The Hydrodynamics of Trickling Flow in

Packed Beds

Part ll: Experimental Observations

The liquid holdup and the pressure drop for two-phase trickling flow in
a packed bed were measured experimentalily. Different values of those
parameters were obtained as the liquid flow rate was increased and
then decreased, indicating a multiplicity in hydrodynamic states. This
behavior was observed even when the gas flow rate was zero in the
bed. It was determined that the hysteresis exhibited by the process is
due to imperfect wetting of the packing and to the difference between
advancing and receding contact angles at the gas-liquid-solid contact
lines. The reduced wetting conditions are also the cause of the increase
in liguid holdup observed when the surface tension of the liquid is
decreased. In this case, the amount of liquid retained in the bed is con-
trolled by the extension of the wetted regions due to the more favorable
contact angle as the surface tension decreases. The transition from the
trickling to the pulsing flow regime was also dependent on the history of
the process.

A new correlation for predicting liquid holdups and pressure drops for
trickiing flow in packed beds is proposed for the decreasing liquid flow
rate operating mode. This correlation is based on the experimental
determination of the liquid phase relative permeability as a function of
the liquid phase reduced saturation and the determination of the gas
phase relative permeability as a function of the gas phase saturation
and the gas phase Reynolds number. The new data are analyzed in the
light of the theory developed in the first part of this paper.
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Extensive experimental studies of the hydrodynam-
ics of trickle-bed reactors have been conducted in
recent years. These studies are aimed primarily at the
development of empirical correlations as the way to
predict the hydrodynamic performance of such sys-
tems. Despite the large amount of work done in this
area, there are still uncertainties associated with the
prediction of pressure drops and holdups for these sys-
tems. The lack of understanding of this complex hydro-
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dynamic behavior has resulted in correlations that are
valid only over limited ranges of experimental condi-
tions.

The main objective of this work is to present a
detailed experimental study of the hydrodynamics of
trickling flow in packed beds. This study deals with the
experimental evaluation of liquid holdups and pressure
drops for a wide range of operating conditions, giving
special attention to the dependence of these parame-
ters on the history of the process, i.e., to the presence
of hydrodynamic hysteresis.
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The traditional concepts of relative permeabilities
are used to analyze the experimental results and to
compare trickle bed hydrodynamics to the predictions

of conduit models developed in Part | (Saez et al.,
1986).

CONCLUSIONS AND SIGNIFICANCE

An experimental study of the hydrodynamics of trick-
ling flow in packed beds was conducted. This study
provided evidence of the existence of a multiplicity of
hydrodynamic states, not only under gas-liquid flow op-
eration but also when the gas phase is stagnant in the
column. The hydrodynamic performance of the system
depends on the history of the process. Specifically,
hydrodynamic parameters such as pressure drop and
liquid holdup are functions not only of the operating
conditions but also of the operating mode; i.e., different
results are obtained when the operating conditions are
reached by increasing the liquid flow rate or by
decreasing it to the desired value. This phenomenon is
explained by the fact that imperfect wetting conditions
exist in the bed. When there are partially dry zones, the
hysteresis of the contact angle at the gas-liquid-solid
contact line leads to different configurations in the dis-
tribution of the liquid according to the operating mode
and, therefore, to different holdups and pressure
drops. The hysteresis of liquid holdups and pressure
drops in two-phase flow is appreciable for small pack-
ing particles (spheres of 0.3 cm dia.) for which differ-
ences of almost one order of magnitude were observed
in the pressure drop between the two modes of opera-
tion. This fact is of great importance to the design of
trickle-bed reactors.

The multiplicity of hydrodynamic states also affects
the transition from trickling to pulsing flow regime. It
was observed that the transition to pulsing flow at a
given gas phase Reynolds number occurred at a larger
liquid flow rate in the increasing liquid flow rate mode of
operation than in the decreasing flow rate mode.

The effect of surface tension on the liquid holdup
was studied by performing experiments with pure water
and aqueous solutions of a surfactant as working fluids.
It was observed that under the same operating condi-

tions, a decrease in the surface tension of the liquid
resulted in an increase in the amount of liquid retained
in the medium. This behavior is the opposite of that fol-
lowed by conduit models in which perfect wetting con-
ditions are assumed. The presence of imperfect wet-
ting provides an explanation of the experimental
trends. A reduction in surface tension causes a reduc-
tion in the contact angle and a subsequent increase in
the amount of liquid retained. This effect is more dra-
matic in the increasing flow rate mode of operation, in
which the wetting efficiency is expected to be smaller.

The experimental data obtained were analyzed by
using the concepts of relative permeabilities. The liquid
phase relative permeabilities calculated from the data
exhibited hysteresis, but within any of the operating
modes they were insensitive to surface tension effects
and packing characteristics. The experimental liquid
relative permeabilities compared well to those pre-
dicted by the conduit models in the absence of surface
tension effects.

The experimentally obtained gas phase relative per-
meabilities followed the same qualitative trends pre-
dicted by the conduit models. However, quantitative
comparisons were not accurate.

The liquid phase relative permeability corresponding
to the decreasing liquid flow rate mode of operation
was correlated with the reduced liquid saturation. The
gas phase relative permeability was correlated with
the gas phase saturation and Reynolds number. This
allowed the derivation of a correlation for predicting lig-
uid holdups and pressure drops that gave mean rela-
tive deviations with respect to experimental values of
3.5% for the liquid holdups and 13% for the pressure
drops. This correlation represents a significant im-
provement over previous correlations and it provides a
better physical interpretation of the process.

Introduction

A large number of previous studies of the hydrodynamics of
trickling flow in packed beds have resulted in the accumulation
of an extensive array of experimental observations. The inter-
pretation of the physics of the process has traditionally relied on
phenomenological analogies aimed at the development of em-
pirical correlations to predict pressure drops and liquid holdups
in the bed. Of these two parameters, the study of pressure drops
has received more attention owing to the direct relation that it
has to the design of trickle-bed reactors. Four different
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approaches have been used to predict pressure drops ir gas-liq-
uid cocurrent flow through packed beds:

1. The two-phase flow pressure drop has been expressed as a
function of the pressure drops of gas and liquid in one-phase
flow through the packed bed. The correlation is of the same form
as those used to predict pressure drops in two-phase flow
through tubes. This approach was developed by Larkins (1959)
and it has subsequently been used in most of the investigations
performed in the field (Weekman, 1963; Reiss, 1967; Charpen-
tier et al., 1968; and Midoux et al., 1976).

2. The pressure drop has been correlated to the liquid and gas
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phase Reynolds numbers by means of a friction factor type of
relation. This method was proposed by Turpin and Huntington
(1967) and later used by Specchia and Baldi (1977) to correlate
pressure drops in the pulsing regime. This method was also used
recently by Kan and Greenfield (1979) in correlating their pres-
sure drop information.

3. An Ergun-type equation with adjustable parameters has
been used to calculate two-phase pressure drops by Hutton and
Leung (1974) and Specchia and Baldi (1977).

4. Séaez and Carbonell (1985) analyzed the gas-liquid hydro-
dynamics of trickling flow by applying the traditional concepts
of relative permeabilities.

Some of the correlations proposed in the works mentioned
above have been compared by Siez and Carbonell (1985) and
Tosun (1984).

The prediction of liquid holdup is sometimes treated as a
problem that is separate from the prediction of pressure drops.
Of all the approaches presented above, only the investigations
following the techniques outlined in methods 3 and 4 have tried
to relate these two parameters. In the other approaches the lig-
uid holdup has been directly correlated with dimensionless num-
bers representative of the characteristics of the flow (Reynolds
and Galileo numbers) in the manner presented by Otake and
Okada (1953), or it has been related to the single-phase pressure
drops (Midoux et al., 1976). In this work we analyze a new set of
experimental data for liquid holdups and pressure drops using
the relative permeability approach originally proposed by Siez
and Carbonell (1985). The data will then be compared to the
predictions of the conduit models developed in Part I of this
paper (Sdez et al., 1986).

The hydrodynamics of trickling flow through packed beds
exhibits an interesting phenomenon that has been mostly over-
looked in the classical literature on the subject. We are referring
to a multiplicity in hydrodynamic states, first reported by Kan
and Greenfield (1978). These investigators observed that the
pressure drop and liquid holdup depended not only on the oper-
ating conditions but also on the history of the process, i.e., the
operating mode. Specifically, when the process was operated by
fixing a liquid flow rate and then adjusting the gas flow rate to
the desired value, they observed that the hydrodynamic perfor-
mance of the system was strongly dependent on the maximum
gas flow rate to which the process was subjected after fixing the
liquid flow rate. Kan and Greenfield speculated that this hyster-
esis was due to an irreversible breakup of liquid bridges trans-
verse to the direction of the flow that occurs as the gas flow rate
is increased. They concluded that the maximum gas flow rate
was enough to characterize the history of the process and went
on to propose a correlation for calculating pressure drops and
holdups (Kan and Greenfield, 1979) that included the gas phase
Reynolds number given by the maximum gas flow rate as an
additional parameter. The experiments conducted by these
investigators were performed with small particles (spheres of
less than 2 mm dia.) and the air-water system, indicating that
the strong surface tension forces might have been the source of
the phenomenon. However, when the surface tension of the
water was decreased by adding a wetting agent, the same behav-
ior was observed. The multiplicity of hydrodynamic states has
not been reported in other works dealing with small particles,
such as those of Tosun (1984), who carried out experiments with
the air-water system and particle diameters less than 2 mm, and
Morsi et al. (1984), who used aqueous solutions as working lig-
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uids and a particle diameter of 1.16 mm. In the present work we
provide additional evidence of the existence of hysteresis in
trickling flow through packed beds and we present an experi-
mental study of this phenomenon. As will be shown, the maxi-
mum gas flow rate does not seem to be the most important factor
determining the hysteresis behavior. We found hysteresis even
when the gas flow rate is zero in the column. We also present
results on the influence of particle diameter and liquid surface
tension on the hysteresis and pulsing behavior.

Experimental
Apparatus

The experimental system used in this investigation is shown in
Figure 1. The column was made of Plexiglas and had a 17.2 cm
ID and 130 cm total packing length. The packing section con-
sisted of six removable segments 20 cm long and one 10 cm seg-
ment. The column was equipped with seven pressure taps
located axially at nearly equal separation and connected to a
water manometer, alcohol manometer, or Lambrecht manomet-
er, depending on the magnitude of the measured pressure drop.

The packing materials used were 0.3 and 0.6 cm dia. glass
spheres. The spheres were supported in the packing section of
the column by a stainless steel screen which was mounted on a
bundle of 1.5 cm OD PVC tubes that had been glued together
and served as an outlet distributor.
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Figure 1. Experimental apparatus.
1. Pump 7. Weighing device
2. Regulating valves 8. Stopcocks
3. Rotameters 9. Manometers
4. Ball valves 10. Air humidifier
5. Gas-liquid distributor 11. Nozzle
6. Column packing 12. High-pressure pump
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Figure 2. Inlet distributor.

The flow rates of air and water were measured by means of
calibrated rotameters. The water temperature was kept constant
at 21°C during the experimental runs. Atmospheric air coming
from a compressor was saturated with water at 21°C in a spray
column before entering the packed bed.

The column was equipped with a flow distributor, Figure 2,
consisting of 550 capillaries at 0.6 cm pitch with 0.09 cm ID and
3.0 cm length through which water was pumped into the
column, The capillaries were placed between two Pertinax
plates. The bottom plate had circular holes around the capillar-
ies that had a diameter slightly larger than the outer diameter of
the tubes. The air was introduced to the chamber formed
between the plates and it exited the distributor through these
holes. The top of packed section of the column rested about 0.5
cm below the distributor.

The dynamic liquid holdup was measured by weighing the

column during the operation by means of a strain gauge (N/SL
from BLH Electronics, USA) with a sensitivity of 360 nV per
kg. This high sensitivity allowed the measurement of weight dif-
ferences of about 5 g without appreciable error from a dry
weight of column of 80 kg.

The structural properties of the column, as well as the range
of operating conditions used in this work, are summarized in
Table 1.

Procedure

Two types of experiments were performed: one consisting of
only liquid flowing through the bed in the presence of a stagnant
gas phase, and another with gas and liquid flowing downward
through the bed.

In the stagnant gas operation, the column was preflooded and
then allowed to drain for about 20 min; at this point a residual
amount of liquid (static holdup) remained in the bed. The
column was then kept at atmospheric pressure and the liquid
flow rate was gradually increased from zero to the value at

Table 1. Properties of Column and Packing and
Operating Conditions

Column dia. 172cm
Total packing Length 130 cm
Sphere dia. (glass) 0.30 and 0.60 cm
Bed porosity () 0.375-0.385
Static holdup (both sphere sizes) (eg) 0.022
Surface tension range 0.0388-0.0725 N/m

Mass flow rate ranges:

which it was observed that the column was completely flooded.
The liquid flow rate was then gradually decreased to zero. Dur-
ing both operating modes (increasing and decreasing flow rate)
the dynamic liquid holdup was measured as a function of the
liquid flow rate.

The two-phase flow experiments were performed in the fol-
lowing manner. Before starting every set of runs, pulsing flow
was induced by operating at very high gas and liquid flow rates.
This assured that all sections of the packing were completely
wetted and provided excellent reproducibility. The gas and lig-
uid flows were shut down simultaneously and the column was
allowed to drain for 20 min. Afterward, the gas flow rate was set
at a fixed value and the liquid flow rate was gradually increased
until the pulsing flow regime was reached. The liquid flow rate
was then decreased. Pressure drops and dynamic holdups were
measured during both modes of operation (increasing and
decreasing liquid flow rates). The column was packed segment
by segment to make sure that the porosity of the bed was uni-
form. Each segment was packed by carefully filling it with par-
ticles. The second segment was assembled on top of the first; this
procedure was repeated from the bottom to the top of the bed.
Differences in global porosities between two consecutive pack-
ing procedures were always less than 2%. A reproducibility of
12% was found in the measurement of static holdup. The
dynamic holdup showed a 15% reproducibility for low values
(e7 < 0.03) and a 5% reproducibility for high values (¢2 > 0.2)
within the same mode of operation. The reproducibility of the
pressure drop measurements was estimated to be 5% at low val-
ues of the pressure drop (below 200 mm of water) and up to 20%
near the transition to the pulsing flow regime.

All the experiments were carried out with the air-water sys-
tem. The only physical property varied was the surface tension,
which was reduced by adding sodium octadecil sulphate to the
water in very small concentrations (below 0.5 g/L). The range
of surface tensions used is shown in Table 1. The surface ten-
sions were measured by the pendant drop method.

The Reynolds, Galileo and E6tvés numbers were calculated
using the formulas consistent with Part I of this paper

Pt e
Re;" - a*alp a-8,
wll— 9 By
Gar - P& ¢
“ e (1—¢’
Eox - Lo8%
(1l — ¢

The interstitial velocities for the gas and liquid were calculated
directly from the volumetric flow rate of each phase, the column
area A, and the porosity of the bed

QH
U = - =
e @ B,y
The measurements of dynamic holdup ¢, under no-gas flow con-
ditions were used to compute kg, the relative permeability of the
liquid phase according to Eq. 1 of Part I with the gas phase Rey-
nolds number set equal to zero

Air 0-0.37 kg/m?s Re} Re}?
Water 0.06-25.1 kg/m’s ky=A Ea—; + B Gas
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Figure 3. Experimental dynamic holdup for stagnant gas phase operations, air-water system.

Values of 4 = 180 and B = 1.8 were used (Macdonald et al.,
1979). For each value of Re there is a different k; value at a
different reduced saturation d;. From measured dimensionless
pressure drops in the gas phase under two-phase flow conditions
one can calculate k., the relative permeability for the gas phase,
according to Eq. 4 of Part I

1
k,=—|A
b \b‘y[

*
Re}
*
Ga?

Re?*?
B 4
Ga¥

For each different pair of gas and liquid flow rates there is one
measured dynamic holdup and a measured pressure drop. Since
k., is calculated from the equation above, a plot of the calculated

k. as a function of the measured gas phase saturation S, is easily
generated.

Results and Discussion
Stagnant gas phase

Experimental results obtained for the case of the stagnant gas
phase operation are presented in Figures 3 and 4. The dynamic
holdup is shown as a function of the Reynolds and Galileo num-
bers of the liquid phase, for two different surface tensions. A
multiplicity of hydrodynamic states is evident from these
results. This hysteresis is more noticeable for the case of small
particles (d, = 0.3 cm). For a given particle diameter and a
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Figure 4. Experimental dynamic holdup for stagnant gas phase operations, air-water-surfactant system.
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given surface tension, the dynamic holdup increases as the liquid
flow rate is increased (lower curve of the loops). When the liquid
flow rate is decreased (upper curve), the dynamic holdup takes
larger values. If the mode of operation is changed at an interme-
diate liquid flow rate, the decreasing liquid flow rate curve
would take values within the loop. Hence, the curves shown rep-
resent an envelope of all the possible hydrodynamic states. The
hysteresis pattern under stagnant gas phase conditions has not
been reported before and it leads to very interesting implica-
tions. First of all, hysteresis in gas-liquid flow operations has
been explained (Kan and Greenfield, 1978) as being the result
of the distortion induced in the gas-liquid interface shapes by
the flow of gas. The fact that the phenomenon is present under
stagnant gas conditions implies that the mechanism producing
the hysteresis pattern is not completely explained by that
hypothesis.

The trends observed in this investigation lead to the conclu-
sion that the multiplicity of hydrodynamic states is a conse-
quence of imperfect wetting of the packing. When the bed is pre-
flooded and then drained, dry regions are formed locally and the
liquid remaining in the bed (static holdup) is retained by means
of a counterbalance of forces that includes gravitational forces
and interfacial tension forces at the gas-liquid interface and at
the three-phase contact lines. As the liquid flow rate is increased
from this static situation, a liquid flow pattern is established in
which dry regions still remain. The increase in the liquid flow
rate induces a larger accumulation of liquid in the wet regions,
which results in a larger force exerted by the liquid at the three-
phase contact line. Eventually, the wetted area starts to increase
until perfect wetting conditions are reached. When the liquid
flow rate is decreased, the process described above is reversed
only in a qualitative manner. The difference between both
modes of operation lies in the fact that in the increasing flow
rate mode the three-phase contact line is advancing over a dry
surface, whereas in the decreasing flow rate mode the contact
line is receding from a wet surface. It is a well-known fact (Ad-
amson, 1976, Ch. VII) that the contact angle of a three-phase
system is larger when the contact line advances than when it
recedes. A larger contact angle means that a larger force has to
be exerted in order to cause a change in the location of the three-
phase contact line. In terms of the process under consideration,
this implies that a larger fraction of the bed will remain dry in
the increasing flow rate mode than in the decreasing flow rate
mode at the same operating conditions. Hence, the decreasing
flow rate mode provides more efficient conditions in terms of liq-
uid distribution and therefore it yields larger holdups, which is
precisely the trend observed in Figures 3 and 4.

Another interesting observation gathered from the results
presented in Figures 3 and 4 is that for a given particle sizeand a
given liquid phase Reynolds number, the dynamic holdup
increases as the surface tension is decreased. This trend was also
observed by Jesser and Elgin (1943) in experiments with water
and surfactants, and by Charpentier and Favier (1975) in exper-
iments involving water and organic liquids. This experimental
trend is completely opposite to the predictions of the periodically
constricted tube model developed in Part 1 of this work. It can be
observed in Figure 13 of Part I that, at a given value of Re}/
Ga}, a decrease in surface tension (increase in E6tvds number)
causes a decrease in the liquid holdup. This fact provides
another indication that the wetting of the packing has a very
important effect on the amount of liquid retained in the bed.
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When the surface tension decreases, the contact angle at the
three-phase contact line decreases (Adamson, 1976) causing
more wetting in the bed and, therefore, an increase in the liquid
holdup. The effect of surface tension on the holdup is stronger in
the increasing liquid flow rate mode. When the surface tension
is increased (see Figures 3 and 4), the holdups corresponding to
decreasing flow rate mode increase slightly, whereas those cor-
responding to increasing flow rate mode increase appreciably, to
the point that the hysteresis disappears for the 0.6 cm particles.
This effect is consistent with the hypothesis made before that
the degree of wetting controls to a large extent the amount of
liquid retained. The increasing flow rate mode exhibits more
extended dry regions and thus it is more sensitive to changes in
the surface tension.

As discussed in Part I, the prediction of liquid holdups
depends on knowledge of the liquid phase relative permeability,
kg, as a function of the reduced saturation of the liquid phase, 5,.
Under no-gas flow conditions, Eq. 1 of Part I reduces to

Re}
Ga}

%*2
Ref

*
Ga}

ky= A (1)

The liquid phase relative permeabilities corresponding to the
experiments performed in this investigation are presented in
Figure 5 for the increasing liquid flow rate mode, and in Figure
6 for the decreasing liquid flow rate mode. Values for the Ergun
constants of 4 = 180 and B — 1.8 were used, following the rec-
ommendations of Macdonald et al. (1979). The static holdup,
required to calculate d; (see Eq. 5, Part I), was measured experi-
mentally and a single value of 0.022 was obtained (Table 1),
independent of the EStvis number. In the range of EStvds num-
bers considered (see Table 3) the correlation developed by Séez
and Carboneli (1985a) predicts values greater than 0.04, which
is 80% larger than the experimental observation.

The increasing flow rate mode gives relative permeabilities
that change somewhat with the Eotvos number without showing
a definite trend. The variations of k, are within 0.1 unit for a
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Figure 5. Liquid phase relative permeabilities, increasing
liquid flow rate mode.
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Figure 6. Liquld phase relative permeabilities, decreas-
ing liquid flow rate mode.

change of almost an order of magnitude in the Eétvis number,
so that they are not highly sensitive to this parameter for practi-
cal purposes. The relative permeabilities corresponding to the
decreasing flow rate mode show a complete insensitivity to the
E6tvos and Galileo numbers, Figures 6 and 7.

The liquid phase relative permeability for the increasing flow
rate mode and water as working fluid can be expressed as a
function of the reduced saturation by

ky — 53° @)
For the decreasing flow rate mode, kg is accurately represented
by

5%‘9, 63 =0.2

k {0.25 320 8, <02 ©
Equation 3 holds for all the experiments carried out in the pres-
ent work in the decreasing flow rate mode.

These representations for kg are shown in Figure 7, along with
experimental data obtained in this investigation. Two additional
experimental points, obtained by Wijffels et al. (1974) in the
decreasing flow rate operating mode, are also shown. Note that
Eq. 3 is a good representation of data spanning three orders of
magnitude of the Galileo and Edtvds numbers.

In a previous work, Sdez and Carbonell (1985) obtained a
relation between k; and 6, based on data taken from the litera-
ture without discriminating between operating modes (which
were often not reported). The result (Eq. 7, Part I) was a power
fit with an exponent of 2.43. Note that this value coincides with
the average value of the exponents of Eqgs. 2 and 3, indicating
that the data used by Siez and Carbonell probably corre-
sponded to both modes of operation.

The recognition of the hysteresis phenomenon implies that
one should use different correlations for different modes of oper-
ation. The decreasing flow rate mode is the more significant of
the operating modes since it yields larger liquid retentions and
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Figure 7. Liquid phase relative permeabilities, compari-
son between operating modes.

better wetting characteristics, which are desirable features for
practical applications (Hofmann, 1977). By combining Egs. 1
and 3 we find a correlation for predicting reduced saturations in
this operating mode,

Re}  Rep?\oss
A B——| , 6,=0.2
Gaz * * Gag s
%7V [ Rt Regp® @
2(A Gt +BGa;) . 8, <02

This correlation is compared to the experimental data ob-
tained in the present work in Figure 8. The prediction of reduced
saturation by means of Eq. 4 yields a mean relative deviation of
3% when compared to 95 data points.

The periodically constricted tube model developed in Part 1
does not provide a good representation of the trends followed by
the experimental data. The results of the model indicated that
the relative permeability curves were sensitive to the Edtvos
number (Figure 12, Part I), a fact that is not observed experi-
mentally. One of the reasons for this discrepancy might be that
the conduit models assumed perfect wetting of the packing sur-
faces, which is now always true in the real system. In Figure 7
the results of the straight capillary tube model are compared to
experimental data. The capillary tube curve is very close to that
of the periodically constricted tube when surface tension effects
are absent (Ed — ). Notice that the model represents fairly
well the data corresponding to the decreasing liquid flow rate
operating mode. This is due to the fact that this mode of opera-
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Figure 8. Prediction of liquid holdup under stagnant gas conditions, decreasing liquid flow rate mode.

tion yields the maximum wetting efficiency and the capillary
tube model assumes perfect wetting. The differences between
the model and the experimental data become more appreciable
in the region of low liquid holdups. This can be ascribed to the
absence of static holdup in the capillary tube model.

Gas-liquid flow

Representative results obtained in the present work for
dynamic holdup and pressure drop in gas-liquid cocurrent flow
are shown in Figures 9 and 10. The hysteresis phenomenon is
also evident in these results. Differences of up to 30% were
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Figure 9. Experimental dynamic holdup for gas-liquid op-
eration.
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observed in the dynamic holdup depending on the mode of oper-
ation. The most dramatic effect of hysteresis is on pressure
drops, Figure 10, which in some cases exhibit differences of
almost an order of magnitude when the increasing and decreas-
ing liquid flow rate modes are compared.

The decreasing liquid flow rate mode exhibits larger holdups,
as was the case in the stagnant gas operation, Figure 9. Larger
holdups mean more obstruction to the flow of gas, and this
results in larger pressure drops, Figure 10.

The hysteresis exhibited by the process also affects the transi-
tion from the trickling to the pulsing flow regime. It was
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Figure 10. Experimental pressure drop for gas-liquid op-
eration.
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observed experimentally that the transition to pulsing flow at a
given gas flow rate occurred at a larger liquid flow rate in the
increasing flow rate mode, Figure 9. In other words, when puls-
ing flow is reached by increasing the liquid flow rate, the unsta-
ble pattern of flow persists as the liquid flow rate is decreased.
This observation indicates that the presence of pulsing flow is
dependent on the amount of liquid retained in the bed. Under
the same operating conditions (gas and liquid flow rates), a
larger liquid holdup increases the possibilities of the presence of
the pulsing flow regime. Under pulsing flow conditions, the
packing is perfectly wetted due to the motion through the bed of
regions of high liquid content (pulses), and therefore hysteresis
in the liquid holdup disappears, as observed in Figure 9 (the
curves corresponding to the two operating modes coincide as the
pulsing regime is reached). The pressure drop curves shown in
Figure 10 do not form a closed loop because this parameter was
not measured after transition to pulsing was observed.

The gas phase relative permeabilities can be calculated from
the experimental data gathered on two-phase flow by means of
the following equation (Part I, Eq. 4),

1
k=
Y

* *2
Re? Re?

A —
Ga} Ga}

&)

The results are shown in Figure 11 for the increasing liquid flow
rate mode and in Figure 12 for the decreasing liquid flow rate
mode. Only experimental data corresponding to particles of 0.3
cm dia. are shown in those plots. The results for particles of 0.6
cm dia. show similar trends. The multiplicity of hydrodynamic
states affects the gas phase relative permeabilities too; the val-
ues of this parameter under similar conditions are appreciably
larger in the increasing liquid flow rate mode.

The values of 4 and B, 180 and 1.8, respectively, were chosen
according to the recommendations of Macdonald et al. (1979).
These values are an average over a wide variety of porous media
and, depending on the structure of the porous matrix, they can
vary appreciably. For example, for beds packed with spheres 4
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Figure 11. Gas phase relative permeabllities, increasing
liquid flow rate mode.
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Figure 12. Gas phase relative permeabilities, decreasing
liquid flow rate mode.

and B are reported (Macdonald et al.) to be in the neighborhood
of 160 and 1.5, respectively, which would result in changes of
about 10% in the calculated values of k., by using Eq. 5.

The experimental gas phase relative permeabilities show the
same trends as those followed by the predictions of the straight
and constricted tube models developed in Part I (see Figures 4
and 14, Part I) although the quantitative behavior is appreciably
different. The curves at constant liquid phase Reynolds numbers
are almost vertical lines for low values of the gas phase Reynolds
number. The curves at constant gas phase Reynolds numbers
approach a unique curve as the value of that parameter becomes
large. This unique curve represents the envelope of the gas phase
relative permeability curves. For the case of the decreasing lig-
uid flow rate mode, the envelope was found by extrapolation to
infinite gas Reynolds numbers. The envelope curve is well repre-
sented by the equation

kYY) - 0.045 + 0.67S], 04<S,<09 6)
This curve, represented as a solid line in Figure 12, is considera-
bly lower than the envelopes predicted by the conduit models
developed in Part I. It is interesting to point out that even though
in this work we could not obtain data exactly on the envelope
curve, Eq. 6 represents well the extrapolated envelope of the
data corresponding to particles of both 0.3 cm and 0.6 cm dia.,
indicating that this envelope is independent of the Galileo num-
bers of both phases, as it was in the conduit models.

The theoretical models and the experimental data indicate
that a single curve is not a very adequate representation of the
gas phase relative permeability relations. For each particle size
used, and hence for each Galileo and Etvos number, k., was cor-
related to the gas phase saturation by means of an equation of
the form

k,=S} (7N
where the exponent n is a function of the gas phase Reynolds
number. The values of » that minimize the mean relative devia-
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Table 2. Exponent of Gas Phase Relative Permeability
Relations, Decreasing Liquid Flow Rate Mode

d,=0.3cm d, = 0.6 cm
Re} n Re¥ n
11.3 3.6 229 5.3
41.3 4.9 83.9 6.2
67.5 6.0 137.3 6.9
97.5 6.8 198.4 1.5

tion between the experimental and calculated values of k., are
presented in Table 2. If a fit similar to Eq. 7 were performed to
the results obtained with the conduit models, then n would be a
function only of Re¥/Ga¥ (Part I). However, in the real case, n
seems to correlate better with the parameter Re¥, as shown in
Figure 13. This observation is not conclusive since just two val-
ues of the gas phase Galileo number were investigated, but it
provides a good representation if Ga¥ is in the range used in the
present work.

The knowledge of n as a function of Re} allows the develop-
ment of a correlation for calculating pressure drops and liquid
holdups under two-phase flow conditions. The liquid holdup is
calculated by means of Eq. 3, Part I,

__I_ARe’," BRe;‘2 Py
k" Gar T ¥ Gar [ s

* Re*?
1{ Rej | pRei ®)

ks|” Gag " " Gap

where kg is given by Eq. 3 and k., is obtained from Eq. 7 with the
appropriate value of n, which can be estimated from Figure 13
or Table 2. After the liquid holdup and hence &5 and S, have
been calculated, the dimensionless pressure drop is estimated by
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Figure 13. Gas phase relative permeability exponent, de-
creasing liquid flow rate mode.
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Figure 14. Comparison of predicted and experimental
pressure drops.

means of Eq. 4, Part I,

1

¢1=E— A

¥

X m———

* *
Gaj Ga?

)

Ret Re;ﬂl

The calculated values of the pressure drop are compared in Fig-
ure 14 to the experimental values. The experimental data used
in this analysis were obtained in the ranges reported in Table 3.
The correlation gives a mean relative deviation of 13% in the
prediction of pressure drops for 137 experimental data points.
The predictions of liquid saturations for the same set of experi-
mental data are shown in Figure 15. The mean relative deviation
was 3.5%. The correlation was not compared to experimental
data in the literature due to the fact that the operating mode is
not usually reported in previous works. Further experimental
analyses are required in order to establish the dependence of the
gas phase relative permeability curves on the independent vari-
ables. In any case, the correlation proposed in this work repre-
sents an improvement over previous studies.

In the first attempt to apply the relative permeability analysis
to trickling flow in packed beds, Sdez and Carbonell (1985)
represented the gas phase relative permeability by means of a
unique curve, equivalent to Eq. 7 with an exponent # = 4.8. That
work did not discriminate between different modes of operation
nor did it consider possible changes in k., with the gas phase

Table 3. Range of Independent Dimensionless Variables in

Present Study
d,=03cm d,=0.6cm
Gaf = 67,070 Gaf = 2,272
Ga¥ - 284 Ga? = 536,560
Re} =0.3-50 Re} = 0.5-130
Re* = 10-100 Re¥* = 20-200
E5* = 0.44-0.77 Es* = 1.90-3.56
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Figure 15. Comparison of predicted and experimental
liquid saturations.

Reynolds number. That first correlation gave mean relative
deviations of 13% in the prediction of liquid holdups and 22% in
the prediction of pressure drops, values that are higher than
those obtained with the new correlation. We must point out,
however, that the new correlation has only been tested against
the data used to develop it and this causes an obvious bias in the
comparison. If the primitive correlation proposed by Sdez and
Carbonell is used to predict the pressure drops and holdups
obtained in this experimental study, mean relative deviations of
13% for the liquid hoidup and 32% for the pressure drop are
obtained. These values are higher than those given by the new
correlation, as expected, but they are consistent with the errors
obtained previously. These results confirm that the first correla-
tion was statistically significant, so that it can be used with the
confidence predicted by the errors reported. For practical pur-
poses, the new correlation represents a quantitative improve-
ment and a better representation of the physics of the process.
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Notation

A = area of the bed
A = constant in the viscous term of the Ergun equation
B = constant in the inertial term of the Ergun equation
d}, - hydraulic diameter, = d, ¢/(1 — ¢)
d, — sphere diameter
E3* = Ebtvds number based on the hydraulic diameter, pygd} /o
Ga} = Galileo number of the « phase based on the hydraulic diame-
ter, pig dy €/ui (1l — ¢
n = exponent in the gas phase relative permeability relation,
Eq.7
k, = relative permeability of the « phase

AIChE Journal March 1986

Re¥ = Reynolds number of the « phase based on the hydraulic diam-
eter, p,u dye/u(1 — €
S, = saturation of the « phase, ¢,/¢
u, = interstitial velocity of the a phase, Q,/A¢

Greek letters

8y — reduced saturation of the liquid phase, S5 — €§/¢
¢ = bed porosity
¢ = liquid holdup per unit volume of bed
¢s — static liquid holdup
€5 = dynamic liquid holdup, = ¢; — €}
p = density
o — surface tension
¥, = dimensionless pressure drop of the o phase per unit length,

1 — (AP,/p.£%)

Subscripts and superscripts

(C) = calculated
(E) = experimental
(ENYV) = envelope
B = liquid phase
v = gas phase
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