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Abstract

The paper introduces a straightforward method to measure intrinsic channel maldistribution in monolithic structures in gas–solid operation.
The experimental procedure is non-destructive for the monolith and easy to perform but special care has to be taken to prevent leakage. The
method is demonstrated for squared channel monoliths of 100 and 400 cells per square inch (cpsi). Variances in the production process of
monoliths introduce an intrinsic channel maldistribution that can be described by a normal distribution. As a consequence, the assumption
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hat a monolith is a bundle of equal channels is incorrect and may introduce significant errors in mathematical models that do not
ntrinsic channel maldistribution.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Monolithic catalyst support structures have a special shape
hat gives them an advantage over conventional pellet cata-
yst supports. Monolithic catalyst supports are defined here as
ontinuous unitary structured supports containing many nar-
ow, parallel straight passages in a ceramic, metallic, carbon
r plastic material.Fig. 1shows square parallel channels in a
ross-section of a cylindrical ceramic monolith. When com-
ared to conventional packed bed reactors, the special shape
f the monolith results in a low pressure drop, efficient cat-
lyst usage, and presumably an easy scale-up. These advan-

ages lead to the application of monoliths in many industrial
rocesses. Single-phase flow applications include automo-

ive exhaust after treatment[1–4]; selective catalytic reduc-
ion of NOx [3–8]; adsorption of gases[9–11]; and selective
xidation (BASF). More recently, the opportunities in mul-

iphase catalytic processes have been recognized, leading to
ncreased research interest in this area. These processes in-

∗ Corresponding author. Tel.: +31 15 2843283; fax: +31 15 2843963.

clude hydrogenation, oxidation and decomposition reac
[4,12]. The production of H2O2 [13] is an industrial applica
tion example. The hydrodynamic behavior of gases and
uids through the monolith is a key factor in understanding
prediction of monolithic catalyst performance. The hydro
namic properties for single-phase flow are based on ch
flow models[14]. Hydrodynamics in especially multi-pha
flow is challenging and received much attention as we
the open literature[4,12,15–19].

The pressure drop of monoliths in practical applicat
is often governed by choosing cell densities, gas loads
reactor sizes. Therefore, it is difficult to extract “characte
tic” pressure drop for industrial processes from the litera
Some approximate figures include[4,11]: respiratory pro
tection 10–100 Pa/m; automotive exhaust after treatmen
to 20,000 Pa/m with reactors of 15–30 cm; concurrent m
phase flow about 5000 Pa/m; automotive selective cata
reduction of NOx: up to 10,000 Pa/m with reactors betwe
30 and 50 cm; industrial selective catalytic reduction betw
2000 and 10,000 Pa/m per stage of up to 1 m in length
up to a dozen of stages sequentially per reactor.

Flow-maldistribution of gases and liquids is a special
E-mail address:gulijk@pml.tno.nl (C. van Gulijk).
1 Present address: INCAR, Oviedo, Spain. drodynamic problem in monolithic catalysts. In theory, each
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Fig. 1. Variances in monolith channels in a cross-section of a 400 cpsi carbon
coated cordierite monolith.

channel in the monolith acts as a single plug-flow reactor. If
the reactant flow through some channels is higher than in oth-
ers the residence time of the reactants varies and with it, the
concentration of products. This leads to inefficient catalyst
usage, lower reaction selectivities and, in extreme cases, to
self-sustaining hot spots in the reactor. For multi-phase flow,
maldistribution is an important problem because a homoge-
neous distribution of liquid into the monolith channels is not
trivial [15,19–21]. Additionally, it was demonstrated[18] that
different combinations of gas–liquid flow velocities result in
the same pressure drop over a monolith, which may result in
a non-homogeneous gas–liquid distribution. Residence time
distribution experiments confirmed the presence of a liquid
flow maldistribution, but the origin could only partially be as-
cribed to the distribution device[19]. For single-phase flow
(usually gas flow) the distribution over the monolith chan-
nels is easier but there may be maldistribution as a result
of pressure-distribution at the inlet of the monolith[22–24].
This is usually due to the shape of the inlet to the reactor.

Intrinsic maldistribution is another form of maldistribu-
tion. This type of maldistribution is induced by small varia-
tions in the geometry of the monolith channels. Consider the
square channels inFig. 1. Apart from wall-effects, the wall
thickness varies from channel to channel; some channels are
slightly skewed or corrugated; there may be small defects in-
side the channel; and some channels may become partially
p oma-
l for-
t stri-
b
b aper
i eter-

mining intrinsic maldistribution for commercially available
samples.

The present work focuses on gas adsorption by carbon-
coated monoliths for air purification and respiratory protec-
tion [11]. Especially in respiratory protection applications
the low concentration range in the effluent is of extreme
importance. The concentration of a toxic compound in the
breather’s air must be reduced with a factor typically in the
order of 20–1000 for civilian and 1000–100,000 for mili-
tary users. The performance of adsorbents is expressed as a
breakthrough time, which is the time at which an adsorbent
bed is saturated. Maldistribution is of pivotal importance in
this case because the breakthrough time is determined by the
monolith channel through which the gas flow is the highest.
This channel will be saturated first and will allow toxic gasses
to penetrate first. Therefore, a straightforward experimental
method has been developed to measure intrinsic maldistri-
bution in monoliths. The experimental method will also be
useful for other gas applications with monoliths such as au-
tomobile catalysts, and could serve as a quality control tech-
nique.

2. Background

A monolith can be seen as a bundle of parallel straight
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lugged after some time of operation. Each of these an
ies may cause intrinsic maldistribution in monoliths. Un
unately, this effect is often neglected in literature. Maldi
ution was also studied inside glass monolith channels[20]
ut this is an expensive and difficult experiment. This p

ntroduces a much more straightforward manner of d
hannels that are present in a single substrate. Therefo
ressure drop over monoliths is derived from the pres
rop in these straight channels. In a gas–solid applicatio

ollowing derivation holds.
Consider the pressure drop over a straight channel

ingle-phase pressure drop is given by[25]:

�p

L
= 4f

(1/2)ρgu
2
g

dh
(1)

here�p is the pressure drop;L is the length of the chan
el; f is the Fanning friction factor;ρg is the gas densit
1.24 kg/m3); ug is the mean gas velocity; anddh is the hy-
raulic diameter of the channel. The hydraulic diameterdh,

s defined as follows[26]:

h = 4A

P
(2)

hereA is the cross-sectional area of the flow channel
is the wetted perimeter of the flow channel. For sq

hannels,dh equals the length of the side of the square. In
asedh equals 1.09 mm for 100 cpsi monoliths and 2.11
or 400 cpsi monoliths.

For fully developed flow in square channels, the fric
actor is[26]:

= C

Re
(3)

hereC is a constant. For round channelsC equals 16. Fo
quare channels, which are relevant in this case,C equals
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14.23.Reis the dimensionless Reynolds number:

Re = ρgugdh

ηg
(4)

in which ηg is the gas viscosity (air: 1.80× 10−5 Pa s). Eqs.
(1)–(4)can be simplified to give:

�p

L
= 2C

ugη

d2
h

(5)

The flow pattern close to the entrance of the channels is differ-
ent from a fully developed flow pattern in the channels. This
pattern is important for short monoliths. Developing flow in
square channels, is incorporated as follows[25]:

f = C

Re

(
1 + 0.0445Re

dh

L

)0.5

(6)

Note that this equation holds for laminar flow conditions,
which typically occurs in the small channels of the mono-
liths in applications for respiratory protection. It is usually
assumed that the monolith channels have the same length and
shape so for a certain pressure drop applied over a monolith
the average velocities in all channels is the same. However,
this assumption is incorrect as explained below.

Ceramic monoliths are extruded from paste and subse-
quently baked in an oven[27]. During the manufacturing
p es in
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square channels. These will obviously have flow characteris-
tics that differ from the channels in the middle of the monolith
but this is not relevant to this paper. Their aerodynamic be-
havior will be considered as wall effects.

Accepting that channels have slightly different shapes, it
is easy to see from Eq.(5) that their hydrodynamic behavior
will differ. For instance, if one channel has a smaller hy-
draulic diameter,dh, Eq.(5) predicts that it will have a higher
pressure drop or a different flow rate, depending on the ap-
plied condition. Similarly, if the channel shape differs from
a perfect square the constantC changes in Eq.(6).

At this point it is difficult to predict how the variations
in hydrodynamic behavior should be modeled. A priori, a
normal distribution is assumed unless the experimental data
shows otherwise. It seems reasonable to assume that the vari-
ations in the channel dimensions are introduced as random
variations in the production process. If these variations are
responsible for the variations in hydrodynamic behavior, the
variation in the friction factorf per channel may be expected
to have a normal distribution.

3. Experimental setup

Pressure drop measurements were performed in individual
channels of the monolith. For this purpose an experimental
s
t (EX-
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asuring
rocess random variations may occur that lead to varianc
he end product. Firstly, the shape of the monolith is for
y the mold of the extruder. Spatial variations in the m

ntroduce variances in wall thickness and channel width
he monolith channels. Secondly, sintering is generally a
inear process that is difficult to control: thermal stresses
eform the channels; temperature variances may intro
arying degrees of sintering; and gases escaping the ha
ng paste introduce surface roughness. These processe
ntroduce variations in the channel widths of the mono
hirdly, the paste composition may vary slightly and in
uce variances in channel widths.

Coating the monoliths with carbon or a washcoating
roduces an additional random variation[28].

Close observation of the monolith cross-section inFig. 1
roves that variations actually occur in real life monoliths
ay be expected from the complex production process
ecially skewed and corrugated channels are clearly pre
he channels near the edge of the monolith are often

Fig. 2. Experimental setup for me
-
o

et-up was designed, which is shown inFig. 2. The monoliths
hat were used are 100 and 400 cpsi cordierite monoliths
0 by Corning, USA) with a diameter of 43 mm and a len
f 250 and 52.6 mm, respectively.

Fig. 2depicts the experimental setup, where the air fl
rom left to right. The air entered a single monolith chan
hrough a perforation in the aluminum tape (type 944 A
E by Coroplast, Germany). Aluminum tape was used
ause of its strong adhesive character and because it r
ts shape after it is pressed onto the monolith, it does no
orm like plastic tape does. The perforation was made

syringe needle and shaped like a single channel: sq
he monolith was sealed and protected by a plastic a
ive film. Subsequently, the air left the monolith in the g
ap and flowed through the syringe needle. The syringe
le acted as a critical orifice because of the vacuum d
tream. The critical orifice ensures that the flow through
ndividual monolith channel studied is exactly the same
ry time. The flow was measured with a thermal flow m

intrinsic maldistribution in monoliths.
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(4100 Series by TSI Inc., USA), which has an accuracy of 2%
of reading.

The pressure drop over a single monolith channel was
measured by measuring the pressure difference between the
air in the glass cap and the outside air. This pressure difference
was corrected with the pressure difference of the empty glass
cap, which was less than 10 Pa. The pressure difference was
measured with a membrane pressure transducer (type HM28
by Revue Thommen AG, Switzerland). The instrument has
an accuracy of 0.1% of full scale (2500 Pa), which equals
2.5 Pa.

After the pressure drop over one channel was measured
it was sealed with a small piece of aluminum tape; another
channel was opened, and the pressure drop was measured
again. The measurement was repeated at least 30 times.
The channels were selected at random so that the mea-
sured channels were distributed uniformly over the monolith
face. Channels directly near the edge of the monolith were
not measured.

4. Results

The measured pressure drop data are presented in two
ways, in a normal probability plot and a plot in which the
probability of occurrence is shown as function of the pres-
s it

F
i
d
c

gives much useful information about the measured data. It is
constructed by plotting the (ordered) measured values versus
the probability of their occurrence. In this case, the measured
pressure drop for each channel is plotted on a lineary-axis
and the probability of occurrence is plotted on a transformed
x-axis. The transformation of thex-axis is done in such a way
that if the plotted data yields a straight line, a normal distri-
bution exists. The variable on thex-axis is given in units of
variance (σ) around the mean (µ) value of a normal distribu-
tion. So thex-value 0 corresponds with the mean value of a
normal distribution, +1 corresponds with +1 units of variance
σ from the mean, and−2 corresponds with−2 units of vari-
anceσ from the mean. The method is used because it is easy
to assess whether the data obeys a normal distribution (when
the data follows a straight line); moreover, if the data obey a
normal distribution it is easy to find the mean and variance of
the measurements. The measured variance will be identified
with simc because it is an estimator for the varianceσ. Further
details on the mathematical method can be found elsewhere
[29].

The probability occurrence plot has an illustrative func-
tion; it shows the spread in the measured pressure drop very
clearly.

Figs. 3–5show the results. Top portion ofFigs. 3–5shows
normal probability plots and bottom portion ofFigs. 3–5
shows probability occurrence plots.Table 1summarizes the
r
ure drop. The normal probability plot[29] is given because
ig. 3. Pressure drop over monolith channels at constant flow rate presented
n normal probability plot (top) and a probability distribution (bottom). Con-
itions: channel air flow rate 1.35× 10−5 m3/s in a 52.6 mm long 400 cpsi
ordierite monolith.

F sented
i
d
c

elevant data.

ig. 4. Pressure drop over monolith channels at constant flow rate pre

n normal probability plot (top) and a probability distribution (bottom). Con-
itions: channel air flow rate 1.77× 10−5 m3/s in a 250 mm long 100 cpsi
ordierite monolith.
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Table 1
Summary of pressure drop data for intrinsic maldistribution in monoliths

Data in figure Cell density (cpsi) Length (mm) Channel flow rate (m3/s) Measured�p (Pa) Model�p (Pa)

Fig. 3 400 52.6 1.35× 10−5 383± 44.6 (11.6%) 474
Fig. 4 100 250 1.77× 10−5 122± 5.71 (4.7%) 164
Fig. 5 100 250 2.81× 10−5 228± 17.6 (7.7%) 260

Fig. 5. Pressure drop over monolith channels at constant flow rate presented
in normal probability plot (top) and a probability distribution (bottom). Con-
ditions: channel air flow rate 2.81× 10−5 m3/s in a 250 mm long 100 cpsi
cordierite monolith.

5. Discussion

Fig. 3 (top) shows that the data points for the 400 cpsi
monolith form a straight line which implies that the pressure
drop at constant flow rate through individual monolith chan-
nels can be described by a normal distribution. A straight line
is fitted through the data by least squares fitting. The intercept
yields the mean pressure drop of 383.4 Pa. The slope of the
line equals the varianceσ of 44.6 Pa or 11.6% of the mean.
So, in this case, the variance in pressure drop per monolith
channel can be described by a normal distribution with a
measured value of 383.4± 44.6 Pa.

Fig. 3 (bottom) shows that the data points follow the fit-
ted normal distribution very well: the data points exhibit a
normal distribution, as could be expected from the analysis
of Fig. 3 (top). This picture also illustrates that the distribu-
tion in pressure drop is quite wide. The assumption that all
monolith channels can be considered to be identical is not
valid.

The model that is described in Section2predicts a pressure
drop of 473.6 Pa for a single channel (Table 1). The measured
mean pressure drop of 383.4 Pa is 19% lower than the pre-
dicted value. It is possible that the model overestimates the
pressure drop but it is more likely that some leakage of air
through the porous walls into neighboring channels has oc-
curred. This leakage effect does not seem to interfere much
with our results since the flow resistance is of the walls is very
high and the deviation from the predicted value is relatively
small.

Similar considerations hold for the experiments with a
100 cpsi monolith as the results inTable 1show. However, the
variance in the measured data is smaller: 4.7% and 7.7%. The
variances in the production process have less influence on the
intrinsic maldistribution of these monolith channels. This is
logical because the channels are wider and the monolith walls
are thicker and thus it is easier to extrude monoliths that are
stronger and less prone to spatial deformations of individual
monolith channels. Also here the observed pressure drop is
15–30% lower than predicted. Again, it is possible that the
model overestimates the pressure drop but it is more likely
that leakage into neighboring channels has occurred.

The variance in measured pressure drop may be caused by
many different factors. They are briefly discussed here.

Variances in the hydrodynamic diameterdh of the chan-
nels and in the friction factorf through the constantC have
a olith
c t
a ound
i stant
C ,
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large influence on pressure drop over a single mon
hannel. In theory the monolith lengthL may also vary bu
square cut should prevent this. The theoretical backgr

llustrates that if the channel shape is not square, the con
changes. If the channels differ slightly in size or shapedh

hanges. In turn, the friction factorf is not a constant but var
nces in surface roughness also influence the friction fa

n addition, these parameters may alter entrance effects
he channel so the constant 0.0455 in Eq.(5) may be differ-
nt. “Entrance” effects may occur upstream of the mon
s well, i.e. if a large channel draws a lot of gas, the gas

n a small neighboring channel may be influenced.
From a phenomenological standpoint it is interestin

now which of the parameters above contributes the m
nfortunately, the effects of these factors are lumped

he overall variances that are measured as a normal w
akes it very difficult to estimate which of these factor
ore important than the other. From a practical standp
owever, it suffices to know that their combined effec

umped in a normal distribution, which has to be incorpor
hen mathematical models are developed for monol

eactors.
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The pressure drop is reported per channel as function of a
fixed flow rate. In practice, however, there will be a fixed
pressure drop over the monolith and the flow rate in the
channel varies. This is no limitation for applying this experi-
mental method to study intrinsic maldistribution, because the
flow through the individual monolith channels is laminar: the
Reynolds numbers are calculated to be 1103, 734, and 1168
for experiments 1–3, respectively. TheseRe-numbers are be-
low 2000, so indeed in the laminar regime. In the laminar
flow regime, the pressure drop�p and the gas velocityug are
proportional. Thus, a variance in the pressure drop is directly
linked to a variance in the gas velocity. Therefore, the variance
in pressure drop at a fixed flow, as measured here, is similar to
the variance in flow velocity when the pressure drop over the
monolith is fixed. In turn, the variance in velocity is a mea-
sure for the variance in average residence times of gases in
the monolith channels, which is important for modeling cat-
alytic or adsorption processes inside the monolith. Therefore,
it is recommended to include a normal velocity distribution
in modeling monoliths as gas–solid reactors. The experimen-
tal method described here can provide the necessary velocity
distribution.

Incorporating the observed distribution in the hydrody-
namic correlations one may use a distribution in the effec-
tive hydrodynamic diameterdh, being the square root of
the velocity distribution (see Eq.(5)). For developed lami-
n
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pure diffusion regime because it is not applicable to filtration
applications of monoliths.

The residence time distribution of the pure convection
model can be captured by the following equation[30]:

E(Θ) = 1

2Θ3
for Θ ≥ 1

2
(7)

whereΘ is the arithmetic residence time: the volume of the
tube divided by the volumetric fluid flux in the tube. The
residence time distribution for the dispersion regime can be
captured by:

E(Θ) = 1√
4π(Dax/ugL)

exp

[
− (1 − Θ)2

4(Dax/ugL)

]
(8)

whereDax axial dispersion coefficient of the dissolved gas in
the carrier fluid. Actually, Eq.(8) does not cover the whole
dispersion regime but only in cases where the dissolved gas
behaves as in a plug flow reactor.

Experiment 2 is used as the blueprint for calculations of
the residence time of a pollutant in a monolithic filter at am-
bient conditions. Differences are: the monolith reactor length
is 5 m and the pollutant is assumed to be non-adsorbing.
The carrier fluids are air and water, and the pollutant is
toluene that has a diffusion coefficient of 7.9× 10−6 m2/s
in air (Da) and 8.6× 10−10 m2/s in water (Dw). The air flux
i 4.
T mber
a

time
o
c

D

T ov-
e ons
f

F liths:
t alcu-
l

ar flow this choice is similar as using the constantC, but
or developing flow these choices can yield a different
ult, due to the presence of theRenumber in the term ex
ressing the excess friction due to the flow developm
ee Eq.(6).

. Experimental indications

The results in this paper are based on a single-p
as–solid system so it is interesting to predict what
act it will have on residence time distributions of gas,
id and gas–liquid applications of monoliths. The impa

llustrated with some calculations of the residence time
ribution in a bundle of (round) channels. Only key ma
atical equations are reported here. Further details c

ound elsewhere[30].
The effect of (neglecting) the velocity distribution

onoliths in adsorption applications has been demonst
lsewhere[11].

Consider a gas that is dissolved in a fluid which flo
hrough a (round) single tube under laminar flow conditi
here are three principal regimes can be distinguishe

he residence time distribution of the gas[30]. The first is
he pure diffusion regime where the fluid flow velocity
egligible when compared to the average diffusion veloci

he dissolved gas. The second is the pure convection re
here the diffusion velocity of the gas is negligible to
verage fluid flow velocity. The third is the dispersion reg
here the velocities are comparable. Here, we discar
s 1.77× 10−5 m3/s for which the Reynolds number is 73
he water flux is corrected to have the same Reynolds nu
s with air.

Theory suggests that the calculation for the residence
f toluene in air is governed by Eq.(8) [30]. In this specific
ase, the axial dispersion coefficient is:

ax = u2
gd

2
h

192Da
(9)

he residence time distribution for toluene in water is g
rned by Eq.(7). The calculated residence time distributi

or single channel flow are shown inFig. 6.

ig. 6. The broadening effect on residence time distribution in mono
oluene in water (pure convection) toluene in air (dispersion model). C
ations performed in 5 m 100 cpsi monolith.
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Now consider a system of multiple single tubes. This pa-
per shows that intrinsic channel maldistribution adds to the
broadening of the residence time distribution. So, we can su-
perimpose the variance created by intrinsic maldistribution
over the residence time distribution of a single channel. For
air, in this case, the variance of maldistribution is added in a
straightforward manner in the axial dispersion coefficient:

Dax = u2
gd

2
h

192Da
+ s2

imc (10)

wheresimc is the measured variance that is introduced by the
intrinsic channel maldistribution. For water, the variance of
maldistribution is introduced by calculating a weighed nor-
mal distribution with a variance ofsimc on each point on the
E(Θ) for water. The results are summed and normalized to
give the newE(Θ) curve.Fig. 6shows the results for a mald-
istribution variance (simc) of 5% and 10% which is in the
range that our measurements indicate.

The results inFig. 6 clearly show that intrinsic cannel
maldistribution broadens the residence time distribution quite
much with only a 5% variance. The sharp peak in the pure
convection model disappears and a plug flow like curve ap-
pears. Thus, by measuring the residence time distribution in
a monolith, pure convection would never be found.

Monoliths are also used in gas–liquid systems. In practical
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cial samples, is non-destructive for the monolith, but special
care has to be taken to prevent leakage.

Intrinsic channel maldistribution can introduce substan-
tial differences in the residence time of a substance in the
monolith. As a consequence, the assumption that a monolith
is a bundle ofidenticalchannels is incorrect and may intro-
duce significant errors in mathematical models for monolithic
reactors or adsorption columns that do not incorporate this
effect. In reality, a monolith is a bundle ofslightly differing
channels. The small differences have an influence on the res-
idence time distribution that can be described by a normal
distribution. The measurements in this paper show measured
variances (simc) between 11.6% and 4.7%.

It is concluded that the production process of ceramic
monoliths leads to variances in channel dimensions and sur-
face roughness. These variances lead to variances in pressure
drop in a single monolith channel if the flow through the chan-
nels is equal. The mathematical models of Section2show that
it is easy to understand this phenomenon. Small variances in
the structure of the monolith influence the hydraulic diameter
and the constantC in the equations so that the pressure drop
is influenced. During operation, other contributions can add
variations: soiling and attrition.
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[ .C.
of a
pplications the flow occurs as a so-called Taylor or bu
rain flow where liquid plugs are separated by a train of w
ubbles. The friction factor for this three phase flow pat

s [19]:

= 16

Re

[
1 + 0.17

1

Ψs

(
Re

Ca

)0.33
]

(11)

he mathematical description is similar to that of develop
ingle-phase flow[19]. It includes the dimensionless sl

engthΨs and the capillary numberCa, accounting for th
resence of the gas–liquid interfaces. This contribution

ncrease the friction up to four times that for single-ph
ow. Term 0.17 is a correction factor that describes interfa
ffects of Taylor bubbles in the channel (Laplace pres

erm), which is fairly constant. So, even in Taylor flow,
ressure drop is dominated by viscous friction with the w
s a result, it is expected that the intrinsic channel distribu
as a similar effect on the residence time distribution a
ingle phase flow.

The residence time distribution is governed by the dis
ion model if the flow in the monolith channels is turbule
he impact of intrinsic channel distribution on turbulent fl

s expected to be similar as sketched inFig. 6.

. Conclusions

The paper introduces a straightforward method to mea
ntrinsic maldistribution in monoliths in gas–solid operati
he experimental procedure can be easily applied to com
eferences
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