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Prediction of Pressure Drop and Liquid Holdup in High-Pressure

Trickle-Bed Reactors

M. H. Al-Dahhan,* M. R. Khadilkar, Y. Wu, and M. P. Dudukovi¢

Chemical Reaction Engineering Laboratory, Department of Chemical Engineering, Washington University,

Saint Louis, Missouri 63130

The Holub et al. (1992, 1993) phenomenological model for pressure drop and liquid holdup in
trickle flow regime at atmospheric pressure was noted by Al-Dahhan and Dudukovi¢ (1994) to
systematically underpredict pressure drop at high pressure and high gas flow rates. In this
study, the Holub et al. (1992, 1993) model has been extended to account for the interaction
between the gas and liquid phases by incorporating the velocity and the shear slip factors between
the phases. As a result, the prediction of pressure drop at the operating conditions of industrial
interest (high pressure) has been improved noticeably without any significant loss in predict-
ability of liquid holdup. The extended model and the comparison between its prediction and
experimental high pressure and high gas flow rate data are presented and discussed.

Introduction

A trickle-bed reactor (TBR) is a fixed bed of catalyst
contacted by cocurrent downflow of gas and liquid. It
is used widely in petroleum, petrochemical, and chemi-
cal industry. Most of the industrial trickle beds operate
at high pressure, up to ~20—30 MPa (~3000—4500 psi)
to improve the solubility of the gaseous reactants,
achieve better heat and mass transfer, and slow down
catalyst deactivation. Two broad flow regimes are
observed in TBRs based on the superficial mass
velocities of the two phases, fluid properties and bed
characteristics: a low gas—liquid interaction regime
(LIR, trickle flow regime) and high gas—liquid interac-
tion regimes (pulse, spray, wavy, bubble, and dispersed
bubble flow regimes). The two phase flow fluid dynam-
ics changes from one regime to another and, hence, the
operating, design and scale-up parameters are affected
differently in each flow regime. The trickle flow regime,
the pulse flow regime, and the transition between the
two are of particular interest to industry (Al-Dahhan
and Dudukovi¢, 1994; Charpentier and Favier, 1975;
Holub, 1990; Wammes and Westerterp, 1991). Al-
though the trickle flow regime is described as low gas—
liquid interaction, strictly speaking, low gas—liquid
interaction is true only at very low superficial mass
velocities. However, as the superficial velocities are
increased towards the pulsing regime, the interaction
between the gas and liquid is enhanced, particularly at
high-pressure operation (Al-Dahhan and Dudukovit€,
1994; Al-Dahhan et al., 1996). This enhanced interac-
tion can affect liquid holdup, pressure drop, transport
parameters, and the resultant performance of the reac-
tor. Thus, a basic understanding of the hydrodynamics
of trickle bed reactors at the operating conditions of
interest is essential to their design, scale-up, scale-down,
and performance prediction.

Most of the previous studies on quantifying holdup
and pressure drop have been conducted under atmo-
spheric pressure, whereas the desired conditions of
investigation are industrial operating pressures of 20—
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30 MPa. Recently, a few investigations have been
performed to study the influence of reactor pressure and
gas flow rate on pressure drop and liquid holdup (Al-
Dahhan et al., 1997, Al-Dahhan and Dudukovi¢, 1994;
Wammes et al., 1991; Larachi et al., 1991a,b). Their
experimental observations show that at high pressure
and high gas flow rate, for a given liquid superficial
velocity, liquid holdup decreases and pressure drop
increases significantly compared with that at low pres-
sure operation. The effect of pressure arises because
of the increase in gas density and, hence, when the
pressures of gases of different molecular weights are set
to have equal densities (e.g., if pressure of He is about
seven times that of N pressure) at constant liquid mass
velocities, the pressure drops and liquid holdups are
about identical (Wammes et al., 1991; Larachi et al.,
1991a,b, 1994).

Al-Dahhan and Dudukovi¢ (1994, 1995) have pro-
posed a phenomenological analysis for five limiting cases
to describe the effect of reactor pressure and gas flow
rate on the hydrodynamic parameters, such as pressure
drop, liquid holdup, catalyst wetting efficiency, gas—
liguid interfacial area, etc. These cases can be sum-
marized as follows (Al-Dahhan et al., 1997).

Case 1: No gas flow, all pressures. This case repre-
sents pure trickle flow regime where the gas is stagnant.
Dimensionless pressure gradient (AP/Zpg) is zero and
the liquid is exclusively driven by its weight. Hence,
at a given liquid superficial velocity, liquid holdup is
the largest, whereas catalyst wetting efficiency and
gas—liquid interfacial area are the smallest because
liquid fills the major pore spaces readily but does not
spread uniformly across the reactor section and over the
external surface of the catalyst.

Case 2: Low pressure and low gas superficial velocity
(P < 0.35 MPa and Ug < 2 cm/s) for nitrogen and for
gases with equivalent density. The dimensionless pres-
sure drop (AP/Zp_g) is small and changes only slightly
with variation in gas velocity and can be neglected. TBR
fluid dynamics in this case can, to a good approximation,
be seen as gravity driven and gas phase independent.
Hence, the effect of pressure and gas flow rate is
negligible.

Case 3: Low pressure and high superficial gas velocity
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(P < 0.35 MPa and Ug > 7 cm/s) for nitrogen and for
gases with equivalent density. The pressure gradient
increases in comparison with the gravitational force.
Consequently, the dimensionless pressure gradient (AP/
ZpLg) increases, which causes a decrease in liquid
holdup and an increase in the catalyst wetting efficiency
and gas—liquid interfacial area. This result is due to
the increase in the liquid spreading across the reactor
section and over the external particle surface caused by
larger gas flow rate. The effect of gas velocity in this
case is more noticeable at high liquid flow rate than that
at low liquid flow rate.

Case 4: High pressure and low gas superficial velocity
(P > 3.5 MPa and Ug < 2 cm/s) for nitrogen and for
gases with equivalent density. As a result of the
increased gas density, the pressure drop increases and
so does the dimensionless pressure drop (AP/Zp.g). This
causes liquid holdup, wetting efficiency, and gas—liquid
interfacial area to increase in a less pronounced manner
compared with Case 3 because the pressure gradient is
more sensitive to velocity changes than to gas density
changes.

Case 5. High pressure and high gas superficial
velocity (P > 3.5 MPa and Ug > 7 cm/s) for nitrogen
and for gases of equivalent density. This case is the
most important one in terms of the sensitivity of TBR
fluid dynamics to pressure in which gas—liquid interac-
tion becomes noticeable. Dimensionless pressure drop
(AP/ZpLg) increases dramatically and liquid holdup
decreases significantly. Hence, liquid film thickness at
a constant liquid flow rate decreases, whereas the shear
stress on the gas—liquid interface increases, resulting
in a better spreading of the liquid film across the reactor
section and over the external packing area. Therefore,
catalyst wetting efficiency and gas—liquid interfacial
area improve noticeably. The effects of high pressure
and high gas velocity at higher liquid flow rates are
more significant than those at low flow rates.

The correlations developed to predict pressure drop
and liquid holdup under aforementioned flows and
pressures are entirely empirical (Larachi et al., 1991a;
Wammes et al., 1991; Ellman et al., 1988, 1990). In the
absence of any fundamental approach due to the com-
plex interaction between the flowing fluids and the
stationary packing, a phenomenological (mechanistic)
model based on a simple physical picture of the phe-
nomena involved is preferred to strictly empirical cor-
relations. One such model was developed by Holub et
al. (1992, 1993), and its extended version as applied to
high pressure and high gas flow rates is presented and
discussed in this study.

Phenomenological Model

Holub et al. (1992, 1993) proposed a phenomenological
model in the form of a modified Ergun equation based
on representation of the complex geometry of the actual
void space in a packed bed of particles at the pore level
by an inclined slit (Figure 1). In trickle flow regime,
the liquid flows as films or rivulets over the catalyst
bed while the gas flows as a continuous phase through
the remaining voids, so the liquid in the representative
slit is assumed to be completely wetting the wall of the
slit with a film of uniform thickness while the gas flows
in the central core. The two phase momentum balance
equations in the slit model are mapped to the actual
bed model, which yields the dimensionless equations for

W/Sp =&/(1-¢)
8/ Sp =g /(1-8)
Sp =Dp/6
cos® =1/T

Figure 1. Slit model representation of two-phase flow in trickle-
bed reactor.

Table 1. Phenomenological Model of Holub et al. (1992,
1993) in the Form of a Modified Ergun Equation for No
Gas—Liquid Interaction

equation no.
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aE; and E; are Erguns constants that represent the bed
characteristics are evaluated from single phase gas flow (dry bed)
experiments.

the trickle flow in the form of modified Ergun equations,
as shown in Table 1 (Holub et al., 1992, 1993). These
equations also tie up pressure drop and holdup in the
trickle flow regime. Parameters E; and E, are the
Erguns constants that characterize the bed (E; =72 T2,
E, = 6Tfwan car) and are determined from single-phase
gas flow (dry bed) experiments in the bed of interest.
By substituting egs 1 and 2 into eq 3 and by equating
the dimensional pressure gradients (AP/Z) on the gas
and liquid sides, the nonlinear implicit equation for
liguid holdup can be solved by direct or Newton itera-
tion. Knowing the liquid holdup, pressure drop can be
evaluated by either eqs 1 or 2.

Holub et al. (1992, 1993) have demonstrated that the
model predicts pressure drop and liquid holdup at
atmospheric pressure better than current correlations
developed based on atmospheric pressure data. Al-
Dahhan and Dudukovit (1994) reported that Holub et
al. model also predicts properly at high pressure the
trends of effects of reactor pressure, gas flow rate, liquid
flow rate, physical properties, and bed characteristics
(Al-Dahhan and Dudukovi¢, 1994). However, Al-Dah-
han and Dudukovit (1994) showed that although the
model predicts pressure drop and liquid holdup better
than recently reported high-pressure correlations (Lara-
chi, 1991a,b; Wammes et al., 1991; Wammes and
Westerterp, 1991; Ellman et al., 1988, 1990), as shown
in Table 2, it systematically underpredicts them at high
pressure and high gas flow rates.

Figure 2b (for the entire data set) and Figures 4a and
5a (for two specific cases) show the comparison of the
Holub et al. model prediction for pressure drop and
holdup and experimental observations as a function of
liguid mass velocity. It is obvious that the agreement
between the model and the data is very good at lower
pressure and over the range of liquid mass velocity at
all levels of gas velocity (lower cluster of points in Figure
2b). However, at high pressure and high gas velocity,
the model consistently underpredicts the data. Under
these conditions, the relative error in pressure drop
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Table 2. Comparison of Predictions of Recent Pressure Drop and Holdup Correlations with Al-Dahhan’s Data

(1993)
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Figure 2. Prediction of holdup and pressure drop (Case I: fs=f, =

prediction (~48%) is more noticeable compared with
that of holdup prediction (9%). This larger relative error
is because the interaction between gas and liquid phases
increases at high pressure and high gas flow rate, as
discussed in the earlier cases, and this is not accounted
for in the original form of the Holub’s model as reviewed
in the assumptions used to develop its simplest form.
In the detailed derivation of the governing equations
for the model, Holub et al. (1992, 1993) neglected the
interaction at the gas—liquid interface and assumed a
discontinuity in both shear and velocity at the interface.
Essentially zero-velocity gradient and no shear were
assumed in the model at the free liquid film surface (i.e.,
both velocity slip factor, f,, and shear slip factor, f;, are
considered to be equal to zero), which is not the case at
high pressure and high gas velocity (Al-Dahhan and
Dudukovit, 1994). Accordingly, in this work, the Holub
et al. (1992, 1993) model has been extended to account
for the interaction between the gas and the liquid

Dimensionless liquid pressure drop
(experimental)

(b)

0, only high pressure, high gas flow data; ox = (3 (Xpred — Xexp)?/N)?).

phases in the attempt to improve pressure drop predic-
tions in high pressure and high gas flow rate operations.

The Extended Model

The degree of interaction between the gas and liquid
phases in trickle bed reactors can be accounted for by
incorporating the velocity and shear slip factors between
the phases as suggested and derived by Holub and co-
workers (1990, 1992, 1993). This incorporation of
velocity and shear slip factors is an extension of the
original general model (Holub, 1990) based on the two-
phase flow momentum balance for the slit, which
additionally incorporates the velocity slip factor (f, =
Vic/ViL) and the shear slip factor (fs = 7./7c) to relate
the velocity and shear stress in the gas and liquid phase
under increasing degree of phase interaction observed
at higher gas densities and velocities. The detailed
derivation is an extension of the original model deriva-
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Table 3. Extended Model Equations for Pressure Drop and Liquid Holdup

equation no.
w [ }[E,(Reg — feqRe) N E,(Reg — f egRe;)? "
e \eg— €. Gag Gag @
VD,
ol - ep)
3 2
_ [€s)|E1ReL | E;Ref € 0c
y = (GL) Ga. T Ga | T fSEL 1 o v, (6)
Rei = @ 0<nm <5 (7
Rei = ®(—3.05 + 5 In(.)) 5 <y <30 (8)
Rei + ®(5.5 + 2.5 In(7L)) 7L > 30 (9)
where
10 "L €L €cpc¥Po
O =——7— [W¥ Ga—|1+f (20)
L (El)°‘75 VG\/ L L€g( SéLlepL)
1 € \® €cpc¥s
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- 5(E1)0'25\/ e SeLo Wy
and
W =1+ %(lyG ~1) (12)
L

tion (Holub, 1990), and only the final form of the
equations are presented in Table 3 (egs 4—12).

The shear and velocity slip correction factors, fs and
fy, respectively, characterize the degree of phase inter-
action at the gas—liquid interface. Hence, when fs = f,
= 0 (i.e., no interaction occurs), the model (egs 4—12)
simplifies to the original Holub et al. model represented
by eqs 1—-3 (Table 1). The rationale behind assuming
fs = f, = O is that for atmospheric pressure data, Holub
et al. (1993) have shown that f, and fs can both be zero
(no interaction) with only a small increase in the overall
average error over the observed minimum error. How-
ever, this is not the case when interaction between the
phases occurs at high pressure and high gas flow rate
while still in the trickle flow regime (Al-Dahhan and
Dudukovi¢, 1994, Al-Dahhan et al., 1996). Accordingly,
the model represented by eqs 4—12 is suggested as a
two phase flow form of the Ergun equation containing
the two phase interaction parameters, fs and f,, which
must be determined from two phase flow experimental
data as discussed in the following section. Ergun’s
constants, E; and E;,, characterize the bed and are still
determined from single (gas) phase flow experiments.
Equation 12 is an implicit equation in liquid holdup
formed by equating the dimensional pressure gradient
in the gas and liquid phases, and is solved for liquid
holdup (as done for eq 3) from which pressure drop is
then evaluated.

Results and Discussion

Although fs and f, are defined as the ratio of the
stresses and velocities of the two phases at the interface,
the exact dependence of these parameters on flow
conditions is not easily determinable. In fact, at any
given time or location in the reactor, different types and
levels of interactions are possible resulting in varying
fs and f, values. Thus, fs and f, reflect in an averaged
sense the net interaction between gas and liquid in the
reactor. A continuity of velocity and shear profiles
indicates that both slip factors are equal to unity,
whereas a zero value of the slip factors indicates no
interaction. Negative values of f, indicate the presence
of recirculation cells, whereas negative values of f
indicate the liquid exerting a shear on the gas phase as

Table 4. Range of Operating Conditions for the Data
Used in Developing f, and fs Correlations

conditions operating range

0.35 < P =< 5.0 MPa

30 < P =< 700 psig
1=Uyg=117

reactor pressure

gas superficial velocity, cm/s
gas superficial mass velocity, kg/m? s 6.4 x 1078 < G < 4.03
liquid superficial velocity, cm/s 0.042 < U, <041
liquid superficial mass velocity, kg/m2s 042 <L <4.1

temperature ~298 K

liquid phase water
hexane

gas phase helium
nitrogen

solid particles glass beads (0.11 cm)
cylinders (0.157 x 0.43 cm)
diameter = 2.2 cm

length =57.2 cm

reactor dimensions

the interaction increases. These slip factors are ex-
pected to be functions of flow variables and a large
amount of experimental two phase pressure drop and
holdup data under moderate-to-high interaction condi-
tions is required to quantify their dependence precisely
(note that this data should include independently
measured Erguns constants E; and E; for the bed).

In absence of such an extensive database, the limited
experimental pressure drop and holdup data of Al-
Dahhan (1993) and Al-Dahhan and Dudukovi¢ (1994)
that cover low to high pressure and high gas flow rates
are used to evaluate f, and fs using the extended model
equations (egs 4—12). Due to the limited number of
data points available (see Table 4), it was not possible
to observe a strong discernible dependence of fs and f,
with either Re_ or Reg. Therefore, correlations for fs
and f, are developed by obtaining fs and f, that minimize
the pressure drop prediction error. This procedure led
to only a weak dependence on the gas as well as liquid
Reynolds numbers. Although the powers on the Rey-
nolds numbers have a large degree of uncertainty, they
are the best estimates that the limited data set pro-
vided.

f,= —4.4 x 10 ’Re2°Re]"° (13)

f, = —2.3Re2™Re *® (14)
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Figure 3. Prediction of holdup and pressure drop (Case Il: fs and f, correlations; only high pressure and high gas flow data set; ox =

(Z(Xpred - Xexp)le)l/z).

Equations 13 and 14 can now be used to calculate f;
and f, as the two phase flow parameters in the model
eqs 4—12. As a result, the prediction of pressure drop
improved significantly compared with that of the sim-
plified model (relative error decreased from 48% to 20%),
as shown in Figure 2b (for the simplified model) and 3b
(for the extended model). Liquid holdup prediction
remained within the same range of predictability as that
by Holub’s original model (relative error is ~9% for both
simplified and extended model), as shown in Figure 2a
(for the simplified model) and Figure 3a (for the
extended model). Figures 4 and 5 show the improve-
ment in prediction for particular cases of fluids and solid
particles. In both cases (Figure 4, water-nitrogen on
glass beads; and Figure 5, hexane-nitrogen on glass
beads), the systematic error in pressure drop prediction
observed previously is reduced considerably without any
significant loss in predictability of liquid holdup (Figures
4b and 5b). This result reveals that pressure drop is
more affected by the interaction between phases com-
pared with liquid holdup. It should be noted that the
fs and f, values used for this prediction were based on
the entire data set (used to obtain egs 13 and 14).
Furthermore, the trend in the experimental pressure
drop data is captured correctly by incorporating the
shear and velocity slip correction factors as interaction
parameters.

Concluding Remarks

This study demonstrates that shear- and velocity-
based correction factors are necessary for accurate
prediction of pressure drop and holdup, particularly in
the moderate interaction range within the trickle flow
regime. It is noteworthy to mention that a large bank
of high pressure and gas flow rate data is needed to
develop sound correlations for the prediction of fs and
fv, which is not available at present. Moreover, high
pressure data in the literature cannot be used directly
because E; and E, were not reported, and these param-
eters can only be obtained from single phase flow
experiments. More work on correlation of fs and f, using
data at moderate-to-high phase interaction within the

a 12
M expdata -
10 — — -simple model (48% rel. err.) ]
extended model (20% rel. err.)
3
A
3
g
o —
2 -
[=] I —
=] 8 —
: Y1 -
= [
[a) [
2 T Water-N2, p=3.55[MPa]
| Ug=8.75e-2[m/s], Glass beads (1.1e-3 m)
0 B e —}
0 1 2 3 4
Liquid Mass Velocity, L (kg/m2s)
b 04
H  expdata
0.35 1 — — simple model (8% rel. emr.)
0.3 4 extended model (9% rel. err)
g 0.25 -5
=] [
2
» 027 n
& ] = -
3 015+ =" =
0.1 ¢+
I Water-N2, P=3.55[MPa]
0.05 ¢ Ug=8.75e-2[m/s], Glass Beads(1.1e-3 m)
0+ t e
0 1 2 3 4

Liquid Mass Velocity, L (kg/m2s)

Figure 4. (a) Comparison of dimensionless pressure drop (AP/
(pLgZ)) prediction by simple and extended models and experimen-
tal data for the water nitrogen system. (b) Comparison of liquid
holdup prediction by simple and extended models and experimen-
tal data for the water nitrogen system.
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experimental data for the hexane nitrogen system.

trickle flow regime is recommended to understand and
quantify their dependence on flow variables.
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Nomenclature

D, = equivalent diameter of packing particle

E,, E; = Ergun equation constants for single phase flow
f = phase interaction parameters

g = gravitational acceleration

G = gas superficial mass velocity

Ga, = Galileo number (gDy%g%v,2(1 — €g)?)

L = liquid superficial mass velocity

P = operating pressure

Re, = Reynolds number of a phase (Vo Dp/vo(1l — €g))
Sp = half wall thickness

T = bed tortuosity

V. = superficial velocity of o phase

W = half slit width

We, = liquid Weber number (UZDpp. /o)

X = flow factor ((G/L)v p/pg)
Z = bed height

Greek Symbols

o0 = film thickness

eg = bed porosity

€« = bed holdup of a phase

1« = pseudo bed Reynolds number based on o phase
Uq = Vviscosity of a phase

vo = Kinematic viscosity of a phase

po. = density of the o phase

W, = dimensionless body force on the a phase

Subscripts

o = general subscript meaning gas (G) or liquid (L) phase
G = gas phase

L = liquid phase

s = shear

v = velocity
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