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Abstract

Experimental data on dynamic evolution of spatiotemporal temperature patterns and temporal conversion patterns for CO
and hydrocarbon oxidation and NO reduction in a monolithic catalytic reactor reflecting variations of inlet conditions are
presented. Possibility of increasing conversion of,N€duction by periodic variation of inlet conditions is experimentally
documented. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction and its reduction in the rich period is used for enhanc-
ing the overall conversion of nitrogen oxides. Most
Monolithic catalytic reactors are widely used as au- catalysts for NQ reduction operate within a specific
tomobile catalytic converters [1] and thus represent temperature window. Hence the control of temperature
the by far most common catalytic reactor. Monolithic  within the monolith is important to achieve maximum
reactors are most often operated under non-stationarypossible conversions.
conditions as inlet conditions vary in dependence on  Evolution of temperature patterns in monolithic cat-
driving conditions. Simultaneous oxidation of CO and alytic reactors has been followed experimentally by
hydrocarbons and reduction of NQunder stoichio- several authors [7—9]. However, until now, no detailed
metric conditions have been solved by the introduction experiments on spatiotemporal temperature patterns in
of three-way catalysts. Combustion under lean condi- the course of the “light-off" of the monolithic reac-
tions (an excess of oxygen) can keep engine efficiency tor and/or in the course of periodic variation of inlet
higher. However, catalytic reduction of nitrogen oxides conditions were presented in the open literature. In
in the presence of oxygen is difficult. Recently, con- the following, we present such a data and discuss the
trolled periodic variation of inlet conditions between evolution of spatiotemporal temperature patterns.
lean (excess of oxygen) and rich (excess of reducing
components) has been proposed and used fof NO
control by selective catalytic reduction [2—6]. Storage
of nitrogen oxides on catalytic surface in lean period

2. Experimental equipment

The experimental set-up used for experiments is
depicted in Fig. 1. Two different types of experi-
* Corresponding author. mental reactors were used. The first one enabled the
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The inlet composition and flow rate were controlled
by mass-flow controllers (Bronk-horst F-203, F-201),
admixture gases were obtained from gas pressure ves-
sels and air from an oil-less compressor. The peri-
odic variation of inlet composition (switching between
the reacting and the cooling stream) was managed by
two solenoid valves that controlled bypass of electri-
1 cal heater in the cooling half-period, cf. Fig. 1. Inlet
flow temperature was controlled by PID temperature
controller based on temperature value from the ther-

mocouple inserted in front of the monolith. The inlet
and outlet stream compositions were monitored (af-
3

ter cooling and filtering) by an analytical system con-
sisting of infra-red analyzers (NO/NGand CO/CQ;
ABB (HARTMAN & BRAUN), URAS 14, Advanced

Optima) and of paramagnetic analyzer (oxygen; ABB
6 < § (HARTMAN & BRAUN), Magnos 16, Advanced Op-

tima). For NQ analysis, the N@to NO chemical con-
verter was used. Measurements of 2D spatiotemporal
patterns were performed by two methods — dynamic
and stationary. The dynamic method used continuous
o E shifting of thermocouples within the reactor, cf. Fig. 2
—0 and supplied data on the evolution of axial spatiotem-

5 poral temperature patterns in individual channels (18
i channels from the total of 1122 were used for mea-

4

—

X

surement). Single “snapshot” of temperature pattern
in the entire monolith could be obtained within 22 s.
The stationary method consisted of periodically re-

Fig. 1. Scheme of experimental reactor set-up: (1) reactor; (2) elec- peated sampllng of temperatures at chosen axial po-

trical heater; (3) hot air stream; (4) cooling air stream; (5) bypass Sitions. Comparison of spatiotemporal patterns mea-
for admixing (for fast response); (6) inlet mass-flow controllers sured by the two methods enabled the estimation of

(FC); (7) air mass-flow controller. the reproducibility of measurements. The monoliths
used in experiments were of standard type (cell den-
sity 400 CPI) available from different industrial pro-

measurement of spatially 2D spatiotemporal temper- ducers. Three different monoliths were used: Pt/Rh

ature patterns [10] and the second one was used for(5:1)/Al,03, Pt (1 wt.%) on ApO3 on ceramic support
logging of axial temperature patterns during fast pe- and Pt (1 wt.%) on AlO3 on metallic support.

riodic variations of inlet conditions. The reactor has

been equipped for measurements of spatially 2D tem-

perature pattern with shifting mechanism that enabled 3. Experimental results

positioning of thermocouples within the channels of

the reactor. The timing of the positioning and the 3.1. Spatiotemporal temperature patterns —

entire process of data acquisition was controlled by “light-off’ in CO combustion

industrial PC. Temperature profiles inside the mono-

lithic reactor were measured by thin thermocouples  Conversion efficiency of monolith catalysts used

(diameter 0.25 mm) inserted from the outlet face of the in mobile applications can be increased by acceler-

monolith (cf. the location of thermocouples depicted in ating the “light-off”. The study of the evolution of

Fig. 2). spatiotemporal temperature patterns in the course of
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Fig. 2. Two ways of measurement of spatiotemporal temperature patterns in the monoliths — schematically. Left: measurement of spatially
2D temperature patterns by shifting thermocouf@:® @ @ @ — axial location of 11 measurement positions. Used for dynamic and
stationary measurements, namely for measurements under radially nonuniform inlet flow velocity distribution, cf. explanation in the text.
Right: measurement of axial (1D) temperature patterns by thermocouples located at fixed positions. Used for measurements under uniform
inlet flow velocity distribution and in periodic operations.

the “light-off” can be used in the improvement of and ignition (“light-off”) close to the catalyst ignition
“light-off” characteristics. In axial flow catalysts used point and to investigate the effects of radially nonuni-
in cars, flow velocities and temperatures in the central form inlet flow distribution. The monolithic reactor
layers of the monolith are higher than in the outer lay- under these conditions exhibited hysteresis in depen-
ers. The flow velocity can be 50% higher in the control dence of the outlet concentration on inlet temperature,
area covering one-third of the cross-section [11,12]. i.e., multiple steady states could be observed in the
Authors [13] considered on the basis of actual mea- extinction—ignition region.
sured data that velocity in the center at the inlet of the  Experiments on the “light-off’ behavior of the
monolith can be more than four times higher than aver- monolithic reactor were carried out for different inlet
age flow velocity. Poisoning and thermal deterioration temperatures and radial flow velocity patterns (uni-
of the catalyst is then stronger in the center than in the form and parabolic-like). The used ceramic mono-
outer layers. This is one of the reasons why the cat- lithic reactor contained catalyst Pt/Rh on,®i with
alyst actually used in cars is designed with an excess channel density 400 CPI, the monolith had diameter
capacity. The actual distribution of flow velocities and 48 mm and length 120 mm. The experimental proce-
the actual spatiotemporal pattern of the activity of the dure was as follows: First, constant temperature air
catalyst then determine the evolution of spatiotempo- flow passed through the reactor. After the stabilized
ral temperature patterns and the process of “light-off”. initial temperature profile was recorded, the com-
Oxidation of CO by air has been used to study position of the inlet stream was changed by adding
the evolution of spatiotemporal temperature patterns reacting species, e.g., carbon monoxide (1vol.%),
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Fig. 3. Evolution of spatiotemporal temperature patterns in monolithic reactor (bottom), radial and axial coordinates in mm, temperature
in °C, Ty, = 220°C, Viy = 751/min, uniform inlet flow distribution, fully ignited reactor; (top) course of outlet concentrations in vol.%
(CO — thick line, CQ — thin line), temperature-inlet (thin line) and outlet (thick line).

while the temperature scanning inside the monolithic Figs. 3-5 and discussed below. Experimental condi-
structure was continued (dynamic method). The out- tions are summarized in Table 1.

let concentrations were also recorded. The data were

saved on the PC for further processing. The experi- 3.1.1. Uniform inlet flow velocity distribution

ment was terminated when the outlet concentration The results of the “light-off” experiment for radially
and the inside temperature profiles were stabilized. uniform inlet flow pattern are depicted in Fig. 3. The
The results of such experiments are depicted in reaction front is ignited in the front part of the reactor
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Fig. 4. Evolution of spatiotemporal temperature patterns in monolithic reactor (bottom), radial and axial coordinates in mm, temperature
in °C, Tin = 215°C, Vi, = 751/min, nonuniforminlet flow distribution with maximum in the center, fully ignited reactor; (top) course of
outlet concentrations in vol.% (CO — thick line, GG thin line), temperature-inlet (thin line) and outlet (thick line).

Table 1

Experimental conditions for “light-off” experiments

figure* Tin (°C) Vin (I/min) c(CO) (vol.%) ¢(CzHs) (vppm) ¢(NO) (vppm) Inlet flow distribution
3 220 75 1 - - Uniform

4 215 75 1 - - Nonuniform

5 250 75 1 -

- Nonuniform
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Fig. 5. Evolution of spatiotemporal temperature patterns in monolithic reactor (bottom), radial and axial coordinates in mm, temperature
in °C, Tin = 250°C, Vi, = 751/min, nonuniforminlet flow distribution, fully ignited reactor; (top) course of outlet concentrations in vol.%
(CO — thick line, CQ — thin line), temperature-inlet (thin line) and outlet (thick line).

over the entire reactor cross-section and temperaturefrom a nonadiabatic operation of the monolithic reac-
maxima are located at the same axial distance from thetor. Different course of the “light-off” was observed
reactor inlet. The monolith is heated up by the reaction in the case of lower inlet temperature close to ignition
heat which is accumulated in the monolithic structure temperature. The ignition then occurs in the rear part
until the relatively constant temperature along the re- of the reactor. Temperature maximum is propagated
actor is achieved. Only low radial temperature gradi- to the front part until it is stabilized near the monolith
ents are present in the outer boundary area resultingcenter.
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3.1.2. Effects of nonuniform inlet flow velocity
distribution

The nonuniform inlet flow velocity distribution was
realized by inserting metallic mesh at the face of the
monolith which controlled the flow distribution. In the
case of the increased flow rate in the central part of
the monolith metallic mesh with central hole (diame-

ter 10 mm) has been used, cf. Fig. 13 (top). Spatiotem-

poral temperature patterns depicted in Fig. 4 for inlet
temperature 21% illustrate the formation of hot spot
in the reactor rear part and its propagation to the inlet
of the reactor where it is stabilized. We can observe
that the ignition front is radially nonuniform and prop-
agation takes place also nonuniformly (compare with
the radially uniform ignition for the uniform inlet flow
rate in Fig. 3). After the stabilization of the hot spot
in the front part of the reactor, the radial temperature
profile becomes flat and the outlet concentration of
CO is near zero. The ignition in the front part of the
reactor for higher inlet temperature (2%5) is shown

in Fig. 5. The nonuniform inlet flow distribution in-

399

spatiotemporal patterns. The presented results illus-
trate the existence of two types of behavior: when
the inlet temperature is sufficiently higher than the
“light-off” temperature and the hot spot is formed at
the monolith entrance, then the formed temperature
hot spot becomes stationary and no travelling front has
been observed. In the second case, when the inlet tem-
perature is set only slightly higher than the “light-off”
temperature, the hot spot is established at the rear part
of the reactor and propagates towards the face of the
monolith. It can be stabilized either in the central part
of the reactor or close to the face of the monolith.

In the cases, shown in Fig. 5, the velocity of the
propagation of the temperature front approximately
was 2 mm/s, and the time necessary for the stabiliza-
tion of the position of the hot spot was in the order of
tens of seconds. When an order of magnitude lower
flow rates were used [14], similar types of propagation
of hot spots were observed, however, the velocities
of propagation were an order of magnitude lower and
the time for stabilization of profiles was accordingly

duces local temperature maximum at the center of the longer.

middle part of the monolithic reactor.

Comparison of evolution of spatiotemporal temper-
ature patterns for uniform and nonuniform inlet flow
velocity distribution shows that differences in pattern
evolution are observed mainly during the ignition be-
fore the combustion front is stabilized. In the case of
nonuniform radial inlet flow velocity distribution, the
ignition takes place in the radial cross-section with
higher reaction mixture flow rate. Higher transient ra-

3.2. Evolution of spatiotemporal temperature
patterns in periodically operated monolith

Complex arrangements of monolithic reactors, in-
cluding combinations of several monoliths, flow re-
versal and various heating and cooling schemas were
proposed recently for use in automobile converters.
One of the proposed arrangements makes use of two

dial temperature gradients and lower axial tempera- monolithic reactors with alternating flow of the react-

ture gradients exist in comparison with the case with
the uniform inlet flow velocity distribution. After the

ing gases and cooling air into the monolith to set up
proper axial temperature profile along the monolith for

stabilization of temperature pattern, we can observe NO reduction catalysts operating in relatively narrow

only small differences in resulting temperature pat-

terns, e.g., lower radial temperature gradients in the

rear part of the reactor for uniform inlet velocity dis-
tribution, cf. Figs. 3 and 5. Differences in spatiotem-

temperature window [5,6].

In the following, we present results of experiments
performed in order to study the dynamic behavior
of spatiotemporal temperature patterns in the mono-

poral temperature patterns also arise when the inlet lithic reactor under periodic variation of inlet condi-
temperature is close to ignition temperature and/or fast tions. The detailed knowledge of the patterns can be

heating of the monolith from the ambient temperature

used, for example, for the design of control algorithms

to ignition temperature takes place. In this case, the of periodically operated monoliths. Both uniform and

effect of nonuniformity is particularly important (cf.
Fig. 5).
The dynamics of reaction front motion strongly de-

nonuniform inlet flow velocity distributions were used.
The experiments were carried out under an ex-
perimental protocol different from that for the

pends on inlet temperature, concentrations, flow rate above-described “light-off” experiments. At the start

conditions, and previous history of development of

of the experiment, the reactor was operated under
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Table 2

Inlet conditions, experiments with periodic inlet conditions variation, the half-period 44 s

figure* Inlet temperature°C) Cooling temperature®C) Concentration of CO (vol.%) Flow rate (I/min)
Reacting Cooling

6 225 20 1 75 75

7 250 20 1 75 60

8 290 20 1 75 60

conditions where the reactions occurred with high last two rows of snapshots document the periodicity
conversion and the temperature profile has been sta-of the established temperature pattern. The stabiliza-
bilized. Then the periodic variation of the inlet stream tion of periodic course of outlet COconcentration
conditions was started. It was realized as periodic and practically constant outlet temperature are de-
switching between the reaction mixture (heated to picted in the top part of Fig. 6. However, due to low
higher than the “light-off” temperature, cf. Table 2) inlet temperature, the overall CO conversion is low.
and the cooling air. Temperature pattern measure- The dynamic measurement procedure offers gen-
ments were realized either by dynamic shifting of eral information about the development of spatiotem-
thermocouples within the monolith (dynamic mea- poral temperature patterns in the case of relatively
surements) or by repeated recording of temperaturesslow development of temperatures inside the reactor
at chosen different axial positions until the stationary or for long periods of variation of inlet parameters. To
state temperature profile has been reached (stationaryobtain more detailed information on the evolution of
measurements). temperatures in the reactor, the repeated (continuous)
Temperature patterns obtained by dynamic mea- measurements at constant positions along the reactor
surements (shifting of thermocouples) are depicted in were used (“stationary measurement”). Temperature
Fig. 6. The first row of patterns in Fig. 6 shows the patterns obtained in this manner are depicted in Fig. 7.
course of temperatures after the start of periodic vari- Higher inlet temperature than one used in Fig. 6 leads
ations of conditions in the inlet stream. Temperatures to far higher CO conversions.
were recorded for every 2s at 12 different axial po-  Temperature patterns were measured under the fol-
sitions (hence one cycle of the spatiotemporal pattern lowing conditions:
was recorded within 22 s) and the inlet conditions were
varied with the half-period of 44 s (the flow of both the
reaction mixture and the cooling air lasted for 44 s).
At the time of the first switching, the thermocou-
ples were placed 10 mm from the entrance to the
monolith, cf. Fig. 6, the first snapshot. The next snap-
shot shows cooling of the monolithic structure after
switching to cooling air. There is evident nonuniform
temperature distribution corresponding to the nonuni-
form inlet flow distribution with maximum in the The first snapshot in Fig. 7 corresponds to the tem-
center. The situation after the switching to reacting perature pattern at the start of the flow of the hot
gas corresponds to the third snapshot. Due to high reacting mixture (legend above the picture denotes
surface temperature at the rear part of the reactor, thetime from the start of the period). Radially nonuni-
reaction takes place predominantly in this area (rel- form flow velocity profile with maximum at the cen-
atively high axial temperature gradients exist in the ter has been again used. In the next snapshot, we can
middle part of the reactor), cf. the third and fourth observe increasing temperatures in the front part of
snapshots. The following snapshots depict stabiliza- the monolith following the inflow of the hot reaction
tion of temperature profiles inside the reactor and the mixture and slightly increasing rear area temperatures

o after the “light-off”, the stationary temperature spa-
tial pattern was established,;

e the switching procedure (variation of inlet condi-
tions) has been started and periodic switching of
inlet conditions continued until the periodic spa-
tiotemporal pattern has been established;

o the datalogging of temperatures at each axial posi-
tion for 12 periods (i.e., 1056 s) started.
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Fig. 6. (Bottom): Evolution of spatially 2D temperature patterns within the monolithic reactor, periodic variation of inlet conditions
(alternating flow of reacting gas and cooling air), dynamic measuremenuniforminlet flow velocity distribution,x-axis axial (mm),
y-axis radial (mm)z-axis temperature°C); (top): course of outlet concentrations (volume averaged) in vol.% (CO — thick ling,-€O

thin line), temperature-inlet (thin line) and outlet (thick line).

due to the heat of reaction (CO oxidation). The fol- row of the snapshots. The axial temperature gradi-
lowing snapshots show progressively increasing tem- ents are reduced and spread out. The reactor cooling
peratures in the front part of the monolithic reactor process after the switching to the flow of the cool-
where the rate of reaction is increasing. The propa- ing gas is depicted in the following snapshots. The
gation of the reaction front to the front part of the similarity of snapshots at 0 and 84 s confirms the
reactor is evident from the course of the outlet tem- periodicity (period 88s) of the observed spatiotem-
perature, cf. Fig. 7 which slightly decreases with time poral temperature patterns, demonstrated also by the
even if the inlet temperature is high. This can also course of outlet C® concentration and temperature
be seen from the temperature pattern in the second(Fig. 7).
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The evolution of temperature patterns for uniform of the reactor and in the cooling period, the front then
inlet flow velocity distribution is depicted in Fig. 8. propagates into the middle part of the reactor and the
The experimental protocol was the same as in the casetemperature decreases. Comparison of Figs. 7 and 8
of the nonuniform inlet flow velocity distribution and illustrates how contrary to smooth, radially uniform
the layout of the graphs also agrees. The figure de- spatial temperature profiles for radially uniform in-
picts the situation where the reaction front at the start let flow velocity (e.g., measured in the laboratory, cf.
of the heating period is located in the middle part of Fig. 8), more complex radially nonuniform profiles
the monolith. In the course of the heating (reaction) are observed (cf. Fig. 7) for nonuniform inlet flow
period, new reaction front is initiated in the front part distribution typical in car mufflers. Comparison of
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spatiotemporal temperature patterns in both the casesthrough the reactor under constant inlet tempera-
confirms that the temperature within the monolith is ture agree with the earlier published experimental
keptin a relatively narrow range between times 18 and data [3]. The peak of conversion for NOreduc-

42 s in the reacting period. tion (40%) coincides with the ignition temperature

of propene combustion. The inlet temperature corre-
3.3. Selective catalytic reduction of N@nder lean sponding to the peak point is characteristic for the
burn conditions used catalyst. Partial reduction of NO by propene

is observed below this temperature, while in this
The results of experiments where reaction mixture temperature range, NO to NCoxidation does not
(propene 1700ppm and NO 550 ppm in air) flows take place. For higher temperatures the NO oxida-
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containing propene (1700 ppm) and NO (550 ppm) in air, legend denotes inlet tempet&)yraniform inlet flow distribution.

tion starts and continues until maximum conversion
is reached and total conversion for N®@eduction
decreases.

ignited at the end of the reactor and the ignited reac-
tion front propagates into the front part of the reac-
tor. The inhibition prevents the propagation and thus

Simultaneous observation of outlet conversions and causes the blow-out of the reaction front for lower inlet

temperatures together with the recording of the evo-

lution of spatiotemporal patterns can help to identify
the effects of the individual variables. This is illus-
trated below for the case of NO inhibition of propene

temperatures.

The effect of inhibition was confirmed by observa-
tions in the cases where NO was added after propene
oxidation took place with maximal conversion. Fully

combustion. It has been observed in stationary ex- ignited reactor becomes extinguished after the addition

periments that for relatively narrow temperature win-
dow, an “inhibition” of propene oxidation by NO took
place. In the temperature range 185—2D5the igni-

tion at first occurs, but then the extinction is observed.

If NO is not present, the extinction in this tempera-

ture range does not occur. Time course of axial tem-

perature profiles inside the monolith for this case is
depicted in Fig. 9 for ceramic monolith. Reaction is

of NO in the range of inlet temperatures 190-220

for ceramic monolith. The corresponding time courses
of reactor temperatures are depicted in Fig. 10. The
figure shows the behavior after NO addition into the

reaction mixture at time 250s. The maximum reac-

tor temperature increases while the temperature in the
front part of the reactor decreases even if the reac-
tion has not been totally blown out. For the lowest
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containing propene (1700 ppm) in air; addition of NO (550 ppm) into reaction mixture at 250s, legend denotes inlet temp&pature (

uniform inlet flow distribution.

Table 3

Comparison of the stationary and non-stationary operations, mean outlet concentrations and conversions, ceramic monolith, inlet concen-

trations: 550 ppm NO, 1700 ppm propene

Steady state operation

Non-stationary operation

Tin 250°C 275C 250C 275C
CO, (vol.%) 0.55 0.55 0.52 0.53
C3Hg conversion 0.97 0.97 0.91 0.94
NO (ppm) 11 208 152 146
NO, (ppm) 441 475 291 344
NO, Conversion 0.2 0.13 0.47 0.37
Cooling air flow rate (I/min) - 75 100
Half-period (s) - - 20 30
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converted propene — thick curve, and temperature patterns in the metallic monolithic reactor (bottom) for five values of switching
half-period. Cooling flow rate 75 I/minfi, = 275°C.
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reported inlet temperatures (190-203%, the reaction The course of experiments was as follows. The re-
front starts to move after the addition of NO rela- actor temperature was set by passing hot air. Then the
tively fast through the reactor (velocity between 0.6 reaction mixture (propene 1700 ppm, NO 550 ppm)
and 2.5mm/s) from the face of the monolith to the was injected into the reactor and at the same time
rear part of the monolith where it ceases to exist. scanning of temperatures (inlet, outlet and within
For higher temperatures, the reaction front is not so the reactor) and outlet concentrations was started.
sharp. The behavior after propene addition into the re- Switching between the reaction half-period, where
action mixture containing only NO and air is very sim-  the reaction mixture passes through the reactor and
ilar to the case of the complete reaction mixture, i.e., the cooling half-period, where the ambient air flows
propagation of the ignition front followed by the ex- through the reactor occurs until the outlet concentra-
tinction in the defined range of inlet temperatures, cf. tions and temperature profiles were stabilized. Usually
Fig. 9. However the NO/NQdesorption peaks were 900 s of periodic operation was sufficient to reach the
observed after the flow of propene into the reactor was stationary values.
started. Example of the evolution of outlet concentrations in
time and axial temperature patterns (temperatures in
3.4. Periodic variation of inlet stream composition the center of the monolith were recorded, cf. Fig. 2) in
the course of one period for five values of the switch-
Switching between two identical thermally coupled ing half-period are shown in Fig. 11. The first row (top
reactors has been followed earlier in the computational
study, cf. [5,6]. It has been predicted that the estab-
lishment of proper temperature profile in the case of 150 5 aan 7 150
relatively narrow temperature window for N@educ- 125 ©

tion can lead to improved integral N@onversion, cf. 9{5.6/\/ 125
Fig. 12. This is also supported by experimental results 100 g:% -1 100
on periodic switching at the inlet between the reacting \ ;

.8 o 4. ]
and cooling gas discussed above. In the experimental 75 -9 75 T S\ .
study, a modified system consisting of a periodically 50 50
operated single reactor was used. Hence the heat ex- 287'5”9(:40 50 60 20 30 40 50 60

ond reactor will be the same after a stabilized periodic 125 125 -es\
regime is achieved. The monoliths with channel den- 100 {\ o+ 100
sity 400 CPI and a catalytic layer consisting o8k 95— 3\

. . 75 75
and active metal Pt were used. The flow rate condi-
tions and the inlet temperature used in the experiments 50 A 50
correspond to typical ranges for the treatment of ex- 2 039 40 50 60 20 30 40 50 60
haust from diesel engines. Flow rate of the inlet gas - 150 K ( 7/ 150 S5
4

change between two reactors was not present in this 150 75— 150 \
case. It was considered that the behavior of the sec- %\0/ 5] i@&%\!
So
)5

was set to S\V= 30000 h ! (1251/min STP) and the g 125 _of 125 o -

inlet temperature has been varied in the range from g (9':/"\0’7958: )/3/35’
250 to 350C. The reaction mixture was prepared from 100 ' 100 o]
air (high oxygen excess — lean burn conditions) and % 75 75 D2 h

%

reacting species (propene and NO only). The experi- 50
ments were carried out for five values of the switching 20 30 40 50 60 50

half-period (from 20 to 60s with 10s step) and five o _20 30 40 50 60
flow rates (50, 75, 100, 125 and 1501/min (STP)). The switching half-period [s

relevant range of the half-periods was determined ex- Fig. 12. Ceramic monolith, mean outlet conversions of propene

perimentally considering also the response time of the (jeft) and NQ (right) for different inlet temperatures in dependence
available analytical equipment. on switching half-period and cooling flow rate.
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Fig. 13. Top: Radially nonuniform (parabolic-like) inlet flow velocity distribution into monolith used in simulations for space velocity
30000 Hh1, bottom: Course of temperature patterns in monolithic reantamuniforminlet flow distribution, Vi, = 751/min, Ti, = 220°C;
computations based on two-phase quasihomogeneous mxeadds axial (m),y-axis radial (m),z-axis temperatureC).

picture) corresponds to the situation where the switch- creases again. Time averaged values of outlet conver-
ing time was set to the shortest value (20s) and the sions show that the highest conversion is reached for
cooling process is not so intensive. Hence, the reac- the shortest switching period.

tor temperature is relatively stationary at the rear part The summarized representation of experimental re-
of the monolithic reactor, cf. spatiotemporal temper- sults — mean outlet conversions — in dependence on
ature profiles at the bottom of Fig. 11. Therefore the inlet temperatures, switching half-period and cooling
ignition and the peak of the NCoutlet concentration  intensity (flow rate) are depicted in Fig. 12. Gener-
are reached fast. For longer switching half-periods, the ally, the lowest time-averaged outlet concentrations of
“light-off” process has a short time-lag and a decrease NO, were obtained in the region of short switching
of NO, concentration occurs first. Then the propene half-periods. NO conversions were higher than in the
combustion is ignited and the NQoncentration in- stationary operation, c.f. also Table 3.
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4. Comparison of experiments and simulations The possibility of reaching higher conversion of
NO, in non-stationary periodic operation than in

Modular software for simulations of monolithic the standard stationary process has been also ex-

catalytic reactors and adsorbers has been developecperimentally demonstrated. The presented measured

[15]. Only qualitative and in some cases semiquanti- spatiotemporal patterns can be used as an inspiration

tative agreement can be expected between spatiotemfor detailed mathematical modeling, particularly in

poral temperature patterns observed in experimentsthe case of N@ selective catalytic reduction.

and patterns computed on the basis of mathematical

models, particularly in spatially 2D cases. This fol-

lows from the missing knowledge of the actual spatial Acknowledgements

distribution of activity of the catalyst in the monolith

and empirical character of complex kinetic relations,  This work was supported by Czech Ministry of Ed-

particularly in the case of selective catalytic reduction ucation (Project MSM 223400007).

of NO [16—19]. Example of evolution of temperature

in the monolith in the case of nonuniform radial inlet

distribution of flow velocities into monolith, cf. top

of Fig. 13, where only ,CO oxidation takes place on [1] A. Cybulski, J.A. Moulijn, Structured Catalyst and Reactors,
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