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Abstract

This paper focuses on a CFD approach to optimize the design parameters for a high throughput microreactor prior to reactor microma-
chining and assembling. A molybdenum-based microreactor has been designed for the screening of catalytic coatings in ti€ 100-800
temperature range in gas phase reactions involving large heat effefitgd = +500 kJ/mol). The microreactor consists of eight mi-
crostructured compartments, each with a cross sectior28fram x 10.18 mm and 40 mm in length. Eight 1@0n thick molybdenum
plates with a deposited catalytic layer with a thickness up farb@re to be inserted in each compartment at distances gitt8om each
other. Using the CFD code Flu&®.0, it is demonstrated that a low-pressure drop flow diffuser, positioned upstream of the microreactor,
distributes reactants evenly in a flow range of 50-100&arim (STP) throughout all compartments. The gas sampling section allows to
analyse the reaction products from a selected compartment with no interference from adjacent compartments. The quench section provides
a fast quench of the effluent gases within milliseconds to avoid consecutive reactions. The corrosion resistance of the reactor can be
improved by atomic layer deposition of a 200 enalumina layer.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction reaction [able ). Even higher gradients are expected dur-
ing reaction, especially when large heat effects are involved.
In the overall optimal design of a catalytic process, the Most of the reactors, besides those constructed of ceramics
choice of the catalyst with its operating conditions is the and quartz, have a maximum operating temperature around
critical step, which defines the costs of the reaction against550°C, while numerous catalytic applications require tem-
the costs of product recovery and by-product treatment. peratures higher than this. Furthermore, these devices are
For secondary screening of heterogeneous catalysts, ther@ften made from materials with a relatively low thermal con-
exist two types of reactor concepts: (1) multi-tubular fixed ductivity, so they cannot be applied to study the catalyst per-
bed reactor modules, which closely resemble conventionalformance in reactions with high thermal effects. In order to
catalyst testing apparatus, and (2) microreactor arrays, inrealize such applications, new techniques have to be devel-
which often catalyst coatings can be screefidd Table 1 oped for producing microchannels, e.g. in refractory met-
presents the state-of-the-art in high throughput experimen-als or aluminide intermetallics, which is a real challenge.
tation with respect to the secondary screening step, whereln several catalytic processes, a potential for improving the
heterogeneous catalysts can be optimized for gas phaseverall performance exists by improving either the active
reactions. component itself or the catalyst texture. Various examples
A major issue in the development of secondary gas phaseare listed inTable 2
screening reactors is to operate the whole device at the In the development of a high throughput microreactor
same conditions. However, flow non-uniformities up to 30% (HTMR) for high temperature applicationgable 2 sev-
(Table 9 within one reactor system are common, which is eral issues have to be considered such as material choice,
often the result of an inadequate design of the flow diffuser. reactor geometry, catalyst incorporation techniques, and
Furthermore, when the reactor is constructed of materials microreactor fabrication methods. In this way, CFD simu-
with a low thermal conductivity, temperature differences of lations can provide detailed information on design param-
about 5K are reported already in absence of any catalytic eters and reactor performance. This latter aspect is evident
in order to overcome relatively large performance devi-
* Corresponding author. Tels:31-40-247-2850; fax:-31-40-244-6653.  ations, as summarized iMable 1 for existing screening
E-mail address: j.c.schouten@tue.nl (J.C. Schouten). systems. This non-ideality can apparently be attributed to a
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Nomenclature compartments. Fi_nally, t_h_e guench section has to guench the
effluent flow within a millisecond range to avoid consecu-
a minimum length between two adjacent tive non-catalytic reactions.
reactor compartment walls (m)
b minimum length between the top wall
of the reactor compartment and a 2. Development of a high throughput microreactor
sidewall of a diffuser compartment (m)
c width of the reactor compartment, 2.1. Geometry and material choice
c=226x10"3m
d position of the capillary inlet inside a Microstructured plate-type reactors can be effectively
compartment (m) used for testing of catalytic coatings. A large number of
E tension modulus (GPa) plates, on which the catalyst coating is deposited, can be
h height of the diffuser compartment (m efficiently utilized within the micrometer range. In this
AHj5gg heat of formation at 25C (kJ/mol) way, a relatively high surface area available to the reactants
i reactor compartment number<li < 4 can be obtained. Furthermore, microstructured reactors
| distance between a Mo plate and the with adequate characteristics and dimensions guarantee
main body of the raector negligible pressure drop and the absence of external diffu-
Q heat flux (W) sion limitations in the whole range of reaction conditions
s mean square deviation from the average [28,29] Near-isothermal reactor operation can be realized
flow value in a plate-type microreactor by the effective dissipation of
S cross section area, four times the reaction heat by a proper choice of thermal conductivity
distance in which the plates are inserted  and geometry of the plate material and the reaf26+31]
inside the microstructure (4 0.2 mm) Table 3presents the physical data of various materials from
times the reactor length (40 mm), which (micro) reactors are or can be manufactured.
§=32x10°m? It is clear that only a limited number of materials can be
T temperature°C) used at elevated temperatures, because of a relatively low
Tmelt melting temperature of material) melting point, e.g. aluminium and copper, or of a rather low
AT temperature difference (K) mechanical stability, e.g. quartz and nickel. A further se-
u; area averaged velocity in the lection of reactor material is based on the thermal conduc-
compartment tivity, which narrows the choice of material to silicon and
1 4 ) some of the refractory metals. Silicon, however, has several
=) wi The average flow value in the four drawbacks as low wettability of the surface, which limits its
i=1 compartments considered for simulation application as subs’grate for Cat_alytic Ceatings, and a_Iow frac-
ture toughness, which makes its application as basic reactor
Greek letters material unfeasible. On the contrary, several refractory met-
o linear extension coefficient (i) a!s satisfy all design criteria, V\_/hlch enables its application in
s flow non-uniformity (%) high temperature processes mvolymg large heat effects. In
A heat conductivity coefficient the design of the hlg_h throughput mleroreactor, molybde_num
Wm-1K-1) was chosen as b_as_lc reactor materl_al as well as mater|al for
parallel plates, eliminating construction problems relating to

compatibility of different materials at elevated temperatures.

point of controversy between an experimental-based and a The HTMR was designed to test eight different catalytic
simulation-based reactor development approach. coatings with a maximum thickness of L&, which are

Lack of data for application of an HTMR in high temper- deposited on molybdenum plates of 40 mm length, 10 mm
ature reactions with large heat effects prompted us to studywidth, and 0.1 mm thickness, and to operate at a minimal
the behaviour of this system using the CFD code Fftiértt. reaction rate of 5 10-3s~1 in terms of turnover frequency
Therefore, this paper focuses on a CFD approach in order(TOF). The reactor consists of eight identical microstruc-
to show the importance of reactor design through simula- tured compartmentd=(g. 1). This arbitrary chosen number
tion prior to experimentation. A design methodology covers of compartments can be increased when this specific reac-
three essential issues for the application of an HTMR. Aflow tor concept is proven to operate adequately. Eight molyb-
diffuser is designed to provide equal contact times in the denum plates with deposited catalytic coatings are inserted
separate reactor compartments, while the intrinsic featuresin each compartment. In this way, a total number of 64
of the microreactor geometry and material should provide molybdenum plates are stacked in the HTMR to screen eight
near-isothermal conditions. Secondly, to achieve results with different catalytic coating compositions simultaneously. If
high accuracy, the products from one compartment should benecessary, both the coating thickness and the total area of
analysed with no interference from products from adjacent the substrate can be easily changed to operate the HTMR in



Table 1

Secondary gas phase screening reactors reported in literature; reactor characteristics, and applied model reactions and reaction conditions

Reactor characteristics Process characteristics Ref.
Material + (AT)? Mode® No’ 39 (%) T (°C) Reaction Catalyst system/library AHSgq
without reaction (kJ/mol)
Multi-tubular reactors
Quartz (n.cf) D/l 6 n.d. 250 COt+ %Og — CO, Cu—Cr/active carbon —283 [2]
600 NO — N2+ 30, Fe-ZSM-5 —-83 [2,3]
150 NO+ NH3 + ZOQ — No + 1% H,0O Mn203—W03/y-AI203 —-407 [2,4]
Brass (1) | 16 n.d. 180 Cco %02 — COp Au/C0304, Au/TiOz —283 [5]
Stainless steel (5) | 49 10 550 GH- 20, — COy, + 2H,0 PUTIO,, Cu/Al,O3 —-802 [6]
Quartz (5) | 10 30 700 CiH+ COp; — 2CO + 2H, Pt/Ce_,Gd;O2_qs5y, +247 M
Pt/Ca_,Sm.O2_o5x
Alumina (5) | 64 7.5 550 €Hs + $0p — CoHg + H20 Metal-oxides#-Al ;O3 —106 [8]
500 GHg + 202 — CzHg + H2O Metal-oxides#-Al ,03 —-117
Quartz (n.d.) I 15 n.d. 800 CHt 30; — 1CaHg + 3H20 Mn—NaWO,4/SiO, —88 [9,10]
200 GHg + 50, — 3CO; + 4H,0 Multi-metal/TiO, —2043 [11]
250 CO+ %02 — CO, Au/carrier —283 [9]
Microreactors
Ceramic (1) D 80 5 350 gH12 — CgHs + 3H2 Pt—Pd—Inj-Al ;03 +206 [12-14]
| 550 NO+ C3Hg + 40, — Pt—Pd-In—Nay-Al,03 —1838 [12,15]
250 iN; + 3CO; + 3H0
CzHg + 50, — 3CO; + 4H,0 Multi-metal/TiO, —2043 [11,12]
Aluminium wafers/(n.d.) | 35 10 450 CH+ 20, — CO, + 2H,0 Pt-Zr-VA-Al,03 —-802 [16-18]
Ceramic (5) | 256 10 450 CH+ 20, — CO, + 2H,0 Pt—Zr-VA-Al,03 —802 [18,19]
250 CO+ 30, — CO, Aulcarrier [18]
Titanium core/stainless - 10 14 450 No reaction reported v-Al,03 wash coating - [20]

steel mantle (n.d.)

@Measured temperature difference (K) within the reactor system without reaction.
b Screening mode; differential (D) or integral (I) mode.

¢Number of parallel reactors or parallel microreactor channels.

d Measured flow deviations (%) within one reactor system.

€Not determined.
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Table 2

Reactions with large temperature effects where the selectivity might be improved by optimization of the catalyst composition

Reaction A Hjgg (kJ/mol) T(°C) Ref.
CO+ 10, —» CO, —283 150-160 [21]
Hz + 502 — H20 (parallel reaction)

CO + 3H2 < CH4 + H20 —210 180-200 [22]
NH3z + CoHg + %Oz — CH3CN + 3H,0 —506 475-500 [23]
(CH3z)2NNH2 +40; — 2CO; + N2 + 4H0 —1799 500-600 [24]
C4H10 < C4Hg +H>2 +126 700-750 [25]
CHy + 2H0 < 4H; + COp +165 800-850 [26]
NH3z + CHs <> HCN + 3H; +252 1100-1150 [27]

Table 3
Physical properties of reactor materiB2]?

Material

Tmelt )\, E o

(°C) Wm k-1 (GPa) (106K~
Mo 2620 138 315 5
Quartz 1607 0.22 70 0.4
AISI 316 1507 50 196 10
Ni 1452 91 196 12.7
Si 1420 80-150 100-110 4.2
Cu 1083 390 128 16.8
Al 660 220 71 23.2

3Tmelt >1200°C, % >125WnT1K~1, E >150 GPa, and <10°5K~1
are the design criteria.

the differential mode, which considerably simplifies kinetic
analysis and allows direct application of reaction kinetics
in process developmef3]. The catalytic layer can be de-

0.08% Zr, and pure molybdenum (Mo 99-8%). The for-
mer offers a considerable higher strength at temperatures
above 1300C. Because of the additives, the EDM process-
ing in the molybdenum alloy resulted in irregularly shaped
microstructures, which contained microcracks that could
affect the performance of molybdenum parts adversely if
the surface is stressed in tension. However, the EDM pro-
cess worked remarkably well in case of pure molybdenum,
where all microstructures were produced along the length
of the reactor with a tolerance belowun.

Molybdenum readily starts to oxidize in air already at
300°C at atmospheric pressuf&6], which urges the need
for a protective coating. Molybdenum disilicide (Mo¥is
a promising material for high temperature structural appli-
cations because of its relatively high thermal conductivity
and excellent oxidation resistan@—39] However, MoSi
disintegrates to a powder when subjected to oxidizing envi-

posited on the substrate by means of various techniqguesronments in the 400-60@ range, which is known as the
such as anoxic oxidation, sol-gel synthesis, in situ growth “pest” effect[40—-42] MoSi, composites might offer a pos-

or sputtering34].

sible solution for protection of molybdenum in the full tem-

Based on the selected thickness of the molybdenum perature rang@t3,44]
plates, eight rectangular shaped cavities with curved edges Another possibility to protect molybdenum below 5%D

of 130um height, 40Qum width were produced along

is atomic layer deposition (ALD) of a thin AD3 layer[45].

the compartment length of 40mm by electric discharge ALD is a coating process capable of depositing ultra-thin,

machining (EDM)[34,35] The electrode for machining

conformal films of a variety of materials with atomic-level

molybdenum was in this case a 0.1 mm wire of brass, coatedthickness contro[45-48] Recently, Groner et al. reported

with zinc. In this EDM study two grades of molybdenum
were tested, a molybdenum alloy containing 0.5% Ti and

cross section
A

/

A

40 mm

|
diffuser

microcompartments

Fig. 1. Right part: layout of the high throughput microreactor. Left part: cross

Dimensions are given in mm.

ceramic ring

that the AbOz ALD film grows remarkably well and is
an excellent choice for an insulating or protective film

cross section
AA

|
quench section

section of the reactor containing eight microstructured cdsipartmen
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on a wide variety of substrates, including molybdenum plate and the main body of the reactor. The cross section
[48]. area §) is equal to 2 x 10~>m?, which is four times the

In the present study a series of molybdenum substrates, ordistance in which the plates are inserted inside the cavities
which Al,Os3 layers were deposited up to 500nm by ALD, (4 x 0.2 mm) times the reactor length (40 mniid. 1). Fur-
were tested in air and water vapour up to 6@0Layer thick- thermore, the gas thermal conductiviy) (and the distance
ness and temperature are crucial parameters for the alumindetween a Mo plate and the wall of the microstructuje (
layer stability. Above 550C the ALbOs layers are easily de-  is assumed to be 0.2 WThK~1 at 500°C and 0.015 mm,
tached from the molybdenum surface. Furthermore, a layerrespectively. This distancg,is estimated as half the differ-
thickness of 200 nm is optimal for conditions up to 58) ence between cavity in the reactor wall (0.13 mm) and the
since no mass increase could be observed, due to Mo ox-thickness of a plate (0.10 mm). Substituting these values
ide formation, in contrast to ADs layers with a thickness in Eq. (1) the temperature non-uniformitpy T, between a
above 300 nm, where layer destruction was observed. How-single plate and the main reactor body can be calculated:
ever, the 200 nm alumina layer remained stable, even after
an exposure of 150 h at the same testing conditions. AT = 5 1)

2.2. HTMR layout . I
The temperature non-uniformity is found to be less than

The HTMR consists of three separate zones, tle 1K, which satisfies the design criterion.

flow diffuser, the actual reactor part, and the quench sec-
tion (Fig. 1). The flow diffuser is designed in a way that the
inlet gas mixture is preheated to the reaction temperature3. High throughput microreactor simulation
and evenly distributed over the eight reactor compartmentsand design
in the full flow range of 50—1000 ml/min ST éction 3.}
Both flow inlet and reactor sections are provided with sep- 3.1. Flow diffuser
arate electrical heaters and with several temperature sen-
sors to measure axial and radial temperature distributions In the flow diffuser, the reactant flow has to be preheated
(Fig. 1). In the quench section, the temperature of the out- from room temperature to the reaction temperature and
let gases should be decreased from the reaction temperasdistributed equally throughout the microstructured com-
ture to ca. 120C within a millisecond time range to avoid partments. The flow enters the inlet diffuser, at a typical
an extensive by-product formation downstream of the reac- velocity in the range of 50-1000 &min (STP) and it is
tor (Section 3.2 The quench section is made of AISI 316 divided in half by the symmetrical design of the inlet pipe.
stainless steel and is separated from the hot reactor sectioTherefore, only half of the complete geometry of the flow
by a 3mm thick ceramic ring. The sampling system con- diffuser and the corresponding four reactor compartments
sists of 24 capillaries, which are positioned slightly inside were modelled. The geometry of the module is shown in
the compartments to avoid cross-talking between different Fig. 2 Such geometry of the flow diffuser has all the benefits
catalyst compositionsSgction 3.3 Three capillaries per  of a structured design, such as improved pressure recovery
compartment are used to validate the data and to measuralue to a negligible pressure drop via the unit, and virtually
possible radial concentration gradients. The outlet gas com-clog-free behaviour, which is important for this specific
position from the separate compartments is sent to a massapplication. At the same time the most critical drawback of
spectrometer, selecting one of the sampling capillaries via aflow diffusers, a limited flow range, is eliminated.
multi-positional valve system. However, the flow has to be distributed equally in four
Actually, the main drawback of the present reactor con- reactor compartments. To reach this goal, the direction of
cept is a considerable heat transfer resistance at the contadhe reactor compartments is shifted by & 20rn relative
area between the individual plates and the main body of to the direction of the diffuser compartments. In this way,
the reactor. With the present reactor design the temperaturehe reagents flow in a half circular motion which causes the
non-uniformity can be estimated, considering the case whenflow to travel in all directions (18] at the diffuser/reactor
no physical contact is realised between the molybdenuminterface and eliminates the possibility of local concentra-
plates, containing the catalyst coating, and the reactor body.tion non-uniformities or streaking, and allows the flow to
The difference between the temperature of a Mo plate and thebe distributed appropriately in the reactor compartments. To
reactor housing is estimated at a typical case when a flow ofget the uniform flow in the reactor compartments, special
1000 cni/min (STP) passes the reactor. The reactant concen-care has to be taken over two design parameters ardpg
tration was assumed to be 50 mol®H,9s = —500 kJ/mol, b, Fig. 2). In the present design study, distarecésepara-
with a conversion of 15%. In this case, the total he@t (  tion) was defined as the minimum length between two ad-
to be transferred from the reaction zone is 28 W (64 plates) jacent reactor compartment walls. Distaricevas defined
or 0.44 W per single molybdenum plate. The effective heat as a minimum length between the top wall of the reactor
transfer area is the area between a single molybdenumcompartment and a side wall of a diffuser compartment.
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(A) Diffuser (B) Reactor
Compartment #

1234 7
345678 Compartment #

L ﬂﬂﬂﬂﬂﬂﬂﬂ ; N

Symmetry plane

A+B Cross section

0.25 mm

2mm

Y
L

Fig. 2. Assembling of the flow diffuser and microreactor. Half of the total device is shown. The design parameters and the dimensions are indicated.
The area of the numerical simulation is shown by the dashed rectangle.

The cross section of the reactor compartments was fixed101 100 Pa was specified at the four reactor outlets. The dif-
at 10 mmx 2 mm based on the typical range of contact times fuser and reactor temperature were fixed at8D0Physical
required for catalytic coating testing (viz., 0.1-10s). This parameters of air were used in the whole study for definition
value is slightly different from the actual value, but it was of gas phase properties. Distangavas fixed at 0.25mm
taken to facilitate grid generation. In the diffuser design, the and the flow distribution was investigated at several differ-
total open area of all compartments was fixed at the value of ent b/a ratios. At first, a uniform flow distribution was ap-
80 mn?, which corresponds to the cross section of four re- plied at the inlet of the diffuser compartments./At 0, the
actor compartments. The equal open area in the reactor andlow distribution was non-uniform with a maximum flow in
diffuser compartments guarantees the lowest pressure droghe second and third reactor compartments. Asbiflaera-
via the device. The effect of the number of the diffuser com- tio increases, more flow goes via the first and fourth reactor
partments and the distance between compartments (pitchompartmentsKig. 3(a)). Therefore, betweelya ratios of
on the flow distribution was investigated. It was found that 0.5 and 1.0, there exist an optimal value at which a uniform
there is no influence of these parameters on the flow dis- flow distribution can be obtained.
tribution if the number of compartments was more than 6.  To characterize the degree of the flow non-uniformity, a
However, a smaller number of diffuser compartments leads special parameteisf was introduced, defined as the mean
to a relatively large width of individual compartments and as square deviation from the average flow value:

a result a longer diffuser length would be required to preheat

the reactant mixture. On the other hand, a large number of Z?:l(”i —i1)2

compartments would hamper the manufacturing of the de-* =\~ 37— ()
vice considerably. Therefore, we have chosen a design with

eight diffuser compartments, in which all diffuser compart- whereu; is the area averaged velocity in the compartment
ments have a width of 1.03 mm with a distance of 0.25mm To compare the results obtained at different flow velocities,
in between. At a fixed height of the diffuser compartments the degree of flow non-uniformity in percent from the total
of 10 mm, a minimum diffuser length of ca. 4 and 7mm flow was defined as

would be required to preheat the reaction mixture to 500 s x 100

and 800°C, respectively. To satisfy the most severe case, the § (%) = —— 3)
diffuser length was fixed at the latter value (7 mm). “

Once the basic design parameters are fixed, a study wag-ig. 3(b) shows that parameté&has a minimum in the range
made to find the optimdd/a value. Again, due to the sym-  of b/a ratios in between 0.80 and 0.83, depending on the
metry only half the geometry including four diffuser com- flow velocity. At theb/a value of ca. 0.81, the mean square
partments has to be modelled. The temperature was fixed atleviation does not exceed 0.5% for the whole range of flow
25°C at the four diffuser inlets. Uniform static pressure of velocities studied.




M.J.M. Mies et al./Chemical Engineering Journal 101 (2004) 225-235 231
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Fig. 3. (a) Flow distributions in the reactor compartments as a function df/theatio. (b) Mean square deviation from the average value as a function
of the b/a ratio at different flow velocities.

Now consider the flow distribution in the reactor com- the angle between the centreline and the wall 6f B&low
partments at a non-uniform flow distribution specified at the a flow rate of 20 crymin (STP), the flow non-uniformity in
diffuser inlets. Actually, the typical geometry of the inlet the diffuser compartments did not exceed 1% from the aver-
chamber before the diffuser inlets has a conical shape pro-age value. The flow non-uniformity increases considerably
viding more flow along the centreline and less near the walls. with increasing the reactant flowrig. 4). Deviations of 12
Therefore, the middle diffuser compartments would receive and 30% from the average value were obtained at a flow ve-
more flow than the outermost onésg. 4 shows three flow locity of 100 and 1000 cAimin (STP), respectively. How-
distributions taken in the diffuser compartments by using a ever, at the fixed parametars= 0.3 mm andb = 0.24 mm,
“standard” conical geometry of the inlet chamber: inlet tube the non-uniformity in the reactor compartments calculated
OD of 3mm, ID of 2mm, chamber length of 11 mm, and by Eq. (3)was 0.35 and 0.80%, respectively. Thus, the de-

sign criterion for flow non-uniformity for the diffuser of 1%
is satisfied. Based on the values obtained, the height of the
<50 cm’/min (STP) diffuser compartmenth was fixed at

5-I_I_I_I_I_I_I_I; h ) 4.6a + 4C (4)
04 wherec is the width of the reactor compartment. This gives

[}
=}
‘_§ a height of the diffuser compartment of 10.42 mnmaat=
3 10- 100 cm*/min(STP) 0.3mm andc = 2.26 mm. The estimated mechanical pre-
2 cision of module assembling is>»6 1072 mm, which would
E 51 guarantee a flow non-uniformity in the reactor compartments
L ol below 1%.
C
% 0. 1000 cm*/min(STP) 3.2. Quench section
o
5- The geometry of the quench section is showrFig. 5.
Assuming that the coolant temperature does not significantly
41 2 3 4 5 6 7 8 change along the coolant chamber, a quarter of the com-
Diffuser compartments plete unit has to be modelled. The sampling capillary in-

ner diameter was fixed at 1.0 mm to provide a flow of ca.
Fig. 4. Flow distributions at the entrance of the diffuser compartments at 1 cm3/min (STP) for mass spectrometrical analysis. Three
different flow velocities obtained with a conical shaped geometry of an riteria were applied to the design of this unit. First of all, the
inlet chamber. This conical chamber connects the 3 mm inlet tube with the L . .
flow diffuser. Geometry specifications—inlet tube: OD 3mm, ID 2mm; temperature of the effluent gases inside the caplllar)gshould
chamber length, 11 mm; angle between the centreline and the chamberP€ decreased from the reactor temperature to ca’@20

wall, 22°. within a millisecond time range. Secondly, the temperature
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Isometric view 510 -
coolant inlet | 78
symmetry o 40T R
plane 2 main stream 6 B R 2 h
outlets 3 |1 2b
® 310 :
entrance for hot 8 ! ted wall at
gases from the £ S ‘~~.f°°1ezo"‘§(a: =
reactor (inlet) F ooq0d \
24 capillary N T TTU—Samaaa

adiabatic wall outlets 110

cooling adiabatic walll

Length, mm
chamber coolant outlet
Fig. 6. Temperature profiles along the specified positions: a, inside the
main stream; b, inside the capillary wall; ¢, along the centreline of the cap-
ca illary. Main stream gas flow velocity: 1-100 é/min (STP), 2-1000 cAi
o o o min (STP).
Top view o o o

0 0 0 0 diameter of 1.2 mm, corresponding to a quenching time of
b 0.5ms. The temperature at the hot end of the capillary is
about 320C, while the temperature of the main stream
Fig. 5. Computational domain of the quench section. Points a, b, and ¢ drops to 120C at the distance of 7 mm from the capillary in-
indicate the position at which the temperature profiles are showigirs. let, satisfying the design criteria. If the flow velocity is fixed
at its lower design value of 100 &fmin (STP), the quench-
of the hot ends of the stainless steel capillaries should not ex-ing of products happens within a 1 mm distanEeg( 6).
ceed 350C to prevent them from oxidation/corrosion. The
outer diameter of the sampling capillary defines the metal 3.3. Sampling section
cross section and, therefore, the heat transfer rate. Finally,
the temperature of the product main stream has to be de-
creased to ca. 15C to avoid damaging of the electronic lets of the reactor compartment were designed at a distance
valves positioned downstream of the module. of 250m from each other. To avoid cross-talking between
Fig. 6 demonstrates the calculated temperature profilesthe adjacent compartments, it is necessary to take samples
in the hottest part of the device—in the close vicinity of inside the compartmen{d6]. In order to find a minimal
the central sample capillary (half of the actual geometry is distance for capillary inlets inside a compartment, a typi-
shown). In the most severe case, having a flow velocity of cal case was studied when a 10% oxygen in helium mixture
1000 cn¥/min (STP) and a temperature of the outlet gases of was fed in every other compartment, while a 10% nitrogen
500°C, the temperature of the products drops to ca.°80 in helium mixture was fed in the adjacent compartments.
already after 3mm in a sampling capillary with an outer The computational domain is shownfig. 7 together with

To make the whole unit as compact as possible, the out-

Isometric view Side view
Inlet1&2
2 mm
d
|<_>| symmetry Inlet 1
compartment1 A——— v 55
——— Swall
compartment 2 ——— -
symme
YMmEY A jntet 2

symmetry

outlet #1

outlet #2 (capilla
(common) [bapilary)

outlet #3 (capillary)

Fig. 7. Computational domain applied in the cross-talking CFD study between two adjacent compartments.
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Fig. 8. (a) Oxygen concentration profile at inlet and outlet of a reactor compartment. The inlets of the sampling tubes are positioned inside the reacto
compartments. Geometry specifications are giverriln 7. (b) Area averaged oxygen concentration at the capillary outlet #3. Total flow velocity: 1,
50 cni/min; 2, 75 cni/min; 3, 100 crd/min (STP). SeeFig. 7 for definitions.

the geometry specifications. Due to the symmetry, only two side the compartments (distande Oxygen concentration

adjacent compartments were modelled. Furthermore, onlydepends strongly on the flow rate and on the distashce

one capillary positioned in the centre of the compartment The minimum distance of the capillary inlet required for

was considered. The linear velocity at the capillary inlet reliable catalyst screening at a minimum flow velocity of

was equal to that in the main stream (iso-kinetic suction). 12 cn?/min (STP) (1/8 of the total value) is located 4 mm

Due to this condition, the capillary only slightly disturbs inside the compartment.

the flow and the modelling of one capillary appears to be

enough. All outlets were specified as outflow regions with 3.4. Fabrication

flow weighting factors proportional to the cross sectional

area of the outlets. The latter condition was required to pro- The high throughput microreactor has been constructed

vide for iso-kinetic suction. Both inlets were defined as pres- according to the present design. fig. 9A, a front view

sure inlets with a pressure drop providing the desired linearis presented of four compartments of the molybdenum

velocity of 0.02 m/s at the inlet position. microreactor.Fig. 9B shows half of the diffuser, which
Fig. 8 shows the molar concentration of oxygen in the is positioned on top of the four compartments from

nitrogen flow versus the position of the capillary inlet in- Fig. 9A.

A. Microcompartments B. Diffuser

Fig. 9. The microstructured reactor fabricated by Ter Hoek Vonkerosie B.V. (The Netherlands) according to the developed design. (A) Upper four
microstructured compartments. One compartment is filled with eight molybdenum plates. The microstructures have dimensiqus dfelg@t and
400pm width along the length of the compartment of 40 mm. (B) Upper half of the flow diffuser (dimensions: width, 1.03 mm; length, 10.42 mm).
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4. Conclusion whereb, — by is the height of a compartment £210-2 and
1 x 10-2m for the reactor and diffuser compartments, re-

A novel molybdenum-based high throughput microreactor spectively) and,—a the width of a compartment (102,
has been designed for screening and optimization of catalytic1.03 x 10-3m for the reactor and diffuser compartments,
coatings in high temperature reactions involving high heat respectively).
effects. By proper choice of reactor material and geometry
near-isothermal conditions can be realized.

A low-pressure drop flow diffuser has been designed for
appllcapon in a wide flow range. of 50—.1000?ﬁnmm (STP). . [1] V. Murphy, A.F. Volpe Jr., W.H. Weinberg, Curr. Opin. Chem. Biol.
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