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Abstract

An extensive numerical investigation on catalyticroreactor light—off was performed using a coupfed full
elliptic code for the gas-phase and a transient HeBt conduction code for the catalytic channel.wialplanar
channel having 10 mm length and 1 mm height wasidered. Detailed gaseous and catalytic chemisiryean
methane/air combustion on platinum was employeshgivith full treatment of all heat transfer medksars inside
the channel (heat conduction in solid, surfaceatéamh heat transfer). The study addressed the teffeevall
properties, hetero-/homogeneous chemistry intenastiradiation, and pressure on the transient ehaf/catalytic
microreactors.

Introduction accounted for by the net radiation method for diéu

In recent years, research efforts have focused gnay areas [6], with all associated emissivitiesespial
portable, hydrocarbon-fueled power generating aevicto ¢=0.6. Radiation transfer temperatures for the inlet
[1]. Catalytic microreactors, in particular, haweeived and outlet enclosures were set equal to the raspect
a lot of attention due to their operational bewsefit fresh mixture and exhaust gas temperatures. The
small scales [2]. While all such studies, both nrica¢ external wall surface was treated as adiabatic. An
and experimental, have provided valuable insighthen orthogonal staggered mesh of 84x24 and 80x2@rid
steady-state behavior of catalytic microcombusf8fs y-coordinates) in the gas and solid wall, respebtive
studies on their transient behavior and in pargican yielded a grid independent solution.
the crucial issue of microreactor start-up remaiitéd

[4]. radiation Adiabatic external

An extensive numerical investigation was carriet L wall surface |,_f
out to investigate the ignition and transient bebraaf . —
methane-fueled catalytic microreactors. Wall thdrme _ll_’r JJ:
properties, elevated pressure, radiation exchamgkei l o ’,____————‘-"-"‘"‘
channel and gas-phase chemistry were studiedhaid t v -siirface reactions
influence on catalytic light-off and elapsed timetiu ~ <~ /I\_L
the reactor reaches steady state was assessed. T < Heat conduction |

in solid support
L

Numerical model . ) .
A full-elliptic 2-D laminar CFD code was used toFig. 1. Schematic of the plane catalytic channel.
simulate the flow domain in a plane channel of tang L=10 mm, 2b=1 mm, =0.1mm.

L=10 mm, height?b=1 mm and wall thickness=0.1 e elementary heterogeneous scheme of Deutschmann
mm (Fig. 1). The quasisteady assumption was em@loyg; 41 [7] was used to describe the oxidation of, ©H

for the 2-D gaseous flow inside the channel, Wit t bt The simulations included the C1/H/O elementary
time-dependent energy balance for the 1-D solid;walyageys mechanism of Warnatz et al [8], with proper
this method was used successfully in previous st inetic parameter corrections for the pressure eahg
simulate ignition in methane-fueled catalytic parti bar< p< 6 bar, according to [9].

oxidation (CPO) reactors [5]. A time step of 50 wes T '

chosen, sufficient for gas-phase equilibration wrale Results and Discussion

cases considered. _ The transient operation of catalytic microreactiers
Pressures of 1 and 5 bar were studied and the fuglsyemed by two characteristic times. The ignitiione

to-air equivalence ratio ranged betwger0.4 and 0.6. ¢ ' and the steady-state ting are set as the times
Two types of wall materials were examined: cOr@eri roqired for the exhaust gases to reach tempesature
(ceramic) and FeCr alloy (metallic) walls, with th&al o5 to respectively 50% and 99% of their maximum
Con_dUCt'V't'eS|‘s=2 and ﬁhl<6 W/mK and heat capacities 5 es at steady state. During microreactor staitts
pLs= 3.8 and 4.4 MJ/MK respectively. Inlet velocity - gesjred to minimize both these characteristic times
range wasJ=0.3-0.5 m/s and 1.5-2.5 m/s at 5 and 1 gjga1ed pressure is investigated to assess isdmp
bar, respectively. The mixture preheat was set @h reactor start-up. Different solid thermal
Tin=850 K, while radiation heat transfer exchangeonqyctivities are studied to determine wall materi

between catalytic surface elements and well as eaghnimizing the characteristic reactor times. Radiat
element and the reactor inlet and outlet encloswaeEs
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heat transfer is implemented and its effect quiactifo

study its impact on the reactor thermal management

during ignition and equilibration. Finally, gas-jglea
chemistry is implemented to study possible impiaa
on the transient behavior of catalytic microreastor

Pressure effect

Elevated operating pressures have been shown\}\?
substantially extend the stable combustion regihe 0
methane-fueled catalytic microreactors under steal
is that catalyti

state conditions [3]. The reason
reactivity of CH, on Pt follows a positivep
dependence on pressure and thus a positive pres
effect is expected on the start-up of such micria.

+0.47

In Fig. 2, computed exhaust gas temperatures vers

time are plotted for two cases gl and 5 bar, with

inlet velocities adjusted to maintain the same ma:

throughput. From the definition &gy, it is evident that
an increase of the inlet pressure substantiallyedses
the time required for reactor light-off. In thissea a 5-
fold increase of the inlet pressure yields an ignitime
of ten=7.8 s, as opposed tocn=14.1 s for the

atmospheric pressure.
Steady State Time [s]
0 1|0 1|5 ZIO 25
2 T,,= 850K, p= 0.6 /I\ A
z U;y= 0.3 m/s (5 bar)
91750 Ym= 1.5 m/s (1 bar)
g
5 5 bar
£
81450 1 bar
"]
[}
o
g
£1150
X
w
|
I
8‘“ T T ‘I T T
0 5 10 15 20 25

Ignition Time [s]

Fig. 2. Exhaust gas temperature versus time for two
cases with same mass throughput at p=1 and 5 bar.
Equivalence ratio ¢=0.6, inlet temperature T,,=850
K, cordierite wall (k<=2 W/mK). Vertical arrows
define tigy (bottom axis) and tsr (top axis) for p=5
bar (solid) and p=1 bar (dashed) respectively.

Inlet velocity effect

The inlet velocity has a direct impact on the time
required to ignite the catalyst and afterwards meac
steady state, since it is directly proportionathte power
input of the reactor and the residence time ofgh® in
the channel.

The impact of inlet velocity is illustrated in Figu3.

all temperature profiles are presented for twoesas
here the inlet velocity is varied frokdj\= 0.3 to 0.5
/s, at four time instances. Ignition at the rear i
Sbserved, with a heat wave forming near the channel
outlet and slowly propagating upstream.
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Fig. 3. Wall temperature profiles for two cases at
four time instances (from weakly reactive to steady
state). Top panel: U;=0.3 m/s, bottom panel:

The increase of catalytic reactivity at elevated) =05 m/s. Other conditions are. pn=5 bar,
pressures allows significant fuel consumption atl waT =850 K, ¢p=0.6, k=2 W/mK .
temperatures much lower than those at atmospheric | o
pressure. This can have a significant impact with USing the definition oty andtsr as stated before,

materials of high thermal capacity, which take lentp
heat up to the critical temperatures required &anlyst
light-off. By the slope of the two curves in Fig.ican
be observed that both pressures require almostatime
time to reach steady state (~6.1 s) following ignit
indicating that after ignition the chemical powepit
per unit time is more critical in determining hoasft the
reactor equilibrates.

two opposing trends are observed concerning their
dependence on inlet velocity. At low inlet velogitize
reactor benefits from increased residence timehef t
flow and reduced convective heat losses from thie ho
catalytic walls back to the gas phase. This alldars
faster build-up of heat on the reactor walls and
subsequent faster temperature rise, which leatisster
catalyst light-off §en, 0.3mis< tin, 0.5md- HOwever, once
ignited, the low velocity case requires a longaretito
reach steady state than the high velocity ce$e s>

tst 05mid- The reduced chemical power input of the low



velocity case is not sufficient to compensate fierfieat 3.8 MJ/niK for cordierite, as opposed to 4.4 M3Kn
accumulated in the reactor walls and the propagaifo for FeCr alloy). A smaller amount of energy neeaulbé
the reaction front further upstream is slowed down.  accumulated in the ceramic wall to increase its
. temperature. In the case of steady inlet velodciyd(
Wall thermal conductivity effect thus, steady chemical power input per unit time),

In order to study the effect of wall thermalreactors made of low thermal capacity materiald wil
conductivity on microreactor start-up, two types ofquilibrate faster. The above mentioned observation
representative reactor wall materials were invastig. come in stark contrast to findings concerning
The first one has the properties of cordierite wéca microreactor steady state stability [3]; while niiéta
(k=2 W/mK, pc= 3.8 MJ/NiK) and the second one the channels are more robust against external hea¢dpss
properties of a FeCr metallic allok£16 W/mK,pc= ceramic ones are better suited during reactor-start
4.4 MJ/mMK). In steady-state operation, the dominanh _—

d o . Radiation effect
heat transfer mechanism inside catalytic channels
conduction in the channels walls, directly impagtin ~ Another phenomenon which is usually neglected in
combustor stability through the effective prehedt ostudies on catalytic microreactors is surface taia
incoming fresh combustible mixture. During transienheat transfer inside the channel reactor. During th
start-up, the thermal capacity of the solid hagaumlly ignition and heat-up time phases, significant
important role, since high heat capacity matengils temperature gradients can be observed between the
require larger amounts of thermal power to heataup front- and back-end of the reactor (e.g. see Rgsnd
steady-state conditions. 4).

Figure 4 illustrates the significant difference Transient simulations were performed fa=5 bar,
between ceramic and metallic materials. Wall\=850 K, U\=0.3 m/s,9=0.4, k=2 and 16 W/mK,
temperature profiles are presented for two chanmighs  with radiation transfer either included or negleicse as
cordierite and FeCr alloy walls. The latter reqdireto study its impact omgy andts. In the case of low
almost 50% longer time than that of the formergach thermal conductivity, radiation played a dual rdleing
steady state tr=30.1s, as opposed tostart-up, hindering somewhat ignition but promoting

tsT cordierite=21.3 S). fast equilibration to steady state. Specifically, the
case where radiation in the channel was neglected,
1600 ignition and steady state were achieved,@aE 12.2 s
21.3 5 - steady state and t5=26.7 s, respectively, while in the case where
—14504 radiation was included the corresponding times were
X v tien= 12.5 s andtg=24.6 s. This behavior can be
[ . . .
£ explamegl with thg help of Fig. 5, whereby the gmyer
§ 1300+ balance in the solid is presented.
Q
g —5 1300
< Q
51150_ E 4 t=125s GEN e
3 23 g
S = 37 : g
1000- = -.f1150
0 2 o
) 3
£ 11 : 3
8500 4 6 8 10 8 o by et g
Channel length [mm] ‘_!‘:’ Om — ”-10005
1]
8 -1- L}
Fig. 4. Wall temperature profiles at 4 time instances & i
for two reactors with cordierite (k=2 W/mK, solid ~ 2-21 Q
blue lines) and FeCr alloy (k=16 W/mK, dashed red al— i . Qcow | g0
lines) walls. Steady state wall temperature profiles 0 2774 6 8 10
are indicated for both cases. Conditions. p\=5 bar, Channel length [mm]

Tin= 850K, Un=0.3 m/s, p=0.4. Fig. 5. Streamwise profiles of the energy balance in
This marked difference is attributed to the lowethe solid at a time instance of reactor ignition
thermal conductivity and lower thermal capacitytiogé ~ (tien=12.5 s); the wall temperature profile at this
ceramic material. Before ignition, heat conduciivthe instance is also plotted. Terms include: generated
solid is less pronounced for the ceramic mateHalat heat on the wall (Qgen), heat conducted through the
cannot be dissipated easily away from the reactiore Wall (Qconp), heat convected to the gas (Qcony), Net
close to the channel exit; this leads to the foromabf — surface radiation (Qrap) and accumulated heat in
spatially narrow hot zones (see Fig. 4, wall terapee  the wall (Qacc). Conditions include: piy=5 bar, Tin=
profile at 12.5 s for the ceramic reactor), whiphtirn 850 K, U;y=0.3 m/s, =04, k<=2 W/mK.
promote further fuel consumption and lead to much
faster catalyst light-off. This effect is enhandeg the
lower thermal capacity of the ceramic materjalcf£

As evidenced in Fig. 5, during ignition there are
large wall temperature gradients inside the cdtalyt



channel. This leads to increased radiation transiéra 22 1600
magnitude comparable to that of heat conductiothén 204 -
solid. Radiation in this instance dissipates heaaya 18-
from the hot zone at the reactor rear, reducingntak 3 { L1350
temperature and thus increasimgy. After ignition, _.-'I
radiation helps the faster redistribution of heaide the i
channel and thuss is reduced (faster equilibration of "
the reactor). However, at high values kf wall [ ] 1100
temperatures are more uniform and heat conduction & 17 I
the wall is the dominant heat transfer mechanisith w “g . ,' s
radiation having a less pronounced effect. 5 60T ?280 =
Gas-phase chemistry effect § g

Another important parameter often neglected i g 45 | 1350 %
catalytic microreactor simulations is gas-phasetieas g )
inside the channel. Transient simulations wer s" 3.0 =
performed where detailed gas-phase chemistry w .
included to study its possible effect on ignitionda 1100
steady state times. 1.5+

Gas-phase chemistry can affect ignition and steat N 125s
state times by contributing to the heat balancilénthe 0.0duwcadazeoe . s50
catalytic channel. This can be achieved directly heat o 2 a 6 ' 10
released from gas-phase reactions or indirectly v.. Channel length [mm]

incomplete oxidation in the gas phase (leading arityy  F19- 6. Computed fuel conversion rates for a case
to CO, which can then adsorb on the catalytic wati  With (&) and without (b) gas phase reactions over the
further oxidize thus releasing heat). Fpg=5 bar, Channel streamwise extent at four time instances,
Tn=850 K, Ujn=0.3 m/s,¢=0.4 andk=2 W/mK, gas- mclut_jmg tien and tsr. Sol_ld blue lines: cataJytlc
phase reactions were found to promote slightly treac "€action rate, dashed red lines: gas-phase reaction
ignition and equilibration to steady state. Speaify, rate Dotted green lines represent wall temperature
with the inclusion of gas-phase chemistiyy dropped Profiles.

to 12.1s Wh”etg‘r was reduced to 22 S, Compal’ed to Although gas_phase Chemistry plays a Secondary
12.1s and 24.8 s, respectively, when only ca@lytiole in reducing ignition and steady state timeglays
reactions were included. an important role in regulating microreactor enussi

To fully understand the impact of gas-phas@uring start-up. As can be seen in Figure 7, gaseh
chemistry on the wall energy balance, catalytic @ast reactions alter qualitatively and quantitativelye th
phase conversion rates are plotted in Figure @0aloemissions at the channel outlet.
with wall temperature profiles at four distinct 8m
instances for a computed case with (a) and witllout 10%
gas-phase reactions. Back-end ignition is obseined
both cases, with a heat wave propagating towarels t
front of the reactor for both cases.

At the time of reactor ignition, heat generatedity e
gaseous phase is minimal, as evidenced by the uelv f -_8 10
conversion in the gas phasetai2.1 s. Up to that time, g
temperatures inside the channel are too low tdateit & 10*
gas-phase reactions. After ignition, the gas-phasg ~
contribution in the fuel conversion is increasec9 101./ \
substantially; however, flames that are formedha t b co
catalytic channel are weak (due to the large amoftint ‘g 10°
fuel already consumed on the catalytic surface), ane a

104 UHC

[ppm,]

catalytic & gas-phase
catalytic

sustainable only by the exothermicity of the cdtaly “ 102 —
reactions. For this reason, the heat wave propagati I !

. 25 10.0 17.5 25.0
towards the reactor front-end (formed by catalyti Time [s]

reactions) alwaysprecedes the weak flame. The o

contribution of gas-phase exothermicity is thudig. 7. Unburned hydrocarbon (UHC, solid lines)
secondary; due to its narrow spatial extent comptse @nd carbon monoxide (CO, dashed lines) reactor
the heat released from catalytic reactions, thé wege ©€mMissions with respect to time for two cases with

is intensified and travels faster upstream. (gray lines) and without (black lines) gas-phase
reactions. Arrows indicate steady state. Conditions:

pIN:5 bar, Tin= 850 K, Un=0.3 m/s, ¢:0.6, ks=2
W/mK.



Incomplete gas-phase combustion increases 6] R. Siegel, J.R. HowellThermal Radiation Heat
emissions from the entire even at steady statehen Transfer, Third ed., Hemisphere, New York, 1992, p.
case of catalytic reactions only, the desorpticergnof 271.

CO from Pt is too high for any significant emisso®n [7] O. Deutschmann, L.I. Maier, U. Riedel, A.H.
the other hand, the weak flames formed in the gii¢al Stroemman, R.W. Dibbl&atal. Today 59 (2000) 141-
channel are responsible for the rapid conversiofuelf 150.
even during the ignition and heat-up phase, whitmly [8] J. Warnatz, R. W. Dibble, U. MaaSpmbustion,
catalytic reactions are considered a considerabd f Physical and Chemical Fundamentals, Modeling and
breakthrough is predicted until steady state istred. Smulation, Springer-Verlag, New York, 1996.

[9] M. Reinke, J. Mantzaras, R. Bombach, S.
Conclusions Schenker, A. InauerGombust. Flame 141 (2005) 448-

The transient behavior during start-up of methanet68.
fueled catalytic microreactors was investigatechgis
2-D CFD quasisteady elliptic code to model a platin
coated plane channel; detailed catalytic and gaseh
chemistry descriptions and full treatment of allahe
transfer mechanisms inside the channel were
considered. The effect of pressure, wall thermal
properties, radiation transfer, inlet velocity agds-
phase chemistry on the time required for micromact
ignition and equilibration (steady state) was
investigated.

Pressure played a profound role in significantly
reducing ignition and steady state times due tceemed
catalytic reactivity. Ceramic channel walls allowr f
faster ignition and equilibration because their low
conductivity and thermal capacity creates hot sfiws
promote fuel conversion. Low inlet velocities ignthe
reactor faster but reach steady state slower tligim h
inlet velocities. Radiation transfer plays a dualer
since it can hinder ignition (heat dissipates adrayn
the reaction zone) but fastens approach to stetady s
(by redistributing heat inside the channel). Gaasgh
reactions improve slightly both ignition and
equilibration times, with catalytic reactions plagithe
dominant role. Inclusion of gas-phase chemistry in
modeling can be important in the correct assessient
reactor emissions during the heat-up phase (between
ignition and steady state), especially if this ghas
requires significant time to be completed.
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