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The gas-liquid distribution in a monolith film flow reactor is in®estigated in the scope
( )of this work. Magnetic resonance imaging MRI and a customized liquid collection

method ha®e been successfully applied to determine the liquid distribution o®er the
monolith cross-section. Using a well-positioned spray nozzle liquid distributor, ®ery uni-
form distributions are found which address the needs for applications that require high
single-pass con®ersions. Due to the lack of radial con®ecti®e flow in monoliths, the
initial distribution propagates through the reactor. With a correct positioned spray nozzle
distributor, a far more uniform distribution than the ‘‘natural’’ one for trickle beds is
obtained. MRI, applied to study the local gas-liquid distribution in a monolith channel,
clearly shows the accumulation of the liquid in the corners of the indi®idual channel
with an arc-shaped gas-liquid interface. Differences in local liquid holdup o®er the
channel corners were found, which is described as channel scale nonuniformities. The
experimental results are in good agreement with a fundamental hydrodynamic model
based on the Na®ier-Stokes equations. The a®erage liquid saturation is con®eniently

( 2 )0.46described with an engineering correlation � s6.6 � Fr rRe , as a function ofL L s L s
the liquid phase Reynolds and Froude number.

Introduction
Recently, the application of monolithic structures has been

extended to multiphase gas-liquid-solid systems. Two differ-
ent flow regimes are the main focus of research here. In Tay-
lor or bubble-train-flow gas bubbles separated by liquid plugs
pass through the individual channels of the monolith. Taylor
flow monolith reactors can be operated in co-current upflow
and downflow mode. A gas to liquid ratio between one to
three is proposed to facilitate stable Taylor flow with superfi-

Žcial liquid velocities ranging from 0.05 to 0.15 mrs Anders-
.son et al., 1998 . Usually monoliths with a channel diameter

less than 2 mm are applied.

Correspondence concerning this article should be addressed to A. K. Heibel at this
current address: Corning, Inc., HB-CB-02, Corning, NY 14831.

On the other hand, it is also feasible to operate the mono-
lith reactor in the film flow regime. In this case the liquid
flows down the channel walls, whereas the gas occupies the
core of the channel. The separated flow passages of gas and
liquid allow both co- and countercurrent operation of the film
flow monolith reactor. The channel dimensions are usually
smaller than 5 mm and superficial liquid velocities up to 0.05
mrs are applied with a gas to liquid ratio of up to 20.

Flow distribution is a general concern in multiphase opera-
tions. The impact of flow distribution effects always involves
two aspects. On the one hand, the distribution is determined
from a hydrodynamic perspective and on the other hand the
impact on the reactive or separation performance is evalu-
ated. A majority of the work concerning flow distribution

Žconcentrated on separation and absorption applications such
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. Žas distillation columns Kister, 1989; Perry et al., 1990; Ols-
.son, 1999 . For these operations, the uniformity of the phase

distribution was also linked to the performance and the im-
Žpact on separation efficiency Porter and Jones, 1987; Bonilla,

.1993; Higler et al., 1999 .
Other studies focused on flow distribution in reactor sys-

Ž .tems, especially for trickle beds Marchot et al., 1999 . The
reactants in the liquid phase are usually converted with an
excess of the stoichiometrically required gas components.
Therefore, the uniform distribution of the liquid phase is
generally of more interest. With a good liquid-phase distribu-
tion, the uniform distribution of the pressure-driven gas flow
is rather likely. The interaction of gravity, inertia, viscous and
capillary forces increase the complexity of the liquid-phase
distribution phenomena.

Generally, different scales with their specific resolutions are
considered in distribution evaluations. For trickle beds and
packed bed columns, two different scales have been estab-

Ž .lished Hoek et al., 1986; Zuiderweg et al., 1987 . On a col-
umn scale, the distribution over the cross section is consid-
ered. For round columns, the distribution at a given cross
section is only a function of the radius. Heterogeneity in the

Ž .bed such as wall effects and initial distribution issues are
the dominating phenomena on column scale. On the other
hand, a certain resolution of the measurement technique in
space is necessary to sufficiently resolve the particle-scale
maldistribution. These small-scale distribution differences re-
sult from the preferential flow of rivulets through the bed,
which show a much stronger dependency on the gas- and liq-

Žuid-flow rate, compared to the column scale Wang et al.,
.1998 .

Due to the radial dispersion in trickle beds and corrugated
sheet packings, the flow distribution can change over the col-
umn height. Indeed, it is suggested that each packing struc-
ture has a ‘‘natural’’ distribution, which will be obtained after
a certain packing height. The required packing height will
depend on the deviation of the initial distribution from the
natural distribution and the radial spreading coefficient
Ž .Wang et al., 1998 , which is a function of the packing struc-
ture. Initial distributions more uniform than the ‘‘natural’’
distribution will deteriorate to the ‘‘natural’’ one with the re-
actor length. For the monolith reactor, liquid distribution is
very important, due to the limited flow exchange perpendicu-
lar to the channel. A good initial distribution is necessary,
which will be maintained throughout the reactor. Similar to
the different scales of distribution for trickle beds, the flow
distribution for monoliths can be also investigated in differ-
ent detail. On a monolith scale, the distribution of the fluids
over the entire cross-section or all of the channels is of inter-
est, which can be compared to the particle scale of trickle
beds. On a more microscopic level, the gas- and liquid-phase
distribution inside the individual channel is a vital input for a
good mathematical description of the hydrodynamic and
mass-transfer phenomena. The microscopic level can be de-
scribed as a channel scale.

Different experimental methods have been utilized to in-
vestigate the hydrodynamics in multiphase reactors. Basi-
cally, we can differentiate between conventional collecting
and tomography methods. The collecting techniques are
rather straightforward by local collection of the liquid over
the cross section of the reactor. The more sophisticated to-

mography methods are based on conductance, capacitance,
Ž .optical, and X-ray tomography Chaouki et al., 1997 . Re-

Ž .cently nuclear magnetic resonance imaging MRI has been
applied to determine the flow field, the phase distribution,

Žand mass-transfer phenomena in packed beds Seymour et
al., 1997; Tallarek et al., 1998; Manz et al., 1999; Sederman

.et al., 2001; Mantle et al., 2002 .
The aim of this work is to investigate the two-dimensional

Ž .2-D liquid distribution over the cross-section of the mono-
Ž .lith monolith scale by means of MRI and a collection tech-

nique. The impact of co- and countercurrent gas flow, as well
as the appropriate distributor selection and positioning, are
determined. With a simple reactor model, the influence of
liquid distribution on reactor performance is discussed.

In the second part MRI is used to determine the liquid
Ž .distribution inside the individual channel channel scale . Be-

sides the qualitative information about the shape of the gas-
liquid interface and the location of the liquid, quantification
of the mean liquid holdup and its variations are of interest.
Furthermore, a previously developed model of the flow field
is evaluated using the experimental data.

Monolith Scale Investigations
Experimental

Ž .A 25 cells per square in. cpsi monolith with square chan-
nels of a hydraulic diameter of 4.11 mm was used for the
experiments. A custom made distribution section was con-
nected on the top of the monolith using a Ou 45 mm Acrylate

Žtube. The monolith material is cordierite 2MgO �2Al O �2 3
.5SiO with a bulk porosity of around 30%. The outer skin2

was sealed with a polymeric resin to prevent leakage to the
outside. The monolith matrix under investigation consisted of
44 channels.

Water has been primarily used as liquid and air as gas phase
Ž .Table 1 . Three different spray nozzle liquid distributors
ŽSpraying Systems, Unijet & Fulljet series, TG-SS 0.4, QG-

.SS-1, QG-SS-3 were applied to cover the liquid flow range
Ž .of interest. A gear pump Micropump, Series 223 circulated

the liquid and the flow was measured via a turbine flow sen-
Ž .sor Digi-flow systems, DFS-2, �1% full scale . For the ex-

periments with forced gas flow, the air was supplied by a
Žmass-flow controller Brooks Instruments, 5853S, �1% full

.scale . All measurements were performed at room tempera-
ture and ambient pressure. Before all experiments, the
monoliths were wetted with a high liquid flow for a period of
30 min.

In Figure 1a the MRI experimental setup is illustrated. A
monolith length of 500 mm was used for the MRI measure-
ments; details of the experimental technique are discussed

(Table 1. Fluid Properties at 20�C and 1.015 bar Janssen eta
)al., 1991; Hikita et al., 1978

3w x w xDyn. Viscosity Pa � s Density kgrm
y3Water 1.00�10 998
y310% sucrose in water 1.36�10 1,038
y325% sucrose in water 2.29�10 1,104
y3Air 0.018�10 1.20
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( ) ( )Figure 1. Experimental setups: A MRI and B collec-
tion.
Ž . Ž . Ž .a Liquid distribution section; b monolith test section; c

Ž . Ž .main magnet coil; d gradient set with secondary coil; e
liquid collection section.

Ž .elsewhere Heibel et al., 2001b . Magnetic resonance imag-
ing was performed with an image matrix of 128�128 pixels,
which results in an inplane resolution of approximately 0.4

Žmm. Additional MRI parameters are given elsewhere Heibel
.et al., 2001b .

For the liquid distribution measurements, Tygon tubes were
Žinserted in each channel of a 250 mm long monolith Figure

.1b . The opposite ends of the tube were mounted on a plate.
Ž .A tray with the same number of containers 25 mL as mono-

lith channels fitted accurately under the plate to collect the
liquid from each individual tube. The liquid was collected in
the containers over a certain period of time, and, afterwards,

the volume in each container was determined. This allowed
the calculation of the average liquid velocity in each channel
during the time period of liquid collection. However, the
measurement method did not allow the introduction of any
gas flow, especially not countercurrently. To understand the
impact of gas flow on liquid distribution, some preliminary
MRI experiments with and without gas flow have been per-
formed. The gas flow was set to a rather high value to expose
the liquid film to a high shear rate. Both co- and countercur-
rent operations have been investigated. The results did not
reveal any detectable differences in the liquid flow pattern
due to the applied gas flow, which seems reasonable for the
low interaction film flow regime. Therefore, the rest of the
experiments have been performed without any forced gas
flow.

Impact of distributor
The amplitude of the MRI signal representing the local

water density over the entire monolith shows three distinct
Ž . Žregions Figure 2 : the gas region in the center no ampli-

. Žtude , the flowing liquid in the corners of the channels high
. Žamplitude and the trapped liquid in the porous walls low
.amplitude . Two effects cause the low amplitude in the wall

areas. On the one hand, the maximum liquid holdup in the
Ž .wall is restricted by the material porosity 30% , so that the

actual water or, better, the proton density, is much lower
compared to the filled area in the channel. On the other hand,
the water molecules in the wall have a very short relaxation
time, due to the interaction with the surrounding solid struc-

Ž .ture Heibel et al., 2001b . Under the applied film flow oper-
ation, the preferential flow of the liquid in the corners
Ž .‘‘corner flow’’ of the channel is clearly visible. In general a
good liquid distribution is observed especially for distributor
QG-SS-1 and QG-SS-3, which is in agreement with the col-
lection testing. For distributor TG-SS-04, both test methods
resulted in a liquid deficiency in the center of the monolith,
which gives additional confidence in the experimental tech-
niques. Furthermore, the images imply that higher liquid ve-
locities result in a higher liquid holdup. Additionally, differ-
ences in the size of the liquid pockets in a single channel can
be determined, but a higher resolution is necessary to allow
for quantitative conclusions. The distortions in the amplitude
images are caused by the nonlinearity of the magnetic field

Ž .gradient especially on the bottom left side of the images .
These distortions were experienced throughout all measure-

Ž .ments with a large field of view 50 mm , but do not impact
the qualitative analysis of the MRI data.

Impact of distributor positioning
Besides the appropriate selection of the distributor, it is

also necessary to position the distributor correctly to the top
face of the monolith. Therefore, a series of experiments with
different positioning of the distributor have been performed
Ž .Figure 3 . Again, good qualitative agreement between MRI
testing and the collection test method is found. Wrong posi-
tioning of the distributor has significant effects on the uni-
formity of the distribution. A too high positioning results in
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Figure 2. Monolith-scale MRI images, bright colors represent high liquid density, dark colors represent low liquid
density, black color represents gas phase.
Ž . Ž . Ž .A u s 0.75 cmrs distributor TG-SS-0.4; B u s 0.95 cmrs distributor QG-SS-1; C u s 2.25 cmrs distributor QG-SS-3.Ls Ls Ls

significant wall flow and a too low positioning in an area of
high flow in the center of the monolith. Due to this sensitiv-
ity, prior to any hydrodynamic or reactive investigation, the
optimum distributor position has been determined for three
different flow rates to minimize the distribution effects on
the performance.

Quantitati©e analysis
An important feature of the applied collection technique is

the possibility of a quantitative analysis of the distribution
performance. A commonly used index to describe distribu-

Žtion is the hydrodynamic maldistribution factor Hoek et al.,
.1986

2u yu1 loc avg
M s � dA 1Ž .HHh ž /A uavg

Figure 3. Monolith-scale MRI images and results of col-
lection method for different positions of Dis-
tributor QG-SS-1 at u s1.7 cmrrrrrs.Ls
Ž . Ž . Ž .A Optimum position 30 mm , M s 0.075; B too highh

Ž . Ž .positioned 40 mm , M s 0.215; and C too low positionedh
Ž .20 mm , M s 0.275.h

For a uniform flow, the hydrodynamic maldistribution factor
has a value of zero, and increasing values indicate a larger
deviation from uniformity.

In Figure 4A a typical graph showing the dependency of
nozzle position on the maldistribution factor is illustrated.
Obviously, there is an optimum distributor height, which re-
sults in the best distribution. The critical distributor position
is a function of the flow rate, the fluid system, and the dis-
tributor itself. Furthermore, slight variations between distrib-
utors of the same construction have been detected.

Applying the optimum distributor position, the distribution
Ž .pattern is evaluated for different liquid flow rates Figure 4b .

The distribution uniformity improves for higher flow rates.
Indeed, the improvement in uniformity is seen as a function
of the flow rate rather than the superficial reactor velocity,
due to the fact that the monolith mostly propagates the ini-
tial distribution through the reactor and the applied distribu-
tor system is rather sensitive to liquid flow rate. Therefore,
an even better distribution at lower superficial reactor veloci-
ties can be achieved, if the cross-sectional area of the reactor
is enlarged. Experiments with decane as liquid showed simi-

Ž .lar behavior Heibel et al., 2001a indicating that, for the se-
lected distributor, the surface tension is not very critical,
which is in agreement with the documentation of the manu-
facturer.

The distribution behavior of monoliths is rather different
from the one of trickle beds, which develop their own ‘‘natu-
ral distribution’’ after a certain length, due to the radial flow
exchange. Typical maldistribution factors for trickle beds

Ž . Žrange around 0.3 to 0.5 for larger particles 10�50 mm Hoek
. Žet al., 1986 and from 0.175 to 0.65 for smaller particles 3

. Ž .mm Wang et al., 1998 , also depending on the bed height.
With a good initial flow distribution, the monolith reactor

can be operated with an extremely uniform flow distribution,
which is maintained throughout the reactor.

Impact on reactor performance
The distribution patterns described above only consider the

hydrodynamic aspects. Finally, the impact on reactor perfor-
mance is of much more importance and interest. Therefore, a
simple case of a chemical reaction of species A converted to
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Figure 4. Hydrodynamic maldistribution factor M as ah
( ) (function of A distributor position � s35L

) ( )Lrrrrrh and B liquid flow rate for optimum dis-
tributor position.
Lines represent best fit.

species B is considered. Only the liquid phase is considered,
due to the fact that for most of the applications of interest

Ž .the gas reactant is in excess Lebens, 1999 . Under the as-
sumption of first-order reaction kinetics and plug-flow behav-
ior in the channel, the remainder or the amount of uncon-
verted reactant follows to

cl ,ch wyŽk � l .ru xL0 ,chs e 2Ž .
cin

The assumption of a constant activity k independent of the
liquid flow rate is valid, if external mass transfer and wetting

Žphenomena do not affect the reactor performance Car-
.ruthers and DiCamillo, 1988 . Furthermore, an isothermal

system is assumed, independent of the flow distribution.
Due to the lack of exchange between the individual chan-

nels of the monolith, each channel operates as an individual
reactor. The mixing cup concentration at the outlet is ob-

tained by integration over the cross section

cl ,ch
� u � dAHH L0,chc cl ins 3Ž .

cin u � dAHH L0,ch

An obvious way to quantify the difference in performance
between uniform and maldistributed flow is to compare the
conversion for both cases

c ycl ,mal l ,uni
�� s 4Ž .

cin

This measure is especially useful for reactor configurations
operating at low to medium conversion levels, like recycle
reactors. However, for reactors operating at high conver-
sions, like single-pass configurations, the situation is some-
what different. Here, the performance differences are better
assessed by considering the amount of unconverted species,
also called the remainder, compared to the ideal case. There-
fore, the reactive maldistribution factor is introduced

c ycl ,mal l ,uni
M s 5Ž .R cl ,uni

which represents the difference in unconverted species of
maldistributed and uniform flow relative to the remainder for
uniform flow. Similar to the hydrodynamic maldistribution

Ž .factor Eq. 3 , this factor has a value of zero for uniform
utilization of the reactor cross section and increases with in-
creasing nonuniformity.

Figure 5A illustrates the impact of maldistribution on reac-
tive performance as a function of the dimensionless group
k � lru . A value of 7 for this parameter corresponds to aL0
conversion of 99.9% in the case of uniform flow. As ex-
pected, the performance decreases significantly with larger
deviations from uniform flow. The difference in conversion
shows a maximum around a k � lru value of 2, independentL0
of the value of the maldistribution factor. At lower k � lruL0
values, the conversion is overall low and, therefore, only a
small detrimental effect is apparent. On the other hand, for
high values or high conversions, both cases of uniform and
maldistributed flow converge towards a value of unity and
again the difference in conversion is approaching zero. Be-
tween these two bounding regimes, a maximum difference in
conversion is obtained. The maximum difference in conver-
sion and the corresponding k � lru value of 2 can be, forL0
example, utilized in a reactive test to determine distribution
biased performance with adequate experimental resolution.

For high conversion reactors, this maximum difference is
of rather limited importance. Here, the ratio between the un-
converted species for uniform and maldistributed flow has

Ž .much more impact Eq. 5 . Figure 5A clearly indicates that
the uniform distribution of liquid becomes more critical as
the k � lru value or the conversion increases.L0

For the distribution patterns illustrated in Figure 4B, a
maximum value of a hydrodynamic maldistribution factor of
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Figure 5. Impact of maldistribution on reactor perfor-
mance.
Ž .A Maldistribution parameters � � and M as a function ofr
k � lru for hydrodynamic maldistribution factors of 0.125L0
Ž . Ž . Ž .�r� and 0.5 ^r� . B Reactive maldistribution pa-
rameter M as a function of the hydrodynamic maldistribu-r
tion factor of measured distribution patterns for a conver-
sion of 99% under uniform flow. Lines represent best fit.

0.125 represents the worst case. For a targeted conversion of
99.9% under uniform flow, this results in a roughly four-fold
higher remainder than desired, which seems to be reasonable
for these stringent requirements.

An infinite number of distribution patterns can result in
the same hydrodynamic maldistribution factor. Therefore, it
is important to evaluate the suitability of this lumped factor
for the description of the reactive performance. A total num-
ber of 140 measured distribution patterns over a broad range
of nonuniformity have been considered and the functional
dependency between the hydrodynamic and reactive maldis-

Ž .tribution factor was determined Figure 5B . The two maldis-
tribution factors correlate very well. The graph illustrates the
results for a conversion of 99% under uniform flow. In gen-
eral, for all conversion levels, a linear relationship between
the two maldistribution factors is found. However, for con-
version higher than 99.5%, the correlation shows significantly
more spread for higher values of the hydrodynamic maldistri-

Ž .bution factor M �0.20 .h
In summary, the hydrodynamic maldistribution factor

seems to be a proper index to describe the flow distribution
with respect to reactor performance. Especially at lower val-
ues of the hydrodynamic maldistribution factor, which is the
interesting area for monoliths, the correlation is outstanding.

Channel Scale Investigations
The monolith scale MRI experiments revealed that the liq-

uid accumulates in the corners of the square channels of the
monolith. This resolution was not high enough to quantify
the size of the liquid pockets and the shape of the gas-liquid
interface. Both parameters are important inputs for an accu-
rate description of the flow and transport phenomena in the
monolith channel. An adapted experimental procedure al-
lowed determining the liquid distribution in the channel and
comparing it to a fundamental physical model.

Experimental
For the channel scale experiments, the outer channels were

removed over 2r3 of the monolith length and only four chan-
Ž .nels 2�2 in the center were kept over the entire length of

Figure 6. Channel scale test section.
Ž . Ž . Ž .a Liquid distribution section; b monolith test section; c liquid drainage tubes.
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Figure 7. Geometry properties of the monoliths.
Ž . Ž .A 25 cpsi; B 50 cpsi monolith.

Ž .500 mm Figure 6 . Two different channel sizes have been
Ž .investigated representing 25 cpsi monoliths d s4.11 mmh

Ž . Ž .and 50 cpsi monoliths d s2.91 mm Figure 7 . Insertingh
Tygon tubes in the individual channels drained the liquid
flowing out of the outer region. This special preparation of
the monolith allowed to use the standard liquid distribution
devices described above and still be able to focus on individ-
ual channels and corners in the MRI measurement section.

Ž .Furthermore, a sufficiently high resolution f70 �m is ob-
tained with MRI to determine the phase distributions in the
individual channels. The experimental equipment to intro-
duce the flow of gas and liquid through the monolith were
identical to the ones described for the monolith scale experi-
ments. Besides water, aqueous solutions with 10 and a 25 wt.

Ž .% sucrose Table 1 have also been used to determine the
effect of liquid viscosity on the liquid holdup. Validation ex-
periments with a single square glass channel and a glass rod
in the center under stagnant liquid have been performed to
proof the geometric accuracy of the MRI measurements of a
similar liquid domain as experienced under the monolith film

Ž .flow measurements Heibel et al., 2001b . Furthermore, a bi-
nary gating image analysis method has been defined to distin-
guish between liquid and solid phase.

The experimental setup did not allow for the introduction
of countercurrent gas flow. As already validated for the
monolith scale measurements, no strong interaction between
gas and liquid is expected in the film flow regime. Therefore,
it has been decided to perform the majority of the experi-
ments without forced gas flow and only allow free suction by
the spray and the gravity-driven liquid film. In some experi-
ments forced co-current gas flow has been applied, which is
explicitly stated for these cases.

Results and discussion
The general phase distribution in capillary-sized channels

under film flow conditions was the subject of an earlier inves-
Ž .tigation Heibel et al., 2001b . This work clearly showed the

liquid accumulation in the channel corners. Furthermore, the
gas-liquid interface exhibited an arc-shaped curvature and
complete wetting seemed to occur at the gas-liquid-solid con-
tact line. These qualitative conclusions were in very good
agreement with experimental and theoretical results of previ-

Ž .ous research Kolb, 1993; Lebens et al., 1999 .
As an extension of the previous research, Figure 8 shows

the magnetic resonance images for different liquid viscosities.
Higher viscosities result in thicker films and therefore in-
creased holdup, which is also in-line with previously reported

Ž .results Lebens et al., 1999 .
Additionally, the results indicate that the liquid holdup in

the individual channel corners can still be substantially differ-
ent, despite the liquid distribution homogeneity over the
monolith cross-section.

For quantification, the liquid saturation is considered,
which is a function of the flow regime and the gas- and liq-
uid-flow rates. The definition is given as the ratio between

Figure 8. Magnetic resonance images for 25 cpsi monolith at u s3.2 cmrrrrrs.Ls
Ž . Ž y3 . Ž . Ž y3 . Ž . Ž y3 .A Water � s1.0�10 Pa � s ; B 10% sucrose in water � s1.35�10 Pa � s ; C 25% sucrose in water � s 2.3�10 Pa � s .L L L
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the liquid and the void area

A AL L
� s s 6Ž .L A q A AL G V

The superficial liquid velocity is defined based on the void
area of the channel

�L
u s 7Ž .Ls A � nV ch

The MRI results allow for a localized analysis of the liquid
saturation in the different corners of the monolith channels.
Therefore, the amount of pixels in the corner of interest rela-
tive to the amount of pixels necessary to cover a quarter of
the void of a channel is determined as the local liquid satura-

Ž .tion Figure 9A .
The average liquid saturation values over the four channels

are presented as dotted lines for the three superficial liquid
velocities considered. The liquid saturation in one channel is
evenly spread around the average, confirming a rather uni-
form distribution between the four channels. However, the
individual corners in a channel show a wide variation in local
liquid saturation values. These variations show a systematic
behavior, independent of the liquid superficial velocity. A
valid hypothesis might be that at the monolith entrance, where
the corner flow starts to develop the geometry differs slightly
and, therefore, more or less liquid is guided into a corner.
The initial distribution propagates downstream, without the
ability to redistribute, due to the stable nature of the liquid
pockets in the corner.

The average liquid saturation for the different fluids and
conditions is compared in Figure 9B. Also shown are the pre-
dictions obtained by applying a physical model based on the
Navier-Stokes equation for 1-D laminar flow of Newtonian
fluids

dp
	� �	u sy q g �
 8Ž .Ž .F , z dz

The assumptions and the details on the model are described
Ž .elsewhere Heibel et al., 2001b .

In general a good reproducibility of the measurements is
given over the entire liquid flow range investigated, allowing
the conclusion that the film is rather stable. An increase of
the liquid saturation with superficial liquid velocity is appar-
ent. However, this increase is nonlinear and flattens out for
higher liquid velocities. For the fluids with higher viscosity, a
higher liquid saturation is observed. The larger shear stress
Ž .proportional to the viscosity reduces the maximum velocity
in the liquid phase and results in a higher liquid holdup. Good
qualitative, as well as quantitative, agreement with the model
estimates are found. Deviations towards lower measured sat-

Žurations are present for low superficial liquid velocities uLs
.�0.75 cmrs . Again, this is specific to the distributor, due to

the maldistribution in the center region of the monolith as
Ž .mentioned above Figure 2A . The nonlinear dependency on

the liquid velocity for higher velocities was previously investi-
Ž .gated Heibel et al., 2001b and results from an overall higher

( )Figure 9. A Local liquid saturation � in the indi-L,loc
vidual corners for different superficial liquid
velocities u .Ls
� 1.1 cmrs, � 2.2 cmrs, � 4.0 cmrs, dashed line represents

Ž .average liquid saturation; B liquid saturation � as a func-L
Žtion of superficial liquid velocity for �r� water � s1.0L

. Ž .Pa � s , �r--- 10% sucrose in water � s1.35 Pa � s andL
Ž .�r� � � 25% sucrose in water � s 2.3 Pa � s . Lines repre-L

sent model and symbols experimental data.

average film velocity, leading in a relatively lower liquid satu-
ration.

In addition to the 25 cpsi monolith, experiments with a 50
Ž .cpsi monolith were also performed Figures 10A,B . Com-

pared to the results for the 25 cpsi monolith, higher liquid
saturations were measured. This is a result of the larger
SrV-ratio, which reduces the actual liquid velocities in the

Žfilm. The comparison with the hydrodynamic model Figure
.10C reveals good agreement between experiments and simu-

lation.
Additionally, some experiments with a very high cocurrent

Ž .gas flow have been performed Figure 10C . In general,
somewhat lower liquid saturation values were measured. This
is in good agreement with the modeling data and results from
the additional shear stress at the gas-liquid interface, which
leads to a thinner liquid film and higher liquid velocities in
the film. However, it should be mentioned that, despite the
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Figure 10. Magnetic resonance images for 50 cpsi
( ) ( )monolith for A u s1.65 cmrrrrrs and B uLs Ls
( )s3.85 cmrrrrrs; C Liquid saturation as a func-

tion of superficial liquid velocity �rrrrr— with-
out forced gas flow and �rrrrr � � � with forced

( )cocurrent gas flow u s2.7 mrrrrrs .Gs
All data for waterrair. Lines represent model and symbols
experimental data.

large co-current gas flows, the effect on the liquid saturation
is rather limited. For an engineering correlation of the liquid
saturation, it is sufficient to include only the effects of the
liquid phase and neglect gas-phase effects.

A nondimensional form is chosen to summarize the depen-
dency of the liquid saturation on liquid velocities and fluid

Ž .properties. Lebens et al. 1999 found that the liquid satura-
tion is conveniently described as a function of the ratio of
Froude and Reynolds number, balancing the gravity, inertia,
and viscous forces in the film. In Figure 11 all the experimen-
tal data for the liquid saturation are plotted as a function of

Ž 2 .the ratio of the dimensionless numbers Fr rRe . The ex-Ls Ls
perimental data can be well described with Eq. 9

Figure 11. Liquid saturation as a function of N sFr 2 rrrrrLs Ls
Re for 25 cpsi monolith for � water, ^ 10%Ls
sucrose in water, � 25% sucrose in water,
and � 50 cpsi monolith for water, line repre-
sents correlation described by Eq. 9 with C1
s6.6 and C s0.46.2
All experiments with free gas suction.

C22 2Fr FrLs Ls
� s f sC � 9Ž .L 1ž / ž /Re ReLs Ls

A best fit for numerous model calculations result in values of
6.6 for C and 0.46 for C , which are in good agreement with1 2

Ž .previously reported values Lebens et al., 1999 . The form of
the dimensionless description is sufficient to describe the hy-
drodynamic effects on the liquid saturation.

Conclusions
Two different levels of distribution have been identified in

the context of this work. On a monolith scale, the distribu-
tion over the different channels is of importance. MRI, as
well as the collection method, showed good qualitative agree-
ment and seems to be well suited to determine the distribu-
tion. The selection of the appropriate distributor and the po-
sitioning is of significant importance. The application of co-
and countercurrent gas flow did not show any impact on the
uniformity of the liquid phase over the monolith cross-sec-
tion. The liquid distribution propagates over the length of the
monolith, due to the lack of radial convective flow contribu-
tions. This behavior is different from trickle beds, which tend
towards their ‘‘natural’’ distribution with reactor length.
Therefore, more uniform distributions and, therefore, cata-
lyst irrigation can be achieved and maintained in monoliths
compared to trickle beds. The distribution effects can be con-
veniently described by a hydraulic maldistribution factor. The
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impact of maldistribution on reactive performance was as-
sessed for a first-order irreversible reaction. A reactive mal-
distribution factor, based on the unconverted species at the
reactor outlet correlated very well with the hydraulic maldis-
tribution factor, so both can be used as indicator for reactor
performance. Maldistribution effects become more important
for higher conversion levels. The very good distributions
measured in the scope of this work can address the stringent
requirements for high single-pass conversions.

On the channel level, it was found that the liquid accumu-
lates in the corners of the channel. The gas-liquid interface is
arc-shaped and complete wetting occurred at the G-L-S con-
tact line. Despite the uniformity of the liquid distribution over
the monolith cross-section, significant local nonuniformities
over the different liquid pockets in the channel corners were
found, which might result from local geometry differences at
the monolith inlet section. The application of a high cocur-
rent gas flow leads to somewhat lower liquid holdups. The
difference was not very significant, as expected for the low
interaction flow regime.

The average liquid saturation increases nonlinearly with
liquid velocity; furthermore, higher viscosity, as well as higher
SrV ratio of the monolith packing, lead to higher holdups.
The experimental data are in good agreement with a funda-
mental hydrodynamic model based on the Navier-Stokes
equations for all the different parameters studied in the con-
text of this work.

Due to the rather limited impact of the gas flow on the
liquid saturation, a nondimensional description as a function
of the liquid properties and channel dimensions is sufficient
as an engineering correlation.

A good description of the experimental data is given by

0.462FrLs
� s6.6 � 10Ž .L ž /ReLs

relating the liquid saturation as a function of the Froude and
Reynolds number.

Acknowledgments
The MRI work was performed at the Wageningen NMR Center at

the Wageningen Agricultural University in The Netherlands. The
support and technical input from Tom Scheenen and Ullrich Tal-
larek are highly appreciated. The work was in part supported by the

ŽEC TMR grant ERBFMGE-CT-950066 access to EU large scale fa-
.cility Wageningen NMR Center and grant number HPRI-CT-1999-

Ž .00085 EC programme Access to Research Infrastructure .

Notation
Asarea, m2

csconcentration, molrm3

Ž .C ,C sconstants Eq. 91 2
dsdiamenter, m
gsgravitational constant, mrs2

ksfirst-order reaction rate constant, 1rs
lslength, m

Msmaldistribution factor
nsnumber
pspressure, Pa

rsradius, m
usvelocity, mrs
zsaxial channel coordinate, m

Dimensionless groups
u

FrsFroude number Frsž /g � d' h


 � u � dh
ResReynolds number Resž /�

Greek letters
�� sdifference in conversion

�swetting angle, degree
�sliquid saturation, m3rm3

L V
�svolume flow rate, m3rs
�sdynamic viscosity, Pa � s

shalf corner angle, degree

sdensity, kgrm3

Subscripts
unisuniform

0sreactor based
avgsaverage

cscapillary
chschannel
Fsfluid
Gsgas
hshydraulic
Lsliquid
lslength

locslocal
malsmaldistributed

rsreactive
sssuperficial

Vsvoid
wetswetted
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