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Abstract

Microreactor technology creates opportunities for the development of miniature chemical devices, in which several unit operations are
integrated. We describe in this paper the design, experimental, and modelling work concerning a microdevice for the preferential oxidation
of carbon monoxide in hydrogen-rich reformate gas. The microdevice consists of two heat exchangers and one reactor, all integrated in
a single stack of microstructured plates. Experiments show that the initial carbon monoxide conversion is high. However, the catalyst
deactivates rapidly. It takes over one hour to reach the required reactor temperature during startup, which is too long for application in a
portable fuel processor. The measured temperature gradients in the heat exchangers are twice as small as predicted by a one-dimension:
heat exchange model of the microchannels. A two-dimensional model shows that large differences in temperature exist between channels
close to the inlet and channels further from the inlet, causing the one-dimensional model to fail. This paper shows that for an accurate
description of heat transfer in a micro heat exchanger, the complete (two-dimensional) plate geometry needs to be considered.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Microreactors also show large promise in the develop-
ment of miniature chemical devices, where several unit op-
In recent years microfabrication technologies are being erations are integrated with microstructured sensors and ac-
introduced in the fields of chemistry and chemical process tuators to form a micro chemical plaf@-10] Integrating
engineering to realize microchannel devices, e.g. mixers, a variety of components in a small device asks for new de-
heat exchangers, and reactors, with capabilities considerablysign approaches and solutions for constructional issues, like
exceeding those of conventional macroscopic sysfér$ for example connecting different kinds of materials, the in-
Microreactors have reaction channels with diameters of the tegration of microstructured sensors and actuators, and the
order of 100-50@.m, a channel length of about 1-10cm, thermal separation of adjacent units, that operate at differ-
and have an inherently large surface area-to-volume ratio.ent temperatures. These miniaturized chemical devices offer
These properties offer clear advantages such as high masepportunities for small scale fuel processing and portable
and heat transfer rates, which is beneficial for attaining high power generation, for example, to replace battery packs in
selectivities and conversions and enables optimum controllaptops or mobile phong$1,12] Microreactors can be used
of temperature and residence tifi3e-5]. Microreactors also  to convert liquid or gaseous fuels, like methanol or methane,
have a low hold-up, resulting in excellent controllability, to hydrogen, which can be fed to a fuel cell to produce elec-
small safety risks, and low environmental impfg]. This tricity. The challenge is to develop microchemical systems
makes these micro reaction devices specifically suitable forin which all reaction and heat transport steps are optimally
highly exothermic reactions, short contact time reactions, integrated, in combination with appropriate sensors and ac-
and for the on-demand and safe production of toxic and tuators for process monitoring and control.
hazardous chemicals. Within the European Union funded project MiRTH1],
a miniaturized fuel processing system is developed to gen-
* Corresponding author. Tek:31-40-247-2850; fax:-31-40-244-6653.  €rate hydrogen in situ from a methanol-water mixture, to
E-mail addressj.c.schouten@tue.nl (J.C. Schouten). fuel a 100 W fuel cell. The fuel processing system consists

1385-8947/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2004.01.005
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Fig. 1. A fuel processor—fuel cell system, consisting of three integrated microdevices and a miniature fuel cell, all working at specific tesnperature
The encircled unit is the integrated preferential oxidation—heat exchanger device studied in this paper.
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In this paper, we describe the design, experimental,

and mOde”mg work of th_e prEfe_rentlal _ox@aﬂon—_heat ex- Fig. 2. Schematic drawing of the integrated preferential oxidation—heat
changer (Prox_Heatex) m'_CrOde_V'CGr Wh|C_h IS des_|gned and exchanger microdevice. The device consists of two heat exchangers and a
manufactured in cooperation with the Institut fir Mikrotech- cooled reactor. The temperatures of the reformate and coolant gas streams
nik Mainz (IMM) and the Energy Research Center of the are also indicated.

Netherlands (ECN). Main purpose of the device is t0 re- o q.q00n 1o about 200, before it is sent to the catalytic
move the carbon monoxide present in the reformate 98S,pirner

smtcle c?r_t;or; monOX|dteh 'S a sevef[ret_pmsofn fOLthe fuel C%" The purpose of this work is also to study the heat trans-
fams ' 100 ecrea_ttsr?z e_(cj(_)nc(;en ration o calrl on m?tnox:c €er behavior of micro heat exchangers and the effect of in-
0 befow 1Uppm, 1t 1S oxidized using a small quantity 0 tegrating several heat exchangers in a single device. Micro

air gdded to th%refor(r;ate gas. Tohpromgte_ the c;xr;dztlon of heat exchangers differ from larger-scale heat exchangers, as
carbon monoxide and suppress the oxidation of hydrogen, ;- conduction of heat through the solid material becomes

a selective catalyst has to be used, like PG [14-16]or more important in a microdevicE8,19], while gas—solid

Au/ ';%?3 [17]' Idn th'; S;Ud%_/ha PJE.C.G/'N?% ;e}talysLB heat transfer becomes less important. Therefore, in this pa-
ulse ' ev? opz at. X s ah |t|0_n- 0 cod atltot. ?Ca;' per, we do not solely address practical issues like reactor
alyst was found to increase both activity and selectivity of o ¢4 mance, startup time, and heat recovery efficiency, but

”}?hpt?"p;l 203 preferenlnal oxu'jliagon ca;alzsg. ﬁ;nce meSt we also present a modelling study of the heat transfer in the
orthe Tuet processor volume will be heeded by e reformer o heat exchangers. In the first part of the paper, we pro-

unit, the aspired volume of the ProxHeatex unit amounts to vide a detailed description of the construction of the Prox-

100cn? including '”S“".“'O” material. Heatex microdevice as well as the experimental setup that
The Prqueatex device also r_1ee(_js to recover 80% of theis used to study the performance of the device. Two heat
heat thgt is released by the oxidation reaction (11W) and transfer models are developed to describe heat transfer in a
by coolmg_ down the hot reformate gas from 250 t(_)oeo microdevice, which are described in the second part of this
the operating t_er_nperature of the fuel cell (13W), to increase paper. The experiments show that the one-dimensional heat
the energy .eff|C|e_ncy of the fuell processor. The ProxHea- exchange model is not able to predict the measured tempera-
tex device is des.lgned. to CO.nS'St of thre.e coun_ter-currentture gradients. The poor performance of the one-dimensional
heat exch'angers in series, $8g. 2 to' P“’V'de an isother- model is explained using a two-dimensional model, which
mal reaction zone and reach an efficient heat recovery. In g, provides a clear insight into the heat transfer character-

the high temperature heat exchanger, the hot reformate 98%stics of the micro heat exchangers and may serve as a tool
is cooled down to the reaction temperature of 160 The for further microreactor development

gas then enters the middle heat exchanger, which contains

the preferential oxidation catalyst and serves as a cooled re-

actor. In the low temperature heat exchanger, the CO-free2. ProxHeatex design

reformate gas is cooled down further to €D The recov-

ered heat is used to preheat the combined fuel cell anode The heat exchangers of the ProxHeatex device are con-
and cathode exhaust gas, which still contains about 5% of structed from 50@um thick microstructured plates, as shown
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Fig. 3. Microstructured heat exchanger plates; stacking of the two

plate types creates a heat exchanger; plate dimensions< () and make the device leak-tight. Specifications of the indi-
are 35mmx 48mm, with 58 microchannels of w( x h x [)

0.4 mmx 0.3 mmx 30 mm; the diameter of the inlets and outlets is 2 mm vidual units are listed ifable 1 The Complete device mea-

and the width of the packing chambers is also 2 mm. sures 66 mnx 53 mmx 50 mm and weighs 980 g. To reduce
external heat losses from the device, the complete device is
insulated by a 3 cm thick layer of HT/Armaffinsulating

in Fig. 3. The microstructured plates contain an outer groove .o

that serves as a packing chamber, inlet and outlet flow dis- Insulating plates are inserted between the heat exchang-
tribution chambers, and a central part containing the actual ers and the reactor, and between the heat exchangers and
channels. These microstructures were made in the stamles§he flanges, to thermally separate the various device parts.

srt]eellsheets by mdeapsflof wetdetchf|lng. HOIZS yvefre dr:'”ed N Three different sets of insulation plates were manufactured.
the plates to provide inflow and outflow conduits for the tWo ¢ first insulation plate type is a 4 mm thick stainless steel

gas streams, to facilitat_e positioning of the plates on top of plate. A 2mm deep air chamber was milled from the top
each other, and to provide a reactor bypass conduit. The by—Of the plate over 90% of the plate’s surface area, to in-

pasrs], conduit is, fhowe\éetr), nolt used in th'lf, studfy. The heaty o ase its thermal resistance. The second insulation plate is
exchangers are formed by alternate stacking of mirror Im- , 5 o, thick plate cut from the same Klingefsimaterial

ages of the plates. The exchangers are covered with an UN3s used for the seals in the heat exchangers. The third type
structured steel sheet to close the channels of the top plateOf insulation plate consists of a stack of three 2mm thick
To be able to integrate the individual parts in a single stack, Klingersil® plates, of which two plates have a hole cut out
the plate geometry of all heat exchangers is identical, dif- over 90% of the plate’s surface area. Two holes were drilled
fering only in the channel cross-section and the number of in each of the insulating plates to connect the inlets and
channels. Graphite is used as sealing material for the reactol iiets of the reactor and the heat exchangers. The thermal

pgrt and Klingersf, a com_p_res_sed fibe_r jointing mater_ial resistance (layer thickness divided by material conductiv-
with a low thermal conductivity, is used in the low and high

temperature heat exchangers.

The assembled device, schematically showFign 4, con- Table 1 _ S _
tains 41 microstructured plates The low and high tempera- Specifications of the integrated preferential oxidation device
ture heat exchangers both contain six plates: two reformateParameter HT exchander Prox reactor LT exchanger
side plates and four coolant plates. The reactor part consists Ref  Cool Ref Cool Ref  Cool

of nineteen catalyst coated reaction plates and ten coolant
plates. Three of the four walls of the reaction channels were Number of plates 2 4 1002 4
Number of channels 58 58 83 75 58 58
coated at the Energy Research Center of the Netherlandscpannel width gm) 400 400 250 250 400 400
with a 15um thick layer of a Pt—Ce/-Al ;O3 catalyst. The Channel height,im) 300 300 187 125 300 300
total amount of catalyst in the reactor is 0.989. The wo aHT: high temperature, LT: low temperature, Ref: reformate side,

flanges are fixed with eight screws to compress the gaskets-qq: coolant side.
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coolant out drogen oxidation to mimic the heat production in the prox
A ' reactor. Although hydrogen reacts faster than CO, the total
) ’em"“?“e n amount of heat production was considered more important
, . \.\ than the heat production rate.
N Rt
£} = RS S
— RRSERCER N 3. Heat transfer modelling
feea — — -
4 »/'("""-‘--.sf-f’i B A one-dimensional heat transfer model was developed
R - —6 to describe the temperature profile in the microdevice. The
-t // ---..:.-.v._;:_ c model calculates the temperature profiles of the reformate
$ N b gas (r), the coolant gas (c), and the metal of the heat ex-
] changer plates (m). For conventional heat exchangers the
reformate out 8 walls are usually not modelled separately, as axial con-
coolant in duction through the walls of the tubes can usually be ne-

_ _ _ glected. However, for micro heat exchangers axial conduc-
Fig. 5. Schematic represen?anon qf the flow paths of the reformate a_nd tion is an important factor determining the heat exchanger
coolant gas through the microdevice. Temperature measurement points _. . .
are indicated by black dots and are numbered for further reference. A, efficiency [18'19]' As the distance between the reformate
B, and C designate the high temperature heat exchanger, the reactor, an@nd coolant channels is very small and the conductivity of
the low temperature heat exchanger, respectively. stainless steel is two orders of magnitude larger than that

of the gases, the radial temperature profile in the material
between the channels was neglected. By also assuming an
ity and cross-sectional area) of the three insulation layers is even flow distribution over the microchannels, heat exchange

0.87, 3.0, and 63 K/W, respectively. in the channel region was described by a one-dimensional
The flow path of the reformate and coolant gas through model.
the device is shown ifrig. 5. In this figure, also the loca- Plug flow was assumed for both gases and axial dispersion

tions of the thermocouples are indicated, which measure thewas neglected. Due to the fast radial heat transport, axial
inlet and outlet temperatures of the device at a position just dispersion introduced by the laminar flow profile could also
outside the flanges, four internal temperatures at the outletspe neglected. The temperature profile of the gases is then
of the reactor and heat exchangers, and the temperatures ofietermined by convective heat transport and heat exchange
the top and bottom flanges. The four internal thermocouples with the metal walls. When the length coordinate is made

measure the metal temperature instead of the gas temperadimensionless with the Iength of the heat EXChanger, the
ture, as it was not pOSSible to avoid contact of the thermo- equations for the reformate and coolant gas become

couples with the walls of the conduit in which they were
inserted. However3 at the outlet side of the reactor and heat(mcp)rﬂ = —or A(Ty — Tr) (1)
exchangers, the difference between gas and metal tempera- dx
ture is expected to be small. . d7,

The reformate gas consisted of 0.5% CO, 1.6% &%  (7¢ple g = ~cAc(Tm — To) )
H>, 18% CQ, and balance helium. The reformate gas was
analyzed for oxygen and CO at the inlet and outlet of the With (ircy); the heat transport capacity (mass flow rate
ProxHeatex device to determine conversion and selectivity. heat capacity) of fluid (W/K), «; the gas—solid heat transfer
The analysis was done with a gas chromatograph equippeocoefficients (W/MAK), and A; the respective heat exchange
with a Poraplot U and a Molesieve 5A column and a surface areas (A). To calculate the heat transfer coefficients,
micro-TCD detector using helium as carrier gas. As the €ntrance effects were neglected and a constant Nusselt num-
reformate gas was projected to enter the ProxHeatex deviceP®r of 3.1 was assumed for the rectangular microchannels
at a temperature of 25, the gas was first preheated to [20].
300°C just before entering the proxHeatex device. A cable The model for the metal plates takes into account axial
heater was used to reduce heat losses in the tube betweef€at conduction through the plates, heat exchange with the
the preheater and the ProxHeatex device. In the experi-tWo gases, with adjacent device parts and with the environ-
ments pure nitrogen was used as coolant gas. To preheaﬂ‘e”ta an_d, for the reactor part, heat production due to reac-
the coolant gas to 60, the coolant feed tube was heated tOn, to give
over a distance of 1.5m with a cable heater. No CO was o
fed when the temperature profile in the device was studied, _AmAmd Tm
since the presence of CO causes deactivation of the catalyst di2
and the preferential oxidation reaction itself was of minor — dexAex(Tm — Tex)
importance in this case. CO oxidation was replaced by hy- — ainAin(Tm — Tin) + Qp 3)

=orAr(Ty — Trn) — acAc(Tm — To)



E.R. Delsman et al./Chemical Engineering Journal 101 (2004) 123-131 127

with Ay, the conductivity of the reactor material (W/mK), _{‘\

Am the cross-sectional area of the reactor material per-

pendicular to thex-axis (nf), and L the heat exchanger

length (m). The heat transfer coefficient for heat exchange %

between adjacent device partgy( is calculated from the

conductivity, thickness and cross-sectional area of the insu- w

lating layer and of the device parts themselves. The external

losses are calculated with a heat transfer coefficiegt) ( k
w

AR 28

of 3.5 W/n? K, based on the external surface of the device
without insulation, which is derived from the experimen-

tally determined cooling curve of the device, recorded after L
closing the gas feeds. Heat production due to reacti#y) ( x1 reformate gas coolant gas §

is modelled as

EYEY S

S . kR Fig. 6. Model geometry of the two-dimensional micro heat exchanger
0p(x) = Qrotk€™™, 4) model with the two flow distribution regions and the central channel
region. The flow paths of the reformate and coolant gas are indicated by

with the decay factok arbitrarily set at 10 to simulate a =\ and open arrows, respectively.

fast reaction.

The top and bottom flanges were also included in the
model. Due to their thickness, they were modelled as being region and, within the channel region, are different forithe
isothermal. For the flanges heat exchange with the adjacentandy-direction due to the presence of the fins. Here only the
heat exchanger and with the environment is included in the equations for the left flow distribution region are presented:
model as well as heat exchange between the two flanges T 9T,
through the tightening screws. Furthermore, an additional (mcp)rfc—[ + (mcp)r(1— y)—j = —a A (Ty — Trn), (5)
heat input from the heater cables to the flanges is included. ox 9y
The additional heat input was calculated, based on the steady T ) T
state temperature of the flanges without flow to the device, to ~(¢p)er === + (mcp)cyg = acAc(Tm — To), (6)
be 4 W at the reformate inlet, and 0.5W at the coolant inlet.
Since all parts of the device exchange heat with each other,and
the temperatures in the heat exchangers, the reactor, and the N A 92T, A A 92T,
two flanges were calculated simultaneously in three linked — =M™~ M Zmomy 27 - m

i . . . %2 =2
one-dimensional models, using the Ferfldite element Ly ox Ly 9

solver[21]. = arAr(Ty — Tm) — acAc(Tm — Tc) — ctexAex(Tm — Tex)

Next to the one-dimensional model of the complete device —inAin(Tm — Tin), (7)

also a two-dimensional model has been developed describing

a single micro heat exchanger. The two-dimensional model With X and y the dimensionless coordinates, and the other
describes the temperature fields in a plane, parallel to theterms similar as for the one-dimensional model. The equa-
microstructured plates. In the direction perpendicular to the tions for the right flow distribution region are similar, ex-
plates, the temperatures are assumed to be constant. Theept that the factors, (1 — 3), andy in Egs. (5) and (6)
model geometry consists of the channel area and the twoare replaced byl — %), y, and(1 — ), respectively. In the
flow distribution areas, as shown Fig. 6. Like in the 1D channel region the gases flow straight from right to left and
model, the 2D model takes into account convective heat Vice versa, which means théis. (5) and (6simplify to
transport by the flowing gases, heat transfer between gase&ds. (1) and (2)Eq. (7)is similar in all regions, except that
and reactor material, heat conduction through the reactorthe constants change to reflect the differences is gas—solid
material, and heat transfer to adjacent device parts and toheat transfer and metal cross-section.

the environment. The velocity field in the flow distribution

areas is not calculated, but is approximated by a linearly

decreasingy-velocity from the inlet to the opposite wall, 4. Resultsand discussion

and a linearly increasingvelocity from the side wall to the

channel region. In the channel region the reformate gas flows4.1. Preferential oxidation activity

straight from left to right and the coolant gas straight from

right to left. In this way, the continuity equation is satisfied in The performance of the ProxHeatex device is evaluated
the complete domain. Gas—solid heat transport is modelledin terms of preferential oxidation activity and selectivity.
with a constant Nusselt number of 3.1 for the channel region The reformate gas flow rate is reduced from 2.9 to 0.8
and 7.5[20] for the flow distribution regions. For the heat standard liter per minute (SLM), as the amount of catalyst
conductivity of the solid material volume averaged values are present in the reactor is less than is needed for full conver-
used, which are different for flow distribution and channel sion of the projected amount of carbon monoxide. This also
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Fig. 7. Carbon monoxide (diamonds) and oxygen (squares) conversion, and time [min]
the selectivity of oxygen towards carbon dioxide (triangles), as function

of time. Reformate flow rate was 0.8 SLM and reactor temperature was "9 8- Temperature of the coolant outlet (full line), the reactor (dashed
160°C. line), and the reformate outlet (dotted line) during startup of the device.

Reformate and coolant flow rates were 2.9 and 6.3 SLM, respectively.
Heat production was 11W.

reduces the amount of heat produced in the reactor. Since

the device does not contain an external heater to control |tS|ng However, these numbers are small Compared to the heat

temperature, this would lead to a decreased reactor tempergapacity of the device itself, which is about 460 J/K, result-
ature. The oxygen inlet concentration is increased to 1.6%ng in the long startup time.

to increase the heat production in the reactor via additional  Although fluids can be heated or cooled very rapidly in

hydrogen burning and increase the reactor temperature tomijcroreactors, the transient behavior of the device itself de-
160°C. Fig. 7 shows the conversion and selectivity of the pends on the ratio of the heat capacity of all solid material
preferential oxidation reaction as a function of time. The (the microstructured plates, packings, flanges, screws, and
figure shows that the initial carbon monoxide conversion is jnsylation) and the heat transport capacity of the fluid flows.
high and the CO outlet concentration is reduced to 7 ppm. Thjs ratio is not favorable for a gas-phase microreactor, due
However, the catalyst deactivates rapidly and the CO outlet g the high solid fraction of a microreactor and the low heat
concentration rises to 300 ppm over a period of 4h. While capacity of gases. For application of microdevices in fuel
the catalyst deactivates, the selectivity remains constant atyrocessors or other dynamic processes, care has to be taken
the initial value of 17%. Although catalyst deactivation is to minimize the solid fraction of a microdevice and to use
a problem for large scale operations, it is even more so |ight-weight materials with low heat capacity for the con-
for the portable ProxHeatex device, since in situ regener- stryction of the device. The studied ProxHeatex microdevice
ation of the catalyst or frequent replacement of the com- giso contains two heavy stainless steel flanges for compres-
plete reactor are both unattractive options to be used for asjon of the seals between the microplates. The flanges and
portable fuel processor device. Therefore, it is important screws add up to about 70% of the total mass of the device.
to improve the stability of the preferential oxidation cata- ysing a construction without the need for these flanges, for
lyst, as well as to achieve a higher catalyst loading in the jstance by welding the plates together, will improve the
reactor. device’s transient behavior.

4.2. Start-up behavior 4.3. Heat transfer efficiency

Another important factor for application of the ProxHea- Also the heat transfer efficiency of the micro heat ex-
tex device in a portable fuel processor is its startup behavior. changers is studied. In three experiments, the influence of
Fig. 8 shows the reactor and flange temperatures as a functhe type of insulation plates between the device parts is
tion of time during startup of the device. The figure shows studied on the temperature profile in the heat exchanger and
that the startup time of the device is large and that it takes reactor parts and thus on the heat transfer performance of
over one hour to reach a reactor temperature of°G60n the device. In the experiments the device is re-assembled
the experiment the projected operating conditions are usedthree times, each time using a different set of insulation
which are a reformate flow rate of 2.9 SLM, translating to plates. In each case, the steady state temperature profile was
a heat transport capacity (mass flow heat capacity) of = measured at the same operating conditions as described for
0.07 W/K, and a coolant flow rate of 6.3 SLM (0.14 W/K). the startup experimeniig. 9 shows the temperature profile
In the reactor 11 W of heat is generated by hydrogen burn-in the ProxHeatex device with the three different sets of
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Fig. 9.bIM§asgLeccjj_f;emperature fr_Of'lels n thle Pr(_)xHeaItexl m'crO(_jEV'C_e Fig. 10. Calculated temperature profiles in the ProxHeatex microdevice
assembled with different sets of insulation plates: steel plates with alr ,qqempleq with three different insulation layers: steel plates with air

CK'I‘_ambeflf@(sﬁ”d ””e)_'hSi”_g'erf""%e'@iBgeetsd(ﬁasr‘e;’h"”?)i and multiple . hers (solid line), single Klinger&ikheets (dashed line), and multiple
ingersil™ sheets with air chambers (dotted line). The inlet temperature Klingersil® sheets with air chambers (dotted line). The inlet temperatures

of the reforr_nate gas was 250 and of the COOIar_“ 9as 60: T_he are 250 and 60C for reformate and coolant gas, respectively.
numbers indicate the temperature measurement points specifiég. i

4.4. Two-dimensional model results
insulation plates. The figure shows that the heat exchange
performance of the device increases when the thermal A two-dimensional heat transfer model was made to ex-
resistance between the units is increased, as both the templain the deviations between the one-dimensional model and
perature difference between the device parts and the axialthe experiments. The simulation results for the high temper-
temperature gradient within the device parts increase. Theature heat exchanger are depictedFig. 11 In this figure,
fraction of heat, of the total amount of heat available in the the contour lines show the temperature difference between
reformate gas and released by the oxidation reaction, thatthe hot reformate gas and the metal of the heat exchanger
is recovered in the device by heating-up the coolant gas,and the grays indicate the metal temperature. Furthermore,
increased from 68% with the steel insulation plates to 78% at the inlets and outlets the temperature of the gases and the
with the multiple KlingersiP sheets. It is difficult to assess
the performance of the individual heat exchangers, since

conductive heat transfer between adjacent units, which we  T;=180°C T, =177°C
cannot measure, plays an important role in the integrated @ —— e ‘
microdevice. m*= m-=

We also predicted the temperature profiles found in the
experiment with the one-dimensional heat transfer model
described in the section on heat transfer modelling. In
Fig. 10 the calculated temperature profiles are presented
for the three cases with different insulation plates. The pre-
dicted average temperatures of the individual device parts
are within 15°C of the experimental values, except for
the multiple KlingersiP sheets insulation case, where the
deviation is 30C for the low temperature heat exchanger
temperature. This is a good result taken into account that
the model does not contain any fit parameters. However, the . .
temperature gradients in the device parts are not well pre- Tm=224"C Tm =166 °C G
dicted. The predicted temperature gradients are about twice T, =250 °C Te=160°C
as large as is found in the experiments, which makes the
model unsuited to predict the heat exchanger efficiencies. Fig. 11. Results of the two-dimensional calculations of the high temper-
The model also predicts a clear influence of the type of in- ature heat exchanger. The grays show the temperature distribution in the

. . metal plates. The metal (), reformate gas (/, and coolant gas ¢J
sulation pIates used, on the temperature difference bet\’\’eeqemperatures at the inlets and outlets are also indicated. The contour lines

the device parts, while the experiments show almost NO show the temperature difference between the hot reformate gas and the
influence. metal plates (steps of 22€).
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metal is indicated. The contour lines show that the temper- ther from the inlet, causing the one-dimensional model to
ature equilibration between gas and metal is very fast andfail. This example shows that it is important to consider the
takes place almost completely within the first part of the flow complete plate geometry when designing a micro plate heat
distribution region. Although the flow distribution chambers exchanger.
do not contain microchannels, the height of the distribution ~ Based on the outcome of this study, the design of the Prox-
chambers is very small, in this case 3080, which means  Heatex device was improved and a second prototype will be
that heat transfer is already very effective in these regions of built. The new device will contain longer channels and a re-
the plate. The effective heat exchange in the flow distribution duced plate width to improve the heat exchanger efficiency.
chambers leads to considerable differences in temperaturelo reduce the mass of the unit, the microstructured plates
between the first and the last channels, which is the reasorwill be welded together instead of using gaskets to provide
for the over-prediction of the temperature gradients by the leak-tightness. Furthermore, a better catalyst will be applied
one-dimensional channel model. It is interesting to note that in the reactor and also a higher catalyst loading will be used.
the temperature of the coolant gas at the outlefis Bigher
than the metal temperature, due to the part of the coolant
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