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( )Through analysis and numerical simulation, the late lightoff � 3 min of the current
automobile catalytic con®erter is attributed to a downstream ignition phenomenon that
is unstable to flow-rate fluctuations. A design is proposed which incorporates a stable
and thermally efficient leading-edge ignition. The key feature in®ol®es di®erting a small
portion of exhaust gas through a bypass stream, which contains an electric preheater
and a preigniter, during startup. This allows the preheater to utilize a low power input
using the existing battery and yet raise the gas temperature beyond a precise minimum
that rapidly lights off the entire preigniter. The hot preigniter is then used to light off the
main catalytic con®erter. Remo®al of the bypass after complete ignition preser®es the
preigniter catalyst, a major ad®antage. The optimal design is shown to lightoff within 10
s and reduce pollution by almost 90% o®er current designs and thus meet ultra low

( )emission ®ehicle ULEV standards.

Introduction
There has been a great deal of research in catalytic con-

verter technology since its inception in the mid 1970s. The
first type of converter was developed to oxidize carbon

Ž . Ž .monoxide gas CO and hydrocarbons HC that formed dur-
ing incomplete gasoline combustion. However, oxides of ni-

Ž .trogen NO passed through the converter unreacted. As ax
result, these first catalytic converters were referred to as

Ž .oxidation converters or two-way converters 2WC , as they
eliminated two of the three major pollutants via oxidation
reactions. The active metal in these first 2WCs was primarily
platinum, although later converters contained various con-
centrations of platinum, rhodium, and palladium.

As recently as the Clean Air Act of 1990, federal standards
mandated smaller levels for all three pollutants. Research de-
voted toward developing new catalyst materials capable of the
oxidation of CO and HC in addition to reduction of NO wasx

Ž .put to use in the three-way converter 3WC , which contains
mostly palladium. Today’s catalysis research efforts focus on
finding materials to catalyze pollutant conversion reactions at
higher rates and on developing converters that can maintain
effective pollution reduction after being aged for over one
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hundred thousand miles. There are also efforts to develop
new catalysts to reduce NO pollution beyond the limits ofx
the 3WC.

Another approach is to utilize the current catalyst, but to
improve the thermal and other transport properties of the
converter based on the principles of reaction engineering. The
3WC is actually very effective in reducing pollution after it
has heated up, or ignited. However, pollution is most severe
when the exhaust systems begin from what is known as a cold
start, when the converter is at ambient temperature and the
vehicle has not been started. Such cold-start tests are the most

Ž .difficult part of the Federal Test Procedure FTP test , which
specifies vehicle speed as a function of elapsed test time, as
seen in Figure 1. More detailed FTP data for a specific auto-

Ž .mobile are available in the article of Oh et al. 1993 and
include engine-out mass flow rate, HC concentration, and
temperature, as shown in Figure 2. These data clearly indi-
cate that the initial minutes after starting a car when the con-
verter is still cold are crucial in beating the strict pollution
limits set forth by the new clean-air laws. Therefore, the fo-
cus of converter research today is now geared toward mini-
mizing the duration of this unignited period. As a result, many
novel techniques have been developed to accomplish this task,
including hydrocarbon traps, preigniters, and electrically

Ž .heated catalytic converters Jacoby, 1999 .
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Figure 1. Vehicle speed as a function of elapsed time
for the first 250 s of the Urban Dynamometer
Driving Schedule portion of the FTP test.

The converter designs and options currently available will
be qualitatively and quantitatively evaluated in this article,
culminating in a new design of an inexpensive, rapidly ignit-
ing catalytic converter system. This evaluation will be facili-
tated through the extension of an existing analytical theory
Ž .Leighton and Chang, 1995 for converter ignition during
step-change tests to more realistic driving conditions such as
the FTP driving cycle. The modified theory, verified through
numerical simulations of a cold start, will be used to design
an optimum automobile exhaust system that will work well
under all startup conditions.

Model Equations for the Catalytic Converter
The two-way catalytic converter was first simulated by Oh

Ž .and Cavendish 1982 . Their model is presented below, and is
used in this article for both numerical and analytical models
in order to predict ignition times for various operating and
design conditions. This converter, with parameters listed in
Table 1, will serve as a model for comparison purposes, and
in this manuscript will be referred to as the standard con-
verter. Also, in order to compare key design parameters for
this standard converter with other designs, a standard condi-
tion is defined. This standard condition uses a temperature
of 600 K and the concentrations listed in Table 2, consistent

Ž .with the step-change conditions of Oh and Cavendish 1982
Ž .and Leighton and Chang 1995 .

Because of the high solidrgas thermal capacitance ratio,
given by

�C 1y�Ž .Ž .p s� s , 1Ž .
�C �Ž .p g

Ž . y4where the gas capacitance �C is given as 6.3�10 JrK �p g
cm3, the gas temperature and concentration equilibrate much
more rapidly than the solid temperature. Therefore, the dy-
namics governing conservation of mass and energy in the gas

Figure 2. Engine-out mass flow rate, hydrocarbon con-
centration, and gas temperature for FTP test.

Ž .These data, originally used by Oh et al. 1993 , are used for
numerical and analytical models.

phase are quasi-steady compared with their solid-phase coun-
terparts. Moreover, as shown by Leighton and Chang, trans-
verse spatial variation in the solid phase can be neglected
during the long-time thermal dynamics leading to ignition. As
such, both phases can be lumped in the transverse direction
and the gas phase is at steady state. The gas equations are
then

Table 1. Comparison of Reactors

Ceramic Loaded Heated
Quantity Monolith Preigniter Preigniter

Ž .L cm 10.0 2.0 2.54
Ž .a cm 0.06062 0.06000 0.07700
Ž .� z cm 0.0130 0.0047 0.0053

� 0.6836 0.8800 0.8800
3Ž . Ž .�C JrK �cm 2.678 2.678 2.310p s

Ž .� JrK � s �cm 0.01675 0.01675 0.01627s
2Ž .h JrK � s �cm 0.0169 0.0171 0.0133

2 3Ž .a cm Ptrcm 269 269 650cat
2 3Ž .S cm rcm 23.09 28.82 22.83

3Ž .V cm 0.00 0.00 228.35H
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Table 2. Standard Condition Engine-Out Concentrations

Concentration
Ž .Species Mol Fraction

CO 0.02
y6Ž .HC as C H 450�103 6

y6CH 50�104
H 0.00672
O 0.052

y6Ž .NO as NO 500�10x

Note: Feed temperature 600 K; initial temperature 300 K.

� Cg , i
�U syk S C yC 2Ž .Ž .m , i g , i s , i� x

and

� Tg
� �C U shS T yT . 3Ž .Ž . Ž .p s gg � x

A converter operating with the standard mass flow rate of 40
grs has a corresponding gas-phase channel velocity U of 1,680
cmrs. The conservation of mass and energy equations for the
solid phase are

�g
a R C , T s k S C yC 4Ž .Ž . Ž .cat i s s m , i g , i s , iMg

and

� T � 2Ts s
1y� �C s� 1y� qhS T yTŽ . Ž .Ž . Ž .p s g s2s � t � x

4 P
qa y� H R C , T q , 5Ž . Ž .Ž .Ý icat i s s VHis1

where PrV is the electric power input per unit volume ofH
the monolith. When there is no electrical heating, this term
can be set equal to zero. Variation in temperature from one
channel to the next due to flow nonuniformity and radiation
effects are neglected because they do not contribute signifi-

Žcantly to converter ignition Chen et al., 1988; Oh and Bis-
.sett, 1994 . Therefore a simple one-dimensional, one-channel

model is employed here for analytical and numerical simplic-
ity.

In Eqs. 4 and 5 the parameter a represents the catalystcat
loading. Data are available in the literature with regard to

Ž .noble metal loading levels Chen et al., 1988 . For a typical
in-use, aged two-way oxidation catalyst, the loading a iscat
269 cm2 Ptrcm3 reactor, roughly 15% of the fresh loading
level of 1,793 cm2rcm3. The catalyst loading decreases as a
function of vehicle age because of sintering at high catalyst

Žtemperatures when active sites fuse together, rendering some
. Žuseless and because of posioning by poisons present in the
.exhaust . The upper limit for the noble-metal loading for

highly loaded converters is taken to be 2500 cm2 Ptrcm3. De-
pending on the state of the catalytic converter being studied,
these values will be used in this article for the noble-metal
loading a .cat

For the standard converter, the reaction rates from Eqs. 4

Žand 5 have been determined as the following Oh and
.Cavendish, 1982 :

R sk C C rG 6Ž .CO 1 CO O2

R sk C C rG 7Ž .C H 2 C H O3 6 3 6 2

R sk C C rG 8Ž .CH 3 CH O4 4 2

R sk C C rG 9Ž .H 1 H O2 2 2

and

R s0.5R q4.5R q2 R q0.5R , 10Ž .O CO C H CH H2 3 6 4 2

where

2 2 2GsT 1qK C qK C 1qK C CŽ . Ž .1 CO 2 C H 3 CO C H3 6 3 6

� 1qK C 0.7 , 11Ž .Ž .4 NO

indicating that CO and HC oxidation are self-inhibiting. The
Žrate constants are given as the following Oh and Cavendish,

.1982 :

k s6.699�109 exp y12,556rT 12Ž .Ž .1 s

k s1.392�1011 exp y14,556rT 13Ž .Ž .2 s

k s7.326�106 exp y19,000rT 14Ž .Ž .3 s

and

K s65.5 exp 961rT 15Ž .Ž .1 s

K s2.08�103 exp 361rT 16Ž .Ž .2 s

K s3.98 exp 11,611rT 17Ž .Ž .3 s

K s4.79�105 exp y3,733rT . 18Ž .Ž .4 s

It is noted that the following analytical ignition model will be
valid for any kinetic rate laws. The kinetics presented here
are meant to serve only as an illustrative example.

The engine-out data from the cold-start portion of the
Ž .Federal Test Procedure FTP test from Figure 2 will be used

as a boundary condition for gas temperature and concentra-
tion at the converter inlet at xs0, where engine-out concen-
trations are assumed to be proportional to the HC concentra-
tion. This data set will serve as an appropriate test case to
scrutinize the analytical ignition model to be developed in
the next section with direct numerical simulations. Despite
the fact that the engine-out temperature in modern vehicles
may be higher due to a close-coupled converter design and
that the individual species concentrations may independently
fluctuate in different ratios, these assumptions will be used
for the ensuing analysis, as the predictive model to be devel-
oped in the next section will be valid for any temperature and
pollutant concentration history.

Transient fluctuations in the mass flow rate through the
system will also be varied through the channel velocity U dur-
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ing these simulations. Equations 2�5 will be numerically inte-
grated to yield temperature and species concentration pro-
files in both the gas and solid phases of the converter as a
function of time. During a typical ignition simulation, the exit
pollutant concentration will decrease only slightly, as there is
negligible conversion. However, a point in time will be
reached when the exit gas CO concentration at xsL rapidly
drops to near zero. This time is defined as the ignition time,
which will be numerically estimated for various converter de-
signs.

Analytical Ignition Model for Transient Feed
Conditions

Consider the performance of an automobile catalytic con-
verter subjected to a step change in inlet temperature. A the-

Ž .ory has been developed by Leighton and Chang 1995 that
predicts the resulting delay time before converter ignition,
t . There are two key parameters in this theoretical model.i g
The first parameter, � , quantifies the strength of longitudi-
nal thermal dispersion in a catalytic converter, as it measures

	Ž .the square of the dispersion length 
 t to convection' eff ig

Ž 	 .length U t ratio during the characteristic ignition timeeff ig
t	 :i g


eff
� s , 19Ž .2 	U teff ig

where U sUr� is the effective thermal velocity in the con-eff
verter and 
 is the effective Taylor-Aris axial thermal dis-eff

Žpersivity Taylor, 1953; Aris, 1956; Leighton and Chang,1995;
.Keith et al., 1999 induced by transverse temperature differ-

ences between the gas and solid phases. Derived through
asymptotic expansion, it is a function of the gas velocity, U,
monolith pore radius a, capacitance ratio, � , and the gas
thermal diffusivity, 
 s0.746 cm2rs:g

11 U 2a2


 s . 20Ž .eff 48 
 �g

The second key parameter of Leighton and Chang’s model
is the homogeneous ignition time, t	 , the time at which theig
reactor will ignite in the hypothetical limit of equal gas and
solid temperatures in the catalytic converter:

1y� �CŽ . Ž .p s	t s . 21Ž .ig A�

In the previous equation, A and � arise from a zeroth-order
kinetics approximation to the reaction rates in Eq. 5, which is
valid for small values of �y1 when the reaction is a very
rapid process:

4
ina y� H R C , T � A exp � T yT . 22Ž . Ž .Ž . Ž .Ý icat i s s s g

is1

Under these conditions, reactant consumption can be ig-

Figure 3. Parameters A� , homogeneous and computed
[ 	 ( ) (ignition times t solid line and t dashedig ig

)]line , dispersion parameter, � , and dimen-
(sionless ignition length, L /////L as predictedig 	

)by Leighton and Chang , as a function of feed
temperature, T , for the standard converter ofin
Oh and Cavendish.

nored during the ignition process and only the thermal equa-
Ž .tions Eqs. 3 and 5 need to be considered to predict the

step-change ignition time, t . The assumption of small �y1
ig

should also hold for other rate expressions characteristic of
Ž .catalytic converter ignition in addition to the ones used here .

Graphs of the product A� , homogeneous ignition time, t	 ,ig
computed ignition time, t , and dispersion parameter, � , areig
shown in Figures 3a�3c as a function of feed temperature,
T , for the standard converter studied by Oh and Cavendishin
Ž . Ž .1982 and Leighton and Chang 1995 .

In the limit T sT there is no thermal dispersion, and thuss g
� s0 and t s t	 . Furthermore, the axial location of theig ig
downstream ignition is given by the homogeneous ignition
length, L sU t	 . Although designed to maximize inter-	 eff ig
phase heat transfer, gas and solid temperatures differ slightly
in real catalytic converters. This noninfinite interphase heat
transfer induces a transient Taylor-Aris thermal dispersivity,

 , over the time it takes for the two phases to reach ther-eff
mal equilibrium, such that � �0. This dispersion smooths the
sharp front at the step such that ignition is now delayed and
occurs at a time t � t	 , but at a shorter length L � L .ig ig ig 	

These effects are illustrated in Figures 3b and 3d.
Leighton and Chang’s analytical model predicts step-change

ignition times, t , under these circumstances in two asymp-ig
totic limits. Under the standard conditions used in Oh and

Ž .Cavendish 1982 and during the city driving phase of the
FTP test, the ignition time is much greater than the time
required for the gas and solid phases of the standard con-
verter to reach thermal equilibrium. As a result, the gas- and
solid-phase temperatures are roughly equal during the time it
takes for the converter to ignite, and � �1, as there is little
thermal dispersion. A thermal front will remain sharp as it
travels down the monolith and ignition will occur at this front
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near the exit of the converter, at a time

1r21r2t �ig 1r2s1q2 � ln 23Ž .	 ž /t 2�ig

and length L � L . In Eq. 23, � measures the monolithig 	

Ž in 0.subcooling, given by �s� T yT . Because of the ignitiong s
location, the physical ignition process under ‘‘small � condi-
tions’’ is referred to as a downstream ignition.

Increasing the engine-out gas temperature of the standard
condition from 600 K to 700 K dramatically changes the igni-
tion behavior. Such a high engine-out gas temperature will
physically occur during the highway driving phase of the FTP
test. Under these new, nonstandard conditions, the homoge-

	 Ž .neous ignition time, t , is reduced as seen in Figure 3d be-ig
cause of the larger reaction rate, which also essentially re-
duces the strength of interphase heat transfer in the con-
verter. The large Taylor-Aris thermal dispersion that arises
Ž .� �1 smooths a thermal front as it enters the bed, such
that the converter will ignite at the entrance, far upstream of
the homogeneous ignition length, L . Because of the ignition	

location, the physical ignition process under ‘‘large � condi-
tions’’ is referred to as a leading-edge ignition. The ignition
time is significantly greater than the homogeneous ignition
time t	 and is given by:ig

tig
s2.50q� ln �y0.34 . 24Ž . Ž .	tig

As may be seen from Figure 3b, however, t is still a stronglyig
decreasing function of temperature.

The location of both downstream and upstream ignition is
given by:

L sU t	 f � , 25Ž . Ž .ig eff ig

Ž .where f � is derived by Leighton and Chang, and is repro-
Ž .duced in Figure 3d. The limit f � s1 is reached when �

Žapproaches zero such as the gas and solid phase tempera-
.tures are equal when the step-change ignition occurs at the

Ž .homogeneous ignition length L . Furthermore, f � will de-	

crease monotonically as the strength of the dispersion � in-
Ž .creases such that f � sL s0, when � is of order unity orig

greater. For the current converter, this transition occurs when
the inlet gas temperature T exceeds 675 K.in

Provided that the ignition length L is less than the con-ig
verter length L, the step-change ignition will occur within the
reactor at time t . If L is greater than L, the converter willig ig
never ignite. If L rL�1, a downstream ignition occurs, whileig
for L rL�1, an upstream leading-edge ignition occurs.ig

Ž .Leighton and Chang 1995 have delineated a crucial advan-
tage of leading-edge ignition: the heat released during this
ignition is readily convected downstream to light off the en-
tire converter in just a few additional seconds. This heat is
wasted in a downstream ignition, and the entire converter
can be ignited only by the slow process of upstream thermal
heat diffusion, which can take several minutes.

There is another major advantage to redesigning the con-
verter to ignite under the large � leading-edge ignition

mechanism. Fluctuations in flow rate will have a strong effect
on the ignition location when � is small. These fluctuations
may convect the step-change ignition location to a point out-
side of the reactor. In this instance, ignition will not take
place and pollution levels may be very high as a result. How-
ever, fluctuations in flow rate have a very small impact at
large dispersion levels, when � is of order unity or greater.
The ignition will occur at or near the leading edge of the
converter, regardless of the flow rate. There is hence every
reason to increase T beyond 700 K to allow � to exceedin
unity. The impact of fluctuations on ignition is studied in more
detail in a later section.

Equations 19�25, derived by Leighton and Chang, assume
that the temperature and concentration feed to the converter
are constant during a specific step-change experiment or sim-
ulation. However, a catalytic converter subject to the FTP
test has a fluctuating temperature, concentration, and flow
rate. Despite this fact, the theory of Leighton and Chang will
be extended and shown to be valid for leading-edge ignition
in the presence of flow fluctuations, as in the FTP test, and
will hence be used to design an optimized, rapidly igniting
catalytic converter system.

The analysis begins by breaking up the FTP temperature
and concentration data into a discrete series of many small

Ž .step changes time intervals1 s as a function of the FTP
elapsed time, t . Assuming that the engine-out tempera-FTP
ture and pollutant concentration remain constant, a separate
step change ignition time, t , will be computed for every stepig

Ž .change from Eq. 23 or 24 depending on the value of � . The
total elapsed FTP time required for the converter to ignite
subject to a particular step change is the sum of the elapsed
time prior to the introduction of the step change plus the
step change ignition time, t q t . The minimum of thisFTP ig
quantity will be the FTP ignition time, provided that the
computed ignition location is inside the monolith, namely,
L rL�1. Due to large fluctuations in temperature, concen-ig
tration, and mass flow rate, there may be large errors in the
estimate of the FTP ignition length. Therefore, correction
factors for the effective velocity, U , homogeneous ignitioneff

	 Ž .time, t , and ignition location, f � , will be derived belowig
that will yield a more reasonable estimate.

The first correction to Eq. 25 is for the effective velocity,
U . If the velocity were the only parameter to fluctuate, theeff
ignition time, t , will be unchanged for any step-change test.ig
This is because Eqs. 23 and 24 are independent of the gas
velocity, U. However, the ignition length, L , will depend onig
the velocity, as given by Eq. 25. The location of the ignition
will have a significant impact on the FTP ignition time, as a
rapid acceleration may lead to an ignition that would take
place far beyond the converter length, L. Therefore, a very
good estimate for the effective velocity is the mean velocity
over the interval from t when the step is introduced toFTP
t q t when Eq. 23 or 24 predict when ignition will occur:FTP ig

t q tFT P igU dtH eff
tFT PU s . 26Ž .eff tig

The second correction to Eq. 25 is for the homogeneous
ignition time, t	 . An intense pertubation in temperature andig
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concentration in the FTP test may predict converter ignition
through a small L . However, the duration of this pertuba-ig
tion must be equal to the ignition time, t , in order to yieldig
an ignition. Therefore, a more accurate estimate of the igni-
tion length, L , during transient driving schedules such asig
the FTP test should not use the instantaneous value of t	 ,ig
but rather the upper bound of t	 over the time interval fromig
t to t q t when ignition will occur:FTP FTP ig

	 	t smax t t , t q t . 27Ž .Ž .ig ig FTP FTP ig

This correction was found to yield increased but more rea-
sonable prediction of the ignition time t , and ignition length,ig
L , when compared with numerical simulations.ig

A third and final correction to Eq. 25 can be made for the
Ž . Ž .function f � . Although f � varies from 0 to 1, there is

little fluctuation over the typical range of � for the auto spe-
Ž .cific FTP data of Oh et al. 1993 , which is in the range of

Ž .0.0� � �0.1. Therefore, small corrections to f � have little
effect on the overall prediction and are neglected, and thus

Ž .f � s f � .Ž .
The corrections just detailed can be combined to yield a

reasonable, upper bound prediction of the ignition length:

	L U tig eff ig
s f � . 28Ž . Ž .

L L

The converter ignition time can thus be determined in the
following manner. First, a plot of L rL as a function of timeig
t is constructed. All values of t at which L rL�1 in-FTP FTP ig
dicate the introduction of a step change in temperature and
concentration t at which an ignition can occur. PossibleFTP
FTP ignition times are therefore equal to the sum of the cur-

Ž .rent FTP times t plus the predicted ignition time t t :FTP ig FTP

t FTPs t q t t , 29Ž .Ž .ig FTP ig FTP

and the actual ignition will occur at the minimum of these
times t FTP. Therefore, given the concentration, flow rate, andig
temperature of the gases entering the converter, this theory
yields a prediction of the ignition time without recourse to
numerical simulation. An example of this theoretical model
applied to the standard catalytic converter is shown in the
next section.

Performance of Standard Catalytic Converters
and Stability of Leading-Edge Ignition

The step-change simulation experiments of Oh and
Ž .Cavendish 1982 were duplicated by integrating Eqs. 2�18,

where model parameters for the gas and solid phases are
taken from Tables 1 and 2. The model reproduced for this
study agrees well with their simulation of a more complex
model. Under the standard conditions, the standard catalytic
converter ignites downstream in a time of about 40 s. Mean-
while, raising the engine-out gas temperature to 700 K yields
a leading-edge ignition in about 7 s. These model results agree
well with the predicted ignition times of the theoretical model

Ž .of Leighton and Chang 1995 . For comparison of the stan-

Figure 4. Theoretically computed ignition lengths, L ,ig
and ignition times, t , for the standard con-ig

( ) (verter with dashed line and without solid
)line a hydrocarbon trap.

The advantage of the trap is clearly seen, as ignition lengths
and times are dramatically reduced with the trap present.

dard converter with other converter designs, the key parame-
ters of Leighton and Chang’s model are given here for the
standard condition, t	 s13.4 s and � s0.17.ig

The main focus of the numerical and theoretical models
developed in the previous sections were to predict the igni-
tion time using the FTP data as boundary conditions in a
transient model. Such a numerical model was developed by

Ž .Oh et al. 1993 for an electrically heated metal monolith by
Ž .integrating the model equations of Oh and Cavendish 1982 .

A similar numerical model will be studied here for various
types of converters. The FTP simulations assume CO, NO,
H , and O are in proportion with the time-dependent HC2 2
concentration shown in Figure 2 using the concentrations
given in Table 2 as a reference point.

Using these data, the ignition theory derived in the previ-
ous section predicts a standard converter lightoff time of 178
s. This is illustrated in the solid line of Figure 4, which shows
ignition lengths, L , and times, t , as a function of elapsedig ig
FTP test time, t . The first occurrence at which L rL�1FTP ig
is at about 170 s, as seen in Figure 4a. The ignition time,
t FTP, can then be read off of Figure 4b. When t s170 s,ig FTP
the ignition time t FTP is 178 s. Simulation results provide ver-ig
ification of the theory, as ignition occurs at the leading edge
of the converter in a time of 180 s. The ignition is marked by
a rapid rise in the maximum solid-phase temperature in the
converter T as a function of FTP time, as seen in Figure 5.s

The FTP driving cycle of Figure 1 can be broken up into
two main segments that represent city and highway driving.
With the exception of beginning and idling transients, a test
vehicle undergoes city driving at a mean speed of about 25
mph during the first 160 s of the FTP driving cycle. Beyond
this time, the test vehicle is accelerated at a rapid rate and
then driven under highway conditions at a mean speed of 50
mph. During testing, automobiles are driven according to this
schedule, and pollution emissions are measured. Study of
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Figure 5. Maximum bed temperature for the standard
two-way converter without a hydrocarbon trap

( )and without electric heat solid line , a
highly-loaded preigniter under near-optimum
conditions with a hydrocarbon trap and with-

( )out electric heat dashed line , and a
preigniter with the proposed bypass valve and
electric heat without the optional hydrocar-

( )bon trap dash-dot line as computed by a nu-
merical simulation of the FTP test.

Figure 4 shows that FTP ignition does not occur until the
vehicle accelerates to highway speeds because the ignition
length L rL�1 or greater during city driving. Consequently,ig
the stability of the ignition of the standard converter to flow-
rate fluctuations must be considered, as under city driving
conditions typical of this FTP test, the standard converter
may never ignite! If this is the case, extended city driving of a
vehicle equipped with such a converter will lead to large pol-
lution levels. This is especially true for aged or poorly main-
tained vehicles where the catalyst loading can be quite low as
a direct consequence of poisoning or sintering. This effec-
tively reduces the value of � such that leading-edge ignition
may not occur even during highway driving.

Figure 6 demonstrates a numerical simulation of a step-
change test, which plots axial solid temperature profiles in
the standard converter as a function of time. This simulation
assumes a constant feed temperature of 590 K, and the pollu-
tant levels given in Table 2, such that � s0.12. The mass
flow rate through the converter is 15 grs for the first 40 s of
the simulation, corresponding to the flow rate in the FTP test
during city driving conditions of about 30 mph. For the dura-
tion of the simulation, the mass flow rate is increased to 40
grs, a typical flow rate during highway driving conditions near
50 mph. It can be seen that an increase in flow rate convects
a warm pulse of energy, which is about to ignite, out of the
standard catalytic converter, and extinguishes it. This con-
verter will not ignite unless the flow rate drops back down to
a level near 15 grs. Meanwhile, if the flow rate had remained
at 15 grs for the entire simulation, the converter would have
ignited in about 50 s. As the average highway journey is sev-
eral minutes, one might expect very high pollution levels for

the entire trip. In reality, the engine-out temperature is ex-
pected to increase during a heavy acceleration, leading to
converter ignition. However, this example does show the dan-
gers involved in low � , downstream ignition. Operation of
catalytic converters in the large � , leading-edge ignition limit
does not suffer from such drawbacks. Fluctuations in flow
rate will not affect ignition at these high dispersion levels.

The impact of such flow-rate fluctuations have been stud-
ied in more detail through a series of step change in temper-
ature simulations. In this study, the pollutant concentration
fed to the converter is independent of time and is that listed
in Table 2. In each simulation the initial temperature of the
converter was 300 K and the inlet gas temperature was raised
to a fixed value ranging from 550 K to 750 K. These tempera-
tures led to values of � from 0.034 to 2.8. The time-depen-
dent flow rates used were chosen to mimic various forms of
city driving. The periodic mass flow rates were constructed

Žwith a mean of either Ms5.5, 10.9 mean flow rate for the
.FTP test , or 21.8 grs, and with a minimum flow rate of 5.3

Žgrs corresponding to the lowest flow rate observed during
.idling in the FTP test . The flow rate thus varied over the

w x w x w xranges 5.3, 5.7 , 5.3, 16.5 , and 5.3, 38.1 grs, respectively. The
Žperiod of oscillation 
 was chosen to be 
 s18.2 mean pe-

.riod for the FTP test , 36.4, 72.7 or 145.4 s.
Figure 7 shows a plot of the scaled ignition time t rt	 as aig ig

function of � for various fluctuation periods 
 and mean
flow rates M. As claimed earlier, the ignition is stable and
insensitive to fluctuations in flow rate at high dispersion lev-
els, corresponding to high engine-out temperatures, and is
well-described by the modified step-ignition theory of

Ž .Leighton and Chang 1995 . It can be seen, however, that the
converter will not ignite in a length L � L if � is below aig
critical value. For the standard converter, this level is about
0.05, which corresponds to a critical feed temperature of
around 560 K. In fact, the vertical line in Figure 7 corre-
sponds to the minimum idling temperature asymptote at
which ignition will occur, 555 K. This lack of ignition is an
extremely serious problem for the standard catalytic con-
verter, especially because the engine-out temperature during
city driving is less than 550 K, as seen in Figure 2.

Figure 6. Temperature profiles exhibiting blowout of
warm zone under small � conditions.
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(Figure 7. Theoretically computed ignition time solid
) ( )line vs. numerical simulations symbols with

varying mean flow rate M and fluctuation pe-
riod � .
The squares correspond to 
 s18.2 s and Ms10.9 grs, the
asterisks correspond to 
 s 36.4 s and Ms10.9 grs, the cir-
cles correspond to 
 s 72.7 grs and Ms10.9 grs, the trian-
gles correspond to 
 s145.4 s and Ms10.9 grs, the dia-
monds correspond to 
 s18.2 s and Ms 21.8 grs, and the
plus symbols correspond to Ms 5.3 grs with no fluctuation.
The vertical line in the figure corresponds to the minimum
idling temperature asymptote at which ignition will occur.

This figure also reveals the impact of changes in the mean
mass flow rate and fluctuation period on the ignition process.

ŽIt can be seen that the critical dispersion level � and hence
.critical feed temperature at which a converter will ignite in-

creases with increasing mass flow rate M and with decreasing

Figure 8. Simulation showing lack of ignition at low
fluctuation periods � .
The solid line corresponds to 
 s18.2 s, the dashed line cor-
responds to 
 s 36.4 s, the dash-dot line corresponds to 
 s
72.7 s, and the dotted line corresponds to 
 s145.4 s. The
engine-out concentration drops to zero for high fluctuation
periods, but oscillates for low fluctuation periods.

fluctuation period 
 . This is because the ignition length L isig
proportional to the mass flow rate. With a constant feed tem-
perature, a converter is more apt to ignite if the mean mass
flow rate is low or if the fluctuation period is sufficiently large
such that a converter can ignite in one half period or less
Ž .that is, when the flow rate is always less than the mean .
Further evidence of this fact can be seen in Figure 8, which
shows the relative CO exit concentration as a function of time
for a mean flow rate of Ms10.9 grs and with varying fluctu-
ation periods 
 . It is easy to see that at high fluctuation peri-
ods the converter ignites, but as the fluctuation period is de-
creased, the exit concentration actually oscillates, indicating
that a potential ignition is extinguished with each period.

These results explain why the standard converter does not
ignite during the city driving cycle of the FTP test. Since a
large majority of driving trips are spent in city driving, getting
to a major highway, or stuck in a traffic jam on one, this lack
of ignition during real driving conditions may be a reason
why pollution levels continue to increase dramatically, de-
spite the improvements in catalytic converter technology. This
underscores the need for a converter capable of stable igni-
tion during city driving when engine-out temperatures are low.

Redesign of Automobile Exhaust Systems
Because of the relatively poor performance of the standard

converter during the FTP test, there has been a shift in focus
toward novel techniques to improve converter performance.

ŽThese techniques include hydrocarbon traps Burk et al.,
.1995; Lafyatis et al., 1998 , highly loaded and low thermal

Žcapacitance preigniters Leighton and Chang, 1995; Roy-
.choudhurry et al., 1997 , and electrically heated monoliths

ŽOh et al., 1993; Oh and Bissett, 1994; Kirchner and Eigen-
.berger, 1996 . Each of these novel units will now be studied

in detail using the modified analytical ignition theory, veri-
fied with numerical simulations. It will be shown that the per-
formance of these novel catalytic converter systems suffer
from the same problem of extinction during flow-rate fluctua-
tions.

Hydrocarbon trap
Ž .Hydrocarbon traps HC traps were developed to signifi-

cantly reduce hydrocarbon emission from automobile ex-
hausts. At low engine-out temperatures, hydrocarbons adsorb
to a zeolite material coated on the surface of a honeycomb
monolith. At higher engine-out temperatures, hydrocarbons
desorb from the zeolite surface and exit the HC trap. If the
hydrocarbons desorb after the downstream main converter
Ž .similar to the standard converter outlined earlier ignites by
CO oxidation, they can be combusted in the main converter.
Using such a technique, hydrocarbon pollution can be re-
duced to meet current standards.

In addition to providing less pollution to the environment,
HC traps provide other advantages to catalytic converter sys-
tems. Examination of the G term in Eqs. 6�10 indicates that
the rate of combustion increases with decreasing CO and
C H concentrations in many regions due to the underlying3 6
self-inhibiting competitive Langmuir-Hinshelwood kinetics.
Therefore, if an efficient hydrocarbon trap were to reduce
the concentration of C H to zero, the reaction rate of CO3 6
could be increased, which would reduce the homogeneous
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ignition time, t	 , while also raising the level of � . Conse-ig
quently, the addition of a hydrocarbon trap might improve
the stability of the catalytic converter ignition to large fluctu-
ations in flow rate.

Ž .For the standard converter of Oh and Cavendish 1982 ,
subject to the standard condition shown in Table 2, removing
the HC lowers t	 to 9.7 s and raises � to 0.24. Results of theig
analytical ignition model are summarized in the dashed line
of Figure 4, which predicts that the presence of the HC trap
reduces the downstream ignition length L such that ignitionig
of the converter can occur under city driving conditions in
148 s. Numerical simulations verify this result, predicting ig-
nition in 155 s, a modest reduction. This result is especially
important during real, non-FTP, extended city driving condi-
tions, and may indicate that the HC trap is a good start in
solving the cold-start problem. The trap alone is not enough,
however, to meet LEV or ULEV standards because the large
ignition time only reduces CO pollution by about 15%.

Hydrocarbon traps have several drawbacks that may pre-
vent ignition during city driving. If the trap does not adsorb
all of the hydrocarbons in the engine exhaust, L may beig
increased beyond the converter length, preventing ignition.
This can happen in two circumstances. The first involves the
affinity of HC traps to preferentially adsorb water molecules

Ž .over hydrocarbons Lafyatis et al., 1998; Jacoby, 1999 . The
second, and most important circumstance lies in the inability
of the HC trap to hold stored hydrocarbons long enough
Ž .Jacoby, 1999 . HC desorption can occur at temperatures as
low as 600 K, before the main converter can ignite.

Even if a HC trap were developed to store all of the ex-
haust hydrocarbons until a higher temperature, the main
converter still ignites at its exit. A small increase in the mass
flow rate can push the ignition location beyond the converter
exit, preventing ignition from taking place. As a result of these
concerns, it remains necessary to find a design that yields a
stable and more rapid ignition to avoid high hydrocarbon
emissions, even in the presence of such hydrocarbon traps.

Preigniter
Preigniters are miniature converters placed upstream of the

main converter, designed to ignite rapidly so that the hot gases
leaving the preigniter will quickly heat up and ignite the lead-

Ž .ing edge of the main standard converter. Most preigniters
generally contain thinner monolith walls, and thus have a
higher void fraction � . Some preigniters also contain higher
degrees of catalyst loading, a , which increases the reactioncat
rate through the parameter A. Both of these design modifi-
cations reduce the homogenous ignition time, t	 , while rais-ig
ing the value of � , both advantages in the cold-start problem.
The preigniter therefore plays a key role in reducing emis-
sions, but it must be short and lightly loaded with catalyst to
reduce cost; one does not want a second converter, as is of-
ten the case for current preconverters. For example, a 2-cm
igniter with a s807 cm2 Ptrcm3, three times the standardcat
loading, requires an additional 60% of precious metal cata-
lyst beyond that of the standard converter. The ultimate de-
sign will ignite robustly via the leading-edge mechanism, yet
with the standard loading of oxidation catalyst.

One such preigniter was proposed for use by Leighton and
Chang to dramatically reduce the ignition time during a spe-

Figure 9. Theoretically computed ignition lengths, L ,ig
and ignition times, t , for the preigniter withig
different reduced catalyst loading a /////a ,cat Oh
without a hydrocarbon trap.
The solid line is for a ra s 3, the dashed line is forcat Oh
a ra s 5, and the dash-dot line is for a ra s 7. Thecat Oh cat Oh
advantage of increased catalyst loading is clearly seen, as
ignition times and lengths are reduced.

Ž .cific step-change test 1995 . This preigniter will be reexam-
ined here by focusing on the amount of catalyst loading re-
quired, taking into account catalyst aging. Although realistic

2 3 Žnoble-metal loadings are 269 cm Ptrcm for aged as on the
. 2 3standard catalytic converter and 1,793 cm Ptrcm for fresh

catalyst, the loading will be varied here to determine its ef-
fect on converter performance and pollution reduction. Other
parameters of this light, highly loaded two-way preigniter are
given in Table 1. Under the standard condition of Table 2,

Ž 2 3.this preigniter with a s807 cm Ptrcm has a homoge-cat
neous ignition time, t	 s1.9 s and a � value of 0.38, which isig
below the � s1 design objective. The analytic ignition model,
summarized in Figure 9, shows plots of the ignition length
L rL and the ignition time, t , for preigniters without hy-ig ig
drocarbon traps, and agrees well with FTP simulations. Sig-
nificant pollution reduction occurs with a catalyst loading of
five times more than that of the standard converter, when
ignition times are reduced to under 2 min. The maximum
temperature of such a preconverter as a function of FTP time
is shown in Figure 5. However, the catalyst loading is ex-
pected to decrease as the vehicle ages, leading to an increase
in the ignition length and the possibility of extinction after
50,000 to 100,000 mi. It is hence unlikely that an inexpensive
preigniter can be constructed to meet the design objective for
the lifetime of the automobile.

This example illustrates that the incorporation of a
preigniter into an exhaust system suffers from a serious draw-
back: downstream or no ignition whatsoever during city driv-
ing, unless exorbitant amounts of catalyst are employed. To
avoid this problem, another energy source is required in the
exhaust system to bring either the exhaust gas or the con-
verter itself above the critical temperature required for large
� leading-edge ignition.
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Electrically heated precon©erter
Ž .Electrically heated preconverters EHCs are metal pre-

converters that are attatched to a power supply such as a car
battery, and are capable of rapid ignition, as the energy input
raises the solid-phase temperature significantly, thus increas-
ing the pollutant reaction rate. This would reduce the amount
of catalyst required in the preigniter. Despite these advan-
tages, the technique is considered undesirable to auto manu-
facturers because, given the conditions in Figure 2, rapid ig-
nition requires over 2,000 W of power. This large power re-
quirement mandates an additional battery, which adds to the
vehicle weight and the complexity of the electrical system of
the vehicle. Another problem is that high temperatures in the
metal may damage the monolith substrates. Either of these
scenarios could result in poor pollution conversion efficiency.

In order to utilize the analytical estimate for the ignition of
the system subject to the FTP test, an expression must be
obtained that predicts the temperature rise inside of the EHC
as a result of electric heat. Such an expression can be ob-
tained by integrating Eqs. 3 and 5 to yield steady-state tem-
perature profiles in the absence of reaction. Conduction ef-
fects are neglected because the thermal Peclet number is
large, as PesU Lr
 s4,300 when using the thermal veloc-eff s
ity in the standard converter, U s0.84 cmrs. The corre-eff
sponding thermal equations are

� Tg
� �C U shS T yT 30Ž .Ž . Ž .p s gg � x

for the gas and

P
0shS T yT q 31Ž .Ž .g s VH

for the solid. Using the boundary condition T sT at xs0g in
yields

x P
T sT q 32Ž .g in � �C U VŽ .p Hg

for the gas and

P x 1
T sT q q 33Ž .s in ž /V � �C U hSŽ .H p g

for the solid, such that at the reactor exit, when xsL,

P L 1
T sT q q . 34Ž .s in ž /V � �C U hSŽ .H p g

The time for the profiles given by Eqs. 32 and 33 to be-
come valid is simply the convection time for a thermal front
to pass through the reactor,

t sL�rU, 35Ž .conv

which is less than 3 s for a 2.54-cm metal preconverter using

Figure 10. Theoretically computed ignition lengths, L ,ig
and ignition times, t , for the electricallyig
heated catalytic converter with different
power inputs.
The solid line is for Ps1,150 W, the dashed line is for
Ps1,500 W, and the dash-dot line is for Ps 2,000 W. The
advantage of increasing power is clearly seen, as ignition
times and lengths are dramatically reduced.

the effective thermal velocity of 0.84 cmrs in the standard
monolith. In the previous expressions T represents the FTPin
engine-out temperature that is shown in Figure 2. For use in
estimating FTP ignition, the mean velocity given by Eq. 26
should be used in estimating the solid-phase temperature
given by Eq. 34.

Because the solid-phase temperature at xs L is the
warmest point in the preconverter, ignition is expected to take
place at the reactor exit. Numerical simulations were carried
out for EHCs with properties given in Table 1 with various
power levels without hydrocarbon traps. As predicted, the ig-
nition in all cases occurs at the exit of the preconverter. How-
ever, ignition at this location will occur only when the theo-

Žretical ignition length beyond this point is L s0 large � ,ig
.leading-edge ignition . Equation 29 can be used to estimate

the time for ignition to take place. Again, results of the ana-
lytical model compare well with simulation results. Figure 10
contains a plot of theoretically computed ignition lengths, L ,ig
and ignition times, t , for different power levels. Ignitionig
takes anywhere between 1 and 2 min for these power levels.
As a final note, ignition via electrically heated preconverters
is undesirable because the ignition always takes place at xs
L, far downstream of the preconverter entrance. An increase
in the gas flow rate will drop the solid temperature at xsL,
as predicted by Eq. 34. This can extinguish a potential igni-
tion, especially during a lean period.

There have been an increased number of studies in the
Žarea of cascaded exhaust systems Brunson et al., 1993; Socha

. Ž .et al., 1994 . Oh et al. 1993 also performed simulations of
such a system using the FTP data of Figure 2 with an electric
heater upstream of a main catalytic converter. They found
that an FTP lightoff occurred in about 75 s, but their con-
verter had a high loading a s650 cm2 Ptrcm3 reactor. Acat
converter equipped with the standard loading of a s269cat
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cm2 Ptrcm3 reactor would have an increased ignition time. It
Ž .appears that the ignition seen by Oh et al. 1993 only occurs

once the engine-out temperature has plateaued at its maxi-
mum during city driving conditions, about 60 s into the FTP
and when the mass flow rate is low, as seen in Figure 2. The
addition of a light preconverter between the heater and main
converter may reduce the ignition time further, but the igni-
tion of the system may still occur via the downstream mecha-
nism in aged systems, and thus is strongly dependent upon
the mass flow rate. Waiting for the right moment when the
temperature and flow rate are ideal to initiate ignition as this
design appears to do is unacceptable, and the current cas-
caded design fails to meet LEVrULEV standards and must
also be rejected from consideration.

Equation 34 also predicts an increase in the heater exit
temperature when the mass flow rate through the heater is
decreased. Consequently, if only a fraction of the gas exiting

Ž . Žthe engine as little as 10% flows through the EHC while
the rest of the gas is bypassed to the entrance of the main

.converter , the temperature of the gas at the heater exit can
be high enough to yield a stable, rapid, leading-edge ignition
in a preigniter placed immediately downstream of the heater
without the need for an additional battery. This is the key
concept to a new design, a serial electric heater and preigniter
configuration in a judiciously designed bypass stream, that
will be discussed in the next section.

Design of an Optimal Converter System
Despite their individual disadvantages, the optimal design

will utilize the combination of an electrically heated monolith
and a preigniter placed in a bypass stream. The use of a hy-
drocarbon trap is not vital to the design and is therefore op-
tional. The presence of the bypass stream will also increase
the life of these important units by avoiding sintering and
poisoning effects in order to provide long-term auto pollution
reduction.

The preigniter is chosen because it has a small homoge-
neous ignition time, t	 , due to thin monolith walls and a highig
catalyst loading. However, there are two key questions associ-
ated with the preigniter. The first question relates to noble-
metal loading in the preigniter. Can a preigniter be designed
with a noble-metal loading much less than 1,344 cm2 Ptrcm3

reactor, 5 times the standard loading, that earlier analysis
found necessary? The answer lies in the preigniter bypass
stream. If flow through the preigniter only occurs during
about the first minute and a half to two minutes of a car trip,
the noble-metal loading in the preigniter should remain near
the fresh value of 1,793 cm2 Ptrcm3, since the average car
trip is generally around twenty minutes in duration. There-
fore, the optimal preigniter can be loaded with the standard
loading of any converter, and thus should be inexpensive, as
a 2-cm preigniter would only require an additional 20% of
precious-metal catalyst beyond the standard converter.

The second question relates to the physical ignition phe-
nomenon in the preigniter: How can the novel converter sys-
tem be designed in order to achieve a rapid leading-edge ig-
nition in the preigniter? Figure 9 shows that all of the
preigniters ignite downstream of the leading edge, a danger-
ous situation, as the converter can be easily extinguished with
an increase in the mass flow rate. The answer to this question

lies in the combination of the EHC with the bypass stream,
where the flow through the bypass can be adjusted to yield a
large temperature rise exiting the preheater. This is because
Eq. 32 with xsL shows that a decrease in the velocity in the
preheater U leads to a large temperature increase, high
enough to lead to a rapid, leading-edge ignition in the
preigniter.

Ž .In a recent article, Bissett and Oh 1999 found a key pa-
rameter �sV hSrmC that should be of unit order to giveH p, g
the optimum heater performance on pollution reduction. Us-

Ž .ing the parameters from their earlier analysis Oh et al., 1993 ,
listed in Table 1, reveals that �s7.9 when using the mean
flow rate during city driving conditions. In this proposed de-
sign, the cross-sectional area of the metal heater is reduced
from their standard 89.9 cm2 to be roughly equal to that of a
typical exhaust tailpipe, 20.3 cm2. In concert, the electric
heater length is reduced from the standard 1 in. by a factor
of 4 to reduce the transient time required before the gas exit-
ing the converter can reach a prescribed temperature. These
design modifications lead to a corresponding reduction of �
to 0.45, more in tune with the optimum predicted by Bissett
and Oh’s models. Both the bypass and this newly designed
EHC will be incorporated into the optimal design. There will
be no catalyst placed onto the surface of the EHCs metal
substrate. However, catalyst will be incorporated into the
short and inexpensive preigniter placed downstream of the
electric heater.

Figure 11 shows this newly proposed redesign of the cas-
caded catalytic converter system, where exhaust gas flows
from top to bottom. The system contains thermocouples in
four locations. Two thermocouples are placed in the tailpipe
at the entrance and exit of the electric heater, which are used
to measure the gas temperature rise in the heater. The third
thermocouple is placed in the preigniter, about 2.5 mm from
its leading edge. This will measure the solid temperature near
the entrance of the 2-cm-long preigniter and will inform the
system when a leading-edge ignition has taken place. The
fourth and final thermocouple in the system will be placed a
distance 2 cm from the entrance of the main converter of the
standard length, 10 cm. This will inform the system when the
main converter is hot enough to sustain an ignition upon the
entrance of cold pollution-rich gas.

After the start of an automobile, the newly designed con-
verter system operates in the following manner. The valve in
Figure 11 is constantly adjusted via a feedback-control mech-

Ž .anism that diverts a small fraction around 10�20% of gas
through the left bypass, such that the gas exiting the electric
heater is at a set temperature, large enough in magnitude to
induce a stable, leading-edge ignition in the preigniter. Its
current counterpart, the cascaded exhaust system preigniter,
may not ignite at the leading edge or even at all because the
feed temperature can fluctuate with sudden starts and stops
of the vehicle. For the standard converter, Leighton and

Ž .Chang 1995 showed that a leading-edge ignition occurs at a
feed temperature of 700 K. This was for a poisoned catalyst
with loading, a s269 cm2 Ptrcm3 and a void fraction ofcat
�s0.68. Because the preigniter has a higher void fraction,
�s0.88, and has fresh catalyst, a s1,792 cm2 Ptrcm3, acat
leading edge ignition can occur at a lower feed temperature.
If the bypass system ever fails, however, the catalyst may be-
come poisoned such that the catalyst loading will be reduced,
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Figure 11. Proposed catalytic converter redesign with
an electric heater and preconverter placed in
a bypass stream.

and the ignition may occur downstream at such a tempera-
ture. However, leading-edge ignition is ensured for even an
aged preigniter if the temperature of the gas leaving the pre-
heater is kept at 700 K. A plot of the gas temperature leaving
the preheater as a function of FTP time is shown in Figure
12a, and it can be seen that the exit gas reaches 700 K after 5
s. The engine-out gas temperature, on the other hand, will
not reach this value until the vehicle accelerates to highway
speeds! The strong advantage of such a design over the stan-
dard converter or a preigniter by itself is illustrated in Figure
5.

During this warming up and lightoff process, the majority
of the gas exiting the engine proceeds through the channel
on the right, until after the thermocouple in the preigniter

Figure 12. Various simulated temperatures for pro-
posed redesign as a function of time.
Ž . ŽTop graph Exit gas temperature of preheater. Second

.highest graph Maximum temperature in preigniter. Note
that ignition takes place in the preigniter almost instantly.
Ž .Third highest graph Gas temperature exiting the
preigniter. At ts12 s the power to the preheater is shut
off and all of the engine-out gas is directed through the
preigniter, resulting in a rapid temperature rise, as all the

Ž .pollutant is consumed in the preigniter. Bottom graph
Maximum temperature in the main converter. At time ts
42 s the bypass stream is removed and the main converter
ignites, yielding another rapid temperature rise.

has sensed ignition. A plot of the maximum temperature in
the preigniter, shown in Figure 12b, indicates that the
preigniter lights off in about 12 s! At this point, power to the
electric heater is cut off and all of the engine-out gas is sent
through the preigniter, leading to a large rise in its exit gas
temperature, as shown in Figure 12c. This is the temperature
of the gas entering the main converter. When the thermocou-
ple in the main converter is at a temperature of about 700 K,
only 40 s after the car has been started, as seen in Figure
12d, all of the gas is sent through the right channel, removing
the preheater and preigniter from the exhaust system while
igniting the main converter at the leading edge. The orienta-
tion of the bypass valve will not change any further for the
duration of the driving trip.

The power supplied to the metal preheater is chosen to
minimize the ignition time in the preconverter without signif-
icant heating power consumption, and thus produce mini-
mum pollution emissions at a minimum cost. The lower the
power level chosen, the smaller the gas flow rate through the
preigniter. Because a reduction in flow rate consequently de-
creases thermal dispersion in the preigniter, it will increase
the time for the thermocouple in the preigniter to detect ig-
nition. An analytical scaling law can be developed to estimate
this time for the thermocouple, which is placed an axial dis-

Žtance L into the monolith chosen here to be about 0.25i
.cm . Simulations indicate that an ignited zone of length L ati

the monolith entrance is unaffected by a strong flow-rate in-
crease upon sudden opening of the bypass valve.

Because the preigniter operates in the large � limit, ther-
mal dispersion will dominate over convection in heating up
the monolith. The time for axial dispersion to heat up the
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preigniter an axial distance L from the entrance can thus bei
estimated by

2 L2
 �L 48 i gi
t s s , 36Ž .diff 2 2
 11 U aeff igniter

where U is the gas velocity in the preigniter, determinedigniter
from Eq. 32 for the gas temperature exiting the preheater:

P
U s , 37Ž .heater T yT � �C AŽ . Ž .out in p Hg

where A is the cross-sectional area of the preheater. Be-H
cause the cross-sectional area of the preheater is one-quarter
the size of the preigniter, U s4U . These equationsheater igniter
can be combined to give an expression for the diffusion time:

L2
 �768 i g 22 2 2t s T yT � �C A . 38Ž .Ž . Ž .diff out in p Hg211 P

In Eq. 38, T is chosen to be 700 K, because that is theout
temperature at which both the standard converter and fresh
preigniter ignite at the leading edge. T is taken to be thein
engine-out temperature, 331 K, immediately after the car has
been started. It can be seen in Eq. 38 that reducing the power
supply to the heater increases the thermal dispersion time,
t , because of the reduction in the gas flow rate. This trade-diff
off yields an optimum power level P, which provides for a
stable yet rapid ignition without sacrificing needed energy
from the vehicle battery or requiring an additional one.

The time for the exhaust system to reach the operating
temperature and be effective in reducing auto pollution is
equal to the sum of the preheater convection time, the
preigniter ignition time, and the preigniter diffusion time for
the thermocouple to sense ignition:

t s t q t q t , 39Ž .eff conv ig diff

where t is given by Eq. 35, t is given by Eq. 24, and tconv ig diff
is given by Eq. 38. A plot of the theoretical value of t as aeff
function of power input to the heater for a value of L s0.25i
cm is shown in Figure 13. This scaling compares well with
simulation results, which are also included in the figure. Since
t and t decay asymptotically to zero with increasingconv diff
power, a characteristic power value exists, beyond which its
sensitivity to power is minimal. The optimum power level is
chosen to be this value, roughly at 1,200 W on the bend in
the curve. In this case, there will be only 10 s of unabated
pollution for a small power supply, a substantial difference
when compared with the 170 s in the standard converter! The
total energy consumption is 1,200 W�10 ss12.0 kW � s, well
within the capacity of the existing 12-V battery in the auto-
mobile. The lightoff time may be even less for close-coupled
exhaust systems where the engine-out temperatures are
higher. In fact, for a given power level P, more of the ex-
haust gas can be directed through the preheater, leading to a
more rapid ignition. At any rate, the prediction of Eq. 39 will
still be valid for such circumstances and may even suggest a
different optimum power requirement.

Figure 13. Optimization of power requirement for the
catalytic converter redesign.
The theoretical effective ignition time, t , is comparedeff
with numerical simulations as a function of power supply.
The optimum power is chosen to be at the bend in the
curve, approximately 1,200 W.

One could also choose to minimize the total energy sup-
plied to the preheater. However, simulation and theory pre-
dict that the energy is also insensitive to the power supplied
by the battery, provided it is above a critical value of about
1,000 W. This suggests that the optimum should be deter-
mined by other means, namely the availability of battery

Žpower and the time for the system to ignite and therefore
.reduce startup emissions . It would become unnecessary to

utilize an additional battery to supply, for instance, 2,400 W
of power to the preheater in order to reduce the ignition
time to less than 5 s. The optimum system described earlier
also allows for the power of the electric heater to be tuned to
allow for design errors, catalyst aging, variation in automo-
biles, and driving conditions.

Conclusions
An optimal catalytic converter system has been described,

based on performance under standard conditions and spe-
cific federal driving cycles, which will reduce automotive pol-
lution significantly. In addition, the optimal design will ignite
at the leading edge of the converter. This type of ignition was
shown to be more stable to fluctuations in flow rate than the
traditional downstream ignition seen in today’s converters,
especially during city driving.

The theory presented here is applicable for any federal
driving test, as this test varies from automobile to automo-
bile, and for any driving conditions. The controlled exhaust
bypass automatically compensates for possible catalyst aging
in both the preigniter and the main converter. Other con-
verter systems would require major modification, either by
increasing the length or catalyst loading of preigniters or main
converters, to be successful. Therefore, the system dia-
grammed in Figure 11 should be a robust one for improving
the lightoff performance of any automobile exhaust system to
meet current and future LEVrULEV requirements.
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Notation
ascatalyst pore radius

a scatalyst loadingcat
a sstandard catalyst loading, 269 cm2 Ptrcm3 reactorOh

Aszeroth-order reaction rate
A sheater cross-sectional areaH

Cspollutant concentration
esfluctuation amplitude

Ž .f � sratio of L rLig 	
Ž .Ž .hsheat-transfer coefficient, hs 24r11 � rag

k smass-transfer coefficientm
Lsbed length

L s ignition lengthig
L shomogeneous ignition length	

maxsmaximum value in specified range
Msmean flow rate

M smolecular weightg
Pselectric power
Rsreaction rate
Ssmonolith pore surface area
Ts temperature

t sconvection time for electric heaterconv
t sdiffusion time to warm-up preigniterdiff
t seffective system lightoff timeeff
t s ignition timeig
t	shomogeneous ignition timeig
Usgas velocity

U s thermal velocity, Ur�eff
V s volume of heated elementH

xsaxial position

Greek letters
Ž .Ž 2 2 .
 s thermal dispersivity, 
 s 11r48 U a r
 �eff eff g

�s inverse Frank-Kamenetskii temperature
�sheat capacity ratio

� Hsheat of reaction
�s void fraction
�sdegree of monolith subcooling

� s thermal conductivitys
Ž .�sBissett and Oh’s dimensionless physical volume ratio 1999

�sdensity
Ž .�C s thermal capacitancep


s fluctuation period
�sratio of dispersion to convection

Subscripts and superscripts
FTPspertaining to FTP driving test

gsgas value
igs ignition value

os initial or feed value
sssolid value

	shomogeneous value
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