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Abstract

The hydrodynamics and mass-transfer characteristics of monolith loop reactors, with upflow of gas and liquid phases through the
channels, have been investigated and compared with conventional internal airlift reactor and bubble column configurations. The volumetric
mass-transfer-coefficient per unit volume of dispersed gas bulihlesgs;, is significantly higher for monolith reactors than for airlift and
bubble columns. This improvement is due to the superior mass-transfer characteristics of Taylor flow in narrow capillaries. Application of
low-frequency vibrations has the effect of significantly improving: /¢ for all reactor configurations studied. For monoliths, vibrations
also have the additional beneficial effect of improving the gas-liquid distribution through the channels.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction The first major objective of the present work is to study the
hydrodynamics and mass transfer inugrilowmonolith loop
Monolith loop reactors are used for carrying out a vari- reactor. The second objective is to develop the correspond-
ety of solid catalysed gas-liquid reactions such as hydro- ing data on gas holdug;, and volumetric mass-transfer
genations and oxidation&épteijn et al., 2001; Roy et al.,  coefficient, k. a, also for a bubble column and airlift, us-
2004. The main advantages over trickle beds, slurry bub- ing the same column geometry and gas distribution device.
ble columns and airlifts are low pressure drop, high mass- The data generated in this work would be useful to the pur-
transfer rates, and ease of scale-Bankiewicz (2001pro- poses of reactor selection. In earlier studiebsnhberger and
vides an example of a process for which an in-line monolith Krishna, 2002, 2003; Krishna and Ellenberger, 2002e
reactor is 100 times smaller in size than a conventional reac-had shown that low-frequency vibrations to the liquid phase
tor and therefore represents a truly intensified process. Mostcan significantly enhance the gas holdup and mass-transfer

of the published experimental studies relatetovnflowof characteristics of bubble columns. The third objective of the
both gas and liquid phases in monolithde{szwolf et al., present study is to examine the effect of low-frequency vi-
2001, Kreutzer, 2003; Nijhuis et al., 2004nd very little in- brations on the performance of monoliths and airlifts in or-

formation is available ompflowoperation of gas and liquid  der to determine to what extent subtle resonance phenomena
(Boger et al., 2008 In both upflow and downflow operation  can improve the performance of these gas—liquid contactors
of monolith reactors we need to have uniform distribution of as well.

gas and liquid phases through the various chanmédshel

et al., 200). .
2. Experimental set-ups
* Corresponding author. Tel.: +31-205257007; fax: +31-205255604. All experiments were carried out in a set-up consisting
E-mail addressr.krishna@uva.n(R. Krishna). of a monolith internal loop reactor and a vibration control
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Fig. 1. Experimental set-up for the monolith loop reactors. The set-ups for the airlift and bubble column are derived from the same outer column

configuration. For further details of all set-ups visit our websitanu et al., 2008

system. The monolith loop reactor comprises of an outer Germany, each with 49 cells per square inch (cpsi), were
column, a riser column containing the monolith segments, tightly mounted on one another in the 0.068 m diameter
and a gas-liquid separator unit (d€ig. 1). The outer col- glass riser column. Each monolith had square-shaped chan-
umn and gas-liquid separator were constructed of poly- nels with sides of 3.01 mm and an estimated void fraction of
acrylate. The riser column was placed concentrically inside 68.8%. In order to carry out experiments using the circular-
the outer column, the internal diameter of the latter being channel monoliths, a 1.47 m long monolith tube bundle con-
0.1 m. Square-channel cordierite and circular-channel glasssisting of 204 circular glass capillaries each with inner and
capillary monoliths were employed. For the square-channel outer diameters of 3 and 4 mm, respectively, was inserted in
monolith set-up, the riser column was fabricated from glass the 0.069 m diameter polyacrylate riser tube. The capillaries
and had an internal diameter of 0.068 m. On the other hand,were arranged on a triangular pitch with a pitch distance of
the riser column of the circular-channel monolith set-up was 4 mm. The top and bottom of the circular-channel monolith
made of polyacrylate, with an internal diameter of 0.069m. bundle were sealed using a thermoplastic polyngny$-
The annular space between the riser and outer columns formgalbond 509 Printlas Europa The Netherlandsand the
the downcomer section of the reactor. The lower end of the resulting distribution of open channels was 35 cpsi with an
riser was supported by means of three metal pins placed atestimated void fraction of 38.6%igs. 22 and b show
a distance of 0.11m from the bottom of the reactor. The schematic representations of the circular-channel glass
gas—liquid separator, with an internal diameter of 0.29 m and monolith and square-channel cordierite monolith. In this pa-
a height of 0.36 m was mounted at the top of the outer col- per, the square- and circular-channel monolith loop reactors
umn, a height of 1.58 m from the base of the reactor. are collectively referred to as ‘monolith loop reactors’.

For experiments involving the square-channel monoliths, Irrespective of the monolith set-up employed, the bottom
five identical pieces of cordierite monolit¢rning GmbH of the outer column was sealed by means of a 0.4 mm-thick
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Fig. 2. Schematic representation of (a) the 35cpsi circular channel glass monolith, (b) the 49 cpsi square-channel cordierite monolith. ¢€)ttzetails
gas distribution device. For further details visit our websifandu et al., 2008

silicon rubber membrane tightly sandwiched between two 35 cpsi monolith reactor in which the monolith tube bundle
metal discs each with a diameter of 0.096 m. Below the was removed from the riser column and the length of the
membrane was a pressurized air chamber. This chamber enriser column extended by 0.099 m. Thus, like the monolith
sured that the membrane remained in a horizontal positionloop reactors, the airlift loop reactor comprised of an outer
after the outer column was filled with liquid (a necessary column, a riser column and a gas-liquid separator unit.
condition for the membrane to be properly displaced by the  The bubble column, with an internal diameter of 0.1 m
vibrator) by allowing for pressure compensation. Air was and a height of 3.18 m was made of polyacrylate. Like the
fed into the riser column through 11 of 12 stainless-steel monolith loop reactors, both the airlift loop reactor and the
capillary gas distributors each with an internal diameter of bubble column were coupled to the vibration control sys-
0.9mm; seeFig. 2c. The outlet points on the gas distrib- tem. All reactor configurations used the same gas distributor
utors were at height of 0.12m from bottom of the reactor. device (seéig. 2c), consisting of 12 stainless-steel capillar-
The rate of air flow into the reactor was controlled using ies of 0.9 mm inside diametefable 1gives a summary of
pre-calibrated rotameterSio-Rate Brooks Instruments BV  the principal dimensions of the four reactor column config-
The Netherlands urations employed in this study and further information on
An air-cooled vibration exciter TIRAvib 5220 TIRA the experimental set-ups including photographs and sample
Maschinenbau GmbHGermany was attached to the bot- videos on the operation of the monoliths can be found on
tom of the outer column. This vibrator was coupled to a our website {andu et al., 2008
power amplifier. The vibration system was fully automated
and controlled from a PC using Signal Calc 550 Vibration
Controller software ata Physics Corporation United 3. Experimental procedure
State}. The vibration exciter has been described fully in
earlier publicationsEllenberger and Krishna, 2002, 2003; Air was used as the gas phase and demineralized wa-
Krishna and Ellenberger, 20p2 ter as the liquid phase in all experiments carried out. Mea-
For comparison purposes, experimental studies were alsosurements were made of the gas holdup and volumetric
carried out in an airlift loop reactor and a bubble column. mass-transfer coefficient in each of the four reactor column
The set-up of the airlift loop reactor was a modification of the configurations described above. Downcomer liquid velocity
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Table 1
Dimensions of the reactor configurations employed
Height of riser Inner diameter Outer diameter Inner diameter Height of
column (m) of riser of riser of outer monolith
column (m) column (m) column (m) segments (m)
Monolith loop: 1.57 0.068 0.075 0.1 15
square channel
Monolith loop: 1.53 0.069 0.079 0.1 1.47
circular channel
Airlift lift loop reactor 1.63 0.069 0.079 0.1 —
Bubble column reactor — — — 0.1 —

measurements were also made in the monolith loop reactorsaffixed on the riser tube, from which the volume of gas and
as well as in the airlift loop reactor. At the start of each ex- thus, the gas holdup were determined. For each gas flow
perimental run, the clear liquid height was set at 0.16 m in rate in the monolith and airlift loop reactors, the gas holdup
the gas-liquid separator of the monolith and airlift loop re- experiments were done in triplicate and an average holdup
actors. The clear liquid height in the bubble column was set value taken. Gas holdup values in the bubble column were
at 1.18 m above the gas distributor. The monolith and airlift obtained by visual observation. The gas holdup in this case,
loop reactors were always operated in such a way that nois defined as:
gas bubbles were present in their downcomers. H
For every reactor configuration, experiments were first é¢ =1— o (1)
carried out without vibration. This was followed by a cor- 0
responding experimental set wherein the vibration control Where H is the dispersion height antlp the initial liquid
system was utilized. In all vibration experiments, the vi- height above the gas distributor.
brator was programmed to generate low-frequency sine
wave oscillations with an amplitudel, of 0.5mm and a
frequency,f of 60 Hz; the choice of these vibration param-
eters were made on the basis of our earlier studies on bubble Liquid velocity measurements were carried out in the
columns Ellenberger and Krishna, 2002, 2003; Krishna and downcomers of the monolith and airlift loop reactors using
Ellenberger, 2002 the salt pulse tracer injection technique described in our ear-
lier work (van Baten et al., 20Q&nd on our websité/andu
et al., 2003. For each superficial gas velocity, with or with-
out vibration excitement, three liquid velocity measurements
Gas holdup measurements were made in the riser sectiofvere carried out. The average liquid velocity values are re-
of the monolith and the airlift loop reactors using the tech- ported in this paper.
nigue that we had used in an earlier studar(du et al.,
2004h. In the monolith loop reactors, the riser gas holdup 3.3. Volumetric mass-transfer coefficient measurements
was measured by trapping gas from the monolith channels
in a 0.05m diameter, 0.75m high measuring cylinder. The The volumetric mass-transfer coefficiettf,a, was de-
measuring cylinder was initially filled with demineralized termined by means of a dynamic oxygen absorption tech-
water using a suction valve located at its top. It was vertically nique. An oxygen electrod&' §1 Incorporated Model 5331
pre-positioned in the gas—liquid separator using clamps andinserted 0.15 m above the base of the outer column was used
metal rods. At the moment the gas flow into the column was to measure the change in dissolved oxygen concentration (a
shut, the measuring cylinder was instantaneously displacedmeasuring point which resides in the downcomer section of
to rest above the rise tube. Gas bubbles leaving the riser tubehe monolith and airlift loop reactors—refer Eig. 1). Dis-
were then trapped in the measuring cylinder, displacing an solved oxygen was stripped from the liquid phase to a neg-
equivalent volume of liquid. Based on the volume of trapped ligible concentration by the use of nitrogen sparged through
gas, the riser gas holdup was determined. The gas holdupthe gas distributor capillaries. After the stripping operation,
in the riser section of the airlift loop reactor was measured a step input of air was introduced into the column, with the
by sealing the top of its riser column with a pre-calibrated uptake of oxygen into the liquid phase continuously mon-
plastic stopper at the moment gas flow into the column was itored by the oxygen sensor. Sufficient time was given in
shut down. In this way, gas was trapped in the riser. The each experimental run for the oxygen saturation concentra-
height of the trapped gas was read using a graduated rulgion in the liquid, C; to be reached. Prior to conducting

3.2. Downcomer liquid velocity measurements

3.1. Gas holdup measurements
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Fig. 3. Schematic representation of the reactor model used to determine(gas + liquid) in theiser sectionof the monolith and airlift
kpa in the mono!ith and airliﬂ loop reactors. For further details of the loop reactorsUg is the superficial gas velocity with respect
reactor models visit our websit¥gndu et al., 2008 to the riser section of the reactor (based on open area avail-
able for flow of gas and liquid phases in case of monolith
configurations) whileU g, Upr and U p are the superfi-
cial liquid velocities in the riser, top section and downcomer,

. espectively. The values df; p as determined experimen-
membrane surrounding the oxygen electrode was replace . )
. ally were used in the reactor modéligs. 4a—c show the
frequently and the sensor constant determined for each mem-

; experimentally determinetl; p values as a function dfg
brane. The value Ofsensorwas found to vary in the range ¢ o i lar-channel monolith, square-channel monolith
0.42-0.595? for all experiments carried out. The value of 59

. S ; and airlift reactors, respectively, with and without the effect
the sensor constak¢ensoris about five times higher than the . . 3 .
o of vibration excitement. Note that for a givéry;, columns
measured; a values reported later; this means that the sen- . . . N
; . with larger cross-sectional area available for gas—liquid flow
sor dynamics has only a small influence on the values. ; . . o
have higher gas flow rates. The increas&jty with vibra-
A common reactor model was developed for the mono- . g . - o
. - g . tion excitement for a given superficial gas velocity is due
lith and airlift loop reactors for obtaining volumetric

- . ._to an increase in gas holdup in the riser, as we will discuss
mass-transfer coefficient values from experimental dynamic

oxvaen absorption curves based on the following assum “below which results in an increase in lift-force of the gas
tiozg' P 9 P~bubbles. This lift-force increase yields a higher pressure dif-

ference between the top of bottom of the downcomer caus-
ing an increase in its liquid velocity. Oné& p is known the
Upr andUpr values are determined from geometry consid-
erations, using the known cross-sectional aréas.is the
dispersion height of the top section angthe solubility co-
efficient of oxygen in watenn =28. Egs. (2)—(6) are subject

to the following boundary conditions:

mass-transfer experiments, the time constant of the oxygen
Sensorksensor Was determined as described in our earlier
work (Vandu and Krishna, 2004on bubble columns. The

e Plug flow of gas and liquid in the riser section of the
reactor.

e Plug flow of liquid in the downcomer section.

e A well-mixed gas-liquid separator section.

The riser section of the reactor is assumed to extend to
the dispersion height. This means that gas bubbles in the
gas—liquid separator constitute a part of the riser, i.e. no
gas bubbles are assumed to be present in the gas—liquid
separator. The gas free gas-liquid separator is referred to
as the top section in the model developed. A diagram of
the model is shown iffrig. 3. The governing mass balance
equations for the reactor model are:

Plug flow of gas in the riser

at timet =0, Cgr = CGRr,inlet,
attimer=0,Crp =Crp =0,
Crr,in=CLD,outs
Crp,in=CLT outs
Crr.,in = CLR,out-

Solving the equations involved discretizing their spatial
derivates. A first-order backward difference approxima-
tion was used. The Method of Lines solution procedure
% =_UG% —k <% - CLR)~ 2) was adopted with 50 grid points used to represent the
total dispersion height in the reactor. A FORTRAN pro-
Plug flow of liquid in the riser gram was written to handle this, utilizing the ODE solver
LSODE Hindmarsh, 200)Lin double precisionFigs. sa—c
d(Crr) _ Upn d(Crr) tka <@ _ CLR) 3) show sample, a fits, without vibration excitement, in the
m ' circular-, square-channel monolith and airlift reactors at

&
L oh
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Ug =0.114, 0.09 and 0.143 m/s, respectively. The val-
ues obtained from these fits are 0.127, 0.102 and 0.051s
respectively.

For the determination of thie,a for bubble columns we
assumed plug flow of gas and completely mixed liquid phase
(details available elsewherggndu et al., 2003; Vandu and
Krishna, 200%). A typical bubble column model fit for ob-
taining the value ok a is shown inFig. 5d. For this case,
Ug =0.048 m/s (without vibration excitement) and theu
value obtained is 0.0388. Further description of the ex-
perimental procedure and the models used to deterkjime
can be found elsewher®¥dndu et al., 2008

4. Results and discussions

The measured data on the gas holggpvolumetric mass-
transfer coefficienty; a, and the ratick,a/¢g, as a function
of the superficial gas velocity/; based on the open area
available for flow of the phases, for the four reactor config-
urations investigated, both with and without vibrations, are
summarized irFigs. Ga—f. For the monoliths and airlift, the
gas holdup refers to the fractional gas holdup in the riser
section. For all four reactor configurations vibrations result

well as the reactor model fits obtained for each case in lotiavailugs.

in a significant improvement in the gas holdug, and the
mass-transfer coefficient;,a. Our earlier work has shown
that low-frequency vibrations have the effect of reducing
the rise velocity of the bubble swarm due to the creation of
standing wavesHllenberger and Krishna, 20pand the in-
fluence of the Bjerknes forcajerknes, 190Bthat acts on
the bubbles. Applying vibrations to the monoliths also serves
to improve the distribution of gas and liquid in the mono-
lith channels. A froth consisting of tiny bubbles is created
just above the gas distributor enhancing the distribution of
gas in the monolith channels; this effect is best appreciated
by viewing the video recording¥éndu et al., 2008 Vibra-
tions also improve; a/eg, suggesting that there is also an
enhancement ify .

The monolith reactors, with either circular or square
channels, show a significantly higher value igfa than
conventionally used bubble columns and internal airlift re-
actor configurations, when the comparison is made at the
sameUgs. We note that the mass-transfer coefficient per
unit volume of dispersed gas bubblds,a/eg, is about
a factor two higher for monoliths than for a conventional
bubble column, emphasising the superiority of monoliths
for carrying out fast reactions.
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In order to understand the holdup and mass-transfer char- Knowledge of the Taylor bubble rise velocity and the unit
acteristics of circular and square monoliths, we carried out a cell length should allow the estimation of the volumetric
separate study to determine the unit cell lengths and bubblemass-transfer coefficient following the recently developed
rise velocities in single capillaries for variolg; andUy r mass-transfer model byan Baten and Krishna (2004s-
values as encountered in our monolith loop reactors useding CFD simulations as basis. Their model recognizes two
in this study; these experiments are described elsewherecontributions to mass transfer: (1) from the thvemispher-
(Vandu et al., 20049a Within the channels we have Taylor ical capsat either end of the Taylor bubble, and (2) film
flow, resulting in a train of bubbles that are separated from surrounding the bubble:
one other by liquid slugsThulasidas et al., 1995 see
Fig. 7a. The bubbles are surrounded by a thin liquid kpa =k captcap+ KL film film ()
film, that is of the order of 50-2Q@0m, depending on .
the gas and liquid superficial velocitie]; and Upg with
through each monolith channeKrgutzer, 2003 The 2DV,

. . N b
Taylor bubble rise velocityV, in circular and square  kr cap=2 2d.
capillaries of 3mm channel dimensions are shown in Tl
Fig. M. We found that the Taylor bubble rise velocity was .4
10% higher than the sum of the superficial gas and lig-
uid velocities in the capillariesUg + Urr). The relation b
Vi, = 1.1(Ug + ULg) provides an accurate estimate of the kp fim ~ 2
Taylor bubble rise velocity within the channels. The unit cell
length Ly ¢ is predominantly determined by the superficial wheretsm, the contact time of the liquid film with the rising
gas velocity; se€ig. 7c. Taylor gas bubble, can be estimatedsgs = Lyceg/ V.

(8)

(9)

Ttilm
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Fig. 7. (a) Schematic of Taylor flow in capillary. (a) Dependence of Taylor bubble rise velocity/gn{Uy g) for circular and square capillaries

of 3mm diameter. (c) Unit cell lengths in 3mm single capillary of circular and square cross-sections as function of the superficial gas velocity. (d)
Comparison of experimentally determined volumetric mass-transfer coeffigigatén the monolith loop reactor with the predictions using Egs. (7)—(9).

The hydrodynamic data ok, and Ly were those obtained from the single-channel experiments. The continuous solid line represents the parity line.

van Baten and Krishna (2004) found that the film contribu- is that the Bercic—Pintar correlation was developed using
tion to mass transfer was dominant, accounting for about experiments in which very large unit cells, of the order of
80% of the transfer from Taylor bubbles. The calculations 0.22m, were realized. In our experiments, the unit cells
of the film contribution tok;a values using Eq. (9) along were typically in the 0.01-0.06 m range. Application of
with afim = 4eg/d. using theV, and Lyc estimations vibrations has the effect of doubling the valuekgt: when
using the single capillary experimental data are shown in compared to the no-vibration case. This enhancement is
Fig. 7. In thek, imasim calculations the experimentally — probably due to enhanced turbulence at the gas—liquid inter-
determined values of gas holdup in the monoliths were used.face and due to better distribution of gas and liquid phases
For the no-vibrations case in both circular and square capil- through the channels.

laries the experimentdl,a values agree very well with the
film contribution, k. fimasim. Calculations using thBercic
and Pintar (1997orrelation yieldedk; a predictions that
are about a factor 2.5 higher than the experimental values The hydrodynamics and mass-transfer characteristics of
for the no-vibrations case. The reason for this discrepancy monolith loop reactors, with upflow of gas and liquid phases

5. Conclusions
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through the channels, have been investigated in this studykr liquid-side mass-transfer coefficient, m/s
and compared with conventional internal airlift reactor and ksensor S€NSsor time constant, s
bubble column configurations. The following major conclu- Lyc  length of unit cell, m
sions can be drawn from this work: m solubility coefficient of oxygen in water, di-
mensionless
(1) The volumetric mass-transfer coefficient per unit vol- Ug superficial gas velocity in the riser, m/s
ume of dispersed gas bubblésa/cg, is significantly Urp downcomer superficial liquid velocity, m/s
higher for monolith reactors than for airlift and bub- Upr  riser superficial liquid velocity, m/s
ble columns. This improvement is due to the superior Urr  top section superficial liquid velocity, m/s

mass-transfer characteristics of Taylor flow in narrow V, Taylor bubble rise velocity, m/s
capillaries.

(2) Application of low-frequency vibrations (with ampli-  Greek letters
tude 2 = 0.5mm and frequency = 60 Hz) has the ef-
fect of significantly improvingt;a/eg for all four re- £G riser gas holdup, dimensionless
actor configurations studied. These results are in line ¢, riser liquid holdup, dimensionless
with our previous study on the influence of vibrations 1 amplitude of vibration, mm

on bubble column reactor performané&gdlénberger and
Krishna, 2002, 2008 For monoliths, vibrations have  Subscripts and superscripts
the beneficial effect of improving the gas—liquid distri-

bution through the channels. cap refers to hemispherical cap
(3) Both gas and liquid superficial velocities within the film refers to liquid film
monolith channels influence the hydrodynamics, i.e. G refers to gas phase
Taylor bubble rise velocity and unit cell length. The in refers to conditions into a given section of the
knowledge of these parameters is essential to the esti- reactor
mation of the mass-transfer from Taylor bubbles. inlet  refers to conditions at the inlet of the reactor
(4) Thekya values for monoliths for the no-vibrations case L refers to liquid phase
can be estimated with reasonable accuracy using theO initial condition
model developed by van Baten and Krishna (2004), with out refers to conditions out of a given section of
the additional assumption that the “film” contribution the reactor
is dominant. uc unit cell
* refers to saturation concentration
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