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The effect of a fast exothermic surface reaction on the fluid flow and on heat transfer
between bulk gas phase, and the catalytic wall in a monolithic reactor has been studied
by means of a 2-D mathematical model. The radial profiles of temperature, concentration,
and velocity in the ignition region show that the perturbation induced by the reaction is
qualitatively comparable to the entrance effects. From the standpoint of heat transfer
efficiency the channel may be divided into two zones, the first dominated by the entrance
effects and the second dominated by the reaction effects. In the first zone the interphase
heat transfer resembles the constant wall heat flux (Nuy), while after ignition resembles
the constant wall temperature (Nuy) only once the perturbation generated by the reaction
ignition has extinguished. It is, hence, showed that the Nu number may be calculated as
the interpolation between Nuy, and a modified Nusselt number Nu,, which is defined as
a function of the difference between the adiabatic temperature and gas bulk temperature
rather than wall-gas temperature difference. It is anchored to the ignition location,
depends on the operating and kinetic parameters and asymptotically tends to Nuy. © 2005
American Institute of Chemical Engineers AIChE J, 52: 911-923, 2006
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Introduction

The catalytic oxidation of hydrocarbons in monolithic reac-
tors is increasingly studied for applications ranging from vola-
tiles organic compounds abatement to portable production of
heat, from gas turbines combustors to the production of inter-
mediate chemicals.!>3 Their widespread use calls for the de-
velopment of reliable mathematical models, capable of accu-
rately predicting the behavior of the reacting system, not only
in terms of global performance, but also in terms of local
values of the main variables, such as temperature or concen-
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tration, which may influence the design requirements or mate-
rial choice.

In the recent years models of monolithic reactors have been
developed at different levels of complexity. The choice of
complexity of the model is a tradeoff between accuracy re-
quired and available computational resources. The most com-
putationally expensive and at the same time the most accurate
are the three-dimensional (3-D) models in which energy and
mass balances are coupled to the Navier-Stokes equations in
the actual channel geometry.*>

A first simplification of the mathematical problem can be
introduced in the geometry of the channel, with the hypothesis
of axial symmetry, but still maintaining the coupling with the
Navier-Stokes equations: many models were developed and
adapted to different problems involving catalytic monoliths,
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such as catalytic combustion®” and catalytic partial oxidation.®
At a lower complexity level are placed 2-D models where
Navier-Stokes equations are not solved, and a parabolic or a
flat profile of gas velocity is assumed, saving a considerable
amount of computing time.%!0-!1

Nevertheless, at the presently available computer power, the
solution of 2- and 3-D models, even under simplifying assump-
tions, is excessively time-consuming for applications such as
real time simulations or kinetic parameters estimation,'?
whereas 1-D models are more desirable. Remarkably, in the
presence of a fast exothermic surface reaction the accuracy and
reliability of 1-D models lay in the correct evaluation of mass
and thermal fluxes between bulk gas phase and surface, via
local mass and heat-transfer coefficients, as a mass transfer-
limited regime is readily established in the catalytic channel.!3

In addition, numerical simulations with 2- and 3-D models
of the reactive monoliths, from the pioneering investigations
performed in the seventies to more recent works,!0-11:13.14.15,16,17
highlighted that in the light-off region mass and heat transfer
are greatly enhanced in a not easily predictable way due to the
perturbation associated to the fast heat production at the wall.
In particular, it was shown by means of numerical simulations
based on 2-D models, in which the gas velocity profile is
assumed developed, that prior to light-off the wall heat flux can
be considered constant due to the low rate of the surface
reaction, and after the light-off the wall temperature can be
considered constant and equal to the adiabatic tempera-
ture.®-10:11.15 Hence, the Nusselt number resembles the local Nu
number for heat exchange in ducts (Graetz problem) for the
boundary condition of constant wall heat flux (Nu,) upstream
of the light-off and of constant wall temperature (Nu;) down-
stream. In the transition from Nuy to Nu, the local Nu number
goes through a maximum in correspondence of the light-off
location, which cannot be described by the heat exchanger
correlations. The transition between Nu,, and Nu, in the reac-
tive case was described via their interpolation with the local
transverse Damkohler number (Da,) by Groppi and co-work-
ers.'%!! Nevertheless, the same authors recognize that in the
case of adiabatic conditions more parameters come into play
(such as the activation energy and the adiabatic temperature
rise), and the axial profiles of Nu exhibit a more or less marked
spike in correspondence of the catalytic light-off, originated
from the sudden change in the boundary conditions which is
not reproduced by means of this correlation.'® Additionally,
heat-transfer coefficients were shown to be dependent not only
on reaction kinetics, but also on gas inlet temperature, compo-
sition, and gas velocity.'?

Recently, Gupta and Balakotaiah, by solving a 2-D model in
which a developed flow field is assumed, confirmed that local
heat-transfer coefficients are neither continuous nor unique
functions of the axial position along the channel, but depend on
reaction parameters, and jump from one asymptote to another
at ignition/extinction point.° However, they claimed that the
local maximum appearing in Nu plots at the ignition point is
due to numerical inaccuracies associated with the Gibbs phe-
nomenon, arising in the Fourier series representation of a
discontinuous function. Hence, the true Nu numbers decrease
monotonically with a discontinuous jump from Nu,, curve to a
lower asymptotic curve (Nuyz).°

Our previous article on the subject was devoted to the critical
assessment of the enhancement of heat and mass transfer in

912 March 2006

Table 1. Conditions of the Numerical Simulation
of the Base Case

Parameter Value
T,, (K) 600
u;, (m/s) 36
C3HS,in 0.015
p (Pa) 105000
A 0

W

concurrence with reaction ignition, separately from the en-
trance effect, by taking into account the coupling between
energy, mass, and momentum balance equations. The model of
a single channel of a monolithic combustor consisted of two
zones: the first one is characterized by noncatalytic walls, and
is long enough for assuring the development of fluid temper-
ature, concentration, and velocity profiles, while in the second
zone the catalytic reaction takes place. By means of the study
of the effect of the superficial reaction on the radial profiles of
concentration, temperature, and velocity, separately from the
entrance effects, it was shown that a significant enhancement of
Nu is induced by the perturbation due to the surface reaction
not only on temperature and concentration but also on flow
field.® It was also shown that in the presence of a superficial
reaction Nu number depends on the adiabatic temperature rise
of the mixture, and on the radial component of velocity.

In this article the perturbation induced by the catalytic com-
bustion of propane is studied in the presence of the entrance
effects, with the final scope of giving insights on the heat
transfer efficiency between wall and bulk gas phase under the
simultaneous influence of entrance effects and superficial re-
action. To this end, the model of the monolithic channel con-
sists of a single zone, entirely catalytic: the development of the
heat, mass, and velocity boundary layers from the uniform inlet
conditions is reciprocally influenced by the superficial reaction.

Model Development

A 2-D model has been adopted to simulate the behavior of a
circular adiabatic monolith reaction (length L = 0.12 m;
internal radius R = 0.00045 m and external channel radius
R, = 0.0005) m in which a superficial reaction occurs.
Internal diffusion resistances are neglected and, thus, the reac-
tion occurs at the channel surface. In order to focus the study
on the effect of the superficial reaction on heat and mass fluxes,
homogeneous reactions have been neglected. Even if this as-
sumption could not be always valid, it covers a large range of
practical application. As base case we considered the catalytic
combustion of an air-propane mixture entering the channel at
typical conditions reported in Table 1. It could be expected that
near the wall, the catalyzed reaction can easily ignite the
propane-air mixture since the gas temperature becomes higher
than the homogeneous propane combustion ignition tempera-
ture. Nevertheless, preliminary simulations run with
CRESLAF package of CHEMKIN,'® (with respect to the
present model, with the simplification of the boundary layer
assumption), including a detailed homogeneous chemistry
(GRI-Mech'?), showed that the channel residence time is too
short to allow homogeneous reaction ignition.

In this article numerical simulations of the behavior of the
monolith, and the computed heat-transfer efficiency are com-
pared with the solution of heat transfer in the absence of
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reaction with fixed heat flux at the wall (Nuy) or fixed wall
temperature (Nu;).

Governing equations

The mass and energy balance equations have been solved
coupled to the Navier-Stokes equations.

The unsteady balance equations have been solved and here
reported, nevertheless only steady-state results will be pre-
sented in this article. It is worth to note that the solution of the
full transient, for the adopted numerical solver, has been
proved more efficient than the direct solution of the steady state
form of the equations, due to the presence of the strong gradi-
ent present at the wall at the steady state, which is allowed to
smoothly develop during the transient phase.

The balance equations are written in cylindrical co-ordinates
and they read
Continuity equation:

dp dpu

N N 1 drpv
at dz r Or

=0 ()

Momentum balance equation in the axial co-ordinate

dpu  dpuu 1 drpuu d 10rr, OJr.
L_f_ p 4o pou __op  1OrT =)
at dz r odr dz r Or az

Momentum balance equation in the radial co-ordinate:

dpv dpuv 1 drpuv ap Ot, 1arr,
K I TR P P P
Specie mass balance equation:
dpy, Odpuy; 1 drpvy; 9 1o
+ + = = (J)+——(r,
TR PR P FAC LU R
i=1,...,N—1 (4

Gas energy balance equation:

dph  dpuh 1 drpvh d aoT
S e L N
Jat dz r adr dz Jz

19 aT\ ap S
+;§ r/\ﬁ +E ()

Solid energy balance equation:

dpoh, 0 | o\, 14 | aT, ;
ar  dz "oz r&rrwar ©)

where h = ¢, (1T + =¥, y,HY + plp + (u® + v*)/2, and
N, is the number of species that form the gas mixture. Diffusive
mass fluxes J,; and J_; are computed as:

xX=rz (7)
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where Sc is the Schmidt number (S¢c = 0.7), and u is the
dynamic viscosity. Ideal gas law completes the model. The
boundary conditions are the following:

@z=0and0<r<R u=up,v=0,T=T,, Y = Yin

(®)
@:=Land0<r<r Yo, 2T Wiy
LT LA g Cor YT ar or ©)
@0 Landr=0. " T_D_o o
<z<Landr=0: ar_”_ar_a = (10)

@0<z<Landr=R: u=v=0

aT,,

@z=0orz=LandR<r<R,: aZ—O
oT

@0<z<Landr=R,: 5=0 (11)

At the channel surface wall (@ 0 < z < L and r = R) the
reaction occurs and the following boundary condition apply:

LT T
arl ™ or

@0<z<Landr=R:

+

+ w,, J,.‘i|, =w,; (12)

Reaction occurs at the channel surface. The source terms w,,
and o, ; that appear in the gas boundary conditions for energy
and species mass balance equations represent the rate of heat
generated by the chemical reaction, and the rate of reaction of
species i, respectively.

The base case model reaction is the catalytic combustion of
propane. The reaction rate is assumed to be a one step irre-
versible reaction zeroth order with respect to oxygen and first
order with respect to propane mass fraction as following

AE
o, o = koexp| — RT YesHs (13)

and, therefore
W, = wy,CBHSAHC3H8 (14)

being AH 5,4 the heat of combustion of propane. The values
of the adopted kinetic parameters are k, = 10° mol/m® s,
AE/R = 10869 K.!

A single step reaction is an oversimplification of the mech-
anism of oxidation of propane on a catalytic surface. Never-
theless, the use of a detailed surface mechanism goes beyond
the scope of this work, which is to investigated the effect of the
superficial reaction on the interphase heat and mass transfer,
under general operating conditions, hence, at varying parame-
ters, ranging from the inlet conditions to the catalyst activity,
and to identify the link between ignition and heat and mass
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fluxes rather than identifying the exact position of light-off,
with reference to a specific catalyst and/or reactive mixture.

Viscosity was calculated by means of multicomponent mix-
ture approach, specific heats of the species are determined from
the Janaf tables, thermal conductivity and diffusivity by means
of the Pr (Sc) number value fixed at 0.7.

From the computed solution of the numerical model, the
radial average variable (¢,), gas temperatures (7,), and pro-
pane mass fractions (y,) have been calculated according to the
following formula

_Jo pourdr

bs = I§ purdr

15)

Nu and Sh numbers have been calculated at bulk conditions,
according to the following formulae

M) 2R T y
“ENT)T, Ty ol (16)
D(T,) 2R
b o (17)
D(Ty) y =y Or| _,

where T,, and y,, are the gas temperature and propane mass
fraction computed at the wall.

Moreover, the friction coefficient C, defined as the ratio
between the wall attrition and the inertia in the bulk gas phase
is calculated as follows

87,
Cr=—5 (18)

Polty

This fact allows to quantify the momentum transfer from the
bulk gas phase to the wall.

Numerical solution

The model Egs. 1-6 have been discretized by adopting the
control volume approach which allows a weak solution.?® In
the present case this approach is necessary as the light-off point
may give rise to very steep temperature, concentration, and
velocity profiles as a consequence of the jump from the non-
ignited to the ignited solution.® Indeed, it is known that numer-
ical solutions that exhibit large gradients are usually accompa-
nied by the Gibbs phenomenon leading to spurious and
unphysical oscillations. This is particularly severe in the vicin-
ity of shocks but it is possible also when solutions are smooth
but have steep gradients. As stated by the Godunov’s theo-
rem,?® reconciling high accuracy and absence of spurious os-
cillations is a difficult task. To overcome this numerical diffi-
culty in the literature a large variety of numerical schemes was
proposed. Linear schemes (whose coefficients are not depen-
dent on solution) of order higher than one are accurate, but not
able to ensure that the solution is bounded. Conversely, linear
schemes of order one, as the upwind scheme, guarantee that the
numerical solution is bounded between the extreme values of
the analytical solution by introducing a numerical viscosity,
thus smearing the jump over a large extent.
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Only nonlinear high-order schemes can ensure both high
accuracy and boundedness of the solution if very steep gradi-
ents arise in the solution.?? In this article, we adopted the
SMART scheme developed by Gaskell and Lau (1988).2! This
scheme is conservative, bounded and accurate. Indeed, it
blends the second-order upwind scheme in the region of
smooth variation of the variables, and the first-order upwind in
region where steep gradients are present, minimizing the
amount of numerical viscosity added at the price of slower
convergence and computational complexity. A central scheme
has been used for all diffusive terms. Time advance is per-
formed through the explicit first order Euler scheme.

Numerical solutions have been performed by means of the
commercial software package CFD-ACE+.22 The resulting
system of nonlinear algebraic equations has been solved fol-
lowing the SIMPLEC method.?* The remaining conditions of
the base case simulation are given in Table 1.

The accuracy of numerical results was tested performing
simulations at different grid refinements. The axial mesh size
was changed in order to test the accuracy of the numerical
scheme of capturing the light-off position. In any cases, the
grid was chosen to be finer in the zone of light-off along the
axial direction, and in the proximity of the wall along the radial
direction. It is worth saying that the grid was adapted to the
changes of the kinetic parameters that determine a variation of
the location of the light-off point.

The used grid consists on 400 cells along z and 48 cells
along r. A complete simulation takes about 24 h of CPU time
on a AMD 2100+ PC to reach a converged solution starting
from nonignited conditions.

Results
Phenomenology at the ignition point

The numerical solution for the base case described in Table
1 is reported in Figure 1 as a function of the dimensional
coordinate z, and of the dimensionless coordinate x*. The
dimensionless co-ordinate x* was calculated as function of the
Re number based on the channel diameter and evaluated at the
inlet conditions and Pr number, which is assumed equal to 0.7:
x* = z/(Re Pr 2R).

Light-off location is highlighted by the strong variation of
the axial profiles of temperature and concentration, with the
wall temperature rising to the adiabatic value and the wall
propane concentration dropping to zero (Figure 1). Indeed,
from x* = 6.8 - 10 % (z = 2.7 - 10”* m), the surface
reaction is ignited and the rate of reaction and of heat gener-
ation at the wall becomes faster than the rate of heat and mass
transfer to the bulk of the gas.

The onset of strong external diffusion resistance determines
the establishment of large differences between the wall and the
bulk values. For instance, while the wall temperature rapidly
rises up to the adiabatic temperature, the bulk of the gas is only
gradually heated, determining a difference between the wall,
and the bulk temperature up to 550 K, and an analogous trend
can be observed for propane mass fraction.

The transverse Damkohler number Da, (Eq. 19), which
corresponds to the ratio between the wall concentration, and
the difference between the bulk and the wall concentration
plotted in Figure 1, gives an estimation of the regime control-
ling the superficial reaction.!''® Prior to light-off Da, is much
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Figure 1. Transverse Damk®ohler number (Da,), wall and
bulk propane concentration (y,,, y,), and wall
and bulk temperature (T,,, T,) as a function of
the axial actual (z), and dimensionless coordi-
nate (x*).

higher than 10, as the reaction is controlled by the intrinsic
kinetics. After light-off Da, drops to extremely low values,
meaning that the reaction is under interphase mass and heat
transfer control. In accordance, the drop of Da, corresponds to
the drop of the propane mass fraction at the wall, and to the
rapid rise of wall temperature.

Lowc,y,

Da, = —————
uinCCgHgR

19)

In the ignition region the development of new heat and mass
boundary layers can be observed, as shown in Figure 2a and b,
where the profiles of temperature (a) and propane mass fraction
(b), are reported. The formation of new heat and mass bound-
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Figure 2. Temperature (a), propane mass fraction (b),
axial (c), and radial (d) velocity as function of x*
andr.
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Figure 3. Radial component of velocity (v) vs. the chan-
nel radius (r) at different values of the axial
position, prior to light-off (—), after light-off
(- - -), and at light-off location (®).

ary layers is usually reckoned as responsible of the increase in
mass and heat transfer efficiency.!-'0-11.13.17

The ignition of the reaction takes place in a region where the
entrance effects are still strongly present. The hydrodynamic
length, which is defined as the duct length required to achieve
a maximum duct section velocity of 99% of that for fully
developed flow when the entering profile is uniform, indeed
corresponds to x’,",y = 0.08 (z = 0.0322 m),2*27 and, hence,
largely embeds the ignition location. It is ineluctable that the
entrance effects play an important role on the light-off location.

Vice versa, the occurrence of the superficial reaction
strongly affects also the flow field. In Figure 2c and d the
profiles of the axial and radial component of velocity are,
respectively, shown. The axial component of velocity u (Figure
2¢), which is flat at the inlet, develops towards a parabolic
profile, and at the ignition is accelerated by the gas expansion
generated by the heat production at the wall. In concurrence
with the acceleration of u a strong radial component of velocity
v (Figure 2d) arises: after a first perturbation at the inlet due to
the entrance effects, where a negative peak in the very prox-
imity of the wall is attained (r = 4.4 - 10~% m), another
perturbation in the form of a negative peak can be detected in
the light-off region, due to the deviation of the streamlines
associated to the gas expansion.

In any case the radial component of velocity is directed from
the wall to the center of the channel. In the region where
entrance effects are present, the velocity peak is located very
close to the wall; conversely, when determined by the ignition,
the peak is more shifted towards the centre of the channel, at a
radius 7 = 3.7 + 10~ * m. This behavior is related to the fact
that the perturbation due to the ignition acts on the velocity
profile, already perturbed by the entrance effect, by increasing
its value rather than qualitatively changing the fluid flow pro-
files. The perturbations on both the radial and the axial com-
ponent of velocity are better shown in Figure 3 and Figure 4,
where v and u are, respectively, reported as a function of the
channel radius at various axial positions.

Curves corresponding to positions upstream of the light-off
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Figure 4. Axial component of velocity (u) vs. the channel
radius (r) at different values of the axial posi-
tion, prior to light-off (—), after light-off (- - -),
and at light-off location (@).

are indicated by the solid lines (—). The thicker profile with
symbols (@) identifies the light-off location. Dashed lines (- - -)
are adopted to represent the profiles downstream the light-off
section. Prior to light-off (—), the arising of the radial com-
ponent of velocity is due to the entrance effects as the fluid
streamlines are shifted towards the centre of the channel. Such
perturbation acts very close to the wall, where the flow streams
suddenly slow down from the inlet velocity to zero.

In the development of the parabolic profile of velocity, v
decreases tending to zero, as indicated by the trend of the solid
lines (—). Nevertheless, the occurrence of the ignition, with the
consequent gas expansion at the wall, determines a significant
increase of v (@), whose profile is not affected in shape but in
intensity. Downstream of the ignition the radial velocity again
decreases and correspondingly a parabolic profile develops
(---).

An analogous behavior is exhibited by the axial component
of velocity (u), which is accelerated but not deformed in
corresponds of light-off.

Numerical results clearly show that the development of the
flow field from the flat inlet conditions is significantly affected
in the ignition region, and the nature of such perturbation
consists in the rapid heating of the gas near the wall, with
consequent acceleration of the stream both in axial and radial
directions.

Transfer efficiency

The phenomenological analysis of the ignition in a monolith
suggests that in the light-off region new radial concentration,
temperature, and velocity profiles develop.

In Figure 5 the transfer efficiency of mass, heat, and mo-
mentum from the bulk to the wall are reported, respectively, in
the form of the Sherwood number (Sh, defined in Eq. 17),
Nusselt number (Nu, defined in Eq. 16), and the friction coef-
ficient C, (defined in Eq. 18), computed from the numerical
solution.

Sh and Nu are compared with the Nu numbers we calculated
for forced convection in ducts in the case of constant wall heat
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flux (Nuy), and constant wall temperature (Nu;) in a previous
work.?’ Indeed, our curves of Nu, and Nu,, are slightly differ-
ent from those reported in literature,>* as they are here calcu-
lated from the solution of the full Navier-Stokes equations
without any simplification.

Nu and Sh, for the case considered herein (Pr = Sc), exhibit
the same trend and, hence, in the following only Nu will be
discussed. In the ignition region a small difference can be
observed between Nu and Sh, with the Nu spike slightly higher
than the Sh spike. This difference was already discussed and
attributed to the convective contribution to interphase transfer
associated to the rise of the radial component of velocity,
which acts in opposite direction for mass and heat transport.2°

Upstream of the ignition Nu resembles Nu,, while down-
stream tends asymptotically to Nu;,. Indeed, the heat exchange
prior to light-off can be assimilated to a constant wall heat flux
problem due to the slow rate of reaction, while downstream of
ignition, when the wall temperature has steadily reached the
adiabatic temperature (7,, = T,,) the heat exchange can be
assimilated to a constant wall temperature problem. This be-
havior is confirmed by the results reported in litera-
ture.9-10.11,13,14,15,16,17

In the light-off region the Nusselt number does not match the

100 v — Ty —— T

08

Ct

04

02+

0.0 Letiul ' | s o

Figure 5. Sh number, Nu number, and friction coefficient
(Cp) under reactive conditions (Table 1) and
nonreactive conditions (Nuy, Nu,; C;...,) as
function of x*.
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Table 2. Kinetic Parameters and Inlet Propane Mass
Fraction for the Simulations of Figure 6 and Figure 7

AE/R
ko (mol/m? ) (K) Ycangin
red_Eal 3.0 2180 0.09
red_Ea2 87.6 4360 0.03
red_Ea3 2.28 - 10* 5450 0.03
ko (base case) 1-10° 10869 0.015

Nusselt numbers calculated using the boundary conditions of
constant wall temperature and constant wall flux, because nei-
ther of these two boundary conditions represents the actual
boundary condition.!* Instead Nu exhibits a spike, which is
about 3 times the value of Nu predicted by the corresponding
correlations at the same location. The increase in heat transfer
efficiency can be addressed to the effect of ignition of increas-
ing the radial gradients.

Also the friction coefficient C, exhibits a spike in the light-
off region. In Figure 5 C; is compared to the corresponding
Cr.coia for the nonreactive case. In the absence of reaction,
Cr..o1a decreases from the inlet value to the corresponding value
for developed laminar flow, which can be safely considered
corresponding to 64/Re,?” accompanying with its trend the
exhaustion of the entrance effects along the ducts. In the
presence of the surface reaction, prior to light-off C, exhibits a
decreasing trend similar to C; ., but slightly different values
due to the occurrence of the superficial reaction that, even
though proceeding with a slow rate, affects the fluid-wall
interface drag by changing the wall temperature and, hence, the
radial velocity gradient. At the ignition C, suddenly increases
from 0.25 up to 0.74, due to the development of new radial
profiles of velocity, which resembles for some aspects the
entrance effect. Downstream, C, tends to the asymptotic value
for developed laminar flow.

Is ignition a new entrance effect?

The ignition of the superficial reaction induces a perturba-
tion, which is responsible for a significant enhancement of heat,
mass, and momentum transfer, in a way that is comparable for
some respects to the entrance effects. When the numerical
scheme adopted in the solution is not adequate, and when the
ignition is conceived by the model as a bifurcation point, with
a discontinuous jump from an extinguished solution to an
ignited solution, the spike that can be observed in the Nu trend
can also be addressed to the occurrence of the Gibbs phenom-
enon.’

In this work a control volume approach was instead adopted,
with the precise purpose of avoiding the effect of the possible
discontinuity due to the passage from the nonignited to the
ignited solution. Furthermore, the inclusion in the model of the
axial diffusion of momentum, heat, and mass in the gas phase
should prevent the ignition from being a discontinuous jump.

Nevertheless, to further evidence the physical meaning of
the spike, additional simulations were performed at reduced
values of the activation energy of the surface reaction and
increased adiabatic temperature rise, as indicated in Table 2.
Due to the reduction of the activation energy a very smooth
(nondiscontinuous) passage from the extinguished solution to
the ignited solution along the monolith is attained. The large
and rapid production of heat at the wall, which is reckoned as
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responsible of the perturbation leading to the spike, is ensured
by increasing the AT,, with an increase in the inlet fraction of
C;Hg (Table 2).

In this way the absence of the Gibbs phenomenon is ensured
by the smooth ignition, but the large temperature rise persists,
causing the variation of density and the perturbation of the fluid
flow, even though at slow heat production rate. The activation
energy is reduced from the base case (k) as much as five times
(red_Eal). Conversely, the propane inlet fraction, and, hence,
the adiabatic temperature rise, is increased of a factor 2 (re-
d_Ea2 and red_Ea3) and 6 (red_Eal).

With respect to the base case, whose results are reported in
Figure 1-5, when the activation energy is reduced (red_Eal,
red_Ea2, and red_Ea3) the wall temperature exhibits a
smoother increase along the channel length (Figure 6). Never-
theless, a relevant temperature rise is attained within a short
distance from the monolith inlet due to the large AT,

Remarkably, for red_Eal the transition of the heat transfer
efficiency (Nu) from the Nu, to the Nu;, asymptote, which
occurs in the region of the largest temperature increase along
the channel, exhibit a slight enhancement that span on the
entire length of appreciable difference between wall and bulk
temperature. By increasing the activation energy, a more pro-
nounced local enhancement near the light-off arises, for re-
d_Ea2, red_Ea3 up to the formation of a large spike of Nu that
can be clearly observed in the region of the transition for k
(Figure 6).

From the comparison with the corresponding wall and bulk
temperature, such enhancement appears to be dependent in
intensity and location to the rapid increase of the wall temper-
ature and to the difference between wall and bulk temperatures
(Figure 6). In other words, when the reaction rate is faster than
heat transfer, and the heat produced is maintained in the prox-
imity of the wall, the perturbation on the heat and momentum
boundary layers is stronger, giving rise to a local enhancement
of heat transfer.

This concept is illustrated with more clarity in Figure 7, by
highlighting the effects of the surface reaction on the flow field,
at reducing the activation energy. The radial components of
velocity (v) exhibit a second spike along the axial coordinate
(Figure 7), in analogy to what observed for Nu. The first
negative peak is due to the entrance effects, while the second
can be ascribed to the effects of the occurrence of the reaction.

For red_Eal, such effects are spread along the channel, so
that the radial velocity is increased globally, but a second peak
does not appear. For red_Ea2, red_Ea3, and k, a second peak
appears, whose intensity increases with the increase of the peak
of heat production, also shown in Figure 7.

Indeed, Figure 7 shows that the higher the activation energy,
the more concentrated the heat release and the higher its local
intensity.

From the results reported in Figure 6 and Figure 7 it can be,
hence, concluded that the enhancement of Nu in the ignition
region has a physical meaning, and depends in intensity and
wideness on the rate of heat production at the wall (kinetics and
ATud)'

Remarkably, the heat transfer efficiency in the cases of
red_Eal, red_Ea2, and red_Ea3 (Figure 6), cannot be strictly
assimilated to forced convection with constant wall heat flux
(Nuyy) in the region upstream of ignition. In fact, the wall heat
flux for reduced activation energy is not constant as for the base
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Figure 6. Computed Nu number (symbols), Nu,; and Nu,
and wall (solid lines), and bulk temperature
(dashed lines) for red_Eai, red_Ea2, red_Ea3,
and k, cases, as referred in Table 2 as function
of x*.

case (Figure 7), but increases significantly and the local value
of Nu is higher than Nuy.

In Figure 6, it is also shown that the Nu number shifts along
the monolith length together with the ignition location. The
ignition position may shift along the reactor channel when the
kinetic parameters are changed, and also when the support
thermal conductivity changes or during the transient ignition.
In all cases what is the relevant result for the wall-bulk phase
heat exchange is the link which establishes between the igni-
tion position, the temperature profile and the Nu number.

Two-zones model
The perturbation induced by the ignition of the surface
reaction on heat, mass, and momentum transfer is analogous
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Figure 7. Radial component of velocity at r = 4.0 - 10~*
m and wall heat production (w,,) for red_Eat1,
red_Ea2, red_Ea3, and k, cases, as referred in
Table 2 as a function of x*

for some respects to the entrance effect, and is, thus, herein
called “reaction effect.”

In the case of a fast exothermic surface reaction, such as for
catalytic combustion (characterized by a kinetics more similar
to k, than to red_Eal or red_Ea2), from the standpoint of
transfer efficiency, the reactor can be divided into two zones,
the first dominated by the entrance effects and the second
dominated by the reaction effects, as depicted in Figure 8.

In the first zone, upstream of the ignition location, the
interphase heat transfer strictly resembles that occurring in a
heat exchanger duct with constant heat flux at the wall. Nu is,

80 T — T ——rTTrT T T
| zone ' Il zone
Entrance effect 4 Reaction effect 4
Constant heat fiux % Constant wall temperature

60 P, A Nz i
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\ bNuH o
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,
z
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v
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0.0001
Figure 8. Two-zones model of a catalytic combustor.

In the first zone Nu can be compared to Nu,, curve, while in
the second zone Nu resembles Nu,, whose origin is shifted to
the light-off location (Nu,,).
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Figure 9. Wall heat flux (w,) and wall temperature (T,,) as function of x* calculated at conditions of Table 1.

hence, superimposed to Nuy, as shown in the first zone of
Figure 8.

In fact, in the first zone the heat flux (w,) can be considered
with good approximation constant (Figure 9). Analogously, in
the second zone the wall temperature (7,) can be considered
with good approximation constant, and far downstream of the
ignition, Nu tends to the Nu; asymptotic curve (heat exchange
efficiency in ducts with constant wall temperature).

Remarkably, in the passage from the first zone to the second,
neither the heat flux nor the wall temperature may be assumed as
constant: accordingly Nu does not overlap neither Nu, nor Nuy.
The transition from zone 1 to zone 2 occurs within the region of
ignition of the superficial reaction, where a drastic perturbation of
the heat, mass, and velocities radial profiles takes place and the
wall temperature rapidly increases up to the adiabatic temperature.

The local value of Nu moves from the Nu,, asymptotic curve
to another transfer efficiency curve, whose peculiarity is that its
origin is not anchored to the inlet of the channel (entrance
effects), but it is rather anchored to the ignition point, as shown
in Figure 8, where such curve is identified by Nu,,,.

Theoretically, for a sudden chance of the wall boundary
conditions from constant heat flux to constant temperature,
Nu,, coincides with the Nu; curve, whose origin is shifted to
the ignition location.

Nevertheless, since in a real case a large number of param-
eters can influence the rise of the wall temperature from the
nonignited to the adiabatic value, such as the activation energy
and the pre-exponential factor of the surface reaction,?® the
inlet temperature and the fuel fraction and the wall thermal
conductivity,® Nu,, deviates from Nu, in the ignition region,
and tends to Nu, only once the perturbation determined by the
reaction ignition has extinguished.

We already showed that by changing the rate of the super-
ficial reaction, by means of the variation of the kinetic param-
eters, ignition position may vary along the channel, shifting
from the inlet towards the outlet at reducing the reaction rate.?¢

When the ignition point is located very close to the channel
inlet, and its perturbation is superimposed to the entrance
effects, the first zone disappears: Nu does not overlap Nu,,, but,
starting from a higher value in correspondence of the ignition
(and inlet) region, tends to the Nu; asymptotic curve.

Also the increase of the wall thermal conductivity may have
the effect of shifting the ignition point upstream, in the close
proximity of the inlet. Young and Finlayson'> studied the effect
of the wall thermal conductivity on the profiles of Nu and Sh
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numbers and showed that the effect of axial conduction con-
sists not only in shifting the ignition point towards the inlet, but
also in decreasing the magnitude of the efficiency of interphase
transfer in the reaction zone. They highlighted that, in the limit
of large thermal conductivity, the peak values of Nu numbers
may disappear, with Nu tending to the asymptotic value (even
though these conditions are far from the conditions occurring in
practice). In addition, according to their results, Nu is different
from Sh in the ignition region, where its peak is lower than Sh
peak due to the effect of the wall thermal conductivity, since
the reaction heat is partitioned between the reaction products
leaving the wall and the wall itself.!>

In a previous article,® we have carried out numerical simula-
tions of a monolith channel including the thermal conductivity in
the wall (A,, = 3 W/m K, typical value of a cordierite support),
with the difference with respect to the present model that a
noncatalytic zone, where the fluid flow was allowed to fully
develop, was placed upstream of the catalytic zone, so that the
entrance effects were artificially separated from the reaction ef-
fects. Numerical results highlighted that in correspondence of the
ignition, which under such configuration was anchored to the inlet
of the catalytic section, a marked peak of Nu occurred.

The introduction of wall thermal conductivity (A,, = 3 W/m
K) in the model used in this article, where the noncatalytic zone
of flow development is absent, becomes a useful tool to inves-
tigate its effect on the transport efficiency between the surface
and bulk gas phase, when superimposed to the entrance effects.

In Figure 10 Sh number, Nu number, the wall and the bulk
temperatures and the radial component of velocity are reported
as a function of x*, computed for the conditions of the base
case (Table 1), both in the case of absent thermal wall conduc-
tivity (A, = 0 W/m K) and for A,, = 3 W/m K.

When increasing the thermal conductivity of the solid phase,
the ignition point shifts upstream and is anchored to the inlet of
the channel, as shown by the temperature profiles (Figure 10).

The profiles of the radial component of velocity suggest that
in the case A,, = 0, near the wall ( = 4.0 - 10" * m) two
distinct peaks can be clearly detected, being the entrance effect
and the reaction effects on fluid dynamics clearly separated.
Conversely, for A,, = 3 W/m K only one peak can be observed,
resulting from the overlapping of the entrance and the reaction
effects. This peak is more pronounced than for A,, = 0, being
the sum of the perturbations due to the development of the
velocity profile and due to the local gas expansion associated to
the fast heat release at the ignition. Coherently with the ignition
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function of x* for A, = 3 W/mK and A, = 0.

location, also the Nu peak for A,, = 3 W/m K is located at the
channel inlet. Hence, the first zone disappears and Nu is higher
than Nu,, where the reaction effects are stronger, and then
tends to Nuy (Figure 10).

Nu and Sh numbers exhibit some differences in value especially
in the ignition region (Figure 10). While for the case A,, = 0, the
Nu spike is slightly higher than the Sk spike,?® the introduction of
thermal conductivity in the monolith wall determines a reverse
effect on Nu and Sh, smoothing the Nu peak in the ignition region.
In agreement with the findings of Young and Finlayson, Figure 10
shows that Sh attains a higher value than Nu.

From the presented results two main concluding remarks can
be derived:
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(1) The shift of the Nu peak along the geometrical coordi-
nate together with the ignition point is anchored in some way
to a reaction coordinate, which can be related to Da,.

(2) While upstream of ignition Nu quite accurately overlaps
Nuy,, the Nu branch after ignition is dependent on the operating
conditions, and on the kinetic and thermal properties of the
system.

Nu and Sh correlation

The determination of the Nu branch after ignition is, hence,
of paramount importance in determining the local value of the
interphase transfer along the monolith.

In fact, when ignition is located in the entrance region, Nu
entirely coincides with such Nu branch, as shown for A,, = 3
W/m K; conversely, when ignition is located downstream of
the entrance region, the value estimated by Nu is the result of
the interpolation of Nu, and the Nu branch after ignition, as
shown for the base case.

In a previous work,*2¢ a new formulation of heat and mass
transfer efficiency (Nu,, and Sh,,,;) was introduced with the aim
of capturing the Nu trend after the light-off location. Nu
(Sh,,) exhibit the following features:

(1) it tends to Nu; far downstream of the ignition point;

(2) it is anchored to the ignition point rather than to the
channel entrance;

(3) it embeds the effect of the operating and kinetic param-
eters.

The definition of Nu,, and Sh,, numbers (Eq. 20 and 21)
takes directly into account the effect of the adiabatic temper-
ature rise on transfer efficiency, and is anchored to the ignition
location when plotted vs. a dimensionless variable A ¢, which
is equal to the temperature rise AT, = (T, — T,)/AT,, for
heat transfer, and Ay, = (y,., — v,)/Ay,, for mass transfer.

ad

ZAT.
Nuy= o ke (20)
Yad T T = T,) K
P
_ 5R
Sh,, = _eex Dy 21)
“ (yeq_yb) Db

When Nu,,, or Sh,, are plotted vs. a modified dimensionless
variable A¢; (Eq. 22, where a = 0.08, b = 0.02), which
embeds not only the adiabatic temperature (equilibrium con-
centration), but also the kinetics of the surface reaction, by
means of the Zeldovich number (Ze, Eq. 23), and of the inlet
Damkdahler number (Da'", Eq. 24), a good overlap is obtained
in a wide spectrum of operating and kinetic parameters

A, = Ze"Dd™ A, (22)
o AE AT, ’
“TRr, T @3)

D in _ wi&Hs 24
@ = Uin i(?}HgR @4
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all the simulated cases and its correlation.

At varying the inlet propane concentration (0.015-0.03), the
inlet temperature (575-650 K), the pre-exponential factor
(ko = 5+10° — 5+ 10° mol/m? s), and the activation energy
(E,/R, = 9800-11300 K™ "), the Nu,, and Sh,, curves when
plotted vs. AT, collapse as shown in Figure 11.

The resulting correlation formula for Nu,, is reported in Eq.
25 (regression factor R? = 0.95). Since Nu,, (Sh,,) is a
function only of the bulk temperature, being AT, Ze, and Da'"
fixed by the inlet conditions and catalyst properties, Nut,, (Sh,,)
moves along the monolith with the ignition position, and the
same occurs for Sh,,

Nty = Shyy = 3.656 + 1.9510 4! 1244109710384 (95

It must be highlighted that the slight differences observed
between Nu and Sh in the ignition region are smaller than the
accuracy of the correlating formula (Eq. 25), and, thus, a
unique correlation is indicated for the description of the Nu
and Sh,, curves.

Moreover, when the wall conductivity plays a significant
role, thus introducing a significant difference between Nu and
Sh in the ignition region, this correlation does not hold and
proper simulations devoted to extend correlation (25) have to
be performed.

The correlation of the entire Nu (Sh) curve in the channel can
be, hence, achieved by means of the interpolation of the two
asymptotic curves upstream of ignition (Nu,;) and downstream of
the ignition (Nu,,). Since the ignition position is identified by the
local value of the Damkohler number (Da,), as shown in Figure 1,
the interpolation between Nu, and Nu,, can be attained by the
adaptation of the Fetting formula, proposed by Groppi and co-
workers for the interpolation of Nu between Nu,, and Nuz.'*!!

ad

Nu — Nuy Da,Nu
Nu,, — Nu,;  (Da, + Nu)Nu,,

(26)

In Figure 12 an example is given of the Nu trend obtained by
means of the application of the correlation of Eq. 26, in
comparison with numerical simulations for three values of the
kinetic parameters. Remarkably, by the use of Nu,, the local
Nu enhancement, and the different perturbation effect due to
the variation of the kinetics are properly reproduced. The
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advantage of the correlation (Eq. 26), with the interpolation
between Nu, and Nu,, rather Nu;, as instead proposed by
Groppi et al.,’®!! is that, especially in the case of fast exother-
mic surface reactions, as highlighted by the same authors,'® Nu
evaluated as the interpolation of Nu, and Nu, may underesti-
mate the actual Nu number in the ignition region.

Figure 13 reports a comparison of the Groppi correlation
(dashed line) with the one proposed in this work (solid line)
with respect to the computed Nu number (symbols).

The differences between the two correlations, which can be
quantified when considering the calculated wall heat flux,
based on correlated Nu number, subsists in a relatively small
zone (light-off region), comprised between x* = 5+ 10~ and
5+ 107? (Figure 13), corresponding to 0.002 m of the actual
channel. In such zone the adoption of the Groppi correlation
leads to the underestimation of the heat fluxes of about 50%.
The underestimation of the heat fluxes would lead in a 1-D
model to the overestimation of wall temperature and mislead-
ing prediction of the light-off location.

In some conditions the ignition point is located very close to
the inlet and it superimposes to the entrance region (zone I).
This happens for examples at high values of the solid thermal
conductivity (Figure 10) and high values of the reaction rate
(Figure 6). In these cases the value of the local Damkohler
number is very low already at the inlet, and consequently,
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Figure 12. Computed Nu in comparison with correlation
of Eq. 7 for: (a) the case of Figure 1 (k, = 10°
mol/m? s); (b) for an increase of the pre-ex-
ponential factor (k, = 5 - 10° mol/m? s); (c) for
a reduction of the pre-exponential factor
(ko = 5+ 10° mol/m? s).
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Figure 13. Computed Nu number and wall heat flux as a
function of the dimensionless axial position in
the channel, in comparison with the proposed
correlation (Eq. 26), and the literature corre-
lation.10

according to correlation (26), Nu number coincides with Nu,,
along the entire channel length.

Conclusion and Discussion

The numerical simulations of a monolithic reactor presented
in this article are aimed at highlighting the role of the coupling
of heat, mass, and momentum transfer between the wall and the
bulk gas phase in the presence of a superficial reaction.

By means of the analysis of the interaction existing between
the position of the ignition and the rate of heat production at the
wall on one side and of the interphase heat and mass transfer on
the other, the derived results can be divided into two main
contributions.

The first one is related to the understanding of the physics
underlying the heat and mass transfer between wall and bulk
gas phase in the presence of a superficial reaction, while the
second one refers to the refinement of an existing Nu (Sh)
correlation able to quantify the heat and mass fluxes along the
entire monolith, comprising the ignition region.

First, we showed that the occurrence of light-off, and, hence,
the rapid increase of the rate of heat production at the wall, gives
rise to a perturbation which can be assimilated to the entrance
effect, with the development of radial gradients of temperature,
concentration, and velocity, comparable to those occurring at the
duct inlet. Consequently, in the region of ignition of the superficial
reaction, a local enhancement of the heat and mass transfer be-
tween the bulk gas phase and the wall takes place, similar to the
enhancement observed at the duct inlet.

It was shown that such Nu enhancement is not spurious, that is,
due to numerical inaccuracies, such as the Gibbs phenomenon, but
has a physical meaning, related not only to the transition of the
wall boundary conditions from constant heat flux (upstream of
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ignition) to constant temperature (downstream of ignition), but
also to the perturbation of the flow field. In fact, the local enhance-
ment of the interphase transfer number was observed also under
conditions such that the transition of the wall boundary conditions
is greatly smoothed, that is, by reducing the activation energy or
increasing the thermal conductivity of the solid, when it can only
be attributed to the gas expansion associated to the heat production
by the surface reaction.

The second contribution consists in the quantification of the
Nu number under reactive conditions by means of the identi-
fication of two zones along the monolith. The first zone located
upstream of the ignition position is characterized by a slow rate
of reaction, so that the heat and mass fluxes between the wall
and the bulk gas phase can be considered constant. In this zone
the heat-transfer efficiency may be accurately evaluated by
using the correlations for constant wall heat flux in ducts (Nuy,),
previously calculated by solving the energy balance equations
coupled to the Navier-Stokes equations.

In the second zone, downstream of ignition location, the wall
temperature tends to the adiabatic temperature and conse-
quently the heat and mass-transfer efficiency tends to the Nuy
curve, obtained for constant wall temperature ducts. The tran-
sition of the transfer efficiency from the first asymptotic curve
to the second goes through a local enhancement, which
strongly depends on the operating conditions and on the kinetic
and thermal properties of the catalytic wall which is not de-
scribed by the literature available correlation.

It is here proposed to predict the local Nu enhancement by
means of the modification of an existing interpolation of Nu
number between Nu, and Nu,. Nu is now predicted as the
interpolation between Nu, and Nu,, by means of the Fetting
formula proposed by Groppi et al.,'*!! through the value of the
local transverse Damkohler number Da,, which is >=>1 up-
stream of ignition and <<<1 downstream

Nu — Nuy

Da,Nu
(Da, + Nu)Nu,,

Nu,; — Nuy

The asymptotic curve Nu,, (Sh,,), is anchored to the ignition
point, tends far downstream of ignition to Nu,, and is function
of the inlet conditions, of the kinetic parameters and of the wall
conductivity.

The correlation was developed by investigating a single step
reaction, but can be easily extended to detailed surface kinetics.
The location of the Nu enhancement is anchored to the ignition by
means of the value of the local Da, number, while the Nu,,, curve
is a function of the Ze and Da, number evaluated at the inlet, and,
hence, the determination of Nu is only subject to the calculation of
Ze and Da, corresponding to the used surface kinetic scheme.

The rate of change of Da,, and, hence, of transition from a
kinetic controlled regime to a mass transfer controlled one,
determines, in conjunction with the shape of the Nu,, curve, the
width and height of the Nu peak. When the ignition is placed at
the inlet of the channel, Da, becomes << 1 already at the inlet,
and Nu coincides with Nu,, along the entire monolith.

The great advantage of the present correlation is that, thanks
to the anchorage of Nu,, to the ignition location, the local Nu
enhancement travels with the ignition also during the transient
of ignition/extinction of the monolith. As a result, whatever the
experimental or theoretical reaction rate and ignition it is
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possible to evaluate the heat and mass fluxes coupled to the
computation of the temperature profiles and rate of reaction.
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Notation

C, = friction coefficient
cp = specific heat, kJ/kg K
D = diffusion coefficient, m*/s
Da, = Transverse Damkdohler number
Gz = Graetz number
H, H;, h, = enthalpy, J/kg
» J.; = radial and axial mass flux of species i, m/s
ko = kinetic constant, mol/m? s
L = channel length, m
N, = species number
Nu = Nusselt number
p = pressure, Pa
Pr = Prandtl number
g = heat flux, J/m? s
r = radial coordinate, m
R = channel radius, m or universal gas constant
Re = Reynolds number
Sc = Schmidt number
t = time coordinate, s
T = temperature, K
u = longitudinal component of velocity, m/s

v = radial component of velocity, m/s

x* = dimensionless axial coordinate, z/(2 RRePr)
z = axial coordinate, m
y = mass fraction

Greek letters

AE = activation energy, J/mol
A = thermal conductivity, W/m K
W = viscosity, Pa s

p = density, kg/m?
T = stress tensor, kg/m s?
® = reaction rate mol/m” s, heat of reaction, J/mol s

Subscripts and superscripts

ad = adiabatic

b = bulk

¢ = convective
C;Hg= propane
cold = nonreactive case
equilibrium
heat
constant heat flux
hydrodynamic
inlet
light-off location
radial direction
constant temperature
wall
mass
= axial direction
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