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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 bet
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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1. Introduction and Dudukovic[2], Bello et al.[3] and Chisti et al.[4]
for the two-phase gas-liquid systems, and with the work of
Airlift systems represent a very convenient technical solu- Livingston and Zhandb] and Freitas et a[6] for the three-
tion for cases where liquid circulation needs to be achieved, phase, gas—liquid—solid systems, all based on overall momen-
like in biotechnological applications, with a limited or no use tum balance. On the other hand the approaches suggested
at all of any mechanical device. The system is made up of two by Garcia Calvo[7] for the two-phase and Garcia Calvo
separate sections, a riser and a downcomer. In the riser, gast al. [8] for the three-phase are based on an energy bal-
is blown in at the bottom, resulting in a difference in static ance of the airlift system, although its final results are not
pressure in the two sections brought about by the different very dissimilar from other studies. In recent years compu-
concentrations of the gas phase; this results in an overall cir-tational fluid dynamic (CFD) codes have also come to be
culation of the liquid and, depending on the operating pa- increasingly applied to the detailed description of the airlift
rameters, also of part of the gas. Specific applications maysystem behaviouf9]. In spite of the cleagualitative cor-
require the presence of a solid phase also, which is chargedespondence of these simulations with observed behaviour,
in the riser column and again, depending on the operating pa-confidence in theiguantitativepredictions is somewhat lim-
rameters, could form a packed bed at the base of the columnjted by the absence of a complete description of the basic
be fluidised in the riser or, for the extreme case, circulate in fluid dynamic phenomena governing the whole system. A
the system. These various modes of operation have alreadyfull numerical simulation becomes a necessity for an in-
been classifiedil] for a draft tube system but that classifi- sight of the local behaviour of a multiphase system, but
cation can be equally applied to external airlift reactors and when we are interested primarily in some overall charac-
will not be repeated here. teristics then perhaps a more basic approach is to be pre-
The fluid dynamic comportment of these systems has beenferred. In this work a basic study has been carried out with
studied for many years now, starting with the work of Hsu a simple objective in mind: to characterise the overall be-
haviour of an airlift reactor system, with particular refer-
* Tel.: +39 010 3532924 fax: +39 010 3532586, ence to the liquid circulation rate, operating with or without
E-mail addressdifelice@dichep.unige.it. the presence of a solid phase, on the basis of well estab-
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In Eq. (1) P is the piezometric pressure, and this pressure

Nomenclature will be utilised for simplicity in the rest of the paper. Eq.
(1) has been written with the simplifying assumption that the
A area, M relative volume fraction between the gas and liquid in the
d particle diameter, m riser is constant regardless of the presence of the solid phase.
D column diameter, m By introducing in Eq(1) the solid loading/, i.e. the mass
g acceleration of gravity, mfs of solid charged in the column
f friction factor, —
H column height, m W = HsArpses @)
K concentrated friction factor and neglecting gas density relative to liquid and solid density
L distance, m we obtain
n numerical parameter in the Richardson—Zaki w
. oL
equation AP = HpLeag — -~ <1 —eL —) g 3
P pressure, Pa R S
Q circulation rate, /s The driving force is therefore made up of two contribution, of
w solid charged in the riser, kg different sign. The firstAPg, brought about by the presence

of the bubbles in the fluid phase
Greek letters

e phase volume fraction, — AP = HpLeeg @

0 density, kg/n and the secondAPs, brought about by the presence of the
m viscosity, kg/m/s solid phase

Subscripts APg = v (1 — &L &) g (5)

C concentrated AR pS

D distributed The above relationships apply, as already said, when no cir-
dc downcomer culation exist for the dispersed phases and when the solid is
G gas fluidised. Their extension to the case where gas and solid are
L ||q.U|_d o circulating in the system is quite straightforward in principle.
mf minimum fluidisation If gas is circulating then Eq4) should be written with the

r riser difference of gas volume fraction between riser and down-
S solid comer instead afg simply, and analogously if solid is present

in both sections then E@5) should consider the difference
of solid weight in the two halves of the system rather than
simply W. How to estimate gas and solid volume fraction in
lished, general relationships containing no ad hoc adjustablethe downcomer is beyond the scope of the present work (a
parameters. possible approach allowing the determination of the fraction
of circulating gas has been suggesteflB]) an will be dealt
with in a future paper. For the time being we limited our-
2. Pressure balance of an airlift reactor selves here to cases where only liquid is present in the return
column.
The difference in weight in the two vertical columns of For the solid in the fixed rather than in fluidised state, at
the airlift reactor provides the driving force for the liquid a volume concentration of 0.6, the Ergun equation suffices
circulation; under steady state this driving force has to be instead of Eq(5):

balanced by losses due to the flow itself. The basis of the 2
approach as stated here is certainly not new, having been tha, pg — W_ | 14064 <&) + 27.3p <&) (6)
of many previous workers, includir{g,5,10-12] PSAr d? Ay d Ar

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

the numerical routine adopted in this work utilises either
gs.(5) or (6) depending on which one yields a lower value
of pressure drop for the given operating condition).

Liquid circulation is resisted by friction losses, made up
of distributedAPp (due to wall effects), and concentrated
APc (acceleration of the liquid phase).

Distributed pressure lossesPp, originate from the fric-
AP = HpLg = Hslesps + (eape + eLpL)(1 — es)le tion between the fluid phase and column wall, both in the

—(H — Hs)(eLpL + ecpc)g (1) riser and in the downcomer. The fluid phase is a gas-liquid
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mixture but, given that the gas fraction is always rather small, 3. Experimental
single-phase equations can be used to good approximation;
Experiments were carried out using the following exper-

1 fi (0L 2 fac [ OL 2 imental setup shown iRig. 1 It consists of two transparent
APp = EHPL D <A_> Dac (E) (7) 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
2m, respectively, were utilised. The columns are connected
atthe base by a large chamber, and at the top by an open wide
0316 0316 channel, which provides for complete gas disengagement (so
= — 555 = i T (8) that no gas bubbles can enter the downcomer leg) and lig-
Re (QLpL/Dur) uid circulation. The system was filled up to half the height

) ) the connection channel with tap water. Ambient air, from the
Concentrated pressure lossagyc, are, in this case, due ex-  |5aratory line, was fed to the bottom of the smaller, riser

clusively to quuiq acceleration. and deceleration at the e”'_column via a small tube fitted with a porous distributor at
trance and the exit of both the riser and downcomer columns:jis cantre. Airflow rates were regulated with a precision nee-

2 2 dle valve and measured with a ball rotameter. Water velocity

APc = }KrPL <&> + }chpL<%> (9) in the downcomer, and consequently the liquid circulation
2 Ar 2 Adc rate, was measured by means of an electromagnetic sensor

(ACM250-D, Alec Electronics, Japan) placed in the core of

For the friction factorf the well-known correlation for flow
in pipes has been us§ty]:

f

whereK, andKqc may be estimated from Fig. 8.15[f4],  the flux, in the bottom half of larger column. The sensor is
taking the values 1.2 and 0.4, respectively, for the specific set to obtain data at 2 s intervals for a period of 5 min, so that
experimental apparatus utilised in this work. the water velocity in the downcomer is obtained as the aver-

liquid circulation rate on the gas flow rate from the above the walls of the smaller diameter column, and connected via
equations, a relationships is needed linking liquid and gas

velocity and gas volume fraction in the riser. This is given by
the equation suggested [i], with the original constant of
0.45 replaced here by 0.25 to take into account that we are in
bubbly rather than in heterogeneous flow regime:

air
—

/[ Y
oG = Oc/Ar (10) s g 0"
0.25+ 1.1(Qc/Ar + QL/A))
Insummary, we are able to predict by using the above reported
relationships the value of liquid circulation rate as a function t ©
of the gas flow rate once all the characteristics of the airlift |
system have been defined.
In order to completely define the comportment of the air-
lift system we need to estimate how much of the riseris 7 oressure ° °
occupied by the fluidised solid. The solid is suspended by s T ®
a gas—liquid mixture and its expansion can be calculated by )
using the pseudo-fluid simplification which has proved suc-
cessful when applied to three-phase fluidisafitsi. Again © < velocky
considering the gas hold-up would make little impact so thata sensor
single-phase approach as the Richardson and[Zékequa- ; 1 i
tion :
N oL 1/n v,,,,v.pret:_sﬁq@m., g
o1 (1) o1 () w -

—>

air inlet

can then simply be applied allowing the determinatiorzgn
and, consequentlys.

Needless to say, a calculated valudHgfgreater than the
column heightH would indicate that the solid is circulating
in the system. Fig. 1. Schematic representation of the experimental airlift reactor used.
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a piezometric differential pressure transducer to a data ac- 20 . - .
quisition system. Pressure sampling was carried out for 20s
periods at arate of 20 Hz. Differential pressure measurements

were used to infer the gas volume concentration through the Column height
following relationship: 154 g 1m 4
(AP/L) soEm
o= — P (12)
(oL — pc)g 8
The use of Eq(12) implies that the piezometric pressure *g - A % )
gradient is due exclusively to the presence of the gas phase % " A A A B
in the column. This is obviously not completely correct as %?'b & B a
Fay

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 B, O 4 © @O = o

friction on the wall was always small compared to the overall . . o °
measured pressure drop.
The behaviour of the airlift system was investigated, first 0 . T .
by considering only the two-phase gas—liquid system, then 0 - a (msfr?f 8
G

with the addition of different amounts of 5mm soda glass
particles to the rl.ser' During the. runs., the C(.)ndltlons werg Fig. 2. Ratio of calculated pressure drop due to wall friction to overall mea-
such that the solid always remained in the riser column: it g, .o vale.
was either in the fixed or the suspended, fluidised state, the
transition from one regime to the other being clearly visible. gas-liquid flow in the riser. This was confirmed by compar-
When fluidised, solid bed expansion was also very easily ing measured and calculated gas volume fractions for each
estimated visually. operating condition, as shown kig. 4.
The relative magnitude of the resistances to fluid flow for
the present airlift arrangement has also been investigated.
4. Results and discussion The ratio of distributed pressure losses to overall pressure
losses is reported iRig. 5for the two column heights used.
The first set of experiments involved simply the investi- |t is evident that both distributed and concentrated pressure
gation of a two-phase, air—water, system. Air was bubbled |osses are important, the two contributions being approxi-
in at the bottom of the riser and the liquid circulation rate, mately equal for the 2m columns. As, by changing column
together with the average gas-hold up, was measured. It was
first of all verified that the measured pressure drop would 10
indicate, with very good approximation, gas phase volume
fraction in the riser columrFig. 2 reports, for any gas flow
rate investigated, the ratio between the calculated pressure
due to fluid-wall friction APp) to the measured value. It
is evident that for all the cases investigated friction losses
never contribute more than 10% to the overall pressure drop;
therefore the error in estimatig was never larger than that
percentage.
The results for the liquid circulation rates are summarised
in Fig. 3for the two column heights used. They confirm that 4
as the gas flow rate increases so does the liquid circulation
rate, roughly in an exponential manner. Also that the liquid .
circulation rate increases for a fixed gas flow rate when col- o g  Columnheight 1m  2m i
umn heights are increased, as is to be expected —although the experimental o A
relation is not a directly proportional one. The same figure model e
reports predictions fo@, , obtained using the relationships
given in the previous section. The agreement between exper- 0.0 02 04 06 08
imental and calculated values appears excellent, in particular Qg (M¥/h)
when it is considered that no adjustable factors have been
employed. One of the important assumptions at the basis 0frig. 3. Experimental and calculated liquid circulation rate function of gas
the predictive model is the validity of the Hills equation for flow rate. Two-phase gas—liquid system.

Q, (m3h)
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Fig. 4. Comparison of experimental and calculated (by(E@)) gas volume

fraction. Fig. 6. Experimental and calculated liquid circulation rate function of gas

) . . flow rate. Three-phase gas—liquid—solid system.
height, APc remains constant whereasPp 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
areduction of the liquid circulation rate, this effectincreasing
with increasing solid loadingsig. 6. The solid passes from
fixed to the fluidised state as the gas flow rate increases, th
transition corresponding iRig. 6to a change in gradient of
the relation expressing the dependenc®pfon Qg. More-
over, that transition could be quite precisely detected visually,
the observed values oQg)ms being depicted irfFig. 7. The
dependency of this important parameter on the solid loading

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 ofJg)mf, calculated using the
erelations;hips described in the previous section, agreed very
well with the measured oneBifs. 6 and Y.

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

100 . . . 0.3 . . .
Column height
0O  experimental
75 4 m | model
- 2m
0.2 m
o O
S
x =
> o=
& s0q - . E O
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0° 5 0.1 0O
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0 T T T 0.0 T T T
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Qg (m3h) Solid loading (kg)
G

Fig. 5. The ratio of distributed pressure losses to total pressure losses.

Fig. 7. Experimental and calculated gas flow rate at minimum solid fluidis-

ation condition.
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Fig. 8. Experimental and calculated solid expansion in the riser. Fig. 10. The ratio of pressure losses due to the solids to total pressure losses

for biomass covered particles.
loading was used (0.3kg) gas flow rate could not exceed a
value of 0.5 mi/h otherwise particles would have been lost at
the top of the riser and their circulation started. That thresh-
old value increased to 0.73h for the larger solid loading
(0.6 kg) as expected.
The contributions to flow resistance where solids are

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
o L a fixed state; as the flow rate increases so does the resistance

presentare quite different to the two-phase situatioRign9 due to the solid particles (through the Ergun equation) which
the ratio of the resistance due to the presence of the solid to

the overall flow resistance is plotted for the two amounts of therefore remain the most important contribution. However,

L . once the solid becomes fluidised, its pressure drop remains
solidinvestigated, 0.3 and 0.6 kg. In both cass represent 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 densityys—o_ . 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,(&)].

100

75 1

= could become very small, in which case distributed and con-
*5 50 4 centrated pressure losses could again become preponderant.
% Fig. 10depicts such a situation: a solid of the same (5 mm) but
R of much smaller density (1100 kgfnhas been considered
E Solid loading there and, for the higher gas flow rate, the main contribution
- | to the total flow resistance arises from the wall-fluid frictions.
0.3 kg
----- 0.6 kg
5. Conclusions
0 . . . . .
i A% i s In this study we have investigated the fluid dynamic be-

Q. (mh) haviour of two- and three-phase airlift reactors. Good predic-
G . . . . . .
tions of the liquid circulation rate as a function of gas flow
Fig. 9. The ratio of pressure losses due to the solids to total pressure Iossesl'.ate were obtained on the bas?s of ggneral, independent rela-
for glass particles. tionships for pressure losses in multiphase flow. It was also



R.D. Felice / Chemical Engineering Journal 109 (2005) 49-55 55

demonstrated that, for the gas—liquid systems, distributed and [6] C. Freitas, M. Fialova, J. Zahradnik, J.A. Teixeira, Hydrodynamic
concentrated pressure losses were important, both having to  model for three-phase internal- and external-loop airlift reactor,
be taken into account in order to predict liquid circulation Chem. Eng. Sci. 54 (1999) 5253-5258. o

. . . [7] E. Garcia Calvo, A fluid dynamic model for airlift loop reactors,
rates correctly; whereas Whe.n the sqlld phase was introduced ™" o, - Eng. Sci. 44 (1989) 321-323.
it came to represent the main contribution to pressure 10ss, [g] E. Garcia Calvo, A. Rodriguez, A. Prados, J. Klein, A fluid dynamic
rendering all other contributions negligible for most operat- model for three-phase airlift reactors, Chem. Eng. Sci. 54 (1999)

ing conditions. 2359-2370.
[9] Ch. Vial, S. Poncin, G. Wild, N. Midoux, Experimental and theoret-
ical analysis of the hydrodynamics in the riser of an external loop
airlift reactors, Chem. Eng. Sci. 57 (2002) 4645-4762.
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