
A

s
t
a
T
i
i
©

K

1

t
(
l
f
a
a
T
p

m
a
O
i
w
d

1
d

Chemical Engineering Journal 130 (2007) 147–152

Measuring gas–liquid distribution in a pilot scale monolith reactor
via an Industrial Tomography Scanner (ITS)

M.H. Al-Dahhan a,∗, A. Kemoun a,e, A.R. Cartolano b,
S. Roy a, R. Dobson c, J. Williams d

a Chemical Reaction Engineering Laboratory (CREL), Chemical Engineering Department, Washington University, St. Louis, MO 63130, USA
b Air Products and Chemicals Inc., Allentown, PA, USA

c Tracerco, Houston, TX, USA
d Corning Inc., NY, USA

e Chevron Texaco, Richmond, CA, USA

bstract

An Industrial Tomography Scanner (ITS) was designed and developed to study and quantify the phase distribution in a two-phase flow pilot
cale monolith reactor that was 24 in. (0.60 m) in diameter and 192 in. (4.9 m) in height. The monolith reactor was operated co-current up-flow in
he Taylor flow regime with water as the liquid phase and air as the gas phase. The cross-sectional holdup distributions were measured at three
xial elevations. The operating conditions were selected to bracket commercial operating conditions for fixed bed monolithic reactor systems.

he results show that ITS can capture the flow features in a large diameter column. Also the findings suggest the need for careful design of the

nternals of the reactor. Spatial resolution down to 1.5 cm was obtained so that gross phase maldistribution could be reliably observed. However,
mprovement is needed for the ITS to be effectively utilized in industry.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Solid catalyzed gas–liquid reactions have long been an impor-
ant part of the chemical process industries. Monolith reactors
as multiphase reactors) are claimed to have several advantages:
ow pressure drop, excellent mass transfer properties, high sur-
ace/volume ratio, short diffusion distance, low axial dispersion,
nd ease of reactor scale-up, among others [1–4]. However, there
re still a few drawbacks associated with monolith reactors.
hese include the high cost of manufacturing the structure and
oor heat transfer.

Although, several researchers have studied monolith as a
ultiphase reactor, unfortunately, the technology is not yet at
level which can be widely implemented on industrial scales.
ne of the major hurdles in designing, scaling up, and operat-
ng a monolith reactor is the flow distribution characteristics,
hich are strongly dependent on the reactor scale and the inlet
istribution of the gas and liquid phases. Recent studies have

∗ Corresponding author. Tel.: +1 314 935 7187; fax: +1 314 935 4832.
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hown that monolith reactors of larger diameter operated in the
aylor flow regime could suffer from phase maldistribution at

he reactor inlet, which then remains throughout the length of
he reactor [5–7]. This maldistribution could reduce the produc-
ivity of monolith reactor, therefore, offsetting the advantages
erived from superior mass transfer characteristics. It is note-
orthy that in industrial pilot plant scale monolith reactors

diameter > 0.3 m) the characteristics of phase distribution are
till unknown.

Therefore, in this study, gas–liquid distribution was mea-
ured and characterized in a 2 ft (0.6 m) diameter pilot plant
cale reactor packed with monolith elements. The pilot unit
as installed at an Air Products and Chemicals (APCI) facility,
ace, FL. An Industrial Tomography Scanner (ITS) was
esigned and developed to visualize the phase distribution
n the reactor cross-section at selected heights along its
ength. A version of such an ITS also was later developed
y Tracerco to perform process diagnostics in large reactor

onfigurations [8]. Such a fit-for-use tomography technique
as found to provide important density distribution infor-
ation inside a flow reactor at much less cost than other

echniques.

mailto:muthanna@che.wustl.edu
dx.doi.org/10.1016/j.cej.2006.06.022
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Fig. 1. Illustration of the pilot plant monolith unit.

. Experimental setup

.1. Monolith flow system

The pilot size monolith column used in this work has an
nner diameter of 23(3/4) in. (0.60 m), a (1/4) in. (0.006 m)
teel wall thickness, and a height of 192 in. (4.9 m). An illus-
ration of the pilot plant is shown in Fig. 1. In the column
ousing the monolith bed, a distributor is mounted at the
ntrance to ensure a homogeneous two-phase flow distribution
ver the monolith packing. The monolith bed, which is 120 in.
3.05 m) long, was constructed of nominal 6 in. × 6 in. × 6 in.
0.15 m × 0.15 m × 0.15 m) cubes, glued into 2 ft (0.6 m) long
trips (blocks), and shaped to fit inside the column. These strips
ere then stacked manually in an alternating 90◦, 45◦ and 90◦

taggered pattern with respect to the strips orientation to prevent
ypassing of the flow, as shown in Fig. 2. The monolith employed

ad a cell density of 400 cpsi (cells per square inch) and an open
ross-flow area of 0.62. Fig. 3, a top view of the monolith column
nternals, illustrates the gaskets around the support and hold-

ig. 2. Staggered pattern of the monolith strips (blocks) layers in the column.
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Fig. 3. Top view of the inner pilot plant scale monolith column.

own grids that prevent flow through the clearance between the
onolith bed and the column wall. The monolith reactor was

perated co-currently up-flow of gas and liquid phases in the
aylor flow regime with water as the liquid phase and air as the
as phase.

.2. Industrial Tomography Scanner design

The Industrial Tomography Scanner, designed by the Chem-
cal Reaction Engineering Laboratory (CREL) at Washington
niversity in St. Louis and constructed by Tracerco, is schemat-

cally shown in Fig. 4a and b. The ITS is an extension of the
aboratory scale gamma ray computed tomography (CT) devel-
ped at CREL, details of which are given elsewhere [9,10].

The ITS was fixed on a platform consisting of two half-disc
lates that can be mounted around a fixed column at various ele-
ations. The disc plate was designed in such a way that the plate
as always mounted concentric to the column center, and all

he offsets between half-plate positioning were minimized. The
utside overall diameter of this plate was 52 in. (1.3 m). On one
f the half-plates a shielding lead block was mounted that con-
ained a cesium (Cs) gamma ray radioactive source. The strength
f the source was 400 mCi. The lead block of 6 in. × 8 in. × 3 in.
0.15 m × 0.2 m × 0.08 m) had a (1/2) in. (0.013 m) wide colli-
ator and 80◦ view angle from the center of the source. The

ource was mounted at the center of the lead block as shown in
ig. 4a. The distance from the source center to the column wall
as 6 in. (0.15 m). The inner diameter of the ITS was 25(1/2) in.

0.648 m) and the plate was 13(1/4) in. (0.34 m) wide.
On the other half-plate, opposite the source, detectors

rranged on an arc were mounted. The location of the arc
as around 33(3/4) in. (0.86 m) from the center of the radioac-

ive source. The detectors were mounted in a block of lead of
in. × 3 in. × 3 in. (0.13 m × 0.08 m × 0.08 m) with a collima-

or (1/2) in. (0.013 m) in diameter and 2(1/2) in. (0.06 m) deep
Fig. 4a and b).

The resolution of the ITS is determined by the collimator
indow, detector/source distance, and the imperfect stability of
he angular movement of the detector/source plate. The designed
TS gave an approximate resolution of 1.5 cm. Detectors were
nserted in the lead block through holes 1(1/2) in. (0.038 m)
n diameter × 3(1/2) in. (0.089 m) deep. The distance between
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Fig. 4. (a) Schematic views of the Industrial Tomography Sc

he detector center-face to its neighbor detector center-face was
.5 in. (0.089 m). The total chord length from the radioactive
ource center to the detector center-face was 35.25 in. (0.9 m).

The entire source-detector assembly was rotated manually
round the column, thereby, acquiring numerous projection
ata. The projection data were subsequently converted into
ross-sectional attenuation profiles using a CREL developed
stimation-Maximization (EM) Algorithm [9]. The original EM
lgorithm was modified to incorporate the parameters of ITS.
he attenuation profiles of the flow scans were subsequently
onverted into cross-sectional density profiles with the help of
everal reference scans. For details of the reconstruction steps,
lease refer to Ref. [11,12]. The pixel size used for the image
econstruction was 1.5 cm, which is the same as the ITS resolu-
ion. This resulted in a matrix of 40 × 40 (i,j) pixels to cover the
ntire monolith cross-section.

Due to the large dimensions of the ITS and the mono-
ith column being scanned, and the difficulty associated with
erforming reference scans, the following assumptions were
ade:

the stainless steel column is symmetric within manufacturing
tolerances;
the wall thickness of the steel column is uniform within man-
ufacturing tolerances;
the monolith is uniformly distributed in each cross section,
and the cumulative thickness of partition walls that separate
monolith channels is independent of the view angle.

In this work, the reference scans were mostly performed out-
ide the pilot plant monolith bed using mock setups. Moreover,
or several reference scans, only one view was obtained and the
ata was extrapolated to all 72 views needed for image recon-
truction. In addition, the needed scans for dry monolith bed
ere computed from the scans of the monolith bed filled with

iquid according to the validation performed by Al-Dahhan et

l. [11]. Such steps and procedures are particularly useful for
n industrial setting where equipment is unlikely to be available
or the needed reference measurements that require a longer
ime.

g
b
p
v

r (ITS) and (b) ITS mounted around the pilot monolith unit.

.3. Experimental conditions

The tomography scans were performed at three elevations
Table 1): the first at position 1, situated 15 in. (0.38 m) above
he face of the bottom flange (just above the monolith entrance);
he second at position 2, situated 59 in. (1.5 m) above the same
ange (almost at the middle of the monolith); and the third at
osition 3, situated at 94.5 in. (2.4 m) above the same flange
before the exit of the monolith).

Nine operating flow conditions were examined. The con-
itions used to obtain the results at the three elevations are
ummarized in Table 1. Gas velocity was corrected for the inlet
ressure. All gas and liquid velocities were within the Taylor
ow regime [1].

. Results and discussion

The reconstructed CT image yields 2-D map of the time aver-
ged cross-sectional phase distribution at the scanned elevations
or the studied operating conditions. Examples are shown in
ig. 5a for the relatively low superficial gas velocity of 31 cm/s
gas flow rate is about 42% of the total gas and liquid flow rate)
nd in Fig. 5b at the relatively high superficial gas velocity of
0 cm/s (gas flow rate is about 55% of the total gas and liquid
ow rate).

The azimuthally averaged gas holdup profiles obtained at all
ow conditions consistently showed a drop of gas holdup at
> 0.25 m (close to the wall), as shown in Fig. 6. This drop is

ue to the gaskets around the support and hold-down grids to
revent the flow from bypassing the monolith bed through the
learance between the bed and the column wall (Fig. 3). This
learly shows the need for careful design of the internals of the
onolith bed.
It is evident from Fig. 6 that with increasing gas velocity, the

TS captures the increasing trend of the gas holdup. This trend
as observed at all flow conditions and at all elevations. Larger

as holdup was observed at the top of the column than at the
ottom, which could be due to both the expansion of the gas
hase with column height and the increase in the superficial gas
elocity from 37.5 to 48.7 cm/s, as shown in Fig. 7. It should
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Table 1
Operating conditions for the ITS scans performed at 3 different elevations (positions)

Fig. 5. Gas holdup distribution at: (a) low gas velocity (31 cm/s) and high liquid velocity (36.4 cm/s) and (b) high gas velocity (48.7 cm/s) and low liquid velocity
(27.7 cm/s). Elevation: position 3 (Table 1).

Fig. 6. Azimuthally averaged gas holdup radial profile at the highest position and decreasing gas velocity and increasing liquid velocity (from left to right) (position
3, Table 1).
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Fig. 7. Gas holdup distribution from position 1 to 3 at con

e mentioned here that, due to experimental limitations (such as
aintaining constant gas and liquid flow in the large diameter

olumn), flow conditions changed from position to position, as
hown in Table 1. The increase in gas holdup with column height
ould be expected in a non-reacting system. As the gas flows
p, the static pressure decreases, allowing the gas to expand.
owever, due to the variation in the superficial gas velocity, it

s not possible here to quantify the change in gas holdup due to
as phase expansion with column height.

.1. Degree of phase uniformity

The degree of uniformity of the phase distribution at the con-
itions studied was assessed qualitatively by the standard devi-
tion of gas holdup for the entire field, using an area-weighted
tandard deviation method [13].

=
√√√√∑

i,j

Ai,j

Atot

(
εi,j − εavg

εavg

)2

i,j and εi,j are the area and holdup at each point in the two-
imensional field (column cross-section), respectively, Atot the
otal area, and εavg is the azimuthally averaged holdup. Hence,
lower value of standard deviation indicates a better uniformity
f phase distribution. The indices i and j represent the size of the
mage reconstruction matrix of 40 × 40 pixels and hence, they

aried from 1 to 40.

The standard deviation (σ) values are tabulated in Table 2, and
how that relatively better distribution was achieved at condition
and position 2 (Table 1).

able 2
summary of the standard deviation values (σ) for the phase distribution cor-

esponding to the conditions of Table 1

Position 1 Position 2 Position 3

ondition 1 23 16 17
ondition 2 23 15 19
ondition 3 25 18 25
1 (from bottom of the column to the top of the column).

. Summary

It was shown that the Industrial Tomography Scanner is
viable tool to quantify the gas/liquid holdup distribution in

acked beds and to detect any phase maldistribution. The ITS
as able to detect the increasing gas holdup with increasing
as velocity and along the bed height. The resolution charac-
eristics of the ITS were able to detect gross maldistribution of
he system due to the presence of gaskets and hold-down grids.
ccordingly, there is a need for careful design of the internals in
rder to avoid undesirable maldistribution. The degree of unifor-
ity of the phase distribution decreases slightly with decrease

n gas flow rate.
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