
Chemical Engineering Journal 185– 186 (2012) 294– 299

Contents lists available at SciVerse ScienceDirect

Chemical  Engineering  Journal

jo u r n al hom epage: www.elsev ier .com/ locate /ce j

Residence  time  distribution,  axial  liquid  dispersion  and  dynamic–static  liquid
mass  transfer  in  trickle  flow  reactor  containing  �-SiC  open-cell  foams

Meryem  Saber,  Tri  Truong  Huu,  Cuong  Pham-Huu,  David  Edouard ∗

LMSPC-UMR 7515 CNRS-ECPM, Université de Strasbourg, 25 rue Becquerel, 67087 Strasbourg, France

a  r  t  i  c  l  e  i n  f  o

Article history:
Received 16 June 2011
Received in revised form 6 January 2012
Accepted 9 January 2012

Keywords:
Open-cell foam
Trickle-bed reactor
Axial dispersion
Mass transfer

a  b  s  t  r  a  c  t

Open-cell  foams  are  a promising  new  support  for  gas–liquid  contacting  and  heterogeneous  catalysis.
Using  the  Piston-Dispersion-Exchange  model,  axial  dispersion  and  dynamic–static  liquid mass  transfer
coefficient  are  estimated  from  residence  time  distribution  responses  measured  under  co-current  down
flow  configuration.

The specific  morphological  parameters  and  the  high  porosity  involved  within  open-cell  foams  result  in
low  Bodenstein  numbers  (0.05  <  Bo  <  0.2  for  2.5  <  Re <  20)  in  comparison  to  conventional  packed  beds
(0.2  <  Bo <  0.7  for  5 <  Re <  23).  Furthermore,  open-cell  foam  improves  liquid  mass  transfer  coefficient
between  the  dynamic  and  the  static  zones  under  trickle  flow  conditions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Solid open-cell foams constitute a class of porous materials
with low density and improved thermal, mechanical, electrical
and acoustic properties [1].  They have been used for a long time
in designing aircraft wing structures in the aerospace industry,
core structure for high strength panels, and also in compact heat
exchangers. More recently, open-cell foams (with or without car-
bon nanofibers decorating superstructure) have been considered
as potential candidates for catalyst support in the heterogeneous
catalysis field due to their high external surface area combined with
a low pressure drop [2–5]. Actually, these structured supports are
expected to bring a new way to intensify process operations involv-
ing multiphase flows [6],  such as fuels synthesis [7,8] and reactive
distillation [9,10].

Up  to date, several reports have been published in the litera-
ture dealing with gas–liquid flow, liquid holdup, and pressure drop
and transport properties behavior on different commercial open-
cell foams [11–21].  These studies clearly showed that the frictional
pressure drop measured through open-cell foam beds is always
small in comparison to classical packed beds (especially in compar-
ison to the spherical packed bed). It is also shown that the liquid
holdup within open-cell foams remains higher than the one mea-
sured for other packed beds under similar reaction conditions [22].

A large variety of open-cell foams with different intrinsic prop-
erties are available nowadays for several applications. The previous

∗ Corresponding author. Tel.: +33 368 852 633.
E-mail address: edouardd@unistra.fr (D. Edouard).

applications of silicon carbide open-cell foam with a cubic structure
(�-SiC) in a fixed bed configuration for multiphase reactors have
shown very satisfactory results in terms of reaction selectivity [23]
and transport properties [10]. Therefore, investigation of transport
phenomena within �-SiC open-cell foams remains an important
field of fundamental research and the results can be extrapolated
to other kind of open-cell foams as a function of the downstream
application. In this context, the present paper investigates the axial
liquid dispersion and mass transfer, under trickle flow conditions,
for different �-SiC foams.

In the most common case, axial dispersion is studied by injecting
a tracer, as a single pulse on the whole cross section (or upstream)
of the packed bed, and then measuring the outlet response. In this
work, the experimental data reported by Edouard et al. [18] are cou-
pled with the Piston-Dispersion-Exchange model (PDE, presented
by Iliuta et al. [24,25]) in order to estimate the axial dispersion coef-
ficient in dynamic liquid zone and the mass transfer between the
dynamic and static zone. The residence time distribution curves
are obtained in co-current down flow trickle bed reactor filled with
spherical particles or �-SiC open-cell foams. Finally, the results
obtained in the present work are compared with those available
in the literature.

2. Experimental

2.1. Support characteristics

The open-cell silicon carbide foams (Fig. 1) used in this work
are manufactured by Sicat Company (www.sicatcataly.com). The
several packed bed morphological parameters are measured and
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Nomenclature

Bo Bodenstein number for liquid axial dispersion
Dax dispersion coefficient, m2 s−1

dpeq equivalent particle diameter, m
E(t) residence time distribution function
Ga Galileo number of liquid phase
H length of the packed bed, m
ka mass-transfer coefficient between the liquid zones,

s−1

Re Reynolds number of liquid phase referred to super-
ficial velocity

t time, s
UL liquid superficial velocity (based on an empty cross

section of the reactor), m s−1

Ug gas superficial velocity (based on an empty cross
section of the reactor), m s−1

Greek symbols
εLT total liquid holdup
εLd dynamic or free-draining liquid holdup
εLst static liquid holdup
ε overall porosity of the packed bed
�L liquid dynamic viscosity, Pa s
� liquid density, kg m−3

compared with values given by Sicat Company (Table 1). The spe-
cific surface area of the sample is estimated with equation proposed
by Lacroix et al. [26].

2.2. Reactor residence time distribution and liquid holdup
measurements

The hydrodynamic characterization of the flow pattern through
open-cell foam in a packed bed configuration in the gas–liquid reac-
tor is performed by tracing the liquid phase. The reactor has an
inner diameter of 0.037 m and a total height of 0.93 m.  It was  filled
with 0.003 m spherical glass particles or �-SiC open-cell foam to
reach a total bed height of 0.9 m.  Gas (air) and liquid (water) were
injected through a spray shower on the top of the reactor in order
to ensure a homogeneous fluid distribution at the reactor inlet.
The gas flow rate was measured by a flowmeter. Different gas flow
rates were studied for different superficial liquid velocities. These
fluid velocities are based on the empty reactor cross section and

varied between 7.7 × 10−2 m s−1 and 22 × 10−2 m s−1 for air and
1.6 × 10−3 m s−1 and 7.8 × 10−3 m s−1 for water. Using a KCl solu-
tion as a flow tracer, conductivity measurements were recorded by
cell conductivity (Omega model CDCN-91) in order to get access to
the residence time distribution related to the different packed bed
configurations. A short tracer pulse was  injected in the inlet. The
first conductivity cell was placed on the top of the reactor to mea-
sure the inlet pulse injection and a second one was placed 0.03 m
above the bottom of the reactor to measure the outlet response.
In order to ensure the experiment reproducibility and the com-
plete wetting of the packed bed, the column was first completely
filled with liquid and fully drained. Then, the required gas and liquid
flow rates were set and the column regime was stabilized for about
20 min  under dynamic flow before starting the measurements.

The liquid holdup is the fractional volume of the fixed bed that
is occupied by the liquid phase. In general, the total liquid holdup
is divided into two  phases (Eq. (1))

εLT = εLd + εLst (1)

where εLd and εLst denote, respectively, the dynamic component
and the static component.

The dynamic liquid holdup is the free flowing liquid fraction
whereas the static liquid holdup is the stagnant liquid fraction
retained by capillary forces on and inside the solid structure after
column draining. These parameters depend on the operating con-
ditions and the geometrical properties of the packed bed. The total
liquid holdup (εLT) in the column is evaluated using residence time
distribution (RTD) analysis and the dynamic liquid holdup (εLd) is
obtained by a drainage method (see for instance Yang et al. [27])
with an experimental uncertainty of about ± 0.01.

The static liquid holdup values are obtained by Eq. (1) and are
assumed to be constant during experimental operation [18,27–30].
The main results obtained in terms of total and dynamic liquid
holdup are reported in Table 2.

For diluted solutions, the KCl concentration is linearly propor-
tional to the measured conductivity. The conductivity signals at
both the inlet and the outlet are normalized to yield normalized
concentrations. Then, residence time distribution function E(t) can
be calculated from the conductivity data according to Eq. (2).

E(t) = I(t)∫ ∞
0

I(t) dt
(2)

where I(t) denotes the solution conductivity.

Fig. 1. �-SiC open-cell foams and the characteristic lengths involved within an elementary cell.
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