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Liquid circulation rates in two- and three-phase external airlift reactors
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Abstract

The dependency of the main parameters of an airlift reactor on the only externally adjustable factor, the gas flow rate, has been investigated
both experimentally and theoretically for two-phase (gas–liquid) and three-phase (gas–liquid–solid) systems. Experiments were performed on
external airlift arrangements employing ambient air, tap water and, for the three-phase case, glass spheres. The pressure drop balance has been
the basis for the theoretical predictions. The simple rig and the low gas hold-ups utilised in this work have permitted an accurate prediction
of friction losses (both concentrated and distributed) based exclusively on well established relationships published in the literature, without
resort to any fitting parameters; this has resulted in estimates in very good agreement with measured values.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Airlift systems represent a very convenient technical solu-
ion for cases where liquid circulation needs to be achieved,
ike in biotechnological applications, with a limited or no use
t all of any mechanical device. The system is made up of two
eparate sections, a riser and a downcomer. In the riser, gas
s blown in at the bottom, resulting in a difference in static
ressure in the two sections brought about by the different
oncentrations of the gas phase; this results in an overall cir-
ulation of the liquid and, depending on the operating pa-
ameters, also of part of the gas. Specific applications may
equire the presence of a solid phase also, which is charged
n the riser column and again, depending on the operating pa-
ameters, could form a packed bed at the base of the column,
e fluidised in the riser or, for the extreme case, circulate in

he system. These various modes of operation have already
een classified[1] for a draft tube system but that classifi-
ation can be equally applied to external airlift reactors and
ill not be repeated here.
The fluid dynamic comportment of these systems has been

and Dudukovic[2], Bello et al. [3] and Chisti et al.[4]
for the two-phase gas–liquid systems, and with the wo
Livingston and Zhang[5] and Freitas et al.[6] for the three
phase, gas–liquid–solid systems, all based on overall mo
tum balance. On the other hand the approaches sugg
by Garcia Calvo[7] for the two-phase and Garcia Ca
et al. [8] for the three-phase are based on an energy
ance of the airlift system, although its final results are
very dissimilar from other studies. In recent years com
tational fluid dynamic (CFD) codes have also come to
increasingly applied to the detailed description of the a
system behaviour[9]. In spite of the clearqualitativecor-
respondence of these simulations with observed beha
confidence in theirquantitativepredictions is somewhat lim
ited by the absence of a complete description of the b
fluid dynamic phenomena governing the whole system
full numerical simulation becomes a necessity for an
sight of the local behaviour of a multiphase system,
when we are interested primarily in some overall cha
teristics then perhaps a more basic approach is to be
ferred. In this work a basic study has been carried out
tudied for many years now, starting with the work of Hsu
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a simple objective in mind: to characterise the overall be-
haviour of an airlift reactor system, with particular refer-
ence to the liquid circulation rate, operating with or without
the presence of a solid phase, on the basis of well estab-
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Nomenclature

A area, m2

d particle diameter, m
D column diameter, m
g acceleration of gravity, m/s2

f friction factor, –
H column height, m
K concentrated friction factor
L distance, m
n numerical parameter in the Richardson–Zaki

equation
P pressure, Pa
Q circulation rate, m3/s
W solid charged in the riser, kg

Greek letters
ε phase volume fraction, –
ρ density, kg/m3

µ viscosity, kg/m/s

Subscripts
C concentrated
D distributed
dc downcomer
G gas
L liquid
mf minimum fluidisation
r riser
S solid

lished, general relationships containing no ad hoc adjustable
parameters.

2. Pressure balance of an airlift reactor

The difference in weight in the two vertical columns of
the airlift reactor provides the driving force for the liquid
circulation; under steady state this driving force has to be
balanced by losses due to the flow itself. The basis of the
approach as stated here is certainly not new, having been tha
of many previous workers, including[4,5,10–12].

We start by considering a well-defined situation typical of
relatively low gas flow rates: gas and solid phases are present
only in the riser column with the solid in a fluidised state
occupying a heightHS of the total airlift heightH. The driving
force, i.e. the difference in weight in the two vertical columns
expressed in term of pressure difference, is given then by

�P = HρLg − HS[εSρS + (εGρG + εLρL)(1 − εS)]g

− (H − HS)(εLρL + εGρG)g (1)

In Eq. (1) P is the piezometric pressure, and this pressure
will be utilised for simplicity in the rest of the paper. Eq.
(1) has been written with the simplifying assumption that the
relative volume fraction between the gas and liquid in the
riser is constant regardless of the presence of the solid phase.
By introducing in Eq.(1) the solid loadingW, i.e. the mass
of solid charged in the column

W = HSARρSεS (2)

and neglecting gas density relative to liquid and solid density
we obtain

�P = HρLεGg − W

AR

(
1 − εL

ρL

ρS

)
g (3)

The driving force is therefore made up of two contribution, of
different sign. The first,�PG, brought about by the presence
of the bubbles in the fluid phase

�PG = HρLεGg (4)

and the second,�PS, brought about by the presence of the
solid phase

�PS = − W

AR

(
1 − εL

ρL

ρS

)
g (5)

The above relationships apply, as already said, when no cir-
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ulation exist for the dispersed phases and when the so
uidised. Their extension to the case where gas and sol
irculating in the system is quite straightforward in princi
f gas is circulating then Eq.(4) should be written with th
ifference of gas volume fraction between riser and do
omer instead ofεG simply, and analogously if solid is prese
n both sections then Eq.(5) should consider the differen
f solid weight in the two halves of the system rather t
implyW. How to estimate gas and solid volume fraction
he downcomer is beyond the scope of the present wo
ossible approach allowing the determination of the frac
f circulating gas has been suggested in[13]) an will be deal
ith in a future paper. For the time being we limited o
elves here to cases where only liquid is present in the r
olumn.

For the solid in the fixed rather than in fluidised state
volume concentration of 0.6, the Ergun equation suf

nstead of Eq.(5):

PS = W

ρSAr

[
1406µL

d2

(
QL

Ar

)
+ 27.3ρL

d

(
QL

Ar

)2
]

(6)

the numerical routine adopted in this work utilises ei
qs.(5) or (6) depending on which one yields a lower va
f pressure drop for the given operating condition).

Liquid circulation is resisted by friction losses, made
f distributed�PD (due to wall effects), and concentra
PC (acceleration of the liquid phase).
Distributed pressure losses,�PD, originate from the fric

ion between the fluid phase and column wall, both in
iser and in the downcomer. The fluid phase is a gas–l
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mixture but, given that the gas fraction is always rather small,
single-phase equations can be used to good approximation:

�PD = 1

2
HρL

[
fr

Dr

(
QL

Ar

)2

+ fdc

Ddc

(
QL

Adc

)2
]

(7)

For the friction factorf the well-known correlation for flow
in pipes has been used[14]:

f = 0.316

Re0.25
= 0.316

(QLρL/DµL)0.25
(8)

Concentrated pressure losses,�PC, are, in this case, due ex-
clusively to liquid acceleration and deceleration at the en-
trance and the exit of both the riser and downcomer columns:

�PC = 1

2
KrρL

(
QL

Ar

)2

+ 1

2
KdcρL

(
QL

Adc

)2

(9)

whereKr andKdc may be estimated from Fig. 8.15 of[14],
taking the values 1.2 and 0.4, respectively, for the specific
experimental apparatus utilised in this work.

In order to numerically determine the dependency of the
liquid circulation rate on the gas flow rate from the above
equations, a relationships is needed linking liquid and gas
v by
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3. Experimental

Experiments were carried out using the following exper-
imental setup shown inFig. 1. It consists of two transparent
square section vertical columns whose sides measured 50 and
100 mm; the particular modular design allowed for the height
to be easily changed, and here two working heights, of 1 and
2 m, respectively, were utilised. The columns are connected
at the base by a large chamber, and at the top by an open wide
channel, which provides for complete gas disengagement (so
that no gas bubbles can enter the downcomer leg) and liq-
uid circulation. The system was filled up to half the height
the connection channel with tap water. Ambient air, from the
laboratory line, was fed to the bottom of the smaller, riser
column via a small tube fitted with a porous distributor at
its centre. Airflow rates were regulated with a precision nee-
dle valve and measured with a ball rotameter. Water velocity
in the downcomer, and consequently the liquid circulation
rate, was measured by means of an electromagnetic sensor
(ACM250-D, Alec Electronics, Japan) placed in the core of
the flux, in the bottom half of larger column. The sensor is
set to obtain data at 2 s intervals for a period of 5 min, so that
the water velocity in the downcomer is obtained as the aver-
age of 151 measurements. Pressure taps were placed along
the walls of the smaller diameter column, and connected via

Fig. 1. Schematic representation of the experimental airlift reactor used.
elocity and gas volume fraction in the riser. This is given
he equation suggested in[5], with the original constant o
.45 replaced here by 0.25 to take into account that we a
ubbly rather than in heterogeneous flow regime:

G = QG/Ar

0.25+ 1.1(QG/Ar + QL/Ar)
(10)

n summary, we are able to predict by using the above rep
elationships the value of liquid circulation rate as a func
f the gas flow rate once all the characteristics of the a
ystem have been defined.

In order to completely define the comportment of the
ift system we need to estimate how much of the rise
ccupied by the fluidised solid. The solid is suspende
gas–liquid mixture and its expansion can be calculate
sing the pseudo-fluid simplification which has proved
essful when applied to three-phase fluidisation[15]. Again
onsidering the gas hold-up would make little impact so th
ingle-phase approach as the Richardson and Zaki[16] equa-
ion

S = 1 −
(

u

ut

)1/n

= 1 −
(

QL

Arut

)1/n

(11)

an then simply be applied allowing the determination oεS
nd, consequently,HS.

Needless to say, a calculated value ofHS greater than th
olumn heightH would indicate that the solid is circulatin
n the system.
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a piezometric differential pressure transducer to a data ac-
quisition system. Pressure sampling was carried out for 20 s
periods at a rate of 20 Hz. Differential pressure measurements
were used to infer the gas volume concentration through the
following relationship:

εG = (�P/L)exp

(ρL − ρG)g
(12)

The use of Eq.(12) implies that the piezometric pressure
gradient is due exclusively to the presence of the gas phase
in the column. This is obviously not completely correct as
the friction at the wall column between the fluid and the solid
boundary also contribute to some extent to this loss in the
riser, in a way that Eq.(12) underestimates the gas volume
fraction. However, we verified that the contribution of the
friction on the wall was always small compared to the overall
measured pressure drop.

The behaviour of the airlift system was investigated, first
by considering only the two-phase gas–liquid system, then
with the addition of different amounts of 5 mm soda glass
particles to the riser. During the runs, the conditions were
such that the solid always remained in the riser column: it
was either in the fixed or the suspended, fluidised state, the
transition from one regime to the other being clearly visible.
When fluidised, solid bed expansion was also very easily
estimated visually.
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Fig. 2. Ratio of calculated pressure drop due to wall friction to overall mea-
sured value.

gas–liquid flow in the riser. This was confirmed by compar-
ing measured and calculated gas volume fractions for each
operating condition, as shown inFig. 4.

The relative magnitude of the resistances to fluid flow for
the present airlift arrangement has also been investigated.
The ratio of distributed pressure losses to overall pressure
losses is reported inFig. 5 for the two column heights used.
It is evident that both distributed and concentrated pressure
losses are important, the two contributions being approxi-
mately equal for the 2 m columns. As, by changing column

F gas
fl

. Results and discussion

The first set of experiments involved simply the inve
ation of a two-phase, air–water, system. Air was bub

n at the bottom of the riser and the liquid circulation r
ogether with the average gas-hold up, was measured.
rst of all verified that the measured pressure drop w

ndicate, with very good approximation, gas phase vol
raction in the riser column.Fig. 2 reports, for any gas flo
ate investigated, the ratio between the calculated pre
ue to fluid-wall friction (�PD) to the measured value.

s evident that for all the cases investigated friction lo
ever contribute more than 10% to the overall pressure

herefore the error in estimatingεG was never larger than th
ercentage.

The results for the liquid circulation rates are summar
n Fig. 3for the two column heights used. They confirm t
s the gas flow rate increases so does the liquid circu
ate, roughly in an exponential manner. Also that the liq
irculation rate increases for a fixed gas flow rate when
mn heights are increased, as is to be expected – althou
elation is not a directly proportional one. The same fig
eports predictions forQL, obtained using the relationsh
iven in the previous section. The agreement between e

mental and calculated values appears excellent, in part
hen it is considered that no adjustable factors have
mployed. One of the important assumptions at the ba

he predictive model is the validity of the Hills equation

ig. 3. Experimental and calculated liquid circulation rate function of
ow rate. Two-phase gas–liquid system.
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Fig. 4. Comparison of experimental and calculated (by Eq.(10)) gas volume
fraction.

height,�PC remains constant whereas�PD increases, the
importance of the latter is found to increase with the column
length, as expected.

The introduction of solid particles in the riser brings about
a reduction of the liquid circulation rate, this effect increasing
with increasing solid loading,Fig. 6. The solid passes from
fixed to the fluidised state as the gas flow rate increases, the
transition corresponding inFig. 6 to a change in gradient of
the relation expressing the dependency ofQL onQG. More-
over, that transition could be quite precisely detected visually,
the observed values of (QG)mf being depicted inFig. 7. The
dependency of this important parameter on the solid loading

ses.

Fig. 6. Experimental and calculated liquid circulation rate function of gas
flow rate. Three-phase gas–liquid–solid system.

is fully to be expected: the greater the amount of solid the
greater is the resistance to the flow, so that a larger gas flow
rate is needed in order to obtain the fixed liquid velocity re-
quired to fluidise the solid particles. Again the dependency
of QL onQG, and the values of (QG)mf, calculated using the
relationships described in the previous section, agreed very
well with the measured ones (Figs. 6 and 7).

Comparison between predicted and experimental solid
bed expansion were also very favourable as indicated in
Fig. 8. As indicated in that figure when the smaller solid

F idis-
a
Fig. 5. The ratio of distributed pressure losses to total pressure los
ig. 7. Experimental and calculated gas flow rate at minimum solid flu
tion condition.
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Fig. 8. Experimental and calculated solid expansion in the riser.

loading was used (0.3 kg) gas flow rate could not exceed a
value of 0.5 m3/h otherwise particles would have been lost at
the top of the riser and their circulation started. That thresh-
old value increased to 0.7 m3/h for the larger solid loading
(0.6 kg) as expected.

The contributions to flow resistance where solids are
present are quite different to the two-phase situation. InFig. 9
the ratio of the resistance due to the presence of the solid to
the overall flow resistance is plotted for the two amounts of
solid investigated, 0.3 and 0.6 kg. In both case�PS represent

F losses
f

Fig. 10. The ratio of pressure losses due to the solids to total pressure losses
for biomass covered particles.

the main contribution, and for the larger solid quantities is
nearly 100% for the smaller gas flow rate and at least 80%
of the total for the whole range reported. The shape of the
curves inFig. 9is quite easy to justify. At low gas flow rates,
with consequently low liquid circulation rates, the solid is in
a fixed state; as the flow rate increases so does the resistance
due to the solid particles (through the Ergun equation) which
therefore remain the most important contribution. However,
once the solid becomes fluidised, its pressure drop remains
constant (equal to its effective weight) whereas concentrated
and distributed losses continue to increase and cease to be
negligible. Finally, it should be pointed out that this result is
strongly dependent on the solid density, or, more precisely,
on the solid effective density,ρS–ρL. If the solid effective
density is small, as may be the case for biological systems,
where the solid may even be covered with fluffy biomass, so
that its density approaches that of liquid, then the piezometric
pressure drop associated with the solid–fluid drag, Eq.(5),
could become very small, in which case distributed and con-
centrated pressure losses could again become preponderant.
Fig. 10depicts such a situation: a solid of the same (5 mm) but
of much smaller density (1100 kg/m3) has been considered
there and, for the higher gas flow rate, the main contribution
to the total flow resistance arises from the wall-fluid frictions.
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ig. 9. The ratio of pressure losses due to the solids to total pressure
or glass particles.
. Conclusions

In this study we have investigated the fluid dynamic
aviour of two- and three-phase airlift reactors. Good pre

ions of the liquid circulation rate as a function of gas fl
ate were obtained on the basis of general, independen
ionships for pressure losses in multiphase flow. It was
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demonstrated that, for the gas–liquid systems, distributed and
concentrated pressure losses were important, both having to
be taken into account in order to predict liquid circulation
rates correctly; whereas when the solid phase was introduced
it came to represent the main contribution to pressure loss,
rendering all other contributions negligible for most operat-
ing conditions.
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