed of a water suction
pipe, length I, and an upriser section, part of which, |, is submerged, and the remainder, I, is
above the water level. Compressed air is delivered at point i (injection point) either externaly, or
through an internal pipe (Figure 3.2). The first configuration is known as external delivery (or

external airline) system, while the second is interna delivery (or internal airline) system. In the



suction pipe, between points 1 and i, there is only water flowing, while between pointsi and 2

(upriser) thereis atwo phase water-air flow.

External delivery systems are more energy efficient than internal delivery systems, but
occupy more space within the well (because of the air delivery pipe). This limits the diameter of
the upriser that can be used. Internal delivery systems, despite the larger friction losses (which
decreases the energy efficiency) are more versatile, and easier to install and operate. If the well
water level fluctuates with time, the internal pipe length can easily be adjusted to ensure optimal

operating conditions. Thisis much harder to achieve with external delivery systems.

Generaly, the water well level is not constant, but tends to drop with increasing pumping
rate. Furthermore, the water level drops slightly with time at a constant pumping rate. With this
in mind, we define a non-operational (or idle) water level (when the pump is not in use) and an
operational water level (when the pump is in use). Subsequently, the water level during

operation will be referred simply as water level.

The cross section of the suction pipe is denoted as A, while the cross section of the two
phase flow (upriser) cross section is A,. In external delivery systems, all of the upriser cross
section is occupied by the two-phase mixture (Figure 3.2). Slug flow is the desired flow regime

in the upriser, because frictional losses become minimum, while water pumping rates are still

large, [7].

3.2.  Mean void fraction model
Kato et a [8], developed a simple model for airlift pumps. This model is derived by
applying a momentum balance throughout the upriser, assuming that the void fraction, ay,

remains constant:
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a, = —
S V,*tVi+035//9D;

(3.1)

where \/ o Isthe average air volumetric flow rate, calculated assuming isothermal expansion of

air between points2 and i:

— P, Pi
=V, In— (3.2
Ve oz (Pi - Pz} P,

The pressure at i, P; is calculated by using the algorithm of paragraph 4.2. The water
mass pumping rate M, (or air delivery rate My) can be calculated by solving the following

algebraic equation:

2
2V T Ie2+|5+|dz(1-ag)1'75+1 L 3]y -a, =0 (33
gL D:A D2 A 2

where

+
f=0079 Rene and  Renx= MM (34)

A K
The mean void fraction model islimited mainly because:

* Only one flow regime (slug flow) is assumed to exist throughout the upriser. As a
consequence, flow transitions are not considered, which limits the applicability of the model

to wells up to 11 m deep.

» The correlations proposed for calculating volume fraction and friction losses are of limited

accuracy.



4. Integral Model

The integral model improves upon the mean void fraction model by addressing the two
limitations previously noted. First, flow regimes within the upriser are allowed to vary, and are
predicted by using an appropriate flow regime map. Second, the properties of the two-phase
mixture within the upriser are alowed to vary, by dividing the upriser into subsections (or
"cells"). In each of these cells, mean properties (such as pressure and void fraction) are
considered representative of the cell, and differ from properties of adjacent cells. A momentum
balance is applied to each cell, using correlations for friction losses and void fraction.
Eventually, a system of algebraic equations is obtained, and is solved using the two known

pressure boundary conditions at points 1 and 2.

4.1. Flowintheupriser

As previoudly stated, the flow field within the upriser is divided into sections ("cells").
Every cell defines two interfaces, one at the "bottom" (entrance) of the cell, and one at the "top"
(exit). Numbering of the cells and interfaces start from point i and increase toward point 2
(Figure 4.1). The two-phase mixture enters cell k from the k interface and exits through the k+1
interface. The physical properties (such as void fraction and pressure) of both phases are defined
at each interface, while properties inside each cell are the mean of k and k+1 interface values.
For interface k=1, pressure is equal to P;, while at k=N+1, pressure is equal to P,. A momentum

balance is applied to each cell, which for steady state is expressed as:

(exit flux) - (entrance flux)= (applied forces) 4.2

The forces applied are the pressure drop, gravitational forces and friction. These are calculated

as



Pressuredrop, 4P

-Ap=- (Pk+1 - Pk) (4.2)

Gravitational (hydrostatic) forces, B

B.=9g Z].ﬂ(ag Py tap )dZ =g [ag,m Pgm *t am 10|]AZ (4.39)

ag,m: O-S(ag,k + ag,k+1) ’ a-l,m= 10 - ag,m ' pg,m: 05(pgk + pg,k+1) (43b)

The void fraction at the interfaces is calculated from correlations which are presented in section

4.3.
Friction, Tk
Friction forces are calculated from correlations and are expressed in terms of a pressure
drop:
z
k+1
Tk = I (Ej 7 =~ (d_Pj JAVA (4.4)
dz f dz f

Rate of change of momentum flux
Momentum enters through the k interface and exits from interface k+ 1. So, the rate of

change of momentum flux AJ," is

AJ"= Jid" - Ik (4.59)
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(4.5b)
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If the air isassumed ideal, the air volumetric flow rate V,, and density pq, are given by
Tk Po Vg
V= — [—QJ (4.6)
Pk To
Pk
p = * (4'7)
¥R Tk

R for air is 0.2867 Jkg'.K™, while Vy is the air compressor delivery rate a the reference

conditions T,, P, (free air delivery).

The mean cell properties are used for calculating the void fraction and friction (from the
appropriate correlations). These correlations are generally functions of volumetric flow rate and

density (section 4.3):

(gjf: AV (4.8)

agn= >V gm+ Pynd (4.9)

Substituting (4.2) to (4.5b) in (4.1), and solving for Py yields
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4.2.  Flow in thesuction pipe

A simple momentum balance (Bernoulli equation) is applied between points 1 and i:

dP
Pi=Pi-0 0let (—j le (4.11)
dz J;,

Pressure at 1 is equal to the hydrostatic pressure (as dictated by the water level in the well) less

the friction losses at the entrance of the suction pipe:
P.= P+ 0, 9(ls + e )+ (Friction) (4.12)
The entrance friction losses are calcul ated as:

M?

(Friction)=-¢&
2p A

(4.13)

where &, known as entrance factor, is approximately 0.5 for the geometry considered.

Substituting the expression for P; from Equations (4.12), (4.13) to (4.11), and solving for

P; yields:

_ M? dFj
= p,+ .- + =1 1. 4.14
Pi=P.t 00l 52 |92 (dz ”| (4.14)

friction losses inside the suction pipe are computed from

10
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dz /)y, Di12p A

where

. 16/, Res2000 @15)
" \0.079Re®® Re> 2000 '

where Rg isthe Reynolds of the water phase in the suction pipe.

4.3. Flow regimes, friction and void fraction correlations

The correlations used for calculating the void fraction and friction losses in equations
(4.8), (4.9) depend on the flow regime existing in each cell. To determine the flow regime, aflow
regime map, [10] is used (Figure 4.2). When flow regimes change, the correlations used change;
this may introduce discontinuities in the friction and void fraction. As a result, convergence
problems might be encountered in the solution process. To address this, a transition region (and
not a transition line) is assumed between two flow regimes. Inside this region, properties are a

weighted average of the values calculated for both regimes.

Void fraction correations used

Lockhart-Martinelli, [11]

)—0.378

a,= (1+ X 08

the Lockhart-Martinelli parameter, X , isgiven by [12]

1. 0.2
x2= [ﬂj 8 (&) [ﬂ] (4.17)
Mg P My

11



Friction correlations used

Bubble flow, [13]

(d_Pj - _2 fT(Ugs+UIs)210I
dz /, D,

- D2(U gs+UIs)10|

£,=0.046 N2 , Nee
H

Slug flow, (Freidel), [14]

(&) =exlz)
dz J; © dz Lo

_ 3.24FH
where ®io= E+ 0045\ 0%
m m’D x 1-x)
Fr= We= 2 o= | Tt —
9 D2 P P 0 Iog P

0.91 0.19 0.71
H= ﬂ (ﬂ} ( _ﬂj F= X0.78 (1_)()0.224
Iog lul lul

E=(1-x )+ x°

V4
Iog ,[1| M g + M |
Churn and annular flow (Kern), [12]

&) 7on ), ewmax
dz ). Cldz), T °



where X isthe Martinelli parameter, (Equation 4.17) and for churn flow

a= 1492 p=o7s

01!
M
1.6404 7D,

for annular flow

a=48-03125| — P2 | p=0343-0021| D2
0.0254 0.0254

where

2f . om’ +
(d_P =" o T flo=0079NR?  Npeo= Tz e Mo M

)
dZ Lo D2 IOI /'II A2

4.4. Solution algorithm
The momentum equation (4.10) for each cell and equation (4.14) consists a non-linear
system of N+1 equations with N+1 unknowns (N-1 Py's, Pi and one of M, or Mg). The solution

algorithm is the following:

1. Anestimatefor M, (or M) is made.

2. The system of the equations (4.10) is solved: (i) For every k, equation (4.10) is solved by the
bisection method, [30]. (ii) Solution of (4.10) for cell k=1, yields the pressure P; for the

estimated M, (or My).

3. Piiscomputed from (4.14) for the estimate of M, (or Mg) made in step 1.

13



4. If P, from step 3 is equal to P, from step 2, then the value of M, (or My) is correct. Otherwise,

another estimation is made for M, (or Mg) and steps 2 through 4 are repeated until

|Pi (fromstep 2) - Pi (from step 3)| < £| Pi (from step 3)| .

In step 2, the system of momentum equations are solved from cell N, downward. For the
K™ cell, the pressure at k+ 1 interface is known by the previously solved k+1 momentum balance.
For cell N, pressure at the N+1 interface is known, and equal to the exit pressure (usually

assumed 1 atm).

5. Experimental Measurements

The following experimental data was obtained by the Greek Institute of Minerological
Research, in a series of experiments taken during 19 Sept. 1988 and 23 Sept. 1988. The data sets
were obtained from 3 different wells in the region of Sidirokastron in the Xanthi state. An
internal delivery system was used. Overall, 7 sets of measurements were made. In each of these
sets, the length of the air delivery pipe was allowed to vary. In al of these measurements, the air
compressor used delivered 160 cfm (0.07852 m’s?), at pressue P,=1 atm temperature T,=40°C.
The water level is defined as the length of the submerged externa pipe. The data sets are

presented in Tables 5.1t0 5.7.

6. Results- Conclusions

A grid of 25 cells along the upriser was used in the simulations. As seen in Figure 6.1,
using more cell does not change the solution obtained. It should be noted that the usage of the
friction loss and void fraction correlations alows the method to sufficiently resolve the
momentum flux along the upriser using only 25 cells, despite that the structure of the two phase

flow develops on much smaller spatial scales.

14



The experimental data and predictions of both integral and void fraction models are
presented in Figures 6.2 to 6.8. Table 6.1 presents the mean error of predictions from experiment

for each model, where

M |, predict ~ M I,exper‘
z M 1 exper ‘

x100% (6.1)
number of measurements

% mean error =

The standard deviation is given in the parenthesis. A graphical representation of the deviation

between predicted and measured pumping ratesis given in Figures 6.9, 6.10 and 6.11.

The integral model reproduces the measurements well, and is always much better results
compared to the mean void fraction model. The maximum mean error of the integral model is
29%, while the mean void fraction model gave an error as high as 136%. Besides significantly
decreasing the mean error from the measurements, there is also a decrease in the error variability,
meaning that the pumping curves are reproduced much closely. The predictions are closest to the
experiments, when dug flow is predicted to exist throughout the upriser (sets 1,2 and 4). Thisis
expected, because the Martinelli correlation provides satisfactory predictions in this region
[13,15,16]. Relatively large deviations in the sope of the experimental and predicted curves are
seen in the seventh measurement set. This can be attributed to the prediction of annular flow in

these measurements; for this flow regime type, the Martinelli correlation is not as accurate.

The accuracy of the void fraction correlation is what mainly determines the accuracy of
the model. This is because the hydrostatic component (which is linear with respect to void
fraction) is the leading order term in the momentum balance of Equation 4.10. Devel oping more
accurate correlations for the void fraction, that can be applied over a larger range of flow

regimes, will allow for further improvement of the integral model predictions.

15
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Table5.1 First set of measurements, L=46.6m, D=10.16cm, d=2.54cm, water temperature 56°C

Point Inner pipelength (m)  Water level (m) Water pumping rate (m® h™)
1 45.80 22.70 255

2 42.20 22.90 23.0

3 39.20 23.10 19.0

4 36.20 23.20 16.0

5 33.20 23.40 11.0

6 30.20 23.50 6.0
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Tableb.2 Second set of measurements, L=46.6m, D=10.16cm, d=1.91cm, water

temperature 56°C

Point Inner pipelength (m)  Water level (m) Water pumping rate (m® h™)
1 46.20 22.80 27.0

2 42.20 22.90 23.0

3 39.20 23.20 20.0

4 36.20 23.40 16.0

5 33.20 23.50 11.0

6 30.20 23.60 5.0

21



Tableb.3 Third set of measurements, L=46.6m, D=10.16cm, d=1.27cm, water temperature

56°C
Point Inner pipelength (m)  Water level (m) Water pumping rate (m® h™)
1 36.20 23.40 13.6
2 33.20 23.50 8.2
3 30.20 23.50 4.0
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Table5.4 Fourth set of measurements, L=45.1m, D=10.16cm, d=1.27cm, water

temperature 42°C
Point Inner pipelength (m)  Water level (m) Water pumping rate (m3 h'l)
1 24.20 40.10 42.0
2 18.20 40.20 34.0
3 12.20 40.50 220
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Tableb5.5 Fifth set of measurements, L=45.1m, D=10.16cm, d=1.91cm, water temperature

42°C
Point Inner pipelength (m)  Water level (m) Water pumping rate (m® h™)
1 30.20 39.87 48.0
2 24.20 40.18 40.0
3 18.20 40.22 33.0
4 12.20 40.45 220
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Tableb5.6 Sixth set of measurements, L=45.1m, D=10.16cm, d=2.54cm, water temperature

42°C
Point Inner pipelength (m)  Water level (m) Water pumping rate (m® h™)
1 30.20 39.20 435
2 24.20 39.70 38.0
3 18.20 39.80 31.0
4 12.20 40.20 19.0
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Tableb.7 Seventh set of measurements, L=24.3m, D=7.62cm, d=1.27cm, water

temperature 42°C
Point Inner pipelength (m)  Water level (m) Water pumping rate (m® h™)
1 24.10 11.30 94
2 23.30 11.40 84
3 22.80 11.40 8.2
4 21.80 11.50 74
5 20.30 11.70 55
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Table6.1 Comparison of both models - % mean error

M easurement set Mean void fraction model Integral model
1 29.6 (9.3) 11.3(7.4)

2 51.9 (2.8) 13.5 (6.5)

3 136.2 (4.7) 29.6 (23.6)

4 66.1 (10.2) 16.3 (8.4)

5 49.2 (4.5) 16.2 (13.7)

6 43.1(3.6) 27.7(7.7)

7 47.2 (2.5) 6.1 (4.8)




Figure Captions
Figure3.1: Airlift pumping system

Figure3.2: External andinterna air delivery systems
Figure4.1: Definition of cellsin the upriser pipe
Figure4.2: Example of aflow regime map, [10].

Figure6.1: Influence of cell grid on the void fraction profilein the upriser. Simulations pertain
to point 6 of Table 5.1.

Figure6.2: Comparison of models with experiment: First data set

Figure6.3: Comparison of models with experiment: Second data set

Figure6.4: Comparison of models with experiment: Third data set

Figure6.5: Comparison of models with experiment: Fourth data set

Figure6.6: Comparison of models with experiment: Fifth data set

Figure6.7: Comparison of models with experiment: Sixth data set

Figure6.8: Comparison of models with experiment: Seventh data set

Figure6.9: Mean void fraction model vs. experimental water pumping rate (m* h™)
Figure 6.10: Integral model vs. experimental water pumping rate (m* h™)

Figure6.11: Mean error (%) of models for each experimental data set
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Extended Summary
A model is developed for the simulation of airlift pumps for moderate-depth water wells.

The latter are used when other more efficient types cannot be used, such as geothermal mining
[1], deep-sea mining [5] and waste treatment [2]. Simplicity, versatility and lack of moving
mechanical parts are its main advantages. An airlift pump usually consists of a pipe, part of
which is submerged in the well (Fig 3.1). A compressor injects air viaan air line either externally
or internally. Water flows through the suction section (1 thru i), mixes with air and flows out
through the upriser section (i thru 2). Maximum efficiency is achieved when the air-water

mixture in the upriser has the slug flow pattern.

A model currently in use, the so-called mean void fraction model was proposed by Kato
et a, [8]. Unfortunately, this model is inadequate for well depths greater than 11 meters, due to
the usage of low accuracy correlations and to the assumption of one flow regime along the
upriser. The model proposed here, which is referred to as integral model, resolves the above
problems. It is based on the division of the upriser into "cells' (Fig.4.1) and application of a
momentum balance to each one. This set of momentum balances together with equation 4.14
consist a system of equations which is solved for pressure (along the upriser) and water (or air)
mass flow. Friction pressure drop and void fraction are calculated from correlations, which
depend on the flow regime existing in each cell. The regime is determined from a map proposed
by Taitel et al [10], with a dlight modification: regions (instead of lines) are used for the regime
transitions. This ensures numerical stability by achieving smooth changes in frictional pressure

drop. Otherwise, there are discontinuities ("jumps") with change of correlation.

The mean void fraction and integral models were used to predict the water outflow in 7
series of experiments performed by the Institute of Geological Research (IGME). A grid of 25

cells (which assures a grid independent solution-Figure 6.1) was used for the integral model.
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Simulation results are shown in Figures 6.2 to 6.11. The integral model was in good agreement
with experiment, with a maximum error of 29%, while the mean void fraction model gave an
error as high as 136%. Even better results can be obtained by using more accurate correlations
for void fraction and friction calculation. The main source of error in the integral model is

thought to be in the void fraction correlation.
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