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ABSTRACT

Airlift pumps operating in two-phase gas-liquid flow are investigated with
a view to establishing an analytical technique to aid in theorétically
modelling air-lift pump behaviour.

Extensive work on two test facilities constructed at the University of Cape
Town's Hydrotransport Research facility has been done. Various components
needed for the analysis are investigated. These include:

(i) static dilation;

(ii) dynamic void ratios;

(iii) two phase weight component;

(iv) two phase friction component;

(v) two phase acceleration component.

Using theoretical models for each component and combining these into the
analysis technique, operating characteristics of airlift pumps with the
following variables -

(i) pipe diameters;

(ii) gas injection depths;
(iii) static 1ift heights;

(iv) suclion pipe lengths

have been successfully predicted.
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INTRODUCTION ' 1.1

CHAPTER 1

INTRODUCTION

The airlift pump in its simplest Form consists of a vertical pipe submerged
in a liquid. Air is introduced by means of an air injector near or at Lhe
lower end of this vertical pipe. The rising air bubbles cause a dilated
air-liquid mixture - to form inside the pipe which is less dense tLhan the
surrounding liquid. This pressure imbalance results in tbe vertical
conveying of the liquid as well as, in required applications: solids up the
inéide of the pipe.

This method of hydro—pneumatic transport has been known since the 18th
century. Throughout the 19th century towns and industries were growing
rapidly and airlift pumps were successfully used to.satisfy the demand for
water. waever, with the development of pumps of higher efficiencies, the
use of airlift pumps was reduced, with the excéption of uses where Lhe
reliability of the pumping operation was more important than its efficiency

as well as the conveying of special materials, such as aggressive fluids.

Advantages of the air lift pump are its simple and robust nature. During
operation, breakdowns rarely occur and maintenance of the pumping system is
gimple. These factors render it well suited for deep sea mining as well as

the following applications:

shaft and well drilling
~ the lifting of fluids containing solids, wasteﬁater and slurries
- the dredging of silt
- vertical lifting of coal in shafts
- deep sea mining of manganese modules and diamonds
- cleaning of seltling tanks v
- underwater exploration where pump impellers could damage recovered
material
- vertical transport of aggressive and radio-active fluids
- the mixing of fluids and gases in the chemical industry.
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The major disadvantages of the airlift pump are:

(1) a lower efficiency than other pumping methods. In a continuous
pumping operation this could influence power costs considerably. It
is Ffor this reason that the airlift pump is rarely used for the
pumping of water except in cases where sporadic pumping takes place;

(ii) a non—continuous Fflow at the delivery end, caused by pulsating air

slugs.

Although the airlift pump is known for its simpl_ici/ty of construction and
maintenance, the theoretical aspects are Ffar from simple. Various
theories based on two phase flow in pipes try to model airlift pump
behaviour. However, because these theories are concerned with specific
airlift pump applications and are partly based on empirical values, it
makes them questionable with respect to general validity.

In Southern Africa the airlift pump is extensively used for the reclamation
of diamond bearing sediments off the west coast in deep water. This

‘research project has the following objectives:

(a) An investigation into the background and available theories of the
airlift pump.

(b) Design and construct airlift pump models to experimentally investi-
gate a.halytical components and effects of variables on airlift pump
behaviour. |

(c) Refinement of two phase flow theory, with the view of establishing a
correlation between theoretical approaches and prototype perfor-
mances .

(d) Optimisation of the design of airlift pumps in general uge.
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2.1

CHAPTER 2

LITERATURE REVIEW AND THEORY

Introduction

This review is based on literature obtained from journals and books
dating from 1925 Lo 1986. Literature has been presented in countries
such as Japan, Russia, Sweden, United Kingdom and West Germany.

Various attempts have been made to analyse airlift pump behaviour
theoretically. In most of these cases, the theories are concerned
with specific airlift pump designs and thus the design procedures and
methods of analysis vary.

After looking al the mechanism that causes and the various flow
patterns encountered in two phase Fflow, this literature review
consists of a discussion and analysis of some of the theoretical
methods put forward by authors in an attempt to model airlift pump
behaviour.
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2.2

Two phase flow mechanism

Prior to discussing the analysis, it is necessary to understand how

the airlift process works.

2.2.1

Static conditions

Figure 2.1(a) shows the layout of a typical airlift pump with
no flow. It consists of a pipe, which is vertically immersed
in a liquid, with its lower end a distance (h, + h,;) below
the surface. The depth to which the pipe is immersed depends
on Lhe mode of operation of the airlift pump and has an
effect on its pumping characteristics. If, for example, it
were required to pump solid material, the lower end would
have to be in contact with this solid material.

The other end of the pipe protrudes a distance h, vertically
above the liquid’s free surface, which is determined by the
desired pumping height.

Gas is injected by means of a compressor or blower hose at a
distance h, below the surface, into the vertical pipe. The
distance h, below the injector point is referred to as the
suction pipe and the distance (h, + h,) above the injector
point to the delivery outlet, is called the delivery pipe.
The liquid outside the main airlift riser is termed the
surrounding column and the lift height is the distance h,.

Figure 2.1(a) shows conditions when no gas is injected at the
injector point. The pressure of Lhe surrounding column at
any depth below the liquid surface is in equilibrium with the
pressure inside Lhe airlifi pump. Bolh the liquids inside and
outside the airlift pump have the same density and the system
is in static equilibrium wilh no flow Laking place.
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2.2.2

Dynamic Conditions

If gas is allowed to enter the airlift pump at the injeclor
point, the level of the liquid inside the airlift pipe will
dilate by a distance Ah as shown in Figure 2.1(b). This
dilated distance is maintained unlil the gas input flow i_s
altered. An increase in the gas flow results in an increased
dilation and a decrease in ihe gas flow causes a decrease in
the distance Ah. If the gas flow is increased to a point
where Ah is larger than the lift height (h,), the liquid will
flow out of the delivery outlet.

The liquid which has been discharged at the delivery outlet
is replenished at the bottom of the suction line, as shown in
Figure 2.1(c).

A conveying system, whereby the liquid is conveyed vertically
by a distance in excess of the lift height, is established.
The cause of this is the gas input flow which directly

influences the dilation.

In an atltempt to explain Lhe operation of tLhe airlift
process, most authors mention that a gas-liquid mixture of |
lesser densily than the surrounding column of liquid forms
inside the airlift pipe. (Weber 1976, 1982; Clark et al 1986,
Alver 1954; Gibson 1925; Dedegil 1974, 1978, 1986; Giot
1986). Hence, a pressure dis-equilibrium is set up between
the gas-liquid column inside the air-lif{ pump, and the
surrounding column of liquid. To regain equilibrium, the
gas-liquid mixture inside the pipe rises. If the height
required to attain equilibrium is larger than the 1lift
height, the liquid flows out the top and a dynamic

equilibrium is set up.
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The components of this dynamic equilibrium are:

1. The weight of the surrounding column of liquid.

2. The weight of the gas-liquid column inside the
airlift pump.

3. The pressure losses due to the conveying of the
gas-liquid column such as friction, isothernal

expansion and entrance effects.

Very few authors actually examine the influence of the gas
bubbles on the dilation. Halde el al 1981, Stenning et al
1968 and Chisholm 1985 however mention this effect in their
analysis.

Consider an airlift tube with no liquid flowing and a single
rising gas bubble, as shown in Figure 2.2. As soon as the
gas bubble is injected, the liquid level dilates from point A
to point B. As the bubble rises the liquid between the
bubble and the pipe wall flows downwards. The liquid level
remains at point B until the bubble emerges at this point,
whereafter the level drops back down to point A. A
continuous inflow of bubbles at a steady rate would cause the
liquid level to rise to a point C, and remain there, as each
time a bubble emerges at the top it is replaced by another at
the gas injector. This effect is known as the "liquid
hold-up”. '

Examiriing a control volume between points D and E inside the
airlift pipe at any time interval and comparing it to a
control volume at the same deplh situated in the surrounding
column, it is seen that the control volume inside the airlift
Pipe consists of a certain percentage gas, causing it to have
a lower density than in the surrounding column of water. If
there were no dilation and the liquid level inside the pipe
were to remain at point A, then there would be a pressure
dis-equilibrium between the two control volumes. To over-

come this, the level inside the airlift pipe rises.
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The operation of the airlift process is thus directly related
to the dilation of the gas-liquid colum. This dilation
could be the result of

(a) the "liquid hold-up" effect; and
{b) a density difference between the two conlrol volumes
inside and outside the airlift pipe.

These two conditions will result in the conveying of liquid
in an airlift pump.
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J

2.3

/

Two_Phase Gas-Liquid Flow Patterns
There are many flow patterns that can occur in vertical two phase

flow. 1In the literature a variety of classifications exist in order
to distinguish between these flow patterns. Authors such as Govier
et al and Taitel et al have produced formulas (Chisholm 1983) to
model these classifications; however, because of the large amount of

variables encountered in two phase flow, these become questionable.

Chisholm (1983) and Clark et al (1986) present four primary
classifications for vertical two phaée flow. These being:

1. Bubble flow

2. Slug flow

3. Churn flow

4. Annular flow.

Photographs of these four classifications, taken in the 40 mm airlift
pump test facility at the University of Cape Town, are shown in
Figures 2.3(a), (b), (c) and (d).

Referring to Figure 2.4, bubble flow is defined as very small i)ubbles
of gas in a continuous liquid phase. This flow classification
usually e)fists at very small gas Fflow rates and is not often
encountered in. operational airlift pumps. Increasing the gas flow
rate results in the formation of slug-flow, which are bullet shaped
slugs of gas known as the "Taylor Bubble"” in a continuous liquid
phase. Again this clagsification occurs at low gas flow rates. As
the gas flow rate is increased, the slug flow changes to churn flow
which is a highly mixed oscillatory flow, and is common to all
airlift pumps. At very high gas flow rates the churn flow transforms
into annular flow, where the liquid forms a film around the wall and

the gas is located in a central core.

it is difficult to distinguish visually the point where one flow
ciassification changes to another. \ This is the reason why so many
other classifications are encountered in the literature. Table 2.1
presents some of these classificalions which are often encountered

when dealing with vertical two phase gas-liquid flow.






Alternative

General Alternative general
classification  descriptions Source classification

- 7
1 Bubble Froth Hoogendoorn and Buitelar Homogeneous 1

Stratified bubble

Pulsating bubble } Johnson and Abou-Sabe

2 Plug Elongated bubble Gregory , Govier and Intermittent 2
Aziz
Stratified plug Sternling -7
Plug froth ~ Kosterin®
3 Slug Stratified slug Sternling , Johnson and
Abou-Sabe-
Splashing flow Krasyakova
Frothy slug Oshinowo and Charles
Plug Chierici et al.
4 Churn Froth . Oshinowo and Charles-
Dispersed Kosterin
5 Stratified Divided Kosterin Separated 3
Cresting flow White and Huntingtoh
6 Annular Film Govier and Omer Annular 4
Mist annular Hoogendoorn and Buitela-
Ripple flow White and Huntington
Slug annular Sternling
Wispy annular Cotlier
Ripple flow White and Huntington’

TABLE 2.1 - CLASSIFICATIONS AND DESCRIPTIONS
(CHISHOLM 1983)
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2.4

Airlift Pump Analysis Technigque

Most analysis Llechniques presenled in the literature are based on
balancing pressures. As stated before, an operating airlift pump is
in dynamic equilibrium. That is, the pressure al a point near the
entrance of the suction pipe (the static pressure gain Ap,) located
in the surrounding column of liquid is in balance with the pressure
logses due to the conveying of the liquid up the inside of the pipe.
The pressure lésses due to the conveying of the liquid are given as:

1. Pressure losses in the suction pipe (Ap,)
2. Pressure losses across the gas injector (Ap,)
3. Pressure losses in the delivery pipe (Ap,)

Once the three pressure drops and the static pressure gain have been
obtained il is possible Lo perform a pressure balance, i.e.

- Ap, = 8p,; + 8p, + Ap, ' (2.1)

2.4.1 Static pressure gain
Referring Lo Fi_gﬁre 2.5, it is necessary to first obtlain the
pressure at a point B which is at the same elevation as the
suction inlet of the airlift tube. This is done using
Bernouilli’s energy equation, i.e.

P L P v2
A A _ B B
w+4A+zg—w+zB+z‘+AHF (2.2)
where P A atmospheric pressure = Po

z, = 0 ; reference height

Vo = 0

PB = pressure at point B

zg = - (h; + h,)

vg * 0

AHF = 0; pressure losses due Lo friction

w

= pd; where p is the liquid density
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2-4.2

Equation (2.2) can be rewritten as

g
o
t ]

u"

o

'

o

i

w (h, + h,) (2.3)

where Ap, = tilhe static pressure gain obtained when
moving from point A to point B in the
surrounding colum of liquid

This pressure gain must balance the following pressure

losses.

Pressure losgsegs in the suction line
To obtain the pressure losses in the suction line (4p,),
Bernouilli’s Energy Equation is applied between points B and

D, namely
P v P vi
B B _ D_, D
w+‘B+2g'w+‘D+Zg+AHF+AHI (2.4)
where PB = pressure at point B
zg = - (h, + h,)
Vg = 0 |
PD = pressure at point D
vp = velocily of the liquid at point D = Vo
(liquid superficial velocily)
ZD = =(h,)
AHF & AHI = pressure losses due Lo Lhe suclion pipe
inlet at point C and due to friction im
the suction pipe between points C and D.
Ves (af
Thus M, + A = SR (Tf + ke) (2.5)
where f = friction factor
¢ = pipe length h,
D = internal pipe diameter
ke = head loss coefficient for enirance

(typically ke = 0.5)
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2.4.3

Combining equations (2.4) and (2.5), the pressure loss in the

suction line can be obtained from

V:s 4&13
dp, = PB—PD=w[h.+2‘T(1+—D—- +ke)] (2.6)

where 4p, = the pressure loss in the suclion pipe.

Pregsure losses across the gag injeclor
The gas injector pressure losses are obtained by applying the

momentum equalion to a control volume belween points D and E
on Figure 2.5. This control volume is taken to be very small
and the gas-liquid weight as well as friction losses are
assumed to be negligible.

Therefore: PDA + Pp vl’)A = PEA + Pg vlzZA + W+ ApfA (2.7)

where:

pressure al. point D

= pipe area |

density of liquid = P,

= velocity of the liquid at point D

t‘A z friction of the gas-liquid mixture ¢ 0

= weight of the gas-liquid mixture ¢ 0

PEA = force at point B, consisting of the pressure

E 'g'u<§ >U"ﬂ
"

of the liquid as well as Lhe pressure of the

gas acting over their respective areas.

PEA Pc Ae + Pg Ag (2.8)
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It is however assumed thal the difference between liquid

pressure Pe and the gas presssure P o is negligible.

Pr v}’3 A = momentum force of the gas-liquid mixture,
which can be written as
pEV§A=egp8v;A+(l-¢g)p{v}A (2.9)
where e g = dynamic void ratio, which is an indication of
the percentagé of gas present at thal seclion.
This term will be examined in Section 2.5.1.1.
P, and Pg = densities of liquid and gas respectively
v, and v p = velocities of liquid and gas respectively.

The velocities of the liquid and gas can be obtained from

QC
Ve T T-eA (2.10)
4
, Q :
and v8 = —g_e Y (2.11)
£
where Ql = liquid flow -rate
Q8 = gas flow rate.

Combining equalions (2.7) and (2.9) and assmnng the liquid
and gas pressures are the same after gas injection, the
following equation is obtained to calculate the pressure drop
(Ap,) across the gas injector: ‘

._ - = - 2 2 4 - 2
bp, = P, - Py plvD+[egpgvg+(1 <) P, vl] (2.12)
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2.4.4.

At this stage it is impoft.ant to distinguish between the

velocities vg, Vo and v

€s

ts

the liquid superficial velocity, defined as the
velocity if the liquid were to flow across the whole
pipe section. This quantity relates to the liquid
velocily in the suction pipe, before gas injection.
Q
= (2.13)

Ves - T -

Velocities v, and v g are velocilies afler gas injeét.ion and

4

can be obtained from equations (2.10) and (2.11).

p ] in the deli 1i |
To obtain the pressure losses in the delivery pipe, Ap,, the

momentum equation is again applied to a control volume
between points E and F.

Moving up the delivery pipe from points E to F, the pressure

decreases, resulting in the isothermal expansion of the gas

bubbles.

This effect can be modelled using Boyle'’s Law
Gig.g.i‘l ' (2.14)
X
ng = gas flow rale at section x in the

delivery pipe.
gas flow rate at S.T.P.

D
"

atmospheric pressure.

P
o
Px = pressure at section x.
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To allow for this effect, it is necessary to analyse the
pressure losses over small increments up the pipe and then to
integrate over the pipe length. Assuming that the control
volume E to F makes up one such increment, the Momentum
Equation can be written as: |

PEA+.pEv§A = PFA+vaI’,A+W+ApfA , (2.15)
-where
PEA and PFA = forces al points E and F consisting

of the pressures of liquid and gas

multiplied by their respective areas

as in (2.8) |
PEVEA and vaF’,A = momentum forces of the gas-liquid mixture
which can be written as in (2.9) with its
components as in (2.10) and (2.11).
weight of the gas-liquid mixture
friction force of the moving gas-liquid
mixture.

W

AptA

Thus equation (2.15) can be written as

- - = - . 2 - 2
Ap, = PE PF [eg pg vg + (1 eg) P, ve]E

+ [GSPS v;+ (1 - eg) P, v:]F
+W +pA (2.16)
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2.4.4.1 Two phase weight and friction components
To calculate the weight (W) and friction (ApfA) of
the two phase gas-liquid mixture, various models
have been presented in the literature, which will be
examined and modified in further detail.

Firstly, models to caiculate the weight component presented
by Giot et al (1986), Stenning el al (1968), Clark et al
(1986), Chisholm (1983) and Weber (1976, 1982) will be
discussed. Thereafter friction models presented by Stenning
et al (1968), Clark (1986), Weber (1976, 1982) and a two
phase multiplier model presented by Chisholm (1983) will be

examined.
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2.5 Two Phase Weight Models

2.5.1

Introduction

In order to calculate the pressure losses in the delivery
line using equations (2.15) or (2.16), one of the components
that has to be evaluated is the weight of the gas-liquid

mixture.

In the evaluation methods presehted by Chisholm (1983), Clark
et al (1986), Giot et al (1986) and Weber (1976, 1982) use is
made of the dynamic void ratio mentioned in equation (2‘.9).
To calculate the weight component, the dynamic void ratio has
Lo be predicted and for this reason various methods have been
used in the literature. Stenning et al (1968) suggests a
different method, and does not use dynamic void ratios.

After defining the dynamic void ratio, and presenting the
equation used for calculaling vt.he weight of the iwo phase
gas-liquid mixture, the various void ratio models and the
method presenied by Stenning et al will be examined.

2.5.1.1 Dynamic void ratio
A colum of vertically moving two phase mixlure is
made up of a certain percentage gas and a remaining
percentage of liquid. '

The definition of dynamic void ratio (eg) is the
area of gas divided by the total area of the pipe
cross-section at any point up the delivery pipe
under conditions of mixture flow.

Thus
A
- &
eg B - (2.17)
where = area occupied by the gas

>N>

cross-seclional area of the pipe
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‘The remaining percentage of liquid present can be
obtained from

Al
€ - 1 - & :A— (2018)

To calculate the dynamic void ratio, it is necessary
‘* Lo determine the fractional areas of the gas and
liquid present at a control section. This presents

a certain amount of difficulty because:

1. the gas volume and liquid volume move relative
to each other;

2. the gas volume expands isothermally as the pres-
sure decreases vup the air-1ift pipe length;

3. the gas volume is influenced by the rate of
movement of the liquid volume;

4. both the gas and liquid volumes present are

~ influenced by the airlift pump parameters such

ag pipe dimension, l1ift height and suction pipe
depths., '

From this it can be seen that in each airlift-pump,
determination of the dynamic void ratio is dependent
on the system characteristics and is a function of:

1. the gas flow

2. the liquid flow

3. the delivery pipe area
4, the pressure at a.ny section along the delivéry

pipe
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2.5.2

Weight model presented by Stenning el al (1968)

To calculate the weight component of the two phase mixture,
Stenning does not use dynamic void ratios. Instead he
presents the following method:

The weight of the gas-liquid mixture can be calculated from

W = hg (pe'Ag + pg Ag) | (2.22)
also Qe = Ae Ve (2.23)
= (2.24)

_Qg | Ag Vg . (2.24)

Ag + Ae = A {2.25)

Substituting equations (2.23), (2.24) and (2.25) into
equation (2.22) and neglecting Py in comparison to Py the
following equation is obtained

P,A

Q
£
[1 N S_Q;]

W = hg (2.26)

where 8 is the ratio of the gas velocity Lo the liquid

velocity

s = 2 . (2.27)

To determine the value of s, Stenning uses a method presented
by Griffith et al for slug flow

v Q '
£ g  0.35 Jgd
=—= [ ] . 08
8 p 12+026e-+___q.e____.. (2.28)
A

Using equation (2.28) and (2.26) Stenning calculates the
weight component of the two phase mixture.
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2.5.3

2.5.4

Weighl model presented by Chisholm (1983)
Chisholm in his calculations to model the weight of the two

phase mixture predicts the dynamic void ratio.

Using an approach presented by Armand in 1946, Chisholm
suggests that for pressures close to atmospheric, the dynamic

void ratio is given by

e.g = CA B (2.29)
where CA = Armand coefficient
p = volume flow ratio, which is defined as the flow
rate of gas divided by the Lolal flow rate of
the mixture.
Qg
Thus g = qg—r-Q;- (2.30)

To calculate the Armand coefficient, Chisholm derives the
following equation (see Appendix B): '

1. 1-8
5 = B+ (2.31)

A . Py 1R
[1 B (1 F{)]

Wej Giot e 1986)

. In analysing his airlift pump, Giot uses the same approach as

Chisholm for predicting the dynamic void ratio.

To calculate this quantity as well as the volume flow ratio
(8), Giot uses equations (2.29) and (2.30). However, for
predicting the Armand coefficienl Giot suggesis a constant
value of 0.8 which he states would be applicable to most
operating airlift pumps. Thus

« = 0.8p | (2.32)



LITERATURE REVIEW & THEORY ' 2.24

2.5.5

2.5.6

where  K,(gd)%

Weight model presented by Clark et al (1985, 1986)
Clark, for predicting dynamic void ratios, uses a drift flux
model presented by Zuber and Findlay in 1962.

Zuber and Findlay, in their analysis, suggest that for
vertical two phase flow, the following equation can be used
to obtain the dynamic void ratio of a moving gas-liquid

column.
Q Q Q )
(—i;) (Kg_) = K, (Kg_+ K‘_) + K, (gd)® (2.33)

drift velocity of a Taylor bubble
mentioned in Section 2.3

0.35

empirically obtained factor used in

K.
K,

correcting for the central position of
the gas slug in the pipe = 1.2

Weight model presented by Weber et al (1976, 1982)
In the above models, expressions are given to calculate the
dynamic void ratios directly.

Weber in his analysis of the airlift pump uses a quantity
called the static dilation and presents a technique for
converting the static dilation to the dynamic void ratio.

2.5.6.1 Static dilation

To determine this quantily it is necessary to measure the
dilation of a gas-liquid column under conditions of no liquid
flow.

Considering a colum as in Figure 2.1b, the static dilation
is given by the following equation.

- Ah
€50 h—, + oh ‘ (2.34)



LITERATURE REVIEW & THEORY : 2.25

. Unlike the dynamic void ratio, the static dilation is defined
as the volume concentration of gas enclosed in a column of
liquid and gas during conditions of no mixture flow.

Research by Pichert (1931), Schuring (1934), Bath (1963) and
Weber (1965) has shown that knowledge of the static dilation
has the advantage of being a function of gas flow and pipe
area only. This makes it possible to construct curves for -
static dilation which would be applicable to all pipe sizes.

2.5.6.2 Weber et al conversion technique (1976, 1982)

Having obtained the static dilation for one particular
delivery pipe size over a range of gas flow rate values,
Weber suggests the following method of converting lhe static
dilation to the dynamic void ratio.

Under non-flowing conditions, £he "mean relative velocity"
between gas and liquid is given by:

QS
v - (2.35)
go € g0 A
Assuming that this relative velocity is not affected when
both the liquid and gas flow, then the following equation can

be used to obtain the "mean absolute velocity" of the gas:

vg = vgo + Ve . (2.36)

Also from continuity, .equations (2.10), (2.11) and (2.18)
apply. Furthermore

(2.37)

o
(1]
o™

and ¢, = (l-eg) = — (2.38)
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Substituting equations (2.35), (2.37), (2.38), (2.10), (2.11)
and (2.18) into equation (2.36), the following equation is
obtained for converting the static dilation to the dynamic

void ratio in a vertically moving gas-liquid columm.

The weight of the gas-liquid mixture in the dellvery pipe can be
evaluated using one of the above mentioned models. The applicability
of each of the models presented above will be examined in further
detail (Refer section 7.2.3).
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2.6 TWO PHASE FRICTION MODELS

2.6.1

2.6.2

Introduction
To be able to calculate the pressure loss in the delivery

pipe (Ap,) using equation (2.16), the other component that
has to be modelled is the pressure drop due to friction of
the moving two phase mixture.

In the literature, various techniques are presented. These
range from statements such as "the friction pressure loss of
gas-liquid flow is six times that of liquid flow only"
(Gibson, 1925) to complex models using two phase multipliers
(Chisholm, 1983).

Two phase friction models presented by Stenning et al, Clark
et al, Weber et al and Chisholm, will be examined in further
detail, in order to e_sta.blish- their validity in the airlift
pump analysis.,

Friction model presented by Stenning et al (1968)

To calculate the friction in a gas-liquid control column of
length (¢), Stenning suggests:

ApfA = Tthb (2.40)

where T
b
€

average wall shear stress

welled perimeter of the pipe = m D
pipe length = h

to calculate the average wall shear stress (t), Stenning uses

an equation presented by Griffith et al:

P 2 Q

- (¢ g
= £, 55 (5 ) (1 + Q;) (2.41)
where £ e ° the friction factor Lo be obtained assuming

that the mixture flows as liquid through the
pipe with a volume flow rate of (Qg + QC)’
" (see Figure 2.6).
Combining equations (2.40) and (2.41), Stenning’s friction
pressure model becomes:

_fp_f._¢.‘1+Q8 had (2.42)
Pe = fe2 \A g, A '
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2.6.3

2.6.4

Friction model presented by Clark et al (1986)
Clark, in his analysis, uses an approach suggested by
Lockhart and Martinelli (1949) in which they state, that the

friction pressure loss i3 a product of the friction head loss

if liquid alone were flowing in the pipe and a two phase
multiplier ¢2. Thus

2Ff, p,h v2 .
_ e Pe? Ves

friction factor Lo be oblained assuming
liquid alone flows through the pipe with a
volume flow rate of Qe.

¢* = two phase multiplier

liquid superficial velocily

where f

<
"

4}

pipe diameter

To obtain the two phase multiplier ¢2, Clark suggests that in
8lug flow this quantity can be approximated using:
2 = (1 + 1.5 eg) ‘ (2.44)

Substituting equation (2.44) into (2.43), Clark’s friction
pressure loss equalion becomes:
2f, p, hv? v
_ € "¢ €s
Apf = D (1 +1.5 eg) (2.45)

Friction model presented by Weber el al (1976, 1982)
In his airlift pump analysis, Weber uses the Ffollowing

approach Lo calculate Lhe friclion pressure loss due Lo the

gas-liquid mixture

2 fe h X : X
Apf = D (egpgvg+(1-eg) P, ve) ‘(2.46)
where f P friction factor to be obtained as in
Section 2.6.2.

€g = dynamic void ratio

Vo = velocity of liquid

v p = velocity of gas

D = pipe diameter
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2.6.5 Friction model presented by Chisholm (1983)
Chisholm uses a similar approach to Clark, in stating that

the friction pressure loss is the product of the friction
pressure loss under liquid flow conditions and a two phase
multiplier #2 as in equation (2.43).

However, Lo éalculate the two phase multiplier #2, Chisholm
uses the following expression based on work done by Lockhart
and Martinelli:

c, Ll

2 - -
¢° = 1+X+Xz (2.47)

where X the Lockhart and Martenelli parameter

empirical coefficient.

The Lockhart and Martenelli parameter X is defined as the
square root of the ratio of the friction pfessure loss if the
liquid component flows alone to the loss if the gas component
flows alone. '

: p '
X? = (_fe_) (2.48)
Prg

from this it can be shown that
2
o Po Ve

X2 = 3
£y Pg Vg

(2.49)

where f ¢ and T g are calculated using Reynolds numbers as

follows:
\f d
for fe : Ree = v, (2.50)
vg d ‘
f : = .
or f8 Reg vg (2.51)

where ve and v g represent the kinematic viscogily of Lhe

liquid and gas respectively.
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The empirical coefficient ¢, is obtained by Chisholm from
research conducted in a 27 mm bore pipe at pressures close Lo

atmospheric. His resulis are shown in Figure 2.7.

From this log plot of the Lockhart and Martinelli parameter X
and the value of (#-1), it is seen Lhal the curve to fit the
data is given by equation (2.47) with ¢ as 26.

Thus by combining equation (2.43) and (2.47), Chisholm’s

friction pressure loss model becomes:
2

2 £, pph vy 26

bp, = ————F———(1+)—{—+5-1{7) | (2.52)

where X is defined by equation (2.49).

It is now possible to calculate the friction pressure loss by using
one of the above models. The applicability of each will be
researched in further detail (Refer section 7.2.4). ‘
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2.7

Two Phase Acceleration Model

As stated in Section 2.4.4, the pressure decreases up the delivery
pipe. This decrease results in isothermal expansion of the gas
according to Boyles Law.(equalion 2.14).

Because the liquid flow remains constant and the aréa occupied by the
liquid decreases due to the expanding gas, the velocity of the liquid
increases by continuity. This results in the liquid accelerating up
the delivery pipe causing a. pressure drop. "

Referring to equation (2.9 ) and (2.16), this effect is modelled in
the momentum equation by the terms:

-le.p. vi+ (1l -¢)p v’]
[838 4 eebefore

+ [e. p. v+ (1 -e,)p v’] (2.53)
g°g ¢ g ¢ eafter

In the lilerature other equations which reduce to equation 2.53 are
presented to model the acceleration effect (Chisholm, 1983).
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2.8

Conclusion
To analyse airlift pumps it is necessary ‘to calculale pressures
throughout the system. These include -

1. pressure gain due Lo static head;

2. pressure loss in the suction pipe;

3. pressure loss across the air injector; and
4, pressure loss in the delivery pipe.

Pressure losses in the delivery pipe are due to -

1. the weight of the two phase mixture;
2. the friction of the two phase mixture with the pipe wall;
3. the acceleration of the two phase mixture caused by the

expanding gas bubbles.

Various models exist in the literature Lo calculate the componenis of
the delivery pipe pressure losses. Table 2.2 shows models presented
Lo analyse the weight of the gas-liquid mixture and Table 2.3 shows
the models presented to analyse the friction of the gas-liquid

Having calculated all ihe pressures throughout the system, it is now
possible to apply a pressure balance using equation (2.1) and to
solve for the gés and liquid flow rates in a particular airlift pump.



TABLE 2.2 : TWO PHASE WRIGHT MODEILS

2.35

Author Method Models Equation No.
PA
Emﬁm et al Direct weight w = hg - 2.8
g
1+ ]
[
v Q 0.35 I g d
(1968) Griffith et al s=2-12+0 84— 2.28
Ve S, 9,
A
Chisholm Dynamic void ratio W =z=Agh [p‘ % +p, (1-“) 2.21
{1983) prediction 6‘ = CA B 2,29
. Qg
using p = - 2.30
G+,
Armand coefficient - = B+ 1- > - 2.31
A [ [
1-p(1- -—)]
Py
Giot et al Dynamic void ratio Wo=Aghlp e, +p,1-6)] 2.21
(1986) prediction using I.g =0.8p 2.32
Q
Armand coefficient s = 8 2.30
%9
" Clark et al Dynamic void ratio w :Azh[p‘ t‘+p¢(l—t‘)] 2.21
(1986) prediction usi 1% . 1.2 % + % +0.3 (gt 2.33
ing O/, A U i A g
Zuber and Finlay
Weber et al Static to dynamic Al-lw=gh [pg ¢g+pe(l-eg)] 2.21
. . . - . oAy = oh
(1976, 1982) void ratio conversion ‘go = fn (ng' A) = F + 8k 2.34
Q +Q
[ = 1 1+6 g ¢
g 2 g0 \ §‘_
TR G, . '
- (l+8g°(—a—‘——)) -4 ‘go 2,39 X
TABLE 2.3 : TWO PHASE FRICTION MODELS
lAuthor Method Models Equation No.
B P, Q.2 Q
Stenning et al Criffith bpp = £, 7+ (-A-‘-) (1 + QE) hed 2.42
(4
(1968)
' 2 £, Ph Vog
IClark et al Lockhart and Apf=—-—-——.;——-(1+1.5 I.‘) 2.45
(1986) Martinelli
2f, h
-t 2 2
Weber et al Apf- D (t‘p‘v‘+(l-“) P, ve) 2.46
(1976, 1982)
2f, phv?
Chishola Lockhart and top = —L 21+ B, 0, 2.52
a
. . fr Pe Va
(1983) Martinelli x* = o= r 2.49
g Pg Vg
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2.9

Pumping efficiency
The efficiency of a system is defined as Lhe energy oulpul divided by
the energy input. 4

energy oulput
energy input

n = (2.54)
The energy output in the case of airlift pumps operaling in two-phase
flow consists of the polential energy gained in raising a volume of
liduid By a unit height. Referring to figure 2.1la, and expressing
the potential energy gain in terms of power, the output consists of
the power gain in lifting the liquid by a distance (h;) as well as
the power of the liquid jet at the delivery outlet.

VZ

output = Q, £ p, hs + Q, £ P, 5o (2.55)
where Ql = liquid flow rate
Pp = liquid density
v, = liquid velocity at Lhe delivery outlel given by
equation (2.10)
h, = 1lift height

The energy input expressed in terms of power consists of Lhe power

input by the compressor given by

: P
input = ng P, In 5; (2.56)
where ng = air flow rate
P, = atmospheric pressure
P: = injector pressure

Combining eqnations' (2.54), (2.55) and (2.56) results in the
following equation for calculating the efficiency of an airlift pump
operating in two phase flow.

v'
_t
= 2.57
7 P ( )
Uo Po 17 -

o

o
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CHAPTER 3

RESEARCH APPARATUS

Introduction

To aid in modelling and analysing airlift pump behaviour, two
research facilities have been constructed in the hydraulics
laboratory of tﬁe University of Cape Town. Both systems are airlift
pumps with the following delivery pipe diameters:

1. 40 mm o.d. and 36 mm i.d.
2. 90 mn o.d. and 86 mm i.d.

In the operation of an airlift pump the static pressure mentioned in
Section 2.4 is a vital component. To provide this static pressure
both airlift pumps were constructed as recirculating systems with
constant head tanks. Both systems have delivery pipes constructed of
clear P.V.C. in order to observe visually the behaviour of airlift
pumpss

The facilities were designed to investigate the performance of
airlift pumps under the following independent variable conditions:
{a) varying the static lift;

{(b) different gas injection techniques;

{c) varying the gas injection depths;

(d) changing apertures of an annular gas injector;
(e) different pipe diameters.

(£) varying the gas flow rate.
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During operalion, the following dependant variables can be monitored:
(a) pressure losses in the suction line;
(b) pressure losses of the two phase, gas-liquid mixture in the

delivery pipe;

(c) pressure losses across the gas injectors;
(d) static dilations;

(e) dynamic void ratios;

(£) two phase flow patterns.

i
In this chapter, the two research facilities will be described in
detail, with reference to the three components characteristic to
airlift pumps. These being the suction pipe, the gas injectors and
the delivery pipe. | A
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3.2

40 mm Reseé.rch Apperatus

3.2.1

Overall layout

Figure 3.1 shows a photograph, and Figure 3.2 shows a drawing
of the 40 mm airlift pump research apparatus.

Referring to Figure 3.2, this apparatus is constructed of
40 mm o.d., 36 mm i.d. clear P.V.C. pipe throughout. A
constant head tank is used -

(i) to provide a static pressure at the gas injection
point;

(ii) to alter the 1lift height;

(iii) ‘Lo alter the gas injection depth.

The constant head tank is linked directly to the gas injectors via
the suction pipe. '

3.2.2

~ Suction pipe

Referring to Figure 3.2, the suction pipe starts at the hase
of the constant head tank and ends at the bottom of the gas
injectors, forming the return line of the recirculating
aystem. Located along its length are pressure tappings, of
which pressure tapping (1) is used to monitor losses through
the constant heat tank outlet. Pressure tapping (2) provides
ihe absolute pressure in the system before gas injection and
tappings (3) and (4) are used to monitor pressures in a bend
meter for liquid flow determination. An air release valve is

provided to facilitate filling and emptying of the apparatus.
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3.2.3

Gas injectors

Two inline gas injectors, a horizontal injector through
holes, and a vertical annular injector are provided on the
40 mm research apparatus. Figure 3.3 shows a photograph and
Figure 3.4a and b show sectional drawings of these two gas
injectors. Both injectors have the same internal diameters as

the suction and delivery pipe, preventing flow obstruction.

Figure 3.4a shows a section of the horizontal gas injector.
It consists. of an 40 mm i.d. pipe section surrounded by a

50 mm o.d. pipe section. Gas is injected at the gas

"injection point into the annular chamber between the two

pipes. The gas fills the annular chamber, and enters the
inside 40 mm pipe section, through 5 mm holes drilled at

regular intervals, in a horizontal direction.

Figure 3.4b shows a section of the vertical annular gas
injector. It also consists of a 40 mm o.d. pipe section
surrounded by an outside pipe section. The outside pipe
section in this case consists of 40 mm o.d.expanded to 50 mm
o.d. clear P.V.C., to give an annular gap of 4 mm between the
two pipes. Gas is injected into the bottom of the annulus,
at the gas injection point. The injected gas fills the
annular gap and enters the system through the annular opening

in a vertical direction.

Both gas injectors are located between flanges. This facili-
tates easy remnoval from the system in order to exchange them.
For ease of operation, both injectors are connected to the
air supply simultaneously and the flow can be alternated

between them by operating a two-way diverter valve.
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3.2.4

Delivery pipe

Referring to Figure 3.2, the delivery pipe has a length of
approximately 1.94m depending on the. preset 1lift height and
gas injection depth. It starts at the top of the gas
injectors, and ends inside the constant head tank, entering
through its base.

Located along its length are pressure tappings (5), (6) and

'(7) to monitor pressures in the gas-liquid mixture. These

pressure téppings and two inline ball valves are shown in the
photograph on Figure 3.5. The ball valves situated 0.909 m
apart have the same internal diameters as the delivery pipe

and are used to investigate dynamic void ratios.

"The delivery outlet is situated in the constant head tLank,

which is vented to atmosphere through a 40 mm P.V.C. elbow.
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3.3

90 mm__Research Apparatus

3.3.1

3.3.2

3.3.3

Overall layout

Figure 3.6a shows a photograph and a diagrammatic layout of
the 90 mm research apparatus. A constant head tank provides
static pressure to a pressure vessel which houses the suction

inlet and part of the suction pipe.

At the delivery outlet, flow can be diverted either via a
sample tank for measurement or via a 200 mm return hose back
Lo the constant head tank, which is approximately 4.5 m above
the gas injector.

Suctlion pipe

Referring to Fig‘ure 3.6 the suction pipe is partly located
inside the pressure vessel to provide a static pressure at
the suction inlet. 470 mm of its length is constructed from
90 mm P.V.C. pipe and the remaining 840 mm is constructed
from 75 mm N.B. mild steel pipe.

Pressure tapping (1) is provided to monitor pressures at the

base of the gas injectors.

Gas injector

The 90 mm research apparatus is fitted with a vertical
annular gas injector similar to the one discussed in Section
3.2.3. Figure 3.7 shows a photograph and Figure 3.8 shows a
section through the gas injector.

It consists of an inner pipe sleeve which can be moved up or
down by means of a hand wheel. This movement in relation to
the outer pipe sleeve causes the annular aperture to vary.
Gas is injected equally at four points around tl[le circum-
Terence of the outer sleeve. The gas fills the annulus which
then enters the delivery pipe through the annular aperture in

a vertical direction.
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3.3.4

Table 3.1 gives the relationship of the numbers marked on the

inner pipe sleeve to the annular aperature area.

Marked number Annular gap distance Aperture area
(mm) (mm?)
0 closed 0
1 1.0 384.1
2 - - 2.5 647.9
3 3.5 918.1
4 4.5 1335.2
5 6.0 1621.1
6 7.0 1766.36
7 8.0 2437.9
8 9.0 2770.9
9 9.5 2939.7

Table 3.1 :.90 mm gas injector : ahnular areas

Delivery pipe

Referring to Figure 3.6, the delivery pipe is attached to the
top of the gas injector and runs vertically for a distance of
approximately 9.5 m depending on the liquid level in the
constant head tank.

It is constructed of 90 mm o.d., 86 mm i.d. clear P.V.C.
pipe. Two inline ball valves, located 1.376 m apart, with
inside diameters the same as the delivery pipe, are used to

monitor the dynamic void ratio in the delivery pipe.

Pressure tappings (2), (3), (4), (5), (6) and (7) are

provided to measure pressures during operation.

The outlet of the delivery pipe leads to a gooseneck flow
diverter which is operated by a pneumatic actuator. A micro
switch is located halfway through the travel of the goose-

neck, for time measurement while sampling.
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4.1

4.2

CHAPTER 4

MEASUREMENT TECHNIQUES, CALTBRATIONS AND ACCURACY OF OOLLECTED DATA

Introduction
To analyse the behaviour of airlift pumps, it is necessary to
monitor:

1. pressures,

2. gas flot;r rates, and

3. liquid flow rates

during operation.

This chapter discusses the techniques used for the measurement of
these coqrponents, as well as measurement of stalic dilations and
dynamic void ratios. Also presented are calibrations and

calculalions Lo determine the accuracy of the collected data,

Pressure measurement

Pressure tappings are provided to monitor pressure differences and
absolute pressures on the Lesl apparatus. These tappings consist of
3 mm holes drilled into the pipe section. Pressures are monitored on
manomelter tubes. The manometer tubes are linked to the tappings via
geparation pods for separating the gas and the liquid to obtain

liquid only for pressure measurement.

Figure 4.1 shows a photograph and Figure 4.2 shows a section, of a
typical separation pod, used Lo supply the manometer board with clear
liquid for pressure measurement. Valves and quick couple connectors
are installed Lo allow removal for cleaning and priming of these
pods.
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4.2.1

4.2.2

Absolute pressure measurement

Figure 4.3 shows a diagram of the manometer arrangement for
measuring absolute pressures. To prime the manometer, valve
(B) is closed and valves (A) and (C) are opened. Liquid is
used to flush the air through the manometer and separation
pods into the pipe. Having flushed all the air out of the
manomeler Lube and pod, valve (C) is closed and valves (A)
and (B) are opened, for pressure measurement under atmos-

pheric condilions.

Differential pressure measurement

The manometer arrangement for measuring differential pressure
is shown in Figure 4.4. To prime the manometers, firstly
valve (A) is closed and valve (D) and (B) are opened. Liquid
is used to flush the air through the top pod into the pipe.
Then valve (B) is closed and valve (A) opened, now flushing
through the boltom pod. Having flushed all the air out the
manometer tubes and pods, valve (D) is closed and valves (A)
and (B) are opened for pressure measurement. To bring the
levels into a readable range, the tops of the manometer tubes
are pressurised by blowing air in through a pressurising
nipple at (C).

All measurements are converied into pressures using:

P = P, 8 Ah (4.1)
where P, = the densily of the liquid in the manomeler
Ah = the aclual or differential heighis measured on

the manometer tubes

= pressure
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Gas flow rate measurement

Gas flow rates on both the 40 mm and 90 mm airlift pumps are
monitored using orifice plates. The plates were designed according
to ISO standards (Millar) with design data shown in Table 4.2.

Apparatus 40 mm 90 mm
Orifice diameter (mm) 6.549 20.6474
Pipe diameter (mm) 17 28.7

B 0.3853 0.727
Max. flow (m®*/hr at STP) 17 170
Deflection at max. flow (m) 1 1
Operating temperature (°C) 35 35
Operating gauge pressure (kPa) 300 . 200

Table 4.2 - Orifice Data

Pressure tappings from the orifice plates lead to air over water
differential manometers. Figure 4.5 shows a photograph and Figure
4.6 a section of the orifice arrangement installed in the airline of
the 90 mm test apparatus. Both the 90 mm and 40 mm test facilities
are fitted with pressure regulators and gas flow regulating valves.

Measurements are converted into gasflow rates at STP usging

h, _ah
UYo = 17°J 1000 (4.3)

on the 90 mn airlift pump, and:

_ Iﬂ_
ng = 17 1000 (4.4)

on the 40 mm airlift pump.
where Ah

o

head difference recorded on Lhe manometers in mm

gas flow rate in m®/hr at STP
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4.4

Liquid flow rate measurement

4.4.1

4.4.2

90 mm airlift pump

Liquid flow rates are monitored using a calibrated sample
tank and a micro-switch timing facility. As the gooseneck
flow diverter at the delivery outlet is swung from the return

hose to the sample tank in Figure 3.6, the micro-switch is
activated which starts a stlopwatch. Swinging Lhe gooseneck
back to the return hose reactivates the switch and the
stopwatch is stopped. The time recorded, combined with the
volume of liquid in the sample tank, yields the liquid flow
rale.

Qe = VT/t (4.7)
where VT = volume of liquid in sample tank (¢)

t = time of sample (s)

Qe = liquid flow rate (¢/s)

Figure 4.8 shows t(he calibration curve obtained for the
sample tank, where the height (H) measured on a standpipe
mounted on Lhe side of the tank is related to tlhe liquid
volume in the tank.

40 mm airlift pump

Liquid flow measurements on this apparatus are obtained using
a bend meter (refer Figure 3.2) consisting of a 40 mm P.V.C.
bend. Calibration of the bend was done using a sample tank
and readings of pressure differences were recorded on a

differential pressure manometer as in 4.2.2.
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4.4.3

Figure 4.9 shows the calibration curve obtained for the bend
meter. From a linear regression curve fit, the following
equation can be used to relate differential manometer

readings to liquid flow rales.

Qe = 6.386 x 10°* + 9.183 x 10-? lAh (4.7)

liquid flow rate in ¢/s

where Q p
Ah

head difference on the manometer in mm.

Accuracy of liquid flow rate measurements

4.4.3.1 90 mm airlift pump
From equation 4.7 and Figure 4.8, the equation used to
calculate the liquid flow rate is given as:

0 - (~1164.62 z 0.11947 H) (4.8)

Using the procedure as oullined in 4.2.3, the accuracy

obtained from height measurement (H) is given by

R, 0.119474 oH (4.9)
Qe T (-1164.62 + 0.119474 H) '
and by time measurement (L) is given by
xQ
¢ _ _ 9t
Q = C (4.10)
Data collection errors are shown in Table 4.3.
MeQ &i‘ﬁ‘ig Accuracy Lowest measurement % error
H 1 mm 10045 mm 0.33
t 0.01 sec 5.70 sec 0.17

Table 4.3 - Liquid Flow Rale Accuracy
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4.,4.3.2 40 mm airlift pump
The equation derived, using the procedure as oullined in
4.2.3, which can be used to determine the accuracy obtained

by measuring Ah on the manometers is given by:

X
Q

-3
e _ 6.386 x 10 3h (4.11)

2 E (6.386 x 10-* + 9.183 x 10~* E)

4

Fluctuations in the manometers were averaged to 5 mm. The
lowest measured Ah is 23 mm resulting in 0.73% error.

Static Dilation Measurement

Weber (1976, 1982), in his ani:lysis, requires knowledge of statlic
dilations discussed in Section 2.5.6.1. Static dilations are
monitored by direct measurement with fluctualions being averaged
visually., Equation (2.34) is used to calculate the dilations and
equalion (4.12) is used Lo predict the accuracy of ihe measured data.

aego : h
‘0 &h (h, + h;)

dAh (4.12)

It is possible to average the fluclualions of the liquid surface to
an accuracy of less than 100 mm. The lowest measured Ah recorded was
220 mm, with h, being 435 mm. This resulls in a 0.3X dala collection.

error.
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Dynamic Void Ratio Measurement

For calculation of the weight of t{he iwo phase gas-liquid column
inside the delivery pipe, it is necessary Lo measure the dynamic void
ratio discussed in 2.5.1.1. To determine dynamic void ratios, two
inline ball valves on either of the test facilities are shut off
simultaneously, trapping a column of gas and liquid. Once the gas
and liquid have separated, the ratio of pipe length occupied by air
Lo toltal pipe length between the ball valves yields the dynamic void

ratio. Direct measurements are converted into void ratios by using

1308 - H

eg = 1376 (4.13)
on the 90 mm airlift pump, and

. 88 -H
€ 909 (4.14)

on the 40 mm airlift pump

where H the height of liquid measured to the top of the stub

on the bottom valve in mm

€

g dynamic void ratio

Figure 4.10 and 3.5 show the layout and dimensions of the two valves
on the 40 mm and 90 mm airlift pumps respectively.

4.6.1 Accuracy of dynamic void ratio measurement

The following equations can be used to determine the accuracy
obtained during measurement. For the 40 mm airlift pump:
3 e

g _ 3 h (4.15)
< 909 (228 _ H
£ 909 ~ 909

For the 90 mm airlift pump:

aeg 3 h

& 7 lare (1308 _ _H (4.16)
1376 ~ 1376
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Data collection errors are given in Table 4.4.
Apparatus Accuracy Lowest measurement % error
(H)
40 mm 1 mm 348 mm 1.9 x 10°?
90 mm 1 mm 382 ma 1.5 x 10~?

ic Void Rati >
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CHAPTER 5

EXPERIMENTAL PROCEDURE

Introduction
To research analytical models for predicting airlifi pump operation,
Lests were conducted on both the 90 mm and 40 mm research facilities.
During the tests, physical parameters such as

(a) the lift height

(b) the gas injection depth

(c) gas injection techniques

(d) gas injeclion apertures on the 90 mm vertical annular

gas injector ‘

were varied. The influence of these paramelers on the airlift pump
operation were monitored by measurement of pressures, gas flow rates
and liquid flow rates.

Further tests thal were conducled included monitoring
(a) static dilations in 150 mm, 90 mm and 40 mm pipe
diameters
(b) dynamic void ratios in 90 mm and 40 mm pipe diamelers.

This chapter covers the experimental procedure adopted while
conducting Llesls to research the above effecls during airlift pump

operation.
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Static dilation tesls
The stalic dilation discussed in Seclion 2.5.6.1 is required for
Weber’s (1976, 1982) analytical model.

To monilor stalic dilation, tesls were performed in pipe sizes:
(i) 40 mm o.d., 36 mm i.d.

(ii) 90 mm o.d., 86 mm i.d.

(iii) 150 mm o.d., 142 mm i.d.

The experimental procedure adopted for each pipe is as follows:

(a) Fill the pipe to a reference height (h,), on Figure 2.1,
depending on the maximum dilation.

(b) Allow gas Lo bubble inlo Lhe boltom of Lhe pipe al a constant
rate.

(c) Record the dilate height (Ah).

(d) Choose a different gas flow rale and repeat ilem c until the

dilations for a range of gas flow rales are obtained.

Record all gas flow rales at S.T.P.
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5.3.2

Varying the lift height and injector depth

The 40 mm airlift pump can be operalted at different 1lift
heights and corresponding injection depths. This is done by

changing the liquid level in the gystem at item (g) in
Section 5.3.1.

Lift heights of 80 mm, 160 mm, 240 mm and 320 mm were

researched using the annular gas injector. The corresponding

injector depths are given in Table 5.1,

Lift Height (m) Injector Depth (m)
0.08 1.924
0.16 1.844
0.24 1.764
0.32 1.684

Table 5.1 - 40 mm Lift Height Test Data

At each 1ift height, the experimental procedure 1is as

follows:

(a)
(b)
(c)
(d)

(e)

Prepare the apparatus as in 5.3.1.

Choose a low gas flow rate.

Record the liquid flow rate.

Choose a different gas flow rate and repeat item (c)
until the liquid flow rates for a range of gas flow
rates are obtained.

Fill the apparalus to the next 1lifl height. Repeal
from item (a) onwards until the required number of
1ift heights are invesligated. '
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5.4 90 mm Airlift pump operating tests
5.4.1 Preparation
Referring to Figure 3.6, the following procedure is adopled
for preparing the 90 mm airlift pump for operation:
(a) Close the drain valve at the base of the pressure
vessel,
(b) Open the inline ball valves in Lhe delivery pipe.
(c) Fill the system to the required injector depth through
the constant head tank. ,
(d) Move the gooseneck flow diverter at the delivery

oullet to the return hose.

(e) Prime all manometers [for pressure - measurement as
oullined in sections 4.2.1 and 4.2.2.

(f) Set the pressure regulator on the airline to 200
kPa.

(g) Slowly open the gas flow regulating valve allowing gas
to enter the airlift pipe.

(h) Record all pressure readings and gas flow rates from
the manometers.

(1) Record liquid flow rates by diverting to a sample tank
and measuring the height on a standpipe with the
gsample Lime on a self-aclivated stopwatch.

5.4.2  Operation

Tesls on the 90 mm airlift pump were conducted at a 1lift

height of 4.280 m and an injection depth of 5.240 m using the

following experimental procedure:

(a) Prepare the apparatus as in 5.4.1.

(b) Choose a low gas flow rate.

{c) Record the liquid flow rate.

(d) Choose a different gas flow rale and repeat item (c)
until the liquid flow rates for a range of gas flow

rates are obtained.
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5.4.3 Varying the injector aperature

The 90 mm airlift pump can be operated with the annular gas
injeclor sel aldifferent aperatures. Tests were conducled at
settings 8,6 and 4 corresponding to aperature areas of
2770.9 mm?, 1766.36 mm? and 1335.2 mm? respectively (Refer
Lo Table 3.1)

The experimental procedure is the same as outlined in 5.4.2,

repeated for each aperature setting.

Dynamic Void Ratio Testsg
To aid in modelling the weight of the 1wo phase mixture in the

delivery pipe, dynamic void ratios were monitored in the 40 mm and
90 mm airlift pumps.

The experimental procedure adopted for each airlift pump was as

follows:

1. Operate the airlift pump at a particular gas flow rale.

2. Record the water flow rate.

3. Record the absolute pressures at each of the two ball valves.

4, Shut the two ball valves simultaneously trapping a gas-liquid
column.

5. Record the height of water in the trapped colum.

6. Choose a different gas flow rate and repeat from item 2

onwards until the dynamic ratios for a range of gas flow

rates are obtained.

Record all gas flow rates at S.T.P.

For the analysis, an average gas flow rate belween the valves is
calculated using the air flow rate at S.T.P., the absolute pressures
al the two valves and equation 2.14 The water flow rate 1s oblained
directly from measurement, and the dynamic void ratio is oblained
from the ratio of air volume to total volume of the column belween

the Lwo valves.
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CHAPTER 6

EXPERTMENTAL RESULTS AND ANALYSIS

Introduction
In this chapter, resulis obtained from experiments and analysis on
the 90 mm and 40 mm airlift pumps are presented.

6.1.1 Resulls of experiments conducted on bolh the 40 mm and the 30
mn airlift pumps Lo find an analytical two phase flow model
are given in Figures 6.1 to 6.19. These experimenis are
conducted under controlled conditions and specific components
used in the analysis are monitored.

6.1.2 Measured and calculated airlift pump performance curves for
the 40 mm and 90 mm airlift pumps operating under the
conditions discussed in Section 3.1, as well as results of
additional airlift pumps obtained from literature sources are
given in Figures 6.20 to 6.29.

Results for analytical components

6.2.1 Static dilations
Figure 6.l1la, with an enlargemenl shown in Figure 6.1b,
presents plots of static dilation obtained in 36 mm, 86 mm
and 142 mm i.d. pipes. Figure 6.2 shows dilation results of
Pickert, Schuring, Weber and results obtained from Figure
6.1a and b, plotled againat the gas flow rate in each LeslL
divided by the pipe area as proposed by Weber (1976).

Figure 6.3 also shows the dilalion results, however plolted

against the gas flow rates divided by n/4 d2'7.
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6.2.2

6.2.3

Dynamic void ratios

Figure 6.4 shows graphs of the dynamic void ratio plotted
against the average airflow rate between the two inline
valves. The data points are compared with predictions by
Giot (1986), Chisholm (1983), Clark (1986) and Weber (1976,
1982) in the 40 mm airlift pump. Figure 6.5 is a graph
comparing the predicted dynamic void ratios by the above

authors with the measured void ratio in the 40 mm airlift

pump.

Figure 6.6 and Figure 6.7 show the above for the 90 mm
airlift pump.

Weighl pressure loss

Figure 6.8 is a plotL of the total pressure loss between the
two ball valves, during dynamic void ratio tests. Also shown
is the weight pressure loss component calculated using the
measured dynamic void ratio results and the weight pressure
loss as calculaled using the dynamic void ratios predicted by
the authors mentioned above (refer Equation 2.21).

The difference between the tolal pressure loss and weight
pressure loss components consists of the friction and
acceleralion pressure losses. All pressure losses are
plotted against average gas flow rates between the valves for
the 40 mm airlift pump. Figure 6.9 shows a comparison of the
weight pregsure loss calculated using the measured dynamic
void ratio and the weight pressure loss calculated using the
predicted dynamic void ratios.

Figure 6.10 and 6.11 show the above for the 90 mm airlift
pump.
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6'2'4

6.2.5

Friction pressure loss
Figure 6.12 shows  the combined friction and acceleration

pressure losses as oblained from the difference between the

tolal pressure loss and the weight pressure loss on Figure
6.8. Shown also are theoretical friction pressure loss
predictions by Chisholm (1983), Stenning (1968), Weber (1976,
1982), Clark (1986) and a modification of Clark’s method.

The modification presented by the present author is to re-
place the superficial liquid velocity term (vls - eqﬁation
2.13) by the liquid velocity (ve - equation 2.10) when
applying Clark’s friction pressure loss equation (equation
2.45).

Friction pressure losses are plotted againsi Lhe averuge gas
flow rates between the valves for the 40 mm airlift pump.
Figure 6.13 is a comparison of Lhe measured data and
calculated values using the methods presented by the above
authors.

Figure 6.14 and 6.15 show the above results for the 90 mm
airlift pump.

Total pressure loss

Figure 6.16 is a plot of the total pressure loss, measured
and predicted, between the valves on the 40 mm airlift pump,
for a range of gag flow rates.

The predicted total pressure loss is calculated using

. the dynamic void ratio model presented by Clark for
the weight component (equation 2.33);

o ihe modified Clark model for the friction component
{(equation 2.45 with modification as discussed in
gection 6.2.4);

. a standard two phase model for the acceleralion
component (equation 2.53).

Figure 6‘.17 shows a comparison between the measured data and
Lhe predicled total pressure loss model.
Figures 6.18 and 6.19 show the above for the 90 mm airlift

pump .
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6.3

Performance Curves

The following graphs show airlift pump performance curves calculated

theoretically using the procedure outlined in Section 2.4.

Pressure losses due to the moving lwo-phase mixture in Lhe delivery

pipe are calculated using the following models:

1.

6.3.1

6.3.2

6.3.3

Weighl pressure loss component - void ratio model used by
Clark (1986).

Friction pressure loss component - modifii:ation Lo the model
used by Clark.

Acceleration pressure loss component -~ standard (wo phase
model .

General operating curves

Figure 6.20 is a graph of measured and theoretically calcu-
lated liquid flow rates for a range of gas flow rates in the
40 mm airlift pump. A comparison of the measured and
predicted liquid flow rates is given in Figure 6.21,

Figures 6.22 and 6.23 show the above comparigsons for tLhe
90 mm airlift pump.

40 mm airlifti pump-sialic 1lif{ and injeclor depth varialion

Figure 6.24 shows a comparison of the measured and predicted
liquid flow rates in Lthe 40 mm airlift pump operating at
various lift heights and corresponding injeclor depths as
outlined in Section 5.3.2. Theoretically predicted liquid
flow rates are plotted againsli measured liquid flow rates.

40 mm airlift pump-injection technique comparison

Figure 6.2.5 shows the 40 mm airlift pump performance curves
for the two types of gas injectors installed on the system.
Plotted are liquid flow rates against gas flow rates for the
horizontal gas injectors and the verlical annular gas
injector. The experimental procedure is outlined in Section
5.3.3.
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CHAPTER 7

DISCUSSION

7.1 Introduction
In this chapter, the results obtained from experimenis and analysis
on the 40 me and 90 mm airlift pumps are discussed. These include
the following component results used for the analyt/ioal model:

. STATIC DILATIONS

. DYNAMIC VOID RATICS

. WEIGHT PRESSURE LOSSES

e FRICTION PRESSURE LOSSES
. TOTAL PRESSURE LOSSES

Also discussed are performance curves for the 40 mm and 90 mm airlift
pumps operaling under the condilions oultlined in Section 3.1 as well
ags addilional operating curves for airlift pumps presented in the

literature.

7.2 Component Results
7.2.1 Static dilations
Referring to Figures 6.1(a) and (b), static dilations
increase with increasing gas Flow., At First the dilations

increase rapdily and then tend to level oul at higher gas

flow rates. The stalic dilations investigated in the 36 mm,
86 mm and 142 mm pipe sizes all tended to level out at
approximaltely 80%. This would indicate that a maximum volume
concenlration of gas can be enclosed in a static column of

liquid and gas.
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7.2

7.2.2

Figure 6.2 shows Llhe melhod presenled by Weber (1976) where
the gas [low rate is divided by the pipe area in an atlempl
Lo produce a combined curve applicable to all pipe sizes. It
is noticed that the pipe sizes researched, as well as addi-
tional pipe size data obtained from the literqture do nol

combine well onto one curve.

Dividing the gas flow rate n/4 d2'?, results in reducing the
curves for the different pipe sizes to one curve, with the
maximm dilation remaining approximately 80%. It will
however be shown in section 7.2.2 that this is not required
for the proposed analytical model.

Dynamic void ratios

Referring to Figure 6.4, at lower gas flow rates on the 40 mm
airlift pump, the dynamic void ratio is best predicted using
Clark’s method. However, as the gas f{low rale increases
either Weber, Giot, Chisholm or Clark could be used Lo
calculate the dynamic void ralio.

On the 90 mm airlift pump (Figure 6.6) Weber under-predicts
the dynamic void ratio at all gas flow rates. Again Clark
proves the most accurate at low gas flow rates with
Chisholm’s and Giot’s predictions betler at higher gas flow

rates.

From a plot of calculaled dynamic void ratios versus measured
dynamlc void ratios, for the 40 mm airlift pump (Figure 6.5),
it is seen that most of Clark’s predictions lie within 10% of
the measured data. A large number of Weber, Giot and

Chisholm’s predictions tend to lie outside 10%.
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7.3

7.2.3

On the 90 mm airlift pump (Figure 6.7) Clark’s predictions
again calculate the dynamic void ratios to within 10% of the
measured data. Weber underpredicts by a percentage in excess
of 15%, with Giot and Chisholm having good correlation at
high gas flow rales.

For both systems it is clear that the dynsmic void ratio
component (eg) used to calculate the weight of the two phase
mixture is best modelled by Clark’'s equation given below:

Q
(%;) GE) = K, G§+ x‘_) + K, (ga)? (2.33)
with K, = 1.2
K, = 0.35

Weight pressure loss

The weight pressure losses are calculated using the dynamic

void ratios discussed in Section 7.2.2 as well as equation
2.21. For this reason the weight pressure losses assume the

same trend discussed in Section 7.2.2.

Stenning’'s weight pressure loss calculation procedure does
not make use of dynamic void ratios, and agrees well with
Clark’s predicilions.

It is apparent from figures 6.8 and 6.10 that the weight
pressure loss is best calculated using equation 2.21 given
below, with the dynamic void ratio component calculated as
discussed in section 7.2.2,

W = Agh(pgeg-l-pe (1 -¢)) (2.21)

‘e
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7.2.4

Referring Lo Figures 6.8 and 6.9, the difference between the
total pressure loss and the weight pressure loss consists of
friction and acceleration pressure loss components. This
difference is samall at low gas flow rates, and increases at
higher gas flow rates, where friction effecits tend to become

increasingly predominant.

On the 40 mm airlift pump, the friction and acceleration
effects contribute up to 46% of the total pressure loss
(Figure 6.8) atL high gas flow rates. On the 90 mm airlift
pump, these effects only contribute 26% (Figure 6.10).

The trend of Lhe lotal pressure loss componeni is to decrease
rapidly at low gas flow rates with levelling out at higher
gas flow rates. This is due to a low percentage of gas at
low gas [low rates, with the pressure loss component made up
primarily of the weight of the liquid. As the gas flow rate
is increased, the weight of the liquid decreases resulting in
a decrease in the pressure loss. Included also is an
increasing influence of the friction and acceleration
components resulting in the levelling out of the tLotal

pressure loss.

Friction pressure loss
Figures 6.12 and 6.14 show the friction and acceleration
pressure loss components of both the 40 mm and 90 mm airlift

pumps. However, the acceleration component is in the order
of 1% of the total pressure loss in this case, and is not

significant.

Considering the friction pressure loss component as being the
difference between the total pressure loss and the weight
pressure loss, it is noticed that the literature under-
predicts across the entire gas flow range (Figures 6.12 and
6.14).
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7.2.5

The trend of the friction pressure loss curve is to increase
due to a faster liquid velocity with increasing gas flow
rate. It is expected that the friction pressure drop tends
to level out slightly at higher gas flow rates as the total
pressure loss and Lhe weight pressure loss components level

out.

The modification to Clark’s calculation procedure, presented

- by the presemnt author and discussed in Section 6.2.4, tends

to predict the friction pressure loss component with higher
accuracy on both airlift pumps. Referring to Figures 6.13
and 6.15, predictions with the modified method tend to lie
within a 20% band of the measured data, whereas methods used
in the literature show poor correlations. The friction
pressure component can thus be calculated using:

2f,p,h v:
Apf = D (1 +1.5 6‘) (7.1)

Total pressure loss

Both Figures 6.17 and 6.19 show how pressure losses are
calculated to within 10X of the measured data across the
entire gas flow range.

On both the 40 me and 90 me airlift pumps the calculated
total pressure loss component assumes the trend discussed in
Seclion 7.2.3.

Figures 6.16 and 6.18 show that the total pressure loes of
predicted, using the component results discussed in Section
6.2.5. and the equation given below:

Ap, = [¢‘ Py v;+ (1 -eg) Py "r:]B

2 - 2
+ [¢‘ pg v‘+ {1 ¢‘) P, v¢]F+H+pfA (2.16)



DISCUSSION

7.6

7.3

Airlift Pump Performance Curves

7.3.1

General operating curves
From Figures 6.20 and 6.22 it can be concluded that the

calculation procedure outlined in Section 2.4 using the two

phase pressure loss models discussed in Section 6.3
adequately predicts both the 40 mm and 90 mm airlift pump

perfornnnce curves.

Both graphs exhibit the characteristic airlift pump operating
curve shape. With increasing gas flow rate, the liquid flow
rate first increases rapidly and then tends to flatten out to
a maximum liquid flow level characteristic of each system.
The maximum liquid flow rate is maintained as the gas flow
rate is increased and tends to drop off at extremely high gas

flow rates.

This behaviour is due to the interaction between the weight,
friction and acceleration pressure losses and is analogous to
the discussion given in Section 7.2.3. The maximum liquid
flow rate obtained in any airlift pump is dependent on the
system characteristics:

. lift height

. gas injection depth

. pipe diameter

o suction pipe length

. gas flow rate

. liquid and gas properties

At low gas flow rates in the 90 mm airlift pump, liquid flow
rates are slightly underpredicted to within 20% of the
measured data. However, a large majority of the predicted
liquid flow rates lie within 5% of the measured data.

From Figures 6.21 and 6.23 it can be seen that the calcu-
lation procedure used, adequately predicts liquid flow rates
in the 40 mm and 90 mm airlift pumps to within 10X of the
measured data.
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7.3.2

7.3.3

7.3.4

40 mm Airlift pump-stalic lift and injector depth variation
Referring to Figure 6.24, the majorily of the calculated
liquid flow rates lie within 10% of the measured data for the
lift heights and injeclor depths researched. The calculation
procedure used tends to underpredict the liquid flow rates by
a small percentage.

Being a recirculaling system, various other small effects
might influence the analysis'which have not been accounted
for, thus causing this slight under-prediction.

40 mm airlift pump-injection technique comparison

Referring to Figure 6.25, the vertical annular gas injector
iends to lead to slightly larger liquid flow rates than the
horizontal injector through holes. At its maximum, an
increase of 5% was noticed on the 40 mm airlift pump. This
increase in liquid flow tends to diminish at lower airflow

values.

90 mm airlift pump-injector aperature

Referring to Fig’ufe 6.26, increasing the aperture area on the
vertical annular gas injector tends to lead to an increase in
the liquid flow rate.

This effect shows up to be more predominant at low gas flow
rates than at higher gas Flow rates, where an increased
aperture area has liltle effect on the airlift pump

performance curve.
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7.8

7.3.5

Operating curves using literature sources compared with the

present analysis
Referring to Figure 6.27, Clark's data is predicted to within
20% on a 38.1 mm airlift pump. Clark’s research equipment

consists of a recirculating system which could cause various
secondary pressure losses to influence the airlift pump
behaviour. These effects cannot be included in the analysis

as not enough information is given in the literature.

Referring to Figure 6.28, Gibson’s data is predicted to
within 10% at low gas flow rates and to within 15% at higher
gas flow rates in a 78 mm airlift pump.

Weber's data for a 300 mm airlift pump (Figure 6.29)
operating at a depth of 125 m is predicted to within 10%
throughout all gas flow rates.

Both Weber’'s and Gibson’s airlift pumps are non-

recirculating, indicating a higher accuracy.

It can be concluded that the present analysis applied to
airlift pumps researched in the literature, adequately
predicts the airlift pump performance curves.
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CHAPTER 8

OONCLUSIONS

To analyse airlift pumps operating in two-phase gas-liquid flow,
pressures and pressure losses have to be calculated. These include:

. static pressure gains

. preggure losses in Lhe suctlion pipe

. pressure losses acrogs the gas injector
. pressure losses in the delivery line

Static pressure gains and pressure losses in the suction pipe are
concerned with liquid only and can be modelled using well-accepted
methods.

Pressure losses across the gas injector are small with respect to the
other pressure losses encountered in the analysis and can be modelled
using equation 2.12.

Pressure losses in tLhe delivery pipe are due Lo the two-phase

gas-liquid mixture. These losses consist of:

. Lhe weighl of the gas-liquid mixture
o ihe friction of the gas-liquid mixture
. ihe acceleration of tLhe gas-liquid mixture caused by the

expansion of the gas

Static dilations cause airlift pumps Lo operate. These increase
rapidly with increasing gas flow rates. A combined static dilation

curve can be obta‘ined by dividing the gas flow rate by n/4 d?'? which
would be applicable to all pipe sizes.,
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Knowledge of the dynamic void ratio is required for calculating
pressure losses due to the weight of the two-phase gas-liquid mixture
in the delivery pipe. The dynamic void ratio is best predicted using
Clark’s calculation procedure (Section 2.5.5). Weight pressure
losses of the Lwo phase mixture can then be calculated using equation
2.21, which has given good correlation with measured data on two

research facilitlies.

Pressure losses due to the friction of the two phase mixture in the
delivery pipe becomes increasingly significant at high gas flow
rates. The losses can be predicled using a modification to Clark’s
calculation procedure (section 6.2.4) developed by the present author
(equation 7.1).

Pressure losses due Lo Lhe acceleration of the two-phase mixture in
the delivery pipe are small compared with weight and friction
pressure losses. These losses are adequately predicted using a
standard two-phase model.

The addilion of the models recommended in items 6, 7 and 8 above lead
to good prediction of the two-phase pressure losses in the delivery
pipe.

The calculation procedure oullined in Seclion 2.4 is highly suitable
for the prediction of airlift pump behaviour. Good agreement is
oblained when using the presenl theory to analyse the airlift pumpe
researched at the University of Cape Town as well as airlift pump
dala from other authors and presented in the literature.
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APPENDIX A

CALCULATION PROCEDURE AND COMPUTER PROGRAM

INTRODUCTION

To predicl the performance of airlift pumpe operating under different
conditions, it is necessary to calculate liquid flow rates for a
range of gas flow rates.

A computer program has been written in True Basic (Version 2), to aid
in calculating the liquid flow rate for a specific gas flow rate.
This chapter describes lhe calculation procedure used when analysing
airlift pumps and gives a listing of the computer program.

CALCULATION PROCEDURE

To analyse an airlift pump, the technique discussed in section 2.4 is
used. It is necessary to calculate:

(i) the static pressure at the suction inlet;

(ii) the pressure losses in the suction line;

(iii) the pressure losses across the gas injector;

(iv) the pressure losses in the delivery line.

Having calculated the above four pressures, a pressure balance is
performed:

Atmospheric pressure at the external liquid level
+ static pressure gain to the suction inlet
Atmospheric pressure at the external liquid level

pressure loss in the suction line

pressure loss across the gas injector

+ + +

pressure loss in the delivery line (Al)
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Thus if the airlift pump is in dynamic equilibrium, then the:
static pressure gain

pressure loss in the suction line

pressure loss across the gas injector

+ +

pressure loss in the delivery line (A2)
and the two atmospheric pressures in equation Al balance.

For calculating the pressures in equation (A2) it is necessary to
know the gas flow rate and liquid flow rate as well as the
independent variables. However, the liquid flow rate for a specific
gas flow rate is the solution to the analysis and it is necessary to
assume an initial liquid flow rate which is adjusted subject to the
pressure balance. The following is the calculation procedure:

(i) Input independent variables (pipe diameter, gas injection
depth, length of suction pipe and height of lift).
(ii) Assume an initial liquid flow rate.

(iii) Calculate all pressures (eqﬁation Al or A2) using the assumed
liquid flow rate.

(iv) Balance equation Al.

(v) If the two atmospheric presures do not balance within a
prescribed accuracy, then adjust the liquid flow rate and
reiterate from item (iii) above.

(vi) Continue this procedure until equation Al is balanced. The
liquid flow rate chosen is then the solutiion.
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2.2

Pressure calculation

2.2.1

2.2.2

2.2.3

(1)

(ii)
(iii)

(iv)

Static pressure gain
The static pressure gain is calculated as described in
Section 2.4.1.

Pressure losses in the suction line

Pressure losses in the suction line are calculated as
described in Section 2.4.2.

In the computer program, the above two pressures are
used to calculate the pressure before the gas
injection point which is given by:

pressure before gas injection = atmospheric pressure
at external liquid level

+ static pressure gain to the suction inlet

- pressure losses in the suction line. (A3)

Pressure losses across the gas injector

Pressure loss across the gas injector are calculated
using equation (2.12) and the following procedure:
Calculate gas flow rate using the pressure at the gas
injector (A3) and equation (2.14).

Calculate the dynamic void ratio.

Calculate the liquid and gas velocities.

Apply equation (2.12).

The pressure after the gas injection point is

calculated using

pressure after gas injection = pressure before gas

injection - pressure loss across the gas injectors
(A4)
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2.2.4 Pressure losses in the delivery pipe

Pressure losses in the delivery pipe are calculated
using equation (2.16)

To allow for the isolthermal expansion of the gas
bubble up the delivery pipe, the pressure losses are
calculated in incremenial steps and then added.

In "each incremental step the average weight and
friction are calculated. For Lhis reason, as well as
to calculate the acceleration, it is necessary to
determine the velocity of the gas and liquid phases
and the void ratios at the beginning and end of each

incremental step.

For the void ratios and gas velocities, it is
necessary to determine the gas flow rate at the end of
an incremental step. For this, the pressure at the
end of the incremental step is required which is Lthe
gsolution to the calculation. To overcome tLhis, the
gas flow rate and void ratio at the end of the

incremental step is aproximated.

This is done by calculating the void ratio at the gas
injector and delivery outlet. Assuming a linear void
ratio increase up the delivery pipe length, the end of

each increment can be approximated.

Various incremental steps were used and it was found
steps of 1 m length give sufficiently accurate

results.
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2.2.5

Thus the following procedure is used to calculate the
pressure loss in the delivery pipe.

Choose incremental step distance.

Calculate the dynamic void ratio at the delivery
outlet.,

Calculate void ratio increase per incremental stiep.
Calculate gas flow rate at the beginning and end of
each incremental step.

Calculate phase velocities at the beginning and end of
each incremental siep.

Calculate average weight and friction components for
each incremental step.

Apply equation (2.16) and calculate pressure loss
across each incremental step.

Sum all icnremental pressure losses up the delivery
pipe.

The pressure at the delivery outlet is calculated

using:

pressure at the delivery outlet = pressure after gas

injection - total pressure loss up the delivery pipe.
(A5)

Pressure balance

If the initial gas flow rate chosen is correct, then
the airlift pump is in dynamic equilibrium, and the
pressure at the delivery outlet should balance atmos-

pheric pressure to within a stipulated accuracy.
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If the pressure at the delivery outlet is larger than
atmospheric pressure, then the liquid flow rate must
be adjusted to a larger value and the calculation
procedure is repeated. For delivery outlet pressures
less than atmospheric, liquid flow rates are reduced
until a balance is obtained.

The accuracy stipulated in the pressure balance is
0.1% of the total pressbre drop in the delivery pipe
which is calculated using the gas injector pressure
and atmospheric pressure at the delivery outlet.
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AIRLIFT PUMP PARAMETERS
REQUIRED 6AS FLOW RATE

ADJUST LIGQUID
FLOW RATE

CHOOSE LIQUID

FLOW RATE

PRESSURE CALCULATION

NO

PRESSURE BALANCE

YES

OUTPUT

FIGURE A1
















SUB InputRoutine

CLEAR

CALL HiCenter(2, " INPUT DATA SUBROUTINE
CALL Hiln

set cursor 8,1

print “ENTER DEPTH OF THE G6AS INJECTOR (m):
print "ENTER STATIC LIFT HEIGHT {n}:
print "ENTER LENGTH OF SUCTION PIPE  {a):
print "ENTER PIPE DIAMETER {a}:
SET CURSOR 8,34

INPUT H)

SET CURSOR 9,34

INPUT H2

SET CURSOR 10,34

INPUT H3

SET CURSOR 11,356

INPUT d

CALL HiO#f

END SUR™

")

R R R R N R N R R R IEEREEN] I NN NN Y] teezas

5UB PRORPT

CALL HiCENTER (22,"Do you need further gas flow rates? -y or n ")

INPUT ANSS$
LET ANS$ = UCASES (ANSS)

END SUB

IR NN NN NN RN Y IR RN N N I N I N R
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APPENDIX B

CHISHOIM’S (1983) ARMAND COEFFICIENT DERIVATION

Introduction

Chisholm uses equation 2.31 to calculate the Armand coefficient,
which then is used in calculating the dymamic void ratio. The
following Appendix shows how Chisholm derived equation 2.31.

Derivation

The volune flow ratio B is given by:

g (B1.1)
The velocily ratio (K) is the ratio of average gas velocity to
average liquid velocity, given by

Vg
K = — (B1.2)
4
The dynanmic void ratio is given by:
L ' (B1.3)

From continuity the volume flow rates of the liquid and gas phases

are given by:

= B 04
Qg A » v p (Bl1.4)
and Qc = Ae \f (B1.5)
)
Multiplying equation (B1.3) by T and substituling equations
g

(B1.2), (B1.4) and (Bl1.5), the dynamic void ratio can be expressed

as:

g (B1.6)



APPENDIX B B.2

Using the approach presented by Armand (1946) for dynamic void ratio
calculation,
eg = CA B | (B1.7)

and substituting equation (Bl1.6) results in

1 KQ, A
- = B+ 3 (B1.8)
A 4
Further substitution of equalion (Bl.1) results in:
61. = B+ K(1-p) (B1.9)
A
For the calculation of K, Chisholm uses
_ 1
K = P (B1.10)
Sa(1-)
[ P,
which he derives from the empirical equation
%
K = (p—L) (Bl1.11)
Py
and equations (B1.6), Bl.1) and (Bl1.11).
Substituting equation (B1.10) into (B1.9) results in
= g+ (1-p) (B1.12)

IR,

which is the same as equation 2.31.
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AIRLIFT PUMP DATA SHEET
results of STATIC DILATION

SHEET Ho : i
PIPE SIIE ma : 38
TEST/THEDRY + TEST RESULTS OPERATOR: R.R.BERG
MATERIAL DESCRIP :+  CLEAR WATER DATE: 5/10/1937
DEMEITY kg/a*3 1009
H ORIFICE 4 gas +  CoLuMh &
t PLATE ¢ FlOw #  DILA. #
TEST t ) % t
HUMBER ¢ H L ¥ L] ¥ Ego +
¥ ne 28 t l/s ) 1 )
1 # 333 332 ¥ 9,15 * 3 +
2 ¥ 5335 530 ¥ .33 ¢ 44 *
It 538 525 & 9,34 # 4%
4 ¥ 545 530 * 0,75 ¢ 57 %
3 ¢ 352 514 ¢ 0.92 ¢ .1 I
& ¥ 54 LT .19 & &9 ¥
7 * 386 480 t 1.54 * A |
8 ¢ 602 452 ¢ 1.77 4 " ¥
g ¥ 535 425 ¥ .14 ¥ 74 ¥
19 ¥ 746 3587 * 279 ¢ 77 ¥
3 * 767 295 L .24 4 78 *
12 H ¥ % %
13 3 H ] %
14 L ¥ ¥ ¥
1] 3 # H *




AIRLIFT PUMP DATA SHEET
results of STATIC DILATION

SHEET No H 2
PIPE SIIE um : 24
TEST/THEDRY : TEST RESULTS OPERATOR: R.R.BERG
HATERIAL DESCRIP :  CLEAR WATER DATE: 5/10/1987
CENGITY kp/atl s 1000
) ORIFICE  + GAS +  (COLUMN &
* PLATE ¥ FLOW +  DILA, )
TEST 3 ¥ ) ¥
NUMBER ¢ H L ¥ g ¥ Ege ¥
¥ ne LYY % l/s 4 A ¥
1 ¢ 338 980 ¢ 4,22 & g &
2 % 995 973 % 7.00 % 29 H
I 1003 983 ¢ 9.44 % b4 )
§ & 1923 7942 % 12,43 ) FE R
3 ¢ 1035 93¢0 ¢ 13,30 & 7 ]
§ 150 904 ] 18,33 & 74 ¢
7 ) 1085 334 ¢ 21,17 ) 75 %
g ¢ 1302 865 ¢ 22,99 % 75 ¥
3 & 1124 841 ¥ 2499 ¥ 7 ¢
LI | 1169 798 ¥ 2878 % P 4
ii ) ¥ H )
12 4 ¥ ¢ ¥
13 ¥ * * *
i # % ¥ %
15 * 13 ¥ 3



AIRLIFT PUMP DATA SHEET

resul

ts of STATIC DILATICN

SHEET Mo : 3
PIPE SIIE 2a : 142
TEST/THEDRY :  TEST RESBLTS {(PERATOR: R.R.EERS
MATERIAL DESCRIF @ CLERR WATER BATE: &/10/1337

DEHGITY Lkg/a*3 1049

¢ ORIFICE & GA3 & COLUMN ]

& - PLATE ¢ FLOMW L] DILA. ¥

TEST * ‘ * # *

NUMBER & 4 L ¢ Bg ¥ Egqo ¥

L4 za ae t i/s ¥ 1 ¥

i ] 93¢ 94 ¥ 4,28 & 22,0 ¥

2 L 994 973 % 3.97 ¢ 7.8 *

3 % 1002 99 & 8.58 ¢ 4.5 %

4 E 1019 951 * 12.34 # 41,0 ¥

3 ] 103 933 * 15,08 ¢ 45,7 ]

4 ¥ 1062 W # 18.71 # 30.9 *

7 ¥ 1088 84l 21,38 % 33.8 ]

8 H 1137 829 26,21 ¥ 9.4 #

9 ] 1147 776 ] 28,76 ¢ 60,4 %

10 * 1215 747 % 32,30 % £3.1 ¥

i1 ] 1283 895 ¢ 3563 H 54.9 4

i2 ] 1300 460 ¢ 37,78 % 85,6 ¥

13 3 ] ¥ *

14 * * E 5

13 4 3 1 ¥
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Examination Credit Rating
CIV 540z Finite Element Analysis 4
CIV 5362 Coastal Engineering Practice 5
CIV 516Z Coastal Hydraulics 5
SEA 200F Physical Oceanography 5
CIV 542Z L Irrigation Systems 3
THESIS "Hydro-pneumatic conveying of liquid
by means of an airlift pump" _20
Total 42
Credit requirements for degree = 40

18 JuL 1989





