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ŽIn previous works Saez et al., 1998; Marquez et al.,´ ´
.1999a,b , a family of mathematical models was developed to

describe the hydrodynamics of external loop, gas-lift reactors
Ž .GLRs such as that shown in Figure 1. These models predict
the rate of liquid circulation, and the axial profiles of gas
holdup, pressure, bubble radius, composition, and gas and
liquid velocities in the riser, in the bubbly flow regime. The

Ž .Marquez et al. models 1999a,b include the effects of chemi-´
cal reaction and gasrliquid mass transfer, which can cause
significant changes in gas holdup and bubble diameter along
the length of the riser.

Two related approaches have been used in recent models
Ž .of gas-lift reactors. The Saez et al. 1998 and Marquez et al.´ ´

Ž .1999a,b models followed the approach originally developed
Ž .by Young et al. 1991 ; they are based on spatially averaged,

one-dimensional equations of continuity and momentum in
Žthe riser. Other authors such as Garcıa-Calvo and Leton,´ ´

.1996; Garcıa-Calvo, 1992; Verlaan et al., 1986 have em-´
ployed variations of the drift-flux model of Zuber and Find-

Ž .lay 1965 to model the riser. In both approaches, macro-
scopic mechanical-energy balances were written for the
gasrliquid separator and external downcomer, making it nec-
essary to use various correlations to estimate the drag and
frictional losses in the system.

The purpose of this communication is to examine several
assumptions concerning the drag and frictional losses in gas-

Ž .lift reactors that are common to the Saez et al. 1998 and´
Ž .Marquez et al. 1999a,b models, and to some other pub-´

lished models. These assumptions are as follows.
1. The friction factor in the downcomer must be adjusted

upward with respect to correlations for fully developed, sin-
gle-phase flow in pipes in order to account for developing
flow. Even though their experiments showed no gas holdup

Ž .in the downcomer, Young et al. 1991 found it necessary to
increase the Moody friction factor by a multiple of 4 to 6,
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Ž .depending on downcomer diameter. Saez et al. 1998 and´
Ž .Marquez et al. 1999a,b used Young et al.’s adjusted friction´

factors in their models. In contrast, friction factors for fully
Ždeveloped flow were used in other studies Garcıa-Calvo and´

.Leton, 1996; Garcıa-Calvo, 1992; Verlaan et al., 1986 .´ ´
2. Mechanical energy losses in the gasrliquid separator and

the straightening vanes can be neglected. None of the models

Figure 1. External-loop gas-lift reactor used by Young
( )et al. 1991 .

Separator chamber is 27.9 cm wide. Dimensions in cm.
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just referenced account for losses in straightening vanes.
However, losses in the gasrliquid separator are considered in

Žseveral models Garcıa-Calvo and Leton, 1996; Garcıa-Calvo,´ ´ ´
.1992; Verlaan et al., 1986 .

3. Frictional losses in the riser are adequately described by
Ž .the correlation of Akita et al. 1988 , which explicitly ac-

Ž .counts for two-phase flow. Saez et al. 1998 and Marquez et´ ´
Ž .al. 1999a,b used this correlation in their models. Friction

factors for one-phase flow were used in the models of
Ž . Ž .Garcıa-Calvo and Leton 1996 , Garcıa-Calvo 1992 , and´ ´ ´

Ž .Verlaan et al. 1986 .
The reexamination of these assumptions was prompted by

an anomaly that was noticed when the models of Saez et al.´
Ž . Ž .1998 and Garcıa-Calvo 1992 were used to represent exper-´

Ž .imental data taken by Young et al. 1991 in GLRs with two
different downcomer diameters. Even though both models
described the data reasonably well, they exhibited a signifi-
cant difference in the quality of the predictions for the two
downcomers. This suggests that the models, as formulated,
do not adequately represent the effects of either geometry or
liquid circulation velocity on mechanical energy losses in the
system.

In this work we present an analysis of the impact that drag
and frictional losses have on model predictions, and show how
the appropriate quantification of these losses leads to accu-
rate predictions of Young et al.’s data, regardless of down-
comer size.

Model Formulation
The model presented in this section is similar to that de-

Ž .veloped in a previous work Saez et al., 1998 . Details will be´
provided only when the present analysis differs from the pre-
vious formulation. The GLR to be modeled is the one used

Ž .in the experiments reported by Young et al. 1991 and
Ž . Ž .Marquez et al. 1999a Figure 1 .´

Riser continuity equations
In general, the gas holdup and gas liquid velocities will vary

with axial position in the riser. At any point, the following
continuity equations are satisfied:
Liquid:

² :r 1ye ® s L 1Ž . Ž .1 1 f

Gas:

² :P Mg ² :e ® sG , 2Ž .gRT

where e is the gas holdup; ® and ® are liquid and gas veloc-1 g
ities, respectively; P is pressure; r is liquid density; M is1 g
gas molecular weight; and L and G are liquid and gas massf
flow rates per unit cross-sectional area. We have assumed no
mass transfer between gas and liquid, so that L and G aref
uniform in the riser. Dispersive contributions are not consid-
ered, so that our results are constrained to bubbly flow. The
angular brackets in Eqs. 1 and 2 represent intrinsic-phase
volume averages, and the overbars represent averages over
the cross section of the riser. Gas bubbles are assumed to be

spherical and monodisperse, with a bubble radius at the
Ž .sparger zs0 of 1 mm.

Riser momentum equations
Ž .The momentum equations in the riser are Saez et al., 1998´

as follows:
Liquid:

² :d P f 1r 2² :q 1ye r g q r ® s0 3Ž . Ž .1 1 1dz D 2

Gas:

1
ˆ ² : ² : <² : ² : <e g s a C ® y ® ® y ® , 4Ž .Ž .1 g d g 1 g 18

where g is the acceleration of gravity; a is the gasrliquid1 g
interfacial area per unit volume; f is the two-phase wall fric-r

ˆtion factor; and C is the drag coefficient for a bubble risingd
in the liquid.

Mechanical-energy balance
The hydrodynamics of the rest of the system are repre-

sented by a mechanical-energy balance in a control volume
that encompasses the gasrliquid separator, the downcomer,
the connection between the downcomer and the riser, and

Ž .the section of the riser below the sparger Figure 1 . In previ-
Žous works Young et al., 1991; Saez et al., 1998; Marquez et´ ´
.al., 1999a,b , frictional losses associated with the gasrliquid

separator were neglected.
The quantification of drag and frictional losses is crucial in

the calculation of liquid circulation rates. All sources of me-
chanical-energy losses must be identified and quantified. For

Ž .the GLR employed by Young et al. 1991 , the sources of
mechanical-energy losses, following the direction of liquid
circulation from the top of the riser to the sparger, are as
follows:

1. Expansion between the riser and the gasrliquid separa-
tor. This loss will be assumed to correspond to an expansion
into an infinitely large tank, and is characterized by a loss
coefficient K s1.SE

2. Contraction from the separator into the downcomer. We
will consider the contraction between an infinitely large tank
and the downcomer. The corresponding loss coefficient is
K s0.5.SC

3. Frictional losses in the downcomer. These losses will be
quantified through the friction factor for fully developed flow
in a smooth pipe, f , as obtained from Moody’s correlation.dc

4. Losses in the elbow. The loss coefficient for a long ra-
dius 908 bend is K s0.35.E

5. Losses due to the expansion of the flow from the down-
Žcomer into the riser the downcomer is assumed to have a

.smaller diameter than the riser . These losses will be esti-
mated by the loss coefficient for a sudden expansion:

22Ddc
K s 1y ,ET ž /D

November 1999 Vol. 45, No. 11 AIChE Journal2468



where D and D are the riser and downcomer diameters,dc
respectively.

6. Since the connection between the downcomer and riser
involves not only a change in diameter but also a change in
direction, we will consider an additional loss due to a ‘‘tee’’
with 908 flow. The corresponding loss coefficient is K s1.5.T

7. The straightening vanes give rise to frictional losses that
will be treated as those corresponding to fully developed flow
in parallel ducts. Frictional losses are quantified by taking
the distribution of the flow into the channels delimited by the
vanes into account. Each channel has a friction factor calcu-
lated from Moody’s correlation for smooth pipes, using the
hydraulic diameter of the channel as the characteristic length.
These calculations showed that frictional losses associated
with the vanes, for the range of flow rates considered in our
calculations, could be approximated by an equivalent loss co-
efficient of K s2.1.V

The final form of the mechanical energy balance for the
control volume shown in Figure 1 is

4L Ddc dc
f q K q K q K qdc SC E ET ž /½ D Ddc

2K K ®T SE dc
= q q KV2 2 5 2 g1ye 1yeŽ . Ž .zs0 zsL

21 1 ®dc
s y2 2 2 g1ye 1yeŽ . Ž .zsL zs0

² : ² :P y Pzs0 zsL
y q L, 5Ž .

r g1

where all terms containing velocities have been expressed in
terms of the downcomer velocity by using the continuity
equation. The lefthand side of Eq. 5 is the sum of all fric-
tional and drag losses in the control volume. The first term
on the righthand side represents the kinetic energy change
between the top and bottom of the riser. The second term is
proportional to the pressure drop through the riser, and the
last term represents gravitational contributions.

Analysis of the gasrrrrrliquid separator
The solution of the equations just presented requires a

knowledge of the pressure at some point in the system. Saez´
Ž .et al. 1998 assumed that the pressure at the top of the riser

was equal to the pressure at the top of the downcomer, and
that both pressures were equal to the hydrostatic pressure
produced by the liquid height in the separator. A more rigor-
ous analysis can be performed by applying a mechanical-en-
ergy balance to the gasrliquid separator. Considering the drag
and frictional losses due to expansion and contraction, ne-
glecting any frictional losses due to flow through the separa-
tor, and assuming that the separator is an infinitely large liq-
uid reservoir, a mechanical-energy balance leads to

2² :P s P y0.75r ® 6Ž .zsLdc , zsL 1 dc

On the other hand, a vertical momentum balance leads to
Ž .after using Eq. 6

2 2 2r ® D D1 dc dc dc² :P s P q r gh y 0.25q ,zsL a 1 t 2 2 2D q D D 1yeŽ .dc zsL

7Ž .

where P is the atmospheric pressure, and h is the liquida t
height in the separator. We have neglected the gas holdup in
the separator, which is expected to be much smaller than that
of the riser.

Ž .In our previous work Saez et al., 1998 , the last term in´
the righthand side of Eq. 7 was neglected. This term can be
of the same order of magnitude as the hydrostatic contribu-

Ž .tion r gh . For the conditions explored in this work, how-1 t
ever, each of these terms is less than 5% of the atmospheric
pressure, and therefore its impact on predicted gas holdups
and liquid circulation rates is negligible.

Model implementation
The basic information that must be available to solve the

system of equations presented earlier consists of the riser and
downcomer lengths and diameters, physical properties of gas
and liquid phases, the atmospheric pressure, the height of
liquid in the gasrliquid separator, the bubble radius at the
sparger, and the gas superficial mass velocity. Moreover, suit-
able equations to predict the two-phase wall friction factor in

ˆŽ . Ž .the riser f and the gasrliquid drag coefficient C must ber d
available.

The system of equations is a set of nonlinear algebraic
equations plus an ordinary differential equation for the pres-

Ž .sure Eq. 3 whose boundary condition is Eq. 7. The differen-
tial equation was discretized by means of a Runge-Kutta
technique, and the system of equations is solved by means of

Ž .iterative procedures described in detail by Saez et al. 1998 .´
Ž .Saez et al. 1998 analyzed three different gasrliquid drag-´

coefficient correlations and obtained similar results with all
Ž .of them. The equation presented by Ishii and Zuber 1979 ,

valid for Re-2=105, was used in this work:

24
3r4Ĉ s 1q0.1 Re . 8Ž . Ž .d Re

In this equation, Re is the local Reynolds number, based on
the relative velocity between gas and liquid phases.

The local two-phase wall friction factor is predicted by the
Ž .correlation developed by Akita et al. 1988 :

1.1' '0.187 e gD
f s . 9Ž .r 0.1 ² :ž /®1yeŽ . 1

This correlation is empirical, and does not reduce to the limit
of single-phase flow as the gas holdup becomes very small.
Under the conditions explored in this work, the friction fac-
tors predicted by this equation are appreciably higher than
those for single-phase flow.

November 1999 Vol. 45, No. 11AIChE Journal 2469



Figure 2. Gas holdup profiles.
Downcomer diameter: 8.9 cm. Data points, Young et al.
Ž . Ž .1991 ; solid lines, this work; dashed lines, Saez et al. 1998 .´

Results and Discussion
Figure 2 shows a comparison between the model devel-

oped in this work and the experimental results of Young et
Ž .al. 1991 for the 8.9-cm downcomer. The present model ade-

quately represents the experimental data, including a slight
increase of gas holdup with height, which is a consequence of
the expansion of the gas as the pressure decreases. The fit
between the model and experimental data is close to that

Ž . Ž .obtained by Saez et al. 1998 dashed lines , in which the´
Ž .friction factors in the downcomer given by Young et al. 1991

were used, and losses associated with the gasrliquid separa-
tor were ignored.

The model results in Figure 2 employ Eq. 9 in the calcula-
Ž .tion of the friction factor in the riser. Young et al. 1991

measured pressure drops between two points in the riser, and
found that the predicted values of f adequately matchedr
these pressure drops for the conditions obtained with the 8.9-
cm downcomer. However, for the 14-cm downcomer, the
measured pressure drops corresponded to a friction factor

Žthat was approximately twice that calculated from Eq. 9 see
.Young et al., 1991, Table 4 . This might reflect the inade-

quacy of this correlation at the higher liquid velocities ob-
Ž .tained with the 14-cm downcomer see below . For this rea-

son, in modeling the 14-cm downcomer, we predicted f asr
twice the value given by Eq. 9.

Figure 3 shows gas holdup profiles for the 14-cm down-
comer. The model provides a better representation of the ex-

Ž .perimental data than that obtained by Saez et al. 1998 , al-´
though the data are still underpredicted to some extent.

The liquid-circulation fluxes for the experiments in the two
downcomers are presented in Figure 4, along with the pre-
sent model predictions and the predictions of the model of

Ž .Saez et al. 1998 . The higher liquid fluxes for the 14-cm´
downcomer seen in Figure 4 are a consequence of the higher
liquid flow rate caused by the increase in downcomer cross-
sectional area.

The results obtained demonstrate how a careful considera-
tion of drag and frictional effects in the system can lead to an
accurate representation of experimental data. A particular
improvement over the previous version of the model is evi-
dent in the predictions for the 14-cm downcomer. As shown

Ž .in Figures 3 and 4, the predictions of Saez et al. 1998 gener-´

Figure 3. Gas holdup profiles.
Downcomer diameter: 14 cm. Data points, Young et al.
Ž . Ž .1991 ; solid lines, this work; dashed lines, Saez et al. 1998 .´

ally underestimated gas holdups and overestimated liquid cir-
culation rates. A readjustment of energy losses in the down-
comer and gasrliquid separator was not enough to improve
the overall representation of the experimental data for both
downcomer diameters. The use of an adequate value of the
friction factor in the riser, in conjunction with the more de-
tailed model of the downcomer and gasrliquid separator has
led to a considerable improvement in the model predictions.

Table 1 shows a comparison of the relative magnitude of
the contributions of the different accessories and frictional
elements in the system to mechanical energy losses, for one
gas superficial velocity. All elements have a significant contri-
bution. For the 8.9-cm downcomer, losses associated with the
downcomer itself dominate, whereas for the 14-cm down-
comer, losses associated with the riser have the greatest im-
pact. Notice that riser friction goes from being 7% of total
energy losses in the 8.9-cm downcomer to 25% in the 14-cm
downcomer. The reason for this is mainly the higher liquid
velocities that are obtained in the riser with the larger down-

Ž .comer as observed in Figure 4 . The importance of losses in
Žthe accessories tee, elbow, contractions and expansions,

Figure 4. Liquid circulation flux and global gas holdups.
Ž .Data points, Young et al. 1991 ; solid lines, this work;

Ž .dashed lines, Saez et al. 1998 .´
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Table 1. Relative Magnitude of Drag and Frictional Losses
for U s8.2 cmrrrrrsg

D s8.9 cm D s14 cmdc dc

Downcomer wall friction 14 5
Contraction separatorrdowncomer 23 13
Elbow 16 9
Expansion downcomerrriser 27 6
Tee 5 15
Expansion riserrseparator 3 10
Vanes 5 17
Riser wall friction 7 25

Note: The losses are expressed as a percentage of each element contribu-
tion with respect to total losses in terms of the coefficient multiply-

2ing ® r2 g in the mechanical energy balance.dc

.vanes will depend on the reactor scale. In the pilot-scale sys-
tem explored in this work, they are extremely relevant. In an
industrial reactor, the increased length of riser and down-
comer would make the wall friction terms relatively more im-
portant.

To explore the sensitivity of the model to individual loss
terms, we have compared the model predictions for the 14-cm
downcomer when two of the terms are changed. First, the
loss coefficient for the elbow has been increased from K sE
0.35 to K s0.7. The new value would correspond to two 458E
elbows in series instead of one, long-radius elbow. Second,
the loss coefficient for the ‘‘tee’’ has been changed from KT
s1.5 to K s1.8. These changes are within the ranges ofT
loss coefficients given in the literature. The changes lead to
an increase in mechanical energy losses, which results in a
reduction in liquid circulation flux and a consequent increase
in the global gas holdup. However, the magnitude of the
changes is relatively small in the range of superficial gas ve-

Ž .locities explored 0]8 cmrs : the predicted liquid circulation
flux is reduced by less than 5%, while the global gas holdup
increases less than 1%.

All the results generated with the model considered a bub-
ble radius at the sparger of 1 mm. This value was found by

Ž .Saez et al. 1998 to yield the most accurate fit of the data of´
Ž .Young et al. 1991 . It might be argued that this parameter

can vary, given the range of conditions covered in this work.
For instance, increasing the superficial gas velocity increases
bubble size because of higher gas momentum during bubble

Ž .growth Geary and Rice, 1991 . In the gas-lift configuration,
however, an increase in gas velocity leads to a higher gas
holdup in the riser and, consequently, a higher liquid circula-
tion velocity. It is expected that higher liquid velocities lead
to earlier bubble detachment due to increases in the

Ž .gasrliquid drag force Marquez et al., 1999a . This can some-´
what compensate for the effect of gas momentum. In other
words, even though the range of velocities analyzed in this
work is relatively wide, variations in sparger bubble size might
not be significant.

Concluding Remarks
In this work we show how predictions of the hydrodynam-

ics of gas-lift reactors can be improved by careful quantifica-

tion of mechanical-energy losses in the system. The results
suggest that drag and friction in all elements of the system
Ž .including straightening vanes and gasrliquid separator must
be taken into account in the formulation. On the other hand,
downcomer friction factors can be predicted from correla-
tions for fully developed, single-phase turbulent flow, and
riser-wall friction must be adequately quantified. The results
also show that mechanical-energy losses in the various acces-
sories of the system are the key elements that determine the
liquid-circulation velocity for the reactor scale analyzed in this
work.

Notation
Lsriser length, m

L sdowncomer length, mdc
r sbubble radius, mb
Rsgas constant, m3?ParK ?kmol

Ž² : ² :.ResReynolds number, Res r ® y ® 2 r rm1 g 1 b 1
Ts temperature, K

U s inlet gas superficial velocity evaluated at atmospheric pressure,g
Ž .sGRTr P M , mrsa g

Ž . 3V s volume of phase is g, l , mi
zsaxial coordinate, m

m s liquid viscosity, Pa ? s1

Other symbols
² :x sdenotes volume average of x
² : ² :x sdenotes cross-sectional average of x
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