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Abstract

The present work is focused on the demonstration of the advantages of miniaturized reactor systems which are essential for pro-
cesses where potential for considerable heat transfer intensification exists as well as for kinetic studies of highly exothermic reactions at
near-isothermal conditions. The heat transfer characteristics of four different cross-flow designs of a microstructured reactor/heat-exchanger
(MRHE) were studied by CFD simulation using ammonia oxidation on a platinum catalyst as a model reaction. An appropriate distribution
of the nitrogen flow used as a coolant can decrease drastically the axial temperature gradient in the reaction channels. In case of a microre-
actor made of a highly conductive material, the temperature non-uniformity in the reactor is strongly dependent on the distance between
the reaction and cooling channels. Appropriate design of a single periodic reactor/heat-exchanger unit, combined with a non-uniform inlet
coolant distribution, reduces the temperature gradients in the complete reactor to lessGharmeh at conditions corresponding to an
adiabatic temperature rise of about 14@0) which are generally not accessible in conventional reactors because of the danger of runaway
reactions. To obtain the required coolant flow distribution, an optimization study was performed to acquire the particular geometry of the
inlet and outlet chambers in the microreactor/heat-exchanger. The predicted temperature profiles are in good agreement with experimental
data from temperature sensors located along the reactant and coolant flows. The results demonstrate the clear potential of microstructurec
devices as reliable instruments for kinetic research as well as for proper heat management in the case of highly exothermic reactions.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction This is advantageous for a good control of conversion and
selectivity of highly exothermic reactions. Furthermore, this
Process intensification is a novel design approach whichtechnology can be applied to obtain kinetic parameters for
aims at reduction of equipment size by several orders of kinetically limited reactions. The typical dimensions of mi-
magnitude leading to substantial savings in capital cost, im- crostructured systems are still large enough compared to the
provement of intrinsic safety, and reduction of environmental mean free path, that classical continuum descriptions can
impact. Conventional non-adiabatic reactors can be in- be used. However, the optimization of the thermal behavior
tensified utilizing designs based on compact micro of a microstructured metallic reactor is a complicated task,
heat-exchangers, where at least one of the streams is rebecause it is difficult to obtain detailed direct information
placed by a reacting mixture. Applications for such a reactor about the temperature field in the microstructured system.
can be found in processes where potential for heat transferln particular, one wants to avoid undesirable side effects of
intensification exist§l]. Small reactor channel dimensions poor heat-exchange, such as large times required to heat the
and high thermal conductivity of the reactor material en- inlet gas and to quench the outlet mixture, or hot-spots for-
able high rates of heat removi]. In this way, hot-spot ~ mation and, as a result, overproduction of by-products from
formation and large temperature gradients can be avoided.competing chemical reactions. Therefore, CFD simulation
in combination with a selected number of experiments
mpondmg author. plgys an important role in providing.the design of unique
E-mail addressj.c.schouten@tue.nl (J.C. Schouten). microstructured systems of complicated geometry. Re-
URL: http:/Awww.chem.tue.nl/scr cently, Hsing et al. demonstrated that finite element (FEM)
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Nomenclature

a1 width of a reaction channety; = 1.5 x 10~4m

J4dA =221 x 10 9m? the cross-sectional area of the alumina layer (shown in dark gray in
(a) and (b) parts of the second figure) in a single reaction channel

b1 half height of a reaction channél; = 5.5 x 10°m

h axial coordinate in a cooling channel <0k < 6.5 x 103m

[ node number, ki < 20

J reaction channel number,4 j < 20

k cooling channel number, £ k < 20

I axial coordinate in a reaction channel<Q < 6.5 x 10~3m

ny the number of temperature nodes which fall over the reaction
channels lengthy, = 20
r radial coordinate in a cooling channel<0r < 1.5 x 10~*m
R radius of a cooling channeR = 1.5 x 1074m
Teat catalyst temperature )
Teat= (1/20)2?21Tca1(‘,~) average catalyst temperature in plane A-A over the set of all
reaction channels'C)
Teati.j) = ([ Tcawi, ydA)/ [,dA average catalyst temperature in reaction chapaethe axial
position corresponding to temperature noeC)
Tear H= (Uﬂv)Z?Lchat(z’, b average catalyst temperature in reaction chan(feT)
Teold coolant temperature C)
Tcold(h) = (foRTcolndold,OcoldV dr)/
( foRuco|dpco|dr dr) average coolant temperature at positio¢C)
Tgas reactant/product gas mixture temperat@)(
Tgas(l) = (f(flfnggasMgaSOgasdx dy)/
( fé’ ! fglugasogasdx dy) average reactant/product gas mixture temperature at pokition
Ucold coolant velocity (ms?)
cold = ( fORuCO|dpco|dr dr)/( fOR Ocoldr dr) average coolant velocity at positibn(m s 1)
Ugas velocity of reactant/product gas mixture (M

Greek letters
Peold coolant density (kg m®)
Pgas density of reactant/product gas mixture (kg

simulations could be used as an efficient tool in evaluation effectively the temperature gradients in a highly exothermic
of microchemical systeni8]. The feasibility of using a mi-  reaction. However, in our case a further increase of the am-
crostructured reactor/heat-exchanger (MRHE) to carry out monia concentration would significantly increase the reactor
hydrogen oxidation in a cross-flow arrangement has beentemperature above the desired value, decreasing the selec-
experimentally demonstrated by Janicke et[4]. In this tivity to the required product, nitrous oxide.
work, explosive mixtures of gaseous hydrogen and oxygen A conventional method for improving the temperature
were safely handled and the hydrogen was completely con-trajectory is to combine a reactor with a heat-exchanger in
verted to water on a supported P8k catalyst without a co-current or counter-current design of the whole module.
explosions. In such way, the axial temperature gradient in the reaction
The present study is a continuation of our previous work channels can be controlled by the temperature and the flow
[5,6] in which an aluminum microreactor was tested in the velocity of coolant in the cooling channdR]. However, in
ammonia oxidation on a supported Pt catalyst. It was showna microreactor of about 1 cirin volume producing about
that the application of an appropriate design and reactor ma-70 W of heat, up to 50% of the total amount of heat is
terial could decrease drastically the temperature gradientsconsumed by heating reactants and coolant. The rest is
inside the microreactor even at full conversion of 10vol.% lost to the environment via reactor housing and fittings
of ammonia[5]. This result was in agreement with data of [4,9]. Large heat losses to the environment mean that a
Groppi et al.[7] who showed that the thickness of reac- non-uniform coolant distribution should be applied to with-
tor plates and the intrinsic thermal conductivity of the re- draw more heat in the center of the MRHE and less near the
actor material are the most important parameters to curbouter surface of it. The only way to obtain the desired flow
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distribution is to construct individual inlet/outlet chambers the inlet and outlet pipes in the gas flow distribution system.
for each reactor plate that definitely would give rise to heat The design criteria for the reaction channel side were both
losses to the environment via the fittings, would complicate minimization of the flow non-uniformity, and of the volume
the assembling of the MRHE, and finally, would consider- of the inlet/outlet chambers to reduce the danger of explo-
ably increase production costs. However, in case of a highly sions. The design criterion for the cooling channel side is to
conductive reactor material, the “sandwich” cross-flow con- obtain a desired flow distribution of coolant. Optimization of
figuration of a MRHE[10,11] with a non-uniform coolant  the key parameters affecting the temperature distribution in
flow distribution can be effectively used to decrease the the MRHE is a very complex problem, as these parameters
axial temperature gradient in the reaction channels as wellare intricately related and thus cannot be controlled indepen-
as to eliminate temperature differences between the dif- dently. As a first step, we devised an optimization procedure
ferent reaction channels to maintain the required accuracyto determine the coolant flow distribution, that results in the
of the kinetic measurements. The temperature field of the most uniform temperature profile at the position of the Pt
MRHE is mainly defined by the diameter and the number catalyst. Then an analysis was carried out to find an optimal
of cross-flow cooling channels, the coolant flow rate in the geometry of the inlet/outlet reactor chambers to obtain the
cooling channels, the intrinsic heat conductivity of the reac- selected coolant distribution. In this way, the performance of
tor material, and the distance between the reaction and cool-several designs was assessed in terms of the differences in
ing channels. Aluminum was chosen as the reactor materialflow velocity between the different channels and compared
because of its high thermal conductivity and ease of micro- to the optimal flow distribution. It will be shown in this work
machining. The effect of the thickness of the aluminum layer that appropriate design of the inlet and outlet chambers for
between two sets of microchannels on the MRHE perfor- reactants and for coolant can be used to feed and withdraw
mance was explored by comparing the results obtained forthe gases with the desired flow distribution throughout the
each geometry. microchannels.

The first goal of this work is to enhance the performance  Finally, we present the experimental data obtained in the
of the MRHE by an optimization of the design parame- MRHE at high ammonia loading. The obtained experimen-
ters of a single periodic MRHE unit. An optimized design tal results support our simulations and show that explosive
should provide the possibility to carry out the reaction at mixtures of ammonia in oxygen are safely handled and am-
near-isothermal conditions at full conversion of 15vol.% moniais completely converted to the reaction products with
of NH3, and the possibility to increase the inlet ammonia high nitrous oxide yield.
concentration up to 20 vol.% still without considerable de-
viations from isothermal behavior. It should be mentioned
that the latter case corresponds to an adiabatic temperatur@. Physical system, computational domain,
rise of about 1800C (which more than twice exceeds the and reaction Kinetics
aluminum melting point). The goal is to demonstrate that
this extreme heat generation can be readily handled in the A schematic view of the MRHE is shown fig. 1L The
MRHE. The second goal of this work is to improve the se- MRHE was designed in order to validate the kinetic model,
lectivity to nitrous oxide comparing with the microreactor developed in our previous woil6], in the temperature re-
(MR) described in our early worfb], by decreasing the ax-  gion below 300'C with high ammonia inlet concentrations.
ial temperature gradient in the reaction channels. The axial The heterogeneous Damkd&hler numbBl) representing
temperature gradient is caused by the varying reaction andthe ratio of a characteristic heterogeneous reaction rate to a
heat production rates along the reaction channels. The ideacorresponding radial diffusion rate, can be effectively used
is to apply a non-uniform flow distribution in the cooling to determine whether channel dimensions for a given kinetic
channels with the maximum coolant flow close to the area system are sufficiently small to avoid mass transfer limita-
of maximum heat production. This approach should provide tions[13]. The diameter of the reaction channels was set at
useful information for the future design work on integrated 145pm. At this diameterDa < 0.5 at all reaction condi-
MRHEs for kinetic studies. tions where temperature was below 3@ This indicates

Due to large heat losses to the environment, the modelingthat the mass transfer in the channels of the microreactor
of a repeated unit, which consists of one reaction channelwas always greater than the reaction rate, thus diffusion
and one cooling channel, would not be enough to obtain in- limitations can be neglected. Above 30D diffusion lim-
sight on the MRHE behavior. Therefore, three-dimensional itations were considered by using the CFD FLUENT
(3D) numerical simulation of the MRHE is performed using code[12]. The length of the reaction channels was fixed
the FLUENT® code[12]. The results from the reactor mod- at 65 x 10~3m to provide a contact time of 0.33ms. At
eling, such as gas velocities, gas and material temperaturesthis contact time the nitrous oxide yield reaches the max-
and reaction mixture composition, are used as the input dataimal value[6]. Estimation of the pressure drop across the
for the performance calculations. Numerical simulations are reaction channels, according to the expression for an empty
also performed in order to identify the optimal geometries tube, gives a difference between the reactor inlet and outlet
of the inlet and outlet chambers and the optimal positions of of about 3.5%. From a practical point of view, it is desirable
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Fig. 1. Schematic view of the microreactor/heat-exchanger: by stacking Fig. 2. Comparison between the computational domain and the physi-
two plates, a set of reaction channels is produced. By adding a third plate, cal system. A part of the cross-sectional view in the direction of the
a set of cooling channels is produced. A single periodic unit, which was (a) reaction channels and (b) cooling channels. The shape of the reac-
the region of numerical simulation, is shown in gray. Plane A-A indicates tion channels was adjusted to the grid lines. The rectangular areas of
the position at which the temperature distributions are showidn 4 150p.m x 55.m were assigned as a half of the reaction channels. In this
way, the cross-sectional area of a whole reaction channel in the compu-
that a single microreactor plate has a square shape. Thustational domain of B5x 10-®m? equals that in the physical system. All
the width of a plate was also fixed aB6< 103 m. dimensions are in micrometers.
The simulation was based on the 3D geometry of a sin-
gle periodic microreactor/heat-exchanger unit (5eg 1).
The effect of the thickness of the aluminum layer between The cooling system of the MRHE was designed to pro-
two sets of microchannels on the temperature field and thevide an average temperature of the whole unit at“¥2%at
microreactor performance was explored by a separate grid,conditions corresponding to an adiabatic temperature rise of
created for each geometry. To facilitate the grid generation, 1400°C. At this temperature the selectivity to nitrous oxide
the shape of the reaction channels in the computational do-reaches a maximum at a contact time of 0.336hsBecause
main was adjusted to the grid linésig. 2). Twenty rectan- a catalyst temperature below 300D favors the production of
gular areas of 5pm x 150pum were assigned as a half of the nitrogen[6], the inlet mixture before entering the microreac-
reaction channels. Four different MRHE designs were stud- tor reaction mixture has to be preheated in a micromixer to
ied in which the distance between the reaction and cooling at least 175C, in order to avoid an excessive nitrogen pro-
channels (distance seeFigs. 1 and Pwas set at 125, 270,  duction upstream of the microchannels. The heat fluxes in a
470, and 67@m (Table J. The results obtained on such sys- single reactor plate are listed Table 2 One can see that at
tem will hold as long as there is no significant temperature the chosen condition, the reaction produces 6.2 W of heat. A
gradient over the catalyst layer in the direction transverse part of this heat is consumed by heating the reaction mixture
to the reactant flow. Volume elements next to the reaction from the inlet temperature to the reactor temperature. An-
channels were assigned as the reaction walls with heat con-other part is transferred to the environment. An appropriate
ductivity of the catalyst carrier (alumina), which is equal to value of the heat transfer rate was found based on the data
1.0WnT 1K1 The thickness of these alumina walls was obtained on a similar microreactor with an external surface
set at §um. The remaining cells between channels were of 5.0 x 10-*m? containing reaction channels only, which
considered as conducting walls with the heat conductivity was operated autothermally]. At 325°C this microreac-
of aluminum of 230Wm!K~1. The areas produced by tor emitted 80 W to the environment. This corresponds to a
intersecting the planes through the centers of the microchan-heat transfer rate of.@ x 10° W m~2. Thus, with increas-
nels were defined as planes of symmetry. The grid valida- ing the thickness of a single plate from 348 (design I) to
tion and solution procedure using the FLUERN Software 893um (design V), the heat losses to the environment rise
was reported elsewhefg]. About 20 h of CPU time (CRAY  from 1.2 to 3.5W. However, for proper comparison the sum
Origin 2000 supercomputer) were needed for solution con- of the heat transferred to the environment and to the coolant
vergence. Details of the system geometry and the inlet con-was kept constant by changing the inlet temperature of the
ditions are given inrable 1 coolant (seélable 2.
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Table 1
Parameters of the microreactor/heat-exchanger geometry and inlet conditions
Microreactor/heat-exchanger parameters
Number of metallic plates in the reactor 87 top and bottom plates)
Thickness of the top/bottom plates (mm) 0.6
Reactor length (mm) 6.5
Reactor width (mm) 6.5
Surface area to volume ratio (rh) 6000
Parameters of a single pléte Reaction channels Cooling channels
Number of semi-cylindrical channels per plate 20 9
Total number of channels in the reactor 100 36
Channel diameterp(m) 145 300
Distance between the channe]snf) 155 300
Cross-sectional area of the channels @m 1.65 2.55
Thickness of an alumina layer in channelar() 8 -
Inlet gas composition Ngl= 20%; & = 80% No
Inlet temperature°C) 175 se€lable 2
Inlet gas flow velocity (STP) (Imirr?) 1.98 5.36
Inlet gas linear velocity (ms") 20.0 35.0
Re number (300C) 125 450
Pressure at the channel outlet (atm) 1.0 11
Design parameter and corresponding geometries Design

| I 1 \Y

Distancea (n.m) (seeFig. 1) 125 270 470 670
Thickness of a single platqu(n) 348 493 693 893
Reactor height (mm) 3.98 5.14 6.74 8.34
Reactor volume (cf) 0.168 0.217 0.293 0.352

aThe parameters are given for a single metal plate having semi-cylindrical channels from each side.

bThe values are given for the entire module.

To create a non-uniform flow distribution in the cooling

machined in perpendicular direction. Each pair of adjacent

channels, it was important to keep the pressure drop be-elements forms a single periodic unit.

low 5% between the coolant inlet and outlet. Higher val-

The ammonia oxidation reaction on the surface of the re-

ues of pressure drop implies more resistance to the coolantaction channels was used as a boundary condition for the

flow equalizing the flow between different cooling chan-

chemical species. It should be noted that the kinetic mod-

nels. Therefore, the diameter of the cooling channels wasels for ammonia oxidation reported in literatyiel—-16]are

set at 30Qum. In this case, nine cooling channels can pro-

inaccurate at predicting both the activity and selectivities in

vide enough cooling capacity when nitrogen gas is used the microreactor over the temperature interval of interest.
as a coolant. Thus, each element of the MRHE consists of The kinetic mechanism for Pt catalyzed ammonia oxidation

an aluminum plate containing twenty semi-cylindrical re-

proposed by Pignet and Schmidt4], and Hickman and

action channels and nine semi-cylindrical cooling channels Schmidt[15] predict closed values for turnover frequencies

Table 2
Heat fluxes in a single reactor plate

Parameters Design

75
6.2
0.7

Average ammonia conversion (%)
Heat produced by the reaction (W)
Heat consumed by heating the
reaction mixture (W)
Average reagent/product outlet
temperature °C)
Coolant inlet temperature C)
Average coolant outlet temperatureCj
Heat transferred to the coolant (W)
Heat transferred to the environment (W)

325

105

295
3.7
1.8

180

315
2.8
2.7

-35
255

20

270
4.3
1.2

2.0
3.5

but does not describe the formation of nitrous oxide, which is
the major product in our experiments. This is due to the fact
that all experiments were performed for reactant pressures
between 0.001 and 10 Torr in the 230-12Q0range, when
nitrogen and nitric oxide are the major products. The model
of I'chenko et al.[16] was developed in the 100-250
range and being extrapolated to the operating temperature
range of the microreactor, overestimates the reaction rate
by a factor of 2. Therefore, the kinetic data of the ammo-
nia oxidation on Pt catalyst in a microreactor, obtained in
our previous worK5], was used for the present reactor sim-
ulations. Catalyst loading was adjusted t& % 103 mol

Pt m~2 in order to obtain the desired ammonia conversion
of 75%. The reaction order with respect to ammonia in the
range of NH partial pressures of 0.05-0.20 atm was 0.02,
and approached 1.0 at the lowest Nédntents. The oxygen
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reaction order was-0.06 in the whole range of oxygen par-

E.V. Rebrov et al./Chemical Engineering Journal 93 (2003) 201-216

The temperature non-uniformity in the direction of the

tial pressures used in the experiments (0.6-0.8 atm). The de<ooling channels was found as the mean-square deviation
tailed mechanism of ammonia oxidation was not used herefrom the average catalyst temperature in plane A&

but an adopted power law form of the rate expression)(s
was included into the reactor model for temperature profile

calculations in the range of 310-340:
k1k2 pn;
INH Q)
: (1 + kleH3)pO 6

Eqg. (1) includes two kinetic parameters with an Arrhe-
nius temperature dependenée,= k1ge £2/RT andk, =
koge E2/RT The strong correlation between the activa-
tion energiesE; and E; made it not possible to estimate
the individual parameters. The parametar was fixed
at 913 x 10%atm ! in the selected temperature range,
and the activation energy and pre-exponential factokoof
(72.3kImot?, 1.46 x 108 s~ L atnP-%6) were found5]. The
constant N/N2O/NO selectivity ratio (47/48/5) obtained in
the experiments at 32% was used to calculate the heat load
in the NHg oxidation runs. In spite of the fact that selectivity

20

§2 = 1921(Tcat Tcai(]))
J

3)

The goal of the optimization study was to minimize the
chosen objective function

— 2 2
s = ,/sl—i—sz

3.2. Influence of a coolant cross-flow distribution
and the aluminum layer thickness

(4)

The influence of the coolant flow distribution on the
temperature field was studied together with the effect of
the aluminum layer thickness to find the optimal design for
the MRHE. Temperature profiles at the plane positioned
at a distance of 7am from the centers of the reaction

is a function of temperature, this procedure can be used tochannels were calculated for designs |-V (Jeble J) at

evaluate the temperature profile in close vicinity of 325

several different cross-flow distributions of the coolant flow.

Indeed, decreasing temperature leads to higher nitrogen seThe coolant flow distributions in the cooling channels are

lectivity and as a result to a higher rate of the heat production

shown inFig. 3. Results of the simulations are shown in

and thus stabilizes the reaction system through a negativerig. 4. In case A, simulations were made with the channel

feedback between temperature and heat of rea@ipn

3. Microreactor/heat-exchanger simulation
3.1. Simulation responses and objective function

The temperature profiles in the MRHE were calculated at
the A—A plane positioned at a distance ofpd® from the
centers of the reaction channels (§ég. 1). This particular
position of the plane for study of the temperature field is
chosen, because it is for the most part, within the catalytic
Pt/Al,O3 layer: the temperature at this position determines
the reaction rate of ammonia oxidation. The temperature
non-uniformity was determined quantitatively by calculating
two responses: the axia§ and transversesf) temperature
non-uniformities (see nomenclature for definitions).

The axial non-uniformity was found by averaging the

mean-square deviation from the average catalyst tempera-

ture in reaction channgl(7cay;), throughout the reaction
channels

Z Z, 1(Tcat(z D Tcat(/))2
20 -1

The average catalyst temperatufgy; , was taken at 20
positions along the reaction channét, = 20, 1< i < 20).
The nodes were located 308 from each other along a

(2)

cross-sections of all cooling channels exposed to a uni-
form flow (Fig. 4(a, d, g, j). In case B, shown ifrig. 4(b,

e, h, k) an attempt was made to reduce the temperature
non-uniformity by introducing a non-uniform flow distribu-
tion in the cooling channels, so the channel with maximal
coolant flow is located close to the area of maximal heat pro-
duction. In this case, the average coolant velocity in cooling
channels 1-5 and 6-9 was proportional to the amount of
heat evolved in the reaction channels within the correspond-
ing regions of 3.5 and 3.0 mm, respectively (§ég. 3).

16

Flow distribution
4 case B case C

— =3

Heat transferred to the coolant

% from the full value

3

4
Cooling channel number

5 6 7

Fig. 3. Coolant flow distributions (vertical bars), heat produced in the
reaction channels (solid line), and heat transferred to the coolant for

reaction channel. The first node was positioned at a distancegitferent microreactor designs (symbols). All data are in percent from the

of 250pum from the channel inlet.

full values.
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Case A Case B Case C
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Fig. 4. Temperature distribution at plane A-A. The reagents enters from the bottom, the nitrogen gas enters from the left. Inlet conditions are shown i
Tables 1 and Zfor definitions sedrig. 1).

Table 3
The catalyst temperature non-uniformity in the directions of the reaction charmglan@ cooling channelss{)
Coolant flow distribution Design

I 1] ] [\

St 2 S S 2 S S 2 S S 2 S
A 1.86 4.92 5.26 2.48 1.59 2.95 1.84 0.51 1.91 1.03 0.48 1.14
B 0.33 5.02 5.03 2.04 1.63 261 1.13 0.52 1.24 1.01 0.48 1.12
C 1.67 6.70 6.90 1.75 1.57 2.35 0.89 0.50 1.02 0.98 0.48 1.10

For definition seeSection 2
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Fig. 5. A single aluminum plate of.6 mmx 6.5 mmx 0.693 mm fabricated by the TU/e University workshop according to the optimal reactor/heat-exchanger
design. The reaction channel view is shown on the left after impregnation with the Pt catalyst precursor. The black color in the reaction mirochannel
was due to adsorption of the Pt catalyst precursor. Each plate contains twenty semi-cylindrical reaction microchannglsnofvitids, 73um depth.

The cooling channel view is shown on the right. Each plate contains nine cross-flow semi-cylindrical cooling microchannejsnofW86th, 150.m

depth, arranged at equal distances of 260 The distance between the reaction and cooling channels wasm.70

As compared with the uniform flow case A, a considerable demonstrates that both axial and transverse temperature
reduction by several degrees was observed in the hot-spogradients across the whole plate do not exceed.3n this
temperature in comparison with its initial value, especially case, the curve of heat transferred to the coolant approaches
for design I. However, increasing the coolant flow velocity closely the curve of heat production in the corresponding
by 20% in channels 6-9 in case B provides, in the best casefegions of the reaction channels. Though the results be-
an increase of the amount of heat transferred to these chantween designs Il and IV are practically indistinguishable,
nels by 15% only, the total amount of heat transferred being increasing the distance between two sets of microchannels
the same. Therefore it was decided to apply a substantiallyincreases heat losses to the environmé&able 9 that cre-
more non-uniform coolant distribution. In this way, temper- ates the temperature non-uniformity between the central
ature profiles at several coolant distributions were obtained and outside reaction channels. This effect becomes more
with the best result observed at the flow distribution which pronounced at high distances between the reaction and
is called case C hereaftdfig. 4(c, f, i, k). This flow dis- cooling channels (about 10@@n) confirming the existence
tribution gave the minimal difference in temperature at the of the optimal distance between two sets of microchannels.
selected position for design Il (sdable 3. In case C the  However, from the practical point of view, the distance
average coolant flow velocity in cooling channels 6—9 was between the reaction and cooling channels has to be set
35% higher than in case A(g. 4). as short as possible to increase the production rate per

The obtained temperature distributions could be ex- unit of the reactor volume. Therefore, consideration of any
plained if it is taken into account that a change in the geometry with distanca exceeding 67@.m is behind the
distance between the reaction and cooling channels pro-practical application. Comparing designs Il and IV the
duces two effects which act in the opposite way. On the conclusion can be drawn that any distarecén between
one hand, increasing the distance between two sets of mi-470 and 67@m will not deteriorate the temperature profile
crochannels increases the axial heat conduction through thesubstantially.
metal framework, thereby decreasing the temperature gra- Using the finalized physical dimensions, the MRHE
dient and the difference in conversion between 1st and 20thwas constructedHg. 5. The actual reactor meets the
reaction channel. On the other hand, an increased heat congeometrical design shown IFig. 1 andTable 1 The fabri-
duction in the direction of the reaction channels decreasescation method is discussed 8ection 5in detail.
the positive effect of a non-uniform flow distribution in the
cooling channels, thereby increasing the axial temperature
gradient along the reaction channels. 4. Geometry design of the flow distribution system

Therefore, there is an optimal distanaeat which the
temperature differences in both axial and transverse dimen- A non-uniform flow distribution in the cooling channels
sions are minimal. One can seehiy. 4(i), that design IlI considerably improves the temperature field in the MRHE.
combined with the optimal coolant distribution (case C) However, the question remains how to obtain such flow
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profile in practice. Modern computational tools for CFD sim- function

ulations can provide substantial insight into engineering pro- 9
cesses involving fluid flows, and can be fruitfully utilized to 5, — _Z ‘ﬁcoldk — iy (5)
help improve the design of practical devices. The easiest way 9k_l ‘

to obtain the required flow distribution is to perform CFD

simulations on appropriate designs of the inlet/outlet reactor Whereiig,q is the average coolant velocity in chankébr
chambers. Recently, Commenge et al. studied the influencethe reference flow (case C). The gradient of the objective
of geometrical dimensions of the microstructured reactor function with respect to the specified design variables was
on the velocity distribution between channfl3]. For this evaluated. This gradient is used during optimization to cal-
purpose, an approximate model was developed, based on &ulate a search direction using the steepest descent method.
simplified description of the reactor as a network of equiva- 1he gradient components are obtained by independently
lent rectangle ducts. Results calculated with the approximatePerturbing each design variable with a finite step, calculat-
model were then compared to more detailed finite-volume ing the corresponding value of the objective function using
calculations to validate the approad8]. The authors pro- ~ CFD analysis, and forming the ratio of the differences.
posed to use dimensionless parameters for flow optimizationAfter finding the minimum of the objective function along

in similar muiltichannel architectures. the search direction, the entire process is repeated until
A number of alternative designs were chosen to find the convergence is reached. _ _
best geometry for which the flow distribution gives the mini-  Recently, the geometry of the MRHE was laid out using

mum difference in temperature at the position of the reaction the grid generator PREBFC with the geometry specifica-
channels. As attention focused on the gas flow distribution tions imposed by the size of a single periodic unit in design
in the cooling and reaction channels, no attempt was madel!l of the MRHE (Fig. 6). In addition to the inlet/outlet

to model the whole MRHE. chamber elements, the entrance and exit sections were also
modeled as open pipes of a rectangular shape with a height

4.1. Optimization of inlet/outlet chamber geometry of 1.39mm and a length of 4mm. The width of both pipes

for coolant flow was fixed at 1 mm to provide a cross-section which is ap-

proximately two times larger than the total cross-section

In the optimization study, the performance of several ge- in the cooling channels of 0.636 nfmFor the dimensions
ometries was assessed in terms of flow distribution and com-Shown inFig. 6, a computational mesh of about 150,000 vol.
pared to each other. The effect of four design parameterselements was obtained. The FLUERSimulation was used
was investigated in the optimization of the chamber geom- t0 obtain the velocity field. The boundary condition used
etry (seeFig. 6): the position of the inlet (P1) and outlet
(P2) pipes relative to the position of the microchannels, an-
gle a between the chamber wall and the reactor (P3), and

distanced between the chamber wall and the reactor (P4). oooooo
Preliminary simulation runs were conducted to determine
trends and to establish variable bounds. It was found that P2

the pressure drop required for the desired flow distribution
(case C) could not be obtained if the coolant gas is fed or
withdrawn near the centerline of the reactor. Therefore, the
inlet pipe was fixed near the ninth cooling channel. There
proves to be an optimal position for the outlet pipe near the
seventh cooling channel at which the trans-chamber pressure
drop could provide the desired flow distribution in the cool-
ing microchannels. Furthermore, the chamber width (dis-
tanced) was fixed at 30@m to provide conditions at which
the desired trans-chamber pressure drop could be obtained.
This reduced the number of geometry design parameters
to three. st
Then, the finite difference method was applied for cre- #
ating new configurations with separate geometry and grid ‘.‘
created for each configuration studied. In this technique, [Inlet]
the configuration is systematically modified by shifting -
the position of the inlet/outlet pipes and anglethrough >
user specified design varlable_zs (_Pl _and P2). The dlfferenceFig. 6. The design parameters and the dimensions of the inlet and outlet
between the coolant flow distribution and the reference chambers of flow distribution system imposed by the size of a single
flow distribution case Céf) was chosen as the objective microreactor plate.
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what happens with the coolant velocity distribution when the

30.0 coolant flow changes:ig. 8 shows that th&kenumber has
18.2 very little effect on the flow variation from channel to chan-
11.0 nel. The flow velocity is proportional to the pressure drop
6.7 between corresponding parts of the inlet and outlet reactor
4.0 chambers as we showed|[itO]. A variation of theRenum-
2.4 ber between 300 and 610 disturbs relative trans-chamber
1.5 pressure drop and velocity distribution by 6% from the ideal
0.9 case. This means that in the relatively large range of coolant
0.5 flows, the same geometry of the inlet/outlet chambers can
g'g be applied to obtain the desired coolant distribution.
4.2. Optimization of inlet/outlet chamber geometry for
60 Ba B2 @2 B4 B> reactant/product flow
P1, mm

Fig. 7. Dependences of the objective functién for coolant flow dis- The selectivity to the desired product can be further en-

tribution system on the design parameters P1 and P2 Fape6 for hanced by creating a uniform residence time distribution in

definitions). the reaction channels. Furthermore, for research purposes, it

is desirable to have uniform flow and fluid properties over

at the system inlet was a flat velocity profile in the axial the permeation area of the reaction channels.
direction. A constant pressure outlet condition was applied.  Similar to the case of optimization of a coolant flow distri-

Fig. 7 demonstrates the mean-square deviation of the bution, the performance of several geometries was assessed
coolant flow from the desired flow distribution (case C) as in terms of reactant flow distribution and compared to each
a function of two design parameters: P1 and P2. There isother. Once again, a number of alternative designs were cre-
a clear minimum at PE 6.3mm and P2= 4.9mm at a ated to find the best geometry. In principle, the generation
constant value of P3- 5°. It was found that varying P3 in  of a physical grid is the most time consuming procedure in
the region 0-10did not result in any significant change in the optimization study. Therefore, to speed up this step, the
flow distribution.Fig. 7 shows also that the flow distribution  existing grid for the simulation of the coolant flow was mod-
does not change with fluctuations corresponding to the ex-ified using the PREBFE code to a new grid representing
pected physical precision of 26n for the positions of the  the slab containing 17 reaction channels. For the same rea-
inlet/outlet pipes: both responses fall within 5% from the son, to provide a desired total flow through the inlet/outlet
optimal values. chambers, the channel’s height and width were set in a

To control the temperature of the microreactor/heat- modified grid at 15um with a distance of 15Am in be-
exchanger, it is easy to adjust the coolant flow rate than tween. It should be noted that such geometry does not com-
the coolant temperature. Therefore, it is of practical interest pletely represent the real geometry. However, based on our
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Fig. 8. Flow distribution in the cooling channels as a function of aveRgaumber.
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1.0 yield can only be obtained in the reactor operating at
\ isothermal conditions. In order to validate experimentally
0.8 4.0 the behavior of the MRHE, the reactor was constructed
3.5 in the TU/e University workshop according to the devel-
3.0 oped design. The reactor consists of eight aluminum plates
£ 085 a5 of 6.5mm x 6.5mm, each of them containing twenty
= 1 = 20 semi-cylindrical reaction microchannels of 14 width,
Q04 : 15 73pm depth, arranged at equal distances of A&bfrom
1.0 one side, and nine cross-flow semi-cylindrical cooling mi-
crochannels of 30@m width, 150um depth, arranged
0.2 0.5 ; ) .
i at equal distances of 3Q0n from the opposite side of
the plate. The top and bottom plates contain reaction
0.0 o 5 o s semi-channels only. The microchannels were produced by
' ' ' ' electric discharge machininf0]. This method is com-
P1.mm monly referred to as spark erosion because it machines two
Fig. 9. Dependences of the objective functirfor reactant/product flow electrically Con.ducm_/e materials using e'lectrlcal discharges,
distribution system on the design parameters P1 and P2Figees for or sparks. During this process, a spark is generated from an
definitions). electrode to a work piece. With each electric discharge, a

minute metal particle is eroded from the work piece at the

location of the smallest gap between the two objects. This
rocess occurs up to.2x 10°Hz, and takes place with
he work piece submerged in a liquid dielectric medium.

physical intuition we believe that only minimal differences
might exist in the reactant flow profile if we would have
used 17 reaction channels instead of 20 of them, becaus

no significant differences were observed for the selected 98 11e liquid serves as a flushing agent for the metal particles

ometry, when the number of channels was increased from -
y as well as an insulator and coolant. The absence of heat

910 17.' The boundary conditions were chqsen the same 3%nd pressure is the ideal environment for producing the
those in the case of the coolant flow. The inlet concentra-

tions of 20 and 80 vol.% were applied for ammonia and oxy- most precise metal-to-metal relationship attainable by any

. . . method of machining available today.
gen, respectively. The change of physical properties of the . . .
as mixture in the course of the reaction was not taken into To create a high surface area alumina which was used
9 . . . as carrier for the Pt catalyst, each aluminum plate was ex-
account. Flow non-uniformity was defined as the normal-

ized standard deviation of the velocity over the permeation posed to anodic oxidation in a 10wt.% oxalic acid solution
area. Parameters P3 and P4 were fixed°aarid 30Q.m, for 1 h at 18C. This procedure was similar to that used by

. i WieBmeier and Honick§1]. These authors kept the con-
respectively. The mean-square deviation from the average . .+ voltage by using a special bower suobly unit. In our
flow velocity was chosen as the objective function ge by 9 b P PPy :

study, the current density was kept constant at 15 mATm

17 by changing the applied voltage in the range of 45-55V. At
8p = i (iigas— Ugas j))> (6) applied conditions, an 8m alumina layer was produced.
16j:1 Before reactor assembly and catalyst impregnation, the

aluminum plates were polished to remove the oxide layer
Fig. 9shows that, decreases with increasing P1 and de- between the channels. The weight of the alumina layer in
creasing P2, at a constant value of the sum of these paramthe reaction channels was 1.95 mg for the complete reactor.
eters. However, since P1 cannot be increased higher tharPlatinum impregnation was done with a 1:1 molar solution
6.2mm due to mechanical restrictions required for proper of chloroplatinic and citric acids, which was circulated
assembling of the whole module, parameter P2 was fixed atthrough the reaction channels at room temperature for 6 h.
0.3mm. One can see Fig. 9that the flow distribution does  To obtain an even Pt distribution throughout the total length
not change with fluctuations corresponding to the physical of the channel, the flow direction was altered every 30 min.
precision of the system of 36m. The CFD simulation of  After the impregnation, the plates were heated gin~!
the reactant flow distribution obtained with the selected de- to 450°C in oxygen flow and held at this temperature for 6 h.
sign parameters. To quantitatively determine the total amount of Pt and to
estimate the average Pt particle size in the microchannels,
a test plate containing the reaction channels only was used.
5. Comparison of CFD simulation and experiment According to XPS data, the atomic Pt/Al ratio was 0.71.
Prior to the kinetic experiments, the catalyst was reduced in
Ammonia oxidation on a Pt catalyst serves as a good a 10% hydrogen in He flow at 34C€. The low reduction
test reaction to evaluate the temperature field in the MRHE. rate is favorable to obtain high Pt dispersion. The reduc-
The selectivity toward nitrous oxide has a sharp maximum tion of PtO on alumina with hydrogen starts at 3@and
at about 325C [5,6]. Therefore, the highest possible® proceeds easily at the chosen temperature. According to the
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Fig. 10. Flow chart (on the left) and the detailed view of the optimized configuration of the inlet/outlet chambers for the reagents/products and the
coolant (on the right). Definitions: (1) external heater; (2) micromixer combined with the inlet reagent chamber; (3) microreactor/heat-ekarmahger

(the reactor not inserted); (4) cold trap; (5) second heat-exchanger (to protect the back pressure controller from the hot nitrogen flow); (&usack pre
controller. Thermocouples: H, external heater; Al, ammonia inlet; Ol, oxygen inlet; PO, product outlet; CO, coolant outlet; R1, R2, R3, terims@tature
reactor’'s chambers at the distance of 1 mm from the corresponding reactor walls; SO, S1, S2, S3, temperature on the outer surface of the correspondir
chambers of the microreactor/heat-exchanger; SO, reagent inlet; S1, R1, coolant inlet; S2, R2, product outlet; S3, R3, coolant outlet.

XPS data complete reduction was observed after 6 h. Theremove water from the exit flow. A heat-exchanger was also
average Pt particle size based on hydrogen chemisorptioninserted in the coolant line to protect the back pressure con-
data was 4.5 nm. This corresponds to a Pt dispersion of 20%.troller from the hot nitrogen flow. The back pressure con-
The complete flow chart of the experimental set-up is troller was used to keep the coolant pressure slightly above
shown inFig. 1Q To provide an effective mixing and pre- the reactant pressure to prevent a risk of possible reactant
heating the reaction mixture to the desired temperature, aleakage to the coolant line. However, in the absence of cat-
micromixer combined with the inlet chamber was positioned alytic reaction, the nitrogen background in the He flow did
upstream of the MRHE. The micromixer consists of two in- not exceed 10 ppm at all measured temperatures.
lets for the reactants, a channel to mix the gases, and the Fig. 11 shows the temperature at different positions in
outlet to the reactant chamber. The external heater was in-the MRHE as a function of time. After heating the nitrogen
serted in the N line to initiate the reaction. The reaction flow, the temperature of the MRHE increased. After 3min
was started by passing 51mih of preheated N through time, the hydrogen oxidation reaction ignited and addition-
the cooling channels and 0.5 I mihof 20% Hp, 10% NH, ally heated the product flow. As this happened, the temper-
20% & mixture in He. The N heater was operated by a ature at position R2 was always higher than that at position
PID controller with the reactor temperature (thermocouple R3. After 12 min, the temperature reached the set-point and
R2) as a response. The hydrogen oxidation reaction startedhe heater was switched off. After adjustment of the flow
at about 90C, assisting in raising the reactor temperature velocities of ammonia, oxygen and nitrogen, the targeted
rapidly to the final operating temperature. At the temperature steady-state was reached. At these steady-state conditions,
of about 270C, the hydrogen flow was gradually switched the temperature at the product outlet side (R2) wéa€ 2
off and the ammonia and oxygen flows were adjusted to the higher than that at the coolant outlet side (R3). In turn, the
desired values. It should be mentioned that more than 30 htemperature at the coolant outlet side (R3) wa€ higher
(four experimental runs of 4-12 h) were necessary to reachthan that at the coolant inlet side (R1). The temperature of
reproducible data. This is due to the well-known effect of the product mixture at a position 12 mm downstream of the
the reconstruction of a Pt surface under experimental condi-reactor outlet was 297 (PO), which is 25C lower than
tions[22,23]. A considerable improvement in the induction that at the reactor channel outlet. The temperature of the
period was also observed with each successive experimentatoolant flow at a position 12 mm downstream of the reac-
run. This is in accordance with the early published results tor was 277C (CO), which is about 20C lower than that
obtained by Janicke et al. who observed a decrease in the inof the product flow. Such differences can be explained, if
duction period for hydrogen oxidation on a Pt catalyst from the temperature of the coolant flow at the outlet of the cool-
over 90 min to approximately 5min after five experimental ing channels does not reach the temperature of the reactor
runs[4,9]. After leaving the reactor, approximately 0.1% of wall. Otherwise, the gas temperature at the position of the
the total outlet flow was sent to the GC. The main flow was coolant outlet port (CO) should be higher than the tempera-
directed to a cold trap maintained at@ which was used to  ture at the position of the product outlet port (PO), because
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walls, open symbols are given for the average temperature of appropriate
Fig. 11. Temperature responses for the microreactor/heat-exchanger (forgas flows. Solid lines are given for reagents/product mixture, dashed lines
definitions sedrig. 10. Reagent flow rate at steady-state conditionszsNH  are given for the coolant. Inlet conditions are the same as thdsig.iri 1
0.30Imin 2, oxygen 1.701min?, coolant 5.36 Imin?. In the frame on

the left side a detailed view of the start-up interval is shown. After 3 min . .
time, the hydrogen oxidation reaction ignited, as temperature R2 was 10 make a complete analysis of the heat balances in the

higher than temperature R3 for the rest of the experiment. After the heater MRHE, we also have to know the selectivities to all reaction
was switched off, temperature R3 was always higher than temperature products.Fig. 13 shows nitrogen, nitrous oxide, and nitric
R1. This is clearly shown in the frame on the right side. After ammonia oxide Selectivity as a function of the,@H3 molar ratio.

supply was switched off, the reaction was quenched immediately and it .
took 3min to decrease the temperature below “ZD0 Temperature R2 was 328 and the total flow velocity was

the flow velocity of nitrogen flow is about 2.5 times larger ]
than that of the product flow. This result is confirmed by 60 .
CFD simulations which gave the coolant outlet flow tem- -
perature of 295C at the inlet temperature of 106 (see .
Tables 1 and 2 However, in the actual experiment, the ni- A,
trogen flow entering the inlet port at a temperature of@5 40 R
(seeFigs. 11 and 1Pwas heated up to 10@ at the posi-
tion of the cooling channel inlet. This estimation is based on
the temperature gradient of 3@ mm 1 for the wall of the
channel connecting the nitrogen inlet port being at 273
(S1), with the coolant inlet chamber (R1). Therefore, nitro- 20 NO A A | i
gen enters the inlet coolant chamber at 100Qleaving the
outlet coolant chamber at 268, warming up to 277C in
the outlet channel connecting the outlet chamber with the
outlet coolant port (S3). The same estimation made for the e o
reactant flow leads to the conclusion that reactants enter the 0
reaction channels at 228, leaving them at 32%C, finally
cooling down to 295C (PO) in the outlet channel. The fact
that the temperature of the coolant flow at the outlet from _ - _ _ _ L _
the cooling channels is still somewhat below the wall tem- Fig. 13. Selec_tlvny to nitrogen, nitrous 0>_<|de, and nlt.rlc OX|deOas a function
; ) ] - of O,/NHj; ratio. Temperatures R1, 31€; R2, 323C; R3, 321°C. Total
perature, is also confirmed by the difference 6€2in tem- flow rate in the reaction channels: 2.041min No diluent gas was used
perature between positions R1 and R2. in all experiments.

]

Selectivity, %

2 6 10 14
O/NH, molar ratio, -
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The total amount of water produced in the experiment was

Simulated vs. experimental heat fluxes in the microreactor/heat-exchangerg|sg measured. In one such experiment, 83g of water was

Parameters CFD Experimental
Reagent inlet flow (STP) (Imin') 1.98 2.00
Coolant inlet flow (STP) (Imin?t) 5.36 5.40
Ammonia inlet concentration (%) 20.0 15.0
Oxygen inlet concentration (%) 80.0 85.0
Average ammonia conversion (%) 75 100
Selectivity to N (%) 47 58
Selectivity to NO (%) 48 40
Selectivity to NO (%) 5 2
Coolant inlet temperature C) 105 1006
Average coolant outlet temperatureC] 295 268
Reagent inlet temperaturéQ) 175 228
Average reagent/product outlet 325 325
temperature °C)
Heat produced by the reaction (W) 62 67
Heat consumed by heating the 7 6
reaction mixture (W)
Heat transferred to the coolant (W) 28 25
Heat transferred to the environment (W) 27 36

aNot measured directly. Estimation is based on the result of appro-
priate FEM simulations (seEig. 12).

2.0Imin~1 in all experiments. The nitrogen flow was ad-
justed to maintain the desired temperature. At full conversion
of 15% NHs in oxygen (Q/NH3 = 5.7), the selectivity ratio
(N2/N2O/NO) of 58/40/2 was obtained. It should be men-
tioned that as the N§IO, ratio increases, the selectivity to

produced during 4 h, corresponding to a rate of 0.35 gthin
From the ammonia flow rate of 0.3 | mif, assuming ideal

gas behavior and taking into account the amount of the un-
condensed water and water in the GC flow, the rate at which
water would be produced is 0.35gmih The amount of
uncondensed water in the gases exiting the condenser was
calculated based on a water vapor partial pressure of 0.7 kPa
at a gas exit temperature of@ [24]. Thus, a very good
agreement between the ammonia consumption rate and the
rate of water production is observed.

An additional number of experiments were carried out to
compare the behavior of the MRHE and a microstructured
reactor without a heat-exchanger (MR) used@hto study
ammonia oxidation kinetics. The latter consists of seven sets
of cylindrical channels. Each set contains seven channels of
280um in diameter, 9 mm long. The basic material for this
reactor was also aluminum. It was estimated that a tempera-
ture gradient as large as 1@ existed along the axial direc-
tion at full conversion of 6.6% ammonia in oxygen mixture.
This led to extensive nitrogen production upstream of the
microchannels decreasing the overall selectivity to nitrous
oxide. Fig. 13 clearly shows that the MRHE yields more
N2O than the MR in the whole range of conditions studied.
This is definitely due to the very flat temperature profile in
the MRHE.

N2O decreases. Therefore the result obtained in the MRHE  To test the effect of higher reactant flow rates and higher
is in general agreement with the previously developed ki- ammonia inlet partial pressures, a set of experiments with
netic mode[6]. However, a detailed kinetic analysis for am- higher ammoniainlet concentrations and reactant flow veloc-
monia oxidation with high ammonia inlet concentrations is ities was carried out. The results are summarizethinle 5
definitely out of the scope of this publicatiofable 4com- With the results presented, it is clear that the average op-
pares heat balances based on the CFD simulation with the exerating temperature can be still maintained at the desired
periment. A rather good agreement is obtained between thevalue through the compositions and flow rates of the reactant
simulation results and the experimental data. Furthermore,gas mixture and the coolant. However, a moderate deviation
approximately half of the 67 W of heat produced by the re- from isothermal condition was observed at power loadings
action is used to heat the reactant and coolant gases. Almoséexceeding the design value of 62 W. As a result, the overall
the same amount is transported to the environment via theselectivity to nitrous oxide was moderately lower than that
outer surface of the MRHE. The latter is not measured di- expected at isothermal conditions according to the kinetic
rectly, but is obtained by an energy balance over the system.model[6].

Table 5
Heat management in the microreactor/heat-exchanger at different ammonia inlet concentrations and reagent flow velocities

Parameters Ammonia inlet concentrations Reagent flow velocities
Reagent inlet flow (STP) (Imint) 2.00 2.10 2.03 2.12 2.00 2.20 2.40 2.70
Coolant inlet flow (STP) (Imin?t) 5.40 104 11.3 12.5 5.40 6.12 6.85 9.95
Ammonia inlet concentratiéh(%) 15.0 20.0 21.3 22.8 15.0 15.3 15.3 15.3
Heat produced by the reactfiiw) 67 94 98 105 67 74 81 91
Selectivity to N (%) 58 63 63 65 58 61 63 64
Selectivity to NO (%) 40 34 33 30 40 37 34 33
Selectivity to NO (%) 2 3 4 5 2 2 3 3
Temperature R1°C) 321 311 309 307 321 315 310 304
Temperature R2°C) 325 325 325 325 325 325 325 325
Temperature R3°C) 323 320 319 318 323 323 323 323
ATmax (°C) 4 14 16 18 4 10 15 19

20xygen was the balance in all experiments.

b Ammonia was fully converted to the reaction products in all experiments.
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6. Discussion of the oil was the average of hot oil at 270 near the reac-
tion channel entrance and colder oil at“@near the exit.
Because the CFD was followed by the experiment, it Such a temperature gradient in the reaction channels can
was difficult to predict in the beginning the Pt dispersion maximize the yield of products of a reversible exothermic
(hence the reaction rate) and the amount of heat releasedeaction[8]. However, it deteriorates the yield of a partial
to the environment. We fixed the reactant and coolant flow oxidation product, which has a sharp maximum in selectivity
velocities as well as their inlet and outlet temperatures to at a definite temperature. Maintaining the operating temper-
their values in the CFD model. In fact using a low reduction ature between 35 and 7&, Gorke et al. investigated the in-
temperature we obtained a more active catalyst than that wetrinsic reaction kinetics of the platinum catalyzed hydrogen
previously describefb] after reduction at 400C. Because  oxidation in a stainless steel based MRHE, operating in the
the experiment was done to validate CFD calculations it had differential mode at near-isothermal conditid23]. Note,
to be performed at a similar value of the adiabatic temper- that in this MRHE the ratio of Pt-coated steel foils in the
ature rise. Therefore, we had to decrease the ammonia inleteaction passage to the perpendicular water-carrying steel
concentration (fitted parameter) to 15% in the experiment. foils of the same geometry was 1:3. In this case, the high-
Furthermore, as it can be seen frdable 5 the amount of est temperature difference of’@ was observed between
heat released to the environment, mainly via reactor con- the inlet and outlet positions at a maximum reaction power
nections, was underestimated by 30% in the CFD model. of 35W. The preheated water with a temperature just a lit-
It is interesting to compare the results obtained in this tle below the reactor temperature was pumped with a flow
study with early published literature data. Drost et al. devel- of 250 gminm ! through the cooling channels. The volume
oped a MRHE that heats water using methane combustion.of this MRHE of 0.314crf is close to the volume of the
The authors studied this MRHE over a range of reactant MRHE designed in the present study (Sesble 1. How-
partial pressures and gas and water flow rates. Heat transever, it produces two times less power in the low temperature
fer rates between 8.5 and 21 Wtfwere achieved in the  range, i.e. at temperatures near the temperature of the envi-
MRHE [25,26] In our MRHE, a heat transfer rate as high as ronment. One can see from the above-mentioned examples
85 W cnt2 was observed between two gaseous flows, which that an increase of the operating temperature, or a transition
four times exceeds the maximum value reportef@$j. The to the integral mode of operation would increase drastically
heat flux was calculated based on the amount of heat transthe temperature gradient in the reaction channels. Therefore,
ferred to the coolant per unit interface area in the cooling such a system can be used for studying only a very limited
channels. In fact, with a cross-flow design, a thermal power number of catalytic reactions.
generation and transfer of more than 400 W in a cubic cen- These examples demonstrate clearly that the choice of ba-
timeter seems to be possible without considerable deviationsic material plays a crucial role in managing the temperature
from isothermal conditions in the solid material. Another profile of a MRHE. An aluminum microreactor has a maxi-
interesting result is that the reaction gas exits the reactor atmum operating temperature at about 4GQwhile numerous
the temperature of the catalytic wall, while the coolant exits catalytic applications require temperatures higher than this.
at a temperature which is below or equal to the temperatureln order to realize such applications, new techniques must be
of the solid material. This result, which was also predicted developed for producing microchannels in refractory met-
by CFD simulations, is in sharp contrast with the data ob- als, or aluminide intermetallics. These materials have high
tained by Janicke et al., where the temperature of the N melting points, a good corrosion resistance and a relatively
cooling gas was always higher than the temperature of thelow thermal expansion coefficient. Some of them have also a
reaction gasef4]. These authors studied the Pt catalyzed rather high thermal conductivity, which is, however, a factor
hydrogen oxidation in a cross-flow MRHE. They explained 2-4 less than that of aluminum. The corrosion resistance of
such result by formation of a hot-spot in the front zone of most of these materials can be improved by electrochemical
the reaction channels and subsequent cooling of the reac-deposition of thin niobium or hafnium filmg8].
tant gases downstream of the reaction microcharjdéldt In our study we assumed microchannels have no distribu-
should be mentioned, that the MRHE, used in their work, tion of neither channel diameter nor catalyst coating thick-
was assembled from individual stainless steel plates, whichness. However, both these parameters have dispersion in the
were coated with alumina. The intrinsic thermal conductiv- actual MRHE that certainly has an impact on the tempera-
ity of stainless steel is approximately 15 times less than thatture profile and flow distribution. We tried to diminish such
of aluminum. Therefore, heat produced mainly in the front uncertainties by a proper choice of techniques applied. In
zone of the reaction channels cannot be transferred effec-this way, anodic oxidation in an oxalic acid solution was
tively downstream of the microchannels, and thus createschosen to produce an alumina layer, because this method
a considerable temperature gradient. This effect was evenproduces rather uniform coatings with relative difference in
more pronounced when a heat transfer oil was used insteadhickness of about 5%. At the same time, electric discharge
of nitrogen as coolar®]. In such an experiment, the outlet machining gives better mechanical precision as compared
temperature of the oil was more than T8higher thanthat  with either micro milling with shaped diamond tools or laser
of the product gas. In their experiment, the exit temperature ablation techniques. Itis not the aim of this paper to evaluate



216

the influence of the channel diameter non-uniformity, but a
further decrease in channel diameter below L60would
require to investigate these effects.

From the above, it will be clear that, MRHE made of

highly conductive materials can be used as an efficient tool

for the determination of intrinsic kinetics of fast, strongly

exothermic catalytic reactions at near-isothermal conditions

both in the differential and integral modes. Sufficiently small

temperature gradients, as observed in these systems, con-

siderably simplify the extraction of kinetic parameters from
experimental data.

7. Conclusion

An appropriate design of a single microstructured plate

decreased the temperature non-uniformity in the complete

reactor to less than“C even at conditions corresponding
to an adiabatic increase of temperature of about 2@00n

case of a microreactor made of a highly conductive material
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the good agreement between simulated and observed refi9] E.v. Rebrov, M.H.J.M. de Croon, J.C. Schouten, Development of a

sults demonstrates the ability of CFD simulations to predict
accurately the behavior of a MRHE. In this way, a MRHE

can provide a high level of accuracy in a kinetic study of
strongly exothermic catalytic reaction. Further research with
this microreactor/heat-exchanger system will continue to
validate the kinetic scheme for ammonia oxidation reaction
at even higher ammonia loadings.
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