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A one-dimensional solid—gas model has been used to study the light-off behavior in
a reactor system. Techniques from nonlinear analysis are applied to first arrive at an
analytical expression to estimate the light-off location in the reactor. The model is
then extended to estimate the thickening of the light-off front in the vicinity of the
light-off location due to heat diffusion effects in the solid substrate. Both these results
are expressed in terms of all the important operating and design variables of the
monolith reactor and also the reaction specific variables such as the kinetic parame-
ters and heats of reaction. A specific case of a three-way catalyst (TWC) is numerically
treated in detail to illustrate the application of this work. Finally, we focus on using
the insight obtained from this study to suggest design guidelines to optimize the per-
formance of automotive catalytic monolith reactors. © 2008 American Institute of Chemical
Engineers AIChE J, 54: 1860-1873, 2008
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Introduction and Literature Review

Catalytic monoliths are one of the most widely used forms
of catalytic reactors. One of the major advantages of such
reactors over traditional packed bed reactors is the lower
pressure drops that they afford for the high flow rates that
are encountered in many industrial applications. One of the
most common applications of a monolith reactor is in the
control of automobile emissions. In the automobile industry,
monolith reactors are used in a three-way catalyst (TWC) to
reduce the emissions of CO, hydrocarbons, and NOy, as an
oxidation catalyst in a DOC (diesel oxidation catalyst) for
diesel engine applications, and in LNT (Lean NO, Trap) and
SCR (selective catalytic reduction) applications for reducing
NO, emissions. Apart from these uses, monolith reactors find
application in catalytic combustion, catalytic oxidation of
VOCs, selective catalytic removal of NOy from power plant
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and furnace exhausts, and catalytic partial oxidation of
hydrocarbons. They are also currently being evaluated for
carrying out liquid phase reactions as well as gas—liquid reac-
tions. Other emerging applications include hydrogen genera-
tion in fuel cells and steam reforming of hydrocarbons.

The monolith reactor is a unitary structure usually made of
a ceramic material and consisting of a large number of thin-
walled, narrow, parallel flow channels that makes up the sub-
strate. The catalyst is deposited on the walls of the narrow
channels either as a thin layer or as a porous washcoat which
is supported on the monolith substrate. The gas that enters
the reactor is transported by convection and diffusion in par-
allel flow streams through these narrow channels and reac-
tions occur on the active catalytic surfaces present in the
washcoat. Since there is a complex coupling of the physical
and chemical processes in the monolith, improvements in the
design of such reactors require a comprehensive understand-
ing of the influence of various design and operating variables
on the performance of the monolith. The various review
articles'™” summarize the recent progress in catalytic mono-
lith reactors.
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Mathematical modeling and simulation are useful in identi-
fying the optimal designs and reducing the amount of experi-
mentation needed to achieve this goal. Mathematical models
of varying degrees of complexity (in terms of the geometric
dimensionality of the model, flow modeling, washcoat diffu-
sion modeling, and chemical kinetics modeling) have been in
use over the last 2-3 decades.>2% In particular, the one-
dimensional two-phase (gas—solid) model”®?” which differen-
tiates between the gas and solid phase concentrations and
temperatures has been found to describe these processes in a
monolith reactor quite satisfactorily.?®%°

The ability to determine the light-off location and the
thickness of the light-off front in a monolith reactor is par-
ticularly desirable in a TWC to be able to predict its per-
formance and minimize cold-start emissions. The perform-
ance of a TWC depends significantly on the operating con-
ditions (inlet gas flow rate, temperature, and species
concentrations) and design parameters such as amount and
distribution of catalyst, cell density, channel length, etc. In
this study, mathematical techniques from nonlinear analysis
have been applied to a suitable reactor model to obtain an
analytical expression (which includes the effect of all oper-
ating and design parameters) that predicts the location of
light-off in a TWC converter. This result can be used to
predict light-off location and light-off time (indirectly) in a
TWC, and also to find the minimum inlet temperature, the
minimum channel length, and the minimum amount of cat-
alyst required to achieve this condition. In addition, an
analysis of the mechanics of heat diffusion in the light-off
front can be used to determine the front thickness and to
understand the extent to which the light-off is localized or
homogenized. The model developed here could therefore
be used to establish the optimal operating and design
parameters that would help achieve localized near-inlet
light-off that would maximize the reduction in cold-start
emissions. Although the specific case of a TWC has been
considered in this study as an illustrative numerical
example, the underlying analysis is general and can be
applied to other flow-through monolith based -catalytic
reactor systems.

Previous studies in the literature on light-off behavior
have been worked out for simpler cases of a single reaction
(and/or first order kinetics) and/or have been largely re-
stricted to the prediction of light-off with the assumption of
negligible heat conduction in the substrate. A more recent
study®® examines a design that uses preheating to ensure sta-
ble and early leading-edge ignition based on the extension of
an earlier study.34 In this work, the light-off location and dif-
fusional spread of the reaction front are determined for the
general case of multiple reactions and complex kinetics in
the presence of finite substrate heat conduction and the effect
of different parameters on this behavior is illustrated through
a numerical example. Finally, we discuss how the results
from this study can be used to arrive at better and more gen-
eralized design guidelines for tuning the performance of cata-
lytic monolithic reactors.

30-35

Mathematical Model
The governing equations in our one-dimensional mathe-
matical model describing the mass and energy balances of
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the solid phase and the gas phase in a catalytic monolith
through-flow reactor are given by?°:

T T,

(fsbpsbcp,sb + fwcﬂwcCp,wc) E = fwAsd W
nRct

> ") (AH)R; (1)

+ hS(T, — T)

w T,

XCP‘geng = hS(T—T,) @
w 6xg,i nRct
A 0z —km S (Xg i —Xs.1) = ;aj(Z)Sinj

i=1,2,..,nSpecies. (3)

Equations 1 and 2 represent the energy balance for the
solid and gas phase, respectively and Eq. 3 represents the
solid and gas phase mass balances. Here, “T” and “x” repre-
sent the gas temperature and species mole fractions, while
the subscripts “s” and “g” refer to the solid and the gas
phase, respectively. In the above equations, “nRct” repre-
sents the number of reactions and “nSpecies” represents the
number of reacting species. The subscripts “wc” and “sb”
refer to the washcoat and the substrate, respectively. The
subscripts i and j represent the ith species and the jth reac-
tion, respectively, and the elements of the matrix s;; represent
the corresponding stoichiometric coefficients. The R;’s repre-
sent the reaction rate expressions for the different reactions
and are dependent on the solid substrate temperature and var-
ious gas species concentrations. All the other variables have
their usual meanings and are explained in the nomenclature
section. The boundary and initial conditions are given by

Ty =Tyin(t) atz=0
Xgi = Xgin;(f) atz=0
T,
82‘ =0 atz=0,L
Ty(z) =Tsjnie att=0. (4)

The mass (k) and heat transfer (h) coefficients inside the
reactor channels are expressed in terms of the corresponding
Sherwood and Nusselt numbers as

_ Shp,

kmi Dim
i = (cDin)
Nup, ,
h= D: g (5)

where the thermal conductivity of the gas (4,) and the mass
diffusivity (D; ) are given by ®~":

Jg(Tg) =2.66 X 1074 T9%  [W/m — K]

-2 7075 /1 i
1.01325 X 107 T, A +TM , . (6)
cDim = 3 [mol/m”s]
Rg[\? it /2, }

where M; represents the molecular weight of the ith species
and ; represents the diffusion volume of the species.”’ In
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Eq. 5, Nupy, represents the Nusselt number and Shpy, repre-
sents the Sherwood number, both based on Dj which repre-
sents the channel hydraulic diameter. More details about the
model can be found in the literature.?®*’

Light-Off Location

It is important to first define the concept of light-off in
this study. It may be noted that there are many alternate but
similar definitions of light-off in the literature®®**—one of
the commonly used ones refers to light-off as the temperature
condition required to achieve 50% conversion although we
do not use this definition in the current work. Light-off in
this work assumes or implies that a plot of the steady-state
(bifurcation) diagram of solid temperature (or gas phase exit
conversion or temperature) as a function of the inlet gas tem-
perature exhibits a generalized S-shaped behavior in which
the ignition or light-off point is represented by the normal
limit point in the feasible region.

Figure 1 is a schematic of such an S-shaped curve which
is also known as the temperature ignition-extinction
curve.*** As shown in this figure, as we increase the inlet
gas temperature, the solid temperature/conversion behavior
could progress along one of the (solid or dashed) curves.
When the system parameters are such that it does not exhibit
multiple solutions (i.e., the system parameters are not in the
region of multiple solutions), the behavior is depicted by the
dashed curve. On the other hand, when multiple solutions are
favored, the system follows the solid curve. The light-off
point then represents the normal limit point in such a bifurca-
tion diagram at which such a branch jump condition is possi-
ble and the corresponding inlet gas temperature represents
the minimum temperature required to achieve this condition.
So in theory, as we approach the light-off point in a reactor
system, a small increase in the inlet temperature leads to a
large increase in the solid temperature (and conversion) to
the higher temperature branch of the system indicative of a
dramatic step change in the state variables across an infinites-
imally thin reaction front. In simple terms, light-off essen-
tially represents the condition where enough heat has been
generated in the reactor system for the reaction(s) to “spark

Light-off point or normal limit polnt

Solid temperature or conversion

Inlet temperature or any other bifurcation parameter

Figure 1. Schematic of the variation of the solid tem-
perature or species conversion with the inlet
temperature of the gas.

In a typical reactor system, there are in general two possi-
bilities as shown by the solid and dashed curves.
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off”. Once light-off has been achieved, reactor operation
changes to the high temperature branch in the bifurcation
diagram (cf. Figure 1) and the reactor can be said to have
transitioned from a kinetically controlled regime to a regime
that is usually mass transfer controlled. Throughout this
study we assume that the system parameters are in the re-
gime that support light-off as represented by the solid curve
in the bifurcation diagram of Figure 1.

In this section, the mathematical model presented earlier
will be used to derive an analytical expression for the light-
off location in the catalytic reactor. The following assump-
tions have been made in this process:

(1) The reactor is under steady state operating conditions.
Later in this section, as well as in concluding discussion, we
explain the impact of this assumption on the behavior of
transient reactor systems.

(2) The catalyst loading/activity is uniform along the
length of the reactor monolith, i.e., aj(z) = a; = constant.

(3) Solid conduction (or heat diffusion) in the monolith
substrate is assumed to be negligible (4q, ~ 0) which is satis-
factory for predicting the location of the light-off front. How-
ever in the next section we relax this assumption to find the
spread of the light-off front at this location. (We discuss the
limiting case of infinite substrate conduction and its effects
in an Appendix).

(4) The internal laminar channel flow Nusselt and Sher-
wood numbers are assumed constant at their fully developed
values and calculated at a suitable reference temperature.
This is justified due to the typically highly laminar nature of
the flow with small flow Reynolds numbers and correspond-
ingly small entrance lengths.

(5) The consumption of the reactant species before the
light-off location is assumed to be negligible. Since the pri-
mary interest is in predicting the light-off behavior, we
assume that the species concentrations just before the light-
off location are essentially equal to the inlet concentrations
(since negligible or very little reaction takes place) in this
kinetically controlled regime of the reactor. In other words,
the species mass transfer between the surface and the bulk is
relatively very rapid in the section of the reactor upstream of
the light-off location thereby making the process reaction-
rate-limited (kinetics limited) and the surface and bulk spe-
cies concentrations essentially equal (cs; ~ cg;) in this
region.

Most of the above assumptions are well justified and fairly
common in the literature although a detailed rationalization
of some of them will be provided later. With the above
assumptions, the solid and gas phase energy balances can be
written as

nRct
hS(Ty=To) = a;(AH)R;(xgin Ts) = 0 )
Jj=1
w oT,
S Cre—gr =MS(T—Ty). @®)

The light-off point (normal limit point) for a system
described by the above set of equations is obtained by differ-
entiating Eq. 7 partially with respect to Ts and setting it
equal to zero since this is a necessary condition for the sin-
gularity at the limit-point***’ (see also Figure 1) to get,
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—hS =Y a;(AH), a(; (Rj(xginTs)) = 0. )

J=1

The reactor lights-off when the solid temperature reaches a
critical value called the light-off temperature (7),) obtained
by solving the above equation for 7.

To determine the light-off location, we combine Egs. 7
and 8 and use the result for 07,/0T from Eq. 7 to obtain:

(= St @ (AH) Ry (g T2 )

nRet dR'(xg,in,Ts)

E::.“KAH%“ngz“*
hS

w dry
A P8 g

(10)

1+

which is now integrated from z = 0 to z = zj,, where z;, rep-
resents the location of light-off. The corresponding solid tem-
perature varies from Ty;, to T, where Tj;, represents the
solid temperature corresponding to the inlet gas temperature,
Ty in, and is obtained by solving T, in Eq. 7 at the inlet
according to

nRct

Z aj(AH

hS gll’l Sll'l xgm sm) - O

The above results can be combined to obtain the following
result for the light-off location

WCP«,g In Zjnfla aj(AH)jRj (xg,in,Ts,in)
hSA "\ SR aj(AH ) Ry (xg.in Ti10)

Zlo =

prg i
1 ZnRCt . ) (Xng)' (11)

Equation 11 gives the location of light-off and its depend-
ence on the various operating and design parameters in a re-
actor system. If z;, > L, then there is of course no light-off
in that length of the reactor. If z), satisfies a suitable defined
criterion, say zj, < 0.05L, or z;, < 1073 m, then the light-off
can be said to be close to the inlet which is a desirable condi-
tion®” to maximize species conversion. This condition can be
achieved for a given monolith operating at a given flow rate
by choosing the right catalyst loading (a;) and/or having the
appropriate inlet gas temperature (T ;,). The above expression
provides a direct analytical result, for instance, to determine
the minimum amount of catalyst, or the minimum channel
length for a given inlet gas temperature, that is required to
achieve light-off at a certain location within the reactor.

We now provide a more detailed discussion of the assump-
tions made earlier and the light-off behavior. At steady state,
the length of the reactor in the light-off region is given by
L — z,, i.e., the section of the reactor from zj, to L is on the
high temperature branch of the bifurcation diagram (cf.
Figure 1). If transient operation of the reactor is analyzed, it
can be argued that the first location (in time) to light-off
would be zj, and the heat thereby generated subsequently
lights-off the remainder of the reactor. This is because, sub-
strate heat diffusion effects are negligible on the scale of the
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reactor length and hence to have a steady state light-off at z,,
the light-off should have occurred first (in time) at zj,. The
heat generated due to the reactions in the solid phase is trans-
ferred to the gas phase which in turn transfers the heat back to
the solid phase at locations (z > zj,) downstream of the light-
off location, thereby heating up and aiding the light-off in the
rest of the reactor (from zj, to L). At steady state, the entire
section of the reactor with z > z, is in the high temperature
light-off regime (or in the regime where it is not kinetically
controlled). Hence, Eq. 11 can indeed also be used under tran-
sient operating conditions with time-varying inlet gas temper-
ature to estimate the light-off location in the monolith chan-
nel. It should also be pointed out that the extent of species
conversion in the monolith reactor would depend on the
ignited length (L — z,,) of the monolith and hence a lower
value of zj, would help maximize the conversion efficiency.

The second assumption can be justified by noting that in
most practical and industrial applications the catalyst is uni-
formly coated along the length of the monolith channels.
Even in cases where the catalyst loading is zonal in nature
and the resulting catalyst activity is nonuniform, it is usually
designed to vary discretely in zonal sections in such a way
that there is constant activity within each zone. Usually a
higher catalytic activity is preferred in the zone near the inlet
so as to achieve near-inlet light-off especially to reduce cold-
start emissions.>? To achieve this condition, Eq. 7 should have
the right set of parameters (such as surface area, catalyst
loading, inlet gas temperature, etc.) to be able to exhibit
multiple solutions at the inlet and the resulting solid tempera-
ture should be able to transition to the higher temperature
branch of the bifurcation system (cf. Figure 1). It can be
shown that this behavior is obtained when the following
condition is satisfied

SR a(—AH) R (xgin Tuo) - 12)
hS(Ts‘lo _Tg,in) -

where Ty, is given by Eq. 9. Equation 12 follows from the
fact that at a given inlet gas temperature, for multiple solu-
tions to exist, the solid temperature that satisfies Eq. 7 should
be greater than the light-off temperature and be on the high
temperature branch. In other words, Eq. 12 expresses the
requirement that at the light-off temperature the heat gener-
ated at the inlet should be greater than the heat removed to
sustain this condition. When the above criterion is satisfied, a
near-inlet light-off is achieved in the reactor. The minimum
amount of catalyst required for such a near-inlet light-off con-
dition can be obtained by solving Eq. 12, or by solving for the
catalyst activity a; using a suitable 1nlet proximity criterion
such as z;, < 0.05L or, say, zj, < 103 m in Eq. 11. Note that
Eq. 12 can be used even for a nonuniform catalyst distribution
ie., even if only the inlet catalytic activity satisfies Eq. 12
with a; = a;(z = 0) (which could be different from the interior
loading conditions) a near-inlet light-off can be achieved.
When solid conduction is included in the model, the light-
off front is smeared in z and hence the z;, predicted with Eq.
11 would give a conservative estimate of the length of the
channel that is in the light-off region. A transient simulation
with varying gas concentrations and with solid conduction
included would increase the time required for light-off, as
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the heat generated in the solid diffuses along the substrate
wall and is not localized.

Spread of the Light-Off Front

It is also useful to extend our analysis in the above frame-
work to examine the nature and spread of the light-off front
due to substrate heat diffusion in the vicinity of the light-off
location. Ideally it is assumed that the light-off bifurcation
behavior follows an S-shaped curve (noted earlier as in
Figure 1) with the light-off location being the limit point
along the channel length at which the state variables (such as
solid temperature or conversion factor) exhibit a dramatic
step change in their conditions. This step change is represen-
tative, ideally, of a steep transition across a sharp front in the
reaction conditions from a kinetically controlled regime to a
mass-controlled regime over an infinitesimally thin light-off
zone. However, in reality, the light-off zone is of finite thick-
ness due to heat diffusion effects which were assumed negli-
gible for predicting the light-off location, but can now be
included to examine their role in influencing the physical
extent of the light-off zone.

Assuming constant inlet species concentrations as before,
the quasi-steady state approximation can be made as argued
in the previous section to arrive at the following form of the
solid phase energy balance in Eq. 1.

asz nRct
0 fivso 55 = hS(Te—Tg)+ Y _ aj(z)(—AH)R;(xgin T0)-
j=1

(13)

Let us define the heat generation term in the above equa-
tion in a compact form as

F(T)) =) aj(z)(—AH)R;(xgin o) (14)

J=1

and cast Eq. 13 into a nondimensional form by defining the
following dimensionless variables
- T—T —
7 T 0)7 I G
ATt Az

s)

where in the interests of isolating the region in the vicinity of
the light-off location, it is clear that zg = z, and Az = L,
whereas Ty and AT, represent as yet undefined reference tem-
perature scaling quantities that will be defined shortly in the
analysis that follows. Combining the above scaled variables
and the gas phase energy balance in Eq. 8 with Eq. 13 gives us

0*T, T,

X _ iy 9s P
e —(1=F) >+ BF=0 (16)

where the dimensionless functional forms are

S FL)
F(T) = pepr F(T)

_ dF _dF/dT;
—dT, kS

and the dimensionless parameters of the problem that emerge
are
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fedefl DS
wCp /A wCp /A

The parameter ¢ is a measure of axial heat conduction in
the substrate wall, while B a measure of heat convection at
the wall-gas interface, both relative to the enthalpy flux of
the flow. These parameters can be expressed in terms of their
more commonly encountered channel flow counterparts as

Dy /L , A Cpe/A
&= #Dn/L where ' = A and Pep, = M/Npi’g/
Pé‘Dh )bg /“g/Dh
N, hD
B = StSL where St = —2" and Nup, = —"
€Dy, /Ig

where the standard channel flow definitions of the Nusselt
(Nupy,), Peclet (Pepy,), and Stanton (St) numbers in terms of
the hydraulic diameter have been invoked.

The parameter B is typically an O(1) quantity in a con-
verter, whereas by nature of its definition, the parameter ¢ is
a small perturbation quantity (¢ < 1). In the limit of ¢—0 in
Eq. 16 we lose the heat diffusion term and recover the nondi-
mensional equivalent of Eq. 7 which can be solved to deter-
mine 7, as a function of the parameter B as was done earlier
to arrive at the result in Eq. 11.

However, to capture the role of axial conduction effects on
the light-off zone, it is important to retain the diffusion term
in Eq. 16 in our analysis. By virtue of the small parameter ¢
multiplying the second-order derivative heat diffusive term in
Eq. 16, the solution for T, can be expected to exhibit classic
“boundary layer” behavior. To analyze this behavior it is
beneficial to employ the matched asymptotic technique using
strained coordinates to magnify the region in the vicinity of
z = z5,. To do so we define a local strained coordinate

5:i:w

g(e) g(e)

and substitute it in Eq. 16 to determine that the magnifying
scale above should be g(¢) = ¢ to ensure a proper physical
balance in Eq. 16 which becomes

0T
&

T

—(1-F) 9

+ ¢BF = 0. (17)

The solution of the above equation can be sought in the
form of a perturbation series as

Ts = Ts() + 67T‘sl + 32Ts2 + -

in which the leading order term Ty (in the limit of ¢—0) is
governed by
Ty _, 0Ty
2 ( - 0) =
0¢ ¢

O(e) (18)

and correctly provides a dominant balance between the diffu-
sive and convective terms of the process in the local
stretched coordinate frame of reference of ¢ < 0. The lead-
ing order solution Ty of Eq. 18 can be determined subject to
suitable boundary conditions which can be specified only
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Table 1. Standard Physical Parameters and Operating Conditions

Property Symbol Units Value
Monolith length L m 5.08X1072
Monolith frontal area A m? 110.1x107*
Cell density Cy cpsi (cells per square inch) 600
Substrate thickness Wep mils (milli inch) 3.5
Washcoat thickness Wye pm (microns) 30
Specific heat capacity of the gas Cpe J/mol/K 30
Substrate thermal conductivity Asb W/m/K 1.5
Nusselt/Sherwood number Nu, Sh - 2.97
Catalyst surface area a; m*/L 74
Inlet mass flow rate - g/s 15
Inlet gas temperature Tyin K 600
Inlet mole fraction of CO Xgin, CO - 2%
Inlet mole fraction of C3Hg Xgjin, C,H, - 450 ppm
Inlet mole fraction of C3Hg Xg in» CHy - 50 ppm
Inlet mole fraction of H, Xgin» H, - 0.667%
Inlet mole fraction of O, Xgin» O, - 1.8%
Inlet mole fraction of NO Xgin» NO - 1,000 ppm

after the proper temperature scaling in Eq. 15 is first estab-
lished. Because of the nature of the diffusive effects we are
trying to capture in the region z < z,, i.e. ¢ < 0, and extend-
ing up to ¢ — 0, the appropriate temperature reference quan-
tities in Eq. 15 should be T, = T, and
ATt = (Ts1o — Tsin) so that the corresponding boundary
conditions for T, in Eq. 17 in terms of the stretched coordi-
nate ¢ become suitably normalized to

T, =0 as To=1 as

¢ — —oo, and E—0. (19)

Since by definition F is a function of Ty, Eq. 17 is a fully
nonlinear equation in Ty and does not permit a simple closed
form analytical solution for T(¢). However for the leading
order solution T (&) governed by Eq. 18, neglecting the F'
term as a first approximation and doing a quick analysis sub-
ject to Eq. 19 yields a leading order solution behavior nomi-
nally of the type Ty ~ e¢ which suggests a front thickness
that is diffused over a length scale of O(eL). The parameter ¢
defined by % is representative of the relative magnitude
of the axial heat conduction flux in the solid substrate to the
enthalpy flux in the flow and is hence a measure of the local-
ization of the light-off region. A more complete solution and
discussion (of the nature of Ti(¢)) based on a detailed numer-
ical analysis of the light-off zone will be presented in the fol-
lowing section for a specific representative case of a TWC
converter for which a simplified set of reactions and kinetics
available in the literature have been used.

Results and Analysis

In this section, the effects of important operating and
design variables on the light-off behavior (both the light-off
location and the spread of the light-off front for finite solid
conduction) are analyzed for the case of a representative set
of oxidation reactions in a TWC. For purposes of simplicity
and clarity, a representative set of reactions and kinetics
(available in the literature) have been chosen primarily to
illustrate the range of competing factors in a multireaction
system and demonstrate the applicability of the analysis
developed in this study. Note that the entire complex set of
reactions of a modern TWC has not been considered here
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and hence the results are not a completely quantitatively
accurate reflection of a modern TWC.

The main representative reactions and their kinetics con-
sidered here have been taken from the literature®® and are
listed below:

CO + 0.50, — CO,
Cs;Hg 4+ 4.50, — 3CO, + 3H,O
C3Hg + 50, — 3CO; + 3H,O
H, + 0.50, — H,O.

The only other nonreacting species in the reactor in this
example is NO. Though NO reduction reactions (with carbon
monoxide, hydrocarbons, hydrogen) are important, for the
purpose of simplicity we do not consider these reactions in
this work. Unless mentioned otherwise, we use the standard
set of parameters listed in Table 1 for the numerical analysis
from which the baseline value for the catalyst active surface
area loading parameter a; can be calculated to be 7.4 m?/L of
converter volume. The formulas used to calculate Dy, f, are
listed in Table 2. It may be noted that not all of the values
in Table 1 are in SI units since units used in common prac-
tice have also been used.

Figure 2 shows the influence of the inlet gas temperature on
light-off location for a representative case as indicated in the
caption. It can be observed that as the inlet gas temperature
increases, the light-off location moves upstream toward the
inlet. When the inlet gas temperature has a value of 815 K,
light-off occurs at a z;, = 1073 m which can be taken to be
essentially at the inlet. It can be verified that this means that
the condition in Eq. 12 noted earlier is satisfied. Also, if the
monolith reactor is, say 0.1-m long (represented by the hori-
zontal dotted line in Figure 2), then for any inlet gas tempera-

Table 2. Formulas Used to Calculate Other Parameters

Parameter Units Formula
Dy, m 1/V/Ca—2Wye—Wgp
S m?/m? 4C4Dy,
feo - WbV Ca(2—=Wwepv/Ca)
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Figure 2. Influence of inlet gas temperature on the
light-off location for the standard set of pa-
rameter values listed in Table 1.

ture less than 657 K (this threshold value would be 628 and
612 K for a 0.2- and 0.3-m long reactor, respectively), there is
no light-off within the reactor. In other words the minimum
inlet gas temperature required for light-off in a 0.1-m long re-
actor is 657 K. So as we increase the inlet gas temperature
from its minimum value, the light-off behavior changes from
a no light-off condition, to a near-exit light-off condition, to
eventually a near-inlet light-off condition at a high enough
inlet gas temperature as the light-off location moves upstream.
Figure 2 also shows the influence of the hydrocarbon and
hydrogen oxidation reactions on the light-off behavior. When
the hydrocarbons and hydrogen are removed from the feed
(inlet gas stream), there is no significant change in the light-
off behavior, indicating the dominant role of the CO oxidation
reaction. It should be noted that this observation (that hydro-
gen and hydrocarbons in the feed have little impact on the
light-off behavior) is very specific to the example considered
here and cannot be generalized. However, a similar type of
analysis can be performed for any other system to arrive at
similar conclusions by using a suitable model to predict light-
off such as in Eq. 11 developed in this work.

Figure 3 illustrates the variation of the inlet solid tempera-
ture, the light-off temperature, and the light-off location as
we change the catalyst active surface area (a;) for the stand-
ard set of parameters in Table 1 and a representative inlet
gas temperature (Tg;,) of 700 K. The dotted vertical line
shows the default baseline value of g; that is being used. At
lower values of a;, the inlet solid temperature is low, the
light-off temperature is high, and the light-off location is far
downstream of the inlet. As we increase the catalyst activity,
the inlet solid temperature increases, the light-off temperature
decreases, and the light-off location moves upstream toward
the inlet. At a certain large enough value of a;, the inlet solid
temperature becomes equal to the light-off temperature and
the light-off occurs at the inlet. This point is denoted by A in
Figure 3. For values of a; greater than this value, the inlet
solid temperature and the light-off temperature continue to
remain equal but decrease in magnitude, whereas the light-
off location remains at zero.
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Figure 3. Variation of the inlet solid temperature, the
light-off temperature and the location of
light-off as a function of catalyst activity (for

Tgin = 700 K).

Figure 4 shows the inlet gas temperature required for near-
inlet light-off as a function of the catalyst activity with all
other parameters fixed at the standard values listed in Table 1.
In this figure, the inlet gas temperature for near-inlet light-off
is calculated using two approaches. The first approach is to
solve for T, ;, using the equality condition in Eq. 12 (which
implies zj, = 0) and the second approach is to solve for T,
using Eq. 11 with z;, = 10~% m chosen (somewhat arbitrarily)
as a realistic near-inlet value. As shown in the figure, there is
a difference between the required inlet gas temperatures of
about 10-20 K for these two cases depending on the catalyst
activity. Also shown in the figure for ease of understanding is
the variation of the corresponding solid light-off temperature,
which under these conditions of near-inlet light off is essen-
tially equal to the solid inlet temperature.

Figure 5 shows the variation of the light-off location with
catalyst activity and shows that it moves upstream with
increasing catalyst loading for a given inlet gas temperature.
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Figure 4. Inlet gas temperature required for near-inlet
light-off as a function of the catalyst activity.
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Figure 5. Influence of catalyst activity on the variation
of the light-off location as a function of the
inlet gas temperature.

The vertical line at 650 K (for example) shows how much
closer to the inlet the light-off occurs as we double, triple,
and quadruple the catalyst activity relative to its baseline
value in Table 1. The figure also shows the minimum inlet
gas temperature required for near-inlet light-off defined as
Zlo = 107 m (indicated by the horizontal line in the figure).
For instance, doubling the catalyst activity decreases the min-
imum inlet gas temperature required for near-inlet light-off
by about 45 K and tripling the catalyst activity reduces it by
80 K relative to the baseline value for the model problem
considered in this study.

Figure 6 shows the inhibition effect of NO on light-off
behavior. As mentioned earlier in this section, the NO inhibi-
tion of the oxidation reactions appears through the reaction
rate expressions26 even though NO is a nonreacting species.
As can be seen from the figure, there is a significant impact
on the light-off temperature and location due to the presence
of NO in the feed. With 1000 ppm of NO, the inlet tempera-
ture required for near-inlet light-off (defined earlier as zj, =
1073 m) is about 815 K, but when we reduce the NO con-
centration by half, the temperature required for near-inlet
light-off reduces by 40 K. The significant effect of the influ-
ence of the NO concentration is seen in the 0—100 ppm range
where the inlet temperature required for near-inlet light-off
decreases by more than 70 K indicating a logarithmic type
dependence of the inhibition effect on the NO concentration.

The results in Figures 1-6 can be captured in the trends
shown in Scheme 1. For example, for a given monolith and
flow conditions, at a certain inlet gas temperature T! 131, light-
off occurs at the location zfé‘ for a certain catalyst loading
condition of a;A. At this location, the solid temperature
(which remains almost constant at its inlet value up to this
point), jumps to the light-off value as indicated by the bold
arrows in the schematic. Increasing the catalyst loading to
a}B) or to a'”) moves the 71, location further upstream and
changes the solid temperature variation and reduces the jump

. (B C .
as shown (correspondm% to_the locations z,” and z) "), until
a loading condition (q; ) is reached at which light-off
occurs at the inlet (zlo = 0) and the corresponding tempera-
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ture Ju (g) is zero. For a different inlet gas temperature
gm T,;, the resulting trends are shifted as shown in the
schematic, although the corresponding values of a; required
to achieve this condition at each of the zj, locations shown in
the schematic are lower for the higher inlet gas temperature.

Figures 7 and 8 deal with the spread of temperature in the
light-off zone due to heat diffusion in the substrate for which
the governing equations were developed at the end of the
previous section. Here we look at the complete numerical so-
lution of the temperature distribution Ts(¢) governed by Eq.
17 to understand the nature and extent of the diffusion of the
front for some representative cases corresponding to the
results shown in Figures 1-6. We continue to use the stand-
ard reference set of parameters from Table 1.

Figure 7 shows the nature of the temperature spread in the
light-off front as a function of different catalyst loading val-
ues for a standard case of a monolith with a cell density of
600 cpsi and substrate thickness of 3.5 mils (0.0889 mm)
indicated in Table 1. The dotted line is the simple e approx-
imate solution to Eq. 17 (suggested at the end of the previous
section) while the solid curves are the full numerical solution
for different loading values indicated on the figure. It is clear
that the reaction front thickens significantly with increasing
loading as the light-off location moves upstream to a near-
inlet condition.

Figure 8 shows the nature of the temperature spread in the
light-off front as a function of monolith cell density Cyq and
substrate thickness wyg, for a reference case of a uniform cat-
alyst loading value of 20a;. The dotted line is the simple e
approximate solution to Eq. 17 while the solid curves are the
full numerical solution for different typical cell density val-
ues used in practice as indicated on the figure. It is again
clear that the reaction front thickens with decreasing Cy
(since the role of wy, is absorbed into ¢ as discussed in the
following paragraph) as the light-off location moves
upstream to a near-inlet condition.

The trends shown in Figures 7 and 8 can be explained by
first noting that the dominant contribution to the temperature
solution in the vicinity of the light-off location (£ = 0)
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Figure 6. Influence of NO concentration on the varia-
tion of the light-off location as a function of
the inlet gas temperature.

DOI 10.1002/aic 1867



* monolith channel substrate

(C) <
2o =0 Zi
(rrax) o
a; o .":.{-' ’ =

2

B
o
(B)
fr‘J-

Scheme 1. Trends in the variation of the solid inlet temperature (T5;,) and the light-off temperature (T;,) at the
light-off location (z),), as a function of catalyst loading (a;), for two different inlet gas temperatures
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comes from the leading order term Ty, which is governed
by Eq. 18. The behavior of this leading order term is deter-
mined by the nature of F' present in Eq. 18 which has a
functional dependence given by F' ~ a;/hS. By definition,
hS = 4Nup, ,Cq (in which Nup, and 4, are assumed con-
stant) thereby indicating a variation in these curves that sim-
ply scales through the ratio a;/Cq, i.e. for increasing values
of this ratio the zone front thickens as the light-off location
moves upstream to a near-inlet condition (and vice versa). It
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Figure 7. V_ariation of the dimensionless temperature
(Ts) and spread of the reaction front as a
function of catalyst loading (a;).
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is important to note that the effect of the kinetics and activa-
tion energies of the chosen reaction set are captured in the F'
term present in Eq. 18 and are critical in determining the
profiles in Figures 7 and 8. As for some of the other varia-
bles in the problem such as flow rate, w, monolith frontal
area, A, substrate thickness, wy,, (Which determines f,) or sub-
strate thermal conductivity, g, the effects of these variables

1 T .
{Cd. st’ = (cpsi,mils)
@ 0.8
-
B
g et
E 0of
] i
H
- (300, 8) f
o H
S 04} I
2 (400, 4.3) ;
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Figure 8. Variation of the dimensionless temperature
(T.) and spread of the reaction front as a
function of monolith cell density (C4) and
substrate thickness (ws,) for a catalyst load-
ing of 20a;.
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are essentially factored into the parameter ¢ which is
absorbed in the problem scaling leading to Eq. 17.

The curves in Figures 7 and 8 can also be used to estimate
the actual dimensional front thickness and study its depend-
ence on the different parameters in the problem. Let us first
define the front thickness based on a consistent (although
somewhat arbitrary but commonly used) criterion as the loca-
tion corresponding to a 99% decay in a given temperature
curve, i.e. as the &—location at which T, = 0.01. It is clear
then from these curves that the front thickness is of the
O(5 — 10) in units of ¢ depending on the value of g; or Cq.
By definition of & this corresponds to a dimensional thick-
ness of O([5 — 10]eL) where the definition

o, — JsbAsh
wCpe /A

indicates the presence of a front thickness length scale which
is a function of only the substrate and flow properties in the
problem. For the curves in Figures 7 and 8 the front thick-
ness can be calculated and shown to be in the range of about
1-3 mm (depending on the value of a; or C4) which is repre-
sentative of the spread of the temperature profile in the light-
off front. The significance of this result will be discussed fur-
ther in the following section.

Discussion

Many chemical reacting systems exhibit light-off behavior,
or “thermal run-away” as it is sometimes called. In certain
systems such a behavior is preferred (say, where maximum
conversion is desired) and in some systems it is not (say, to
avoid high temperatures, etc). In this work, we examine light-
off behavior (characterized by the light-off location and thick-
ening of the light-off front) in a catalytic monolith reactor for
the general case of multiple reactions and generalized kinetics.
A one-dimensional two-phase model has been developed for a
monolith reactor and techniques from nonlinear analysis are
applied to this model to arrive at an analytical expression in
Eq. 11 to determine the light-off location. This analytical exp-
ression contains all the important operating and design
variables of the monolith reactor and also the reaction specific
variables such as the kinetic parameters and the heats of
reaction. We first obtain the light-off location analytically
assuming negligible solid conduction, and then extend the
applicability to estimate the spread of the light-off front by
including finite conduction in the solid substrate. This study
can be used to model and quantitatively study light-off behav-
ior accurately without having to numerically solve the entire
set of governing partial differential equations.

The TWC example

A specific representative case of a TWC converter for
which a simplified set of reactions and kinetics are available
in the literature®® is used to illustrate the application of this
work. Detailed analyses are performed to study the light-off
behavior and to quantify the influence of the various design
and operating variables. Some of the important observations
are that (a) as we increase the inlet gas temperature, the light-
off behavior changes from no light-off in a given reactor to
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near-exit light-off to near-inlet light off, (b) for a typical case
doubling or tripling the catalyst activity decreases the mini-
mum inlet gas temperature required for near-inlet light-off sig-
nificantly, (c) the NO inhibition effect is important and espe-
cially so for lower NO concentrations, (d) the spread of the
light-off front is of the order O([5 — 10]¢L) where

o — JsbAs
WCpg /A

and for typical values of the operating conditions this front
thickness is around 1-3 mm. While some of these results are
very specific to this system (and/or parameters chosen), these
results provide insight into how the analysis presented in this
work could be used to study light-off behavior in a general
chemically reacting system. Rather than dwell on the case-
specific numerical results considered here, we would like to
focus on how such an approach can be generalized to arrive at
some useful design guidelines that can be implemented to
improve the performance of catalytic monolith reactors.

Transient analysis for a more general case

In most automobile exhaust gas aftertreatment systems
(used in the control of emissions) such as TWC, DOC, LNT,
SCR, etc., we would like to achieve early light-off and high
conversion efficiencies for better emissions performance.
Though the analysis presented in this work was for steady
state conditions, we can extend some of these results to tran-
sient behavior as well. As noted in the section on light-off,
its location (zj,) obtained using Eq. 11 can also be viewed as
the location in the reactor that would light-off first (in time).
In a transient situation, the solid has to be heated to the
light-off temperature by the flowing gas with the help of the
heat of reactions. For the case of negligible solid conduction
in the monolith, the little heat generated by the reaction in
the early stages before light-off does not spread in the solid
and is localized, though it can be transferred to the gas by
convection at a particular location. This helps the localized
solid catalyst to reach the light-off temperature early as only
the localized region needs to be heated to the required extent.
But when there is finite solid conduction, the heat generated
before light-off starts to diffuse in the solid (in addition to
being transferred to the gas) and hence more heat (and hence
more time) is needed for the solid catalyst to reach the light-
off temperature. So with finite solid conduction, we need to
heat a sufficient mass of the solid substrate/catalyst before it
can reach the light-off temperature/condition. This mass can
be estimated from the thickness of the light-off front which
was found earlier to be typically O([5 — 10JeL) and shows
that as conduction in the solid increases, the spread of the
light-off front also increases and the localized feature of the
light-off zone is diminished. More significantly, this in turn
increases the time required for light-off as more heat is
needed (because of the increased thermal mass due to
increased temperature spread) for the solid to reach the light-
off temperature. So for metallic substrates that typically have
conductivity values 10-15 times that of ceramic substrates,
the thickness of the light-off zone, which scales directly with
the substrate thermal conductivity, will also be 10-15 times
as much, thereby increasing the thermal mass that needs to
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be heated before the solid reaches the light-off temperature.
For typical parameter values, the resulting thickness of the
light-off front could be as much as 10-30 mm for metallic
substrates. However if the enthalpy flux of the flow is suffi-
ciently high (due to large flow rate and/or small monolith
frontal area) such that we maintain a small & parameter
value, we could still have a small light-off front thickness
even with metallic substrates. From the above discussion, it
is clear that it is always desirable to be in the regime of
small ¢ so as to have localized as well as early light-off
behavior. As mentioned earlier, we discuss the limiting case
of infinite solid conductivity in the substrate walls and its
effect on the light-off behavior in an Appendix.

Although typical engine exhaust aftertreatment devices
(such as a TWC or DOC) do not have constant inlet condi-
tions as has been assumed in this work, the analysis shown
here could nonetheless be applied to such cases. When the
inlet conditions change with time, one of the approaches
could be to get an average value of the inlet concentrations
and use this to calculate an “effective inlet gas temperature”
required for near-inlet light-off. In a typical automotive
engine drive cycle where the inlet gas temperature keeps
increasing with time, we could find the time at which the
“effective inlet gas temperature” reaches a prescribed value
required for near-inlet light-off. This time can then be mini-
mized by changing various design parameters to arrive at an
optimum set of parameters that would favor near-inlet light-
off at lower inlet gas temperatures (which means less time).
The parameters that could be changed to have a near-inlet
light-off at a given inlet gas temperature were discussed ear-
lier with reference to Eq. 12.

Light-off location and the role of catalyst loading

From a transient as well as a steady state point of view,
there are clear advantages to having the light-off close to the
inlet as compared to a light-off further downstream in the re-
actor. This has been discussed in detail.**> As mentioned ear-
lier, the conversion in the reactor is determined by the lit-off
region of the monolith (L — z,) (which is in the high tempera-
ture branch) and hence having a smaller zj, is desirable for
higher conversions. From a transient behavior point of view,
when the light-off occurs close to the inlet, the time taken for
the rest of the reactor to light-off is considerably smaller
because the heat generated after light-off can be transported
downstream both by convection in the gas and conduction in
the solid walls. On the other hand if the light-off occurs at any
location (zj,) downstream of the inlet, the primary mode of
heat transfer upstream of that location is only heat conduction
in the monolith. Since heat conduction time scales are typi-
cally larger compared to the convection time scales in the gas,
it takes significantly more time for the region upstream of zj,
to also achieve the light-off condition. Hence the overall con-
version efficiency of the monolith which is essentially due to
the lit-off region would not be as high (as compared to the
case where there is light-off near the inlet and the entire
monolith is therefore in a lit-off state).

Note that to favor a near-inlet light-off we need a high
enough catalyst loading only close to the inlet, while in the
remainder of the reactor it can be held at a suitable minimum
value so that the reactor is maintained in the mass transfer-
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controlled regime. However in practical applications there is
considerable deactivation of the catalyst primarily near the
inlet (thus lowering the effective value of a; near the inlet)
and the developing thermal entrance region of the flow
results in a higher Nusselt number (and hence higher #).
Both these factors act as deterrents for near-inlet light-off as
evident from the criterion in Eq. 12. Hence, it may be advis-
able to have the light-off location downstream of the devel-
oping entry region or sufficiently downstream of the inlet to
compensate for the above effects.

Effect of external heat loss

In many applications, the monolith reactor is not adiabatic
and there is significant external heat transfer between the
converter canister and its surroundings. A simple but approx-
imate way to model this phenomenon using a one-dimen-
sional model is to relax the adiabatic assumption and add an
external heat loss in the solid energy balance. As a result the
solid phase energy balance for the channel walls in Eq. 1 is
modified to

OT, 82
bellsb

)(AH)R; thSL(T ~T)) (20)

(fsbpsbcp sb + focPwcCp. wc)

nRct
- Z a;(z

where /4y is the external heat transfer coefficient, T, is the
ambient temperature, and S is the external surface area of
the reactor per unit reactor volume available for external
heat transfer with the ambient. Although the above equation
cannot capture the exact quantitative heat-loss behavior in a
catalytic monolith it captures the qualitative behavior through
this additional heat loss term. Since the above equation along
with Egs. 2 and 3 are an exact representation of the science
at the single channel level, it may be noted that the entire
analysis in this work is fully applicable to tubular reactors
with wall reactions on an exact basis at the single channel
level, in addition to being valid for complete catalytic reac-
tors on an approximate basis at the complete monolith level.
It should be mentioned that the significance of the heat loss
from a monolith reactor is very application specific*® and
depends on the monolith properties, the reaction system, and
the test procedure and/or conditions.

The analysis presented earlier can be extended to this case
and the light-off location (given earlier by Eq. 11) can be
obtained as

hS(Tg _Ts)

- chﬁg 0 E{Elef(AH)jRj(xg,m sm) + hLSL( s,in Ta)
lo = nRe
hSA szIle(AH)'R/(Xg,m slo) +hLSL( sJo™ Ta)
WCyg [ T,
+ pg/ nR(,t (21)
>t aj(—AH)R;(xgin Ts) + hiSL(Ts—Ta)

where Ty, is obtained by solving

nRct
hS(Tyin— Z a;(AH

sm) hLSL s,in xglstm):O

and Ty, is obtained by solving
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nRct
— hS — hLSL— ZGI(AH)

J=1

d
177'3 (R/(xg.,in7Ts)) =0.

Here again, it is assumed that even with heat-loss from the
reactor, there still exists an ignition or light-off point in the
feasible region as defined earlier in the context of this study.
(Note: It is possible for the light-off point to disappear with
heat losses in the system although we do not consider such
cases in this study as noted earlier). As can be expected, the
additional heat loss to the surroundings makes it more diffi-
cult to achieve light-off because it results in the need for an
increased light-off temperature. This is because the heat of
reaction generated before light-off is now being lost by an
additional heat transport mechanism and has to be compen-
sated. So for a given set of parameters, the light-off location
will move further downstream for a case with external heat
loss compared to an adiabatic case. Along similar lines, the
criterion for near-inlet light-off (earlier given by Eq. 12) can
be modified to

ST aj(—AH) R (Xgin, s 10)
hS(Ts,lo - Tg,in) + hLSL(Tsylo*Ta) B

and reconfirms the fact that external heat loss hampers light-
off and we need higher inlet gas temperatures and/or higher
catalyst loading for near-inlet light-off compared to the adia-
batic case. Interestingly enough, the additional external heat
loss term does not have a significant effect on the thickness
of the light-off front and the spread is still characterized by
the parameter ¢. This is because the external heat loss term
represents heat transport in the transverse direction between
the surface and the ambient, while heat diffusion effects in
the solid wall are mainly in the streamwise (or flow) direc-
tion. The analysis performed earlier on the spread holds for
this case as well with a small modification in the definition
of F (earlier given by Eq. 14) as follows

F(Ty) = 2 aj(2) (=AH); Rj(xgin, Ts) = SL(Ts=Ta).

J=1

So while the light-off is delayed with external heat loss,
the spread of the light-off front remains essentially
unchanged. A more detailed analysis can be performed using
the above equations to fully quantify the effect of external
heat loss although we do not attempt to do so in this work.

Closing comments

The above discussion provides various pointers for better
design of catalytic monoliths that favor (early) light-off. To
avoid early light-off in a reactor system application, many of
the above conclusions could be reversed using the formulas
and analysis in the sections on light-off and spread. The gen-
eralized approach to studying light-off behavior used in this
work also helps in analyzing how the reaction kinetics and/or
species concentrations affect the light-off behavior in addi-
tion to studying the influence of the various design and oper-
ating parameters. In general, the results and inferences from
this work could be used to determine optimal operating,
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design, and reaction conditions for improved performance of
monolith reactors. This work could also be extended for
application to regeneration in diesel particulate filters (DPFs)
to determine the minimum inlet gas temperature (which is
effectively the amount of heat/fuel that has to be added
upstream of the DPF) that is required to achieve a desired
degree of soot oxidation. Though the results obtained in this
work can be qualitatively applied to transient cases as dis-
cussed earlier, a more comprehensive analysis would be
required to extend the applicability completely to a wider
range of operating conditions to capture the full transient
behavior of reactor systems.
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Notation

a; = catalyst surface area per unit volume of the monolith (m*/m%)
A = monolith frontal area (m?)
¢ = total molar concentration (mol/m?)
Cp.o = specific heat capacity of gas (J/mol/K)
Cp.sb = specific heat capacity of the substrate (J/kg/K)
Cpwe = specific heat capacity of the washcoat (J/kg/K)
C4 = cell density (cells/m?)
Dy, = hydraulic diameter (m)
D;m = mass diffusivity of the i™ species (m?/s)
fsb = volume fraction of the substrate in the monolith
fwe = volume fraction of the washcoat in the monolith
h = heat transfer coefficient between solid and gas (J/mz/s/K)
hy, = external heat transfer coefficient between solid and ambient
(J/m*/s/K)
km,; = mass transfer coefficient between solid and gas for ith species
(mol/m%/s)
L =length of the monolith (m)
M; = molecular weight of the ith species (g/mol)
Nu = Nusselt number
Pep, = heat peclet number
R, = universal gas constant (J/mol/K)
R; = reaction rate for jth reaction (mol/m?/s)
s;; = stoichiometric coefficient of ith species in reaction j
S = surface area of solid substrate per monolith volume (m?*/m>)
Sp. = external radial surface area of reactor per monolith volume
(m’/m?)
Sh = Sherwood number
St = Stanton number
t = time (s)
T = temperature (K)

T, = dimensionless solid temperature

w =molar flow rate of inlet gas (mol/s)
W, = substrate thickness (m)
Wwe = washcoat thickness (m)

x =mole fraction of species

z = axial coordinate (m)

7 = dimensionless axial coordinate

71, = light-off location (m)

Greek letters

(AH); = heat of reaction for reaction j (<0 for exothermic) (J/mol)
/lg = thermal conductivity of the gas (W/m/K)
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Asp = thermal conductivity of the substrate (W/m/K)
¢ = dimensionless axial coordinate
psb = subtrate density (kg/m3)

Pwe = washcoat density (kg/m?)

Subscripts and superscripts

a = ambient

g = gas phase
i = ith species

in = inlet

init = initial

J = jth reaction
lo = light-off

s = solid phase
sb = substrate
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Appendix

It is instructive to consider the special case of infinite solid
conduction in the substrate walls, it is possible to arrive at
some results to understand the light-off behavior under these
limiting conditions. For infinite solid conductivity the wall
temperature is essentially uniform along the monolith chan-
nel. So when light-off occurs in the monolith, it does so uni-
formly along the channel length and there is no specific
light-off location. Using the assumptions listed earlier in
developing the model for light-off analysis, the solid phase
energy balance in this case can be written as

wC hSAL
% (e"f”"“ - 1) (Tgin—Ts) — LZ“_;‘(AH)J'R/'(xg-,imTS) =0

(AD)

where the length of the monolith channel appears explicitly
in the balance equation. The light-off temperature for this
special case is obtained by differentiating the above equation
partially with respect to T and setting it equal to zero to get,

—hS B(EB - 1)}

nRct
d hSL
- Zaj(AH)jﬁ (Rj(xgin,Ts)) =0 where B = e
Jj=1 s p.g
(A2)

By virtue of the property that
[
E(e —1) > LforallB >0

and by comparing Eq. A2 with Eq. 9 we can conclude that
the light-off temperature for the case of infinite solid conduc-
tion is always higher than that obtained for the case of finite
solid conduction. This is because the heat generated by the
reactions spread immediately (because of infinite solid con-
duction) and this heat loss has to be compensated for by a
higher light-off temperature. Also, as mentioned earlier, there
is no localized light-off and hence the time required for
light-off would also be higher (see also section on the gen-
eral transient analysis). Note that although the light-off tem-
perature is higher and the light-off is delayed for the case of
infinite solid conduction, once light-off has occurred the
entire monolith channel is on the high temperature branch
(and not in the kinetically controlled regime) and hence
would have higher conversions compared to the case of finite
solid conduction where only the (L — zj,) segment of the
monolith is on the high temperature branch of the system.

Finally, as the length of the monolith channel is reduced,
the light-off temperature approaches the value obtained for
finite solid conduction as the light-off behavior gets forcibly
localized. This is also evident from the fact that in the limit
as L—0 (i.e. B—~0) we have limgﬂoé(eB —1)=1 and Eq.
A2 reduces to Eq. 9.
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