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Abstract

The turbulent catalytically stabilized combustion of lean hydrogen–air premixtures is investigated numerically in plane
channels with platinum-coated isothermal walls. The catalytic wall temperature is 1220 K and the incoming mixture has a
mean velocity of 15 m/s and a turbulent kinetic energy of 1.5 m2/s2. A two-dimensional elliptic model is developed with
elementary heterogeneous and homogeneous chemical reactions. The approach is based on a two-layerk–ε model of tur-
bulence, a Favre-average moment closure, a presumed-shape (Gaussian) probability density function for gaseous reactions,
and a laminar-like closure for surface reactions. Gaseous combustion is confined close to the catalyst surface due to the
diffusional imbalance of the limiting reactant (hydrogen). In addition, the peak rms temperature and species fluctuations
are always located outside the extent of the homogeneous reaction zone indicating that thermochemical fluctuations have
no significant influence on gaseous combustion. Turbulence is significantly suppressed by gaseous combustion resulting in
higher turbulent transport for the leaner mixtures, a successive push of the gaseous reaction zone towards the wall, incomplete
combustion, and subsequent catalytic conversion of the leaked fuel. Comparison between turbulent and laminar cases having
the same incoming properties shows that turbulence inhibits homogeneous ignition due to increased heat transport away from
the near-wall layer. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The combustion of fuel-lean gaseous mixtures with
very low emissions and enhanced flame stability is of
great importance in many practical devices such as
gas-fired turbines and burners. In catalytically stabi-
lized combustion (CST) partial fuel conversion is at-
tained heterogeneously in burners with a suitably large
surface-to-volume ratio, such as Pt- or Pd-coated hon-
eycomb monoliths. Complete fuel conversion is usu-
ally achieved with subsequent homogeneous (gaseous)
combustion in a post-catalyst staged gaseous burner
[1]. The reduction in NOx emissions can be then sig-
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nificant, as NOx is produced solely from the gaseous
reaction path [2,3]. The onset of homogeneous com-
bustion within the catalytic burner is usually detrimen-
tal to the catalyst integrity and this problem is further
accentuated by the current trend to use higher temper-
ature catalysts. The coupling between heterogeneous
and homogeneous chemistries which is responsible for
the onset of gaseous combustion in catalytic burners
is hence one important aspect in CST research.

The interactions between heterogeneous and homo-
geneous chemical reactions leading to homogeneous
ignition have been investigated numerically in three
basic flow configurations: one-dimensional stagnation
point flows, two-dimensional external boundary layer
flows, and two-dimensional internal (channel) flows.
Stagnation point flows have provided a particularly
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amenable platform for such studies (see, e.g. [4–6]).
The regimes of homogeneous hydrocarbon combus-
tion were identified in Song et al. [4] using bifurcation
theory and one-step chemistry for both the gaseous
and surface kinetics. Ikeda et al. [5] investigated the
homogeneous ignition of hydrogen–air mixtures using
detailed gaseous and simplified surface kinetics while
Bui et al. [6] employed detailed gaseous and surface
reaction schemes. The two-dimensional external flow
studies included boundary layer (parabolic) models
for flows over flat catalytic plates with simplified sur-
face and detailed gaseous chemistries and addressed
primarily the effect of radical adsorption–desorption
reactions on gaseous ignition [7–10]. Channel flow
configurations are the most relevant for practical ap-
plications as the catalytic burners are usually of the
honeycomb type consisting of a multitude of indi-
vidual channels. Channel CST has been investigated
with elliptic models and simplified surface chemistry
with main interest to study the influence of the flow
and chemistry parameters on gaseous combustion
[11–13]. Elliptic models are better suited to study
the foregoing processes since the volumetric gaseous
expansion can invalidate the boundary layer approx-
imation. Recently [14] we investigated numerically
the homogeneous ignition of lean methane–air mix-
tures in channel CST using a two-dimensional elliptic
model with detailed gaseous and surface chemistries;
the key surface reactions affecting homogeneous igni-
tion were identified. Homogeneous ignition distances
predicted with this model were then successfully
compared to measurements [15], thus strengthening
the confidence on the CST applicability of newly
developed surface reaction schemes [16].

The flow field in the previous studies was laminar.
In many practical devices, however, the incoming flow
can be fully turbulent. This is the case, e.g., in gas-fired
turbines where following compression the air mixture
has developed an extended inertial subrange. The spec-
tral energy content of the incoming turbulence and
the cross-sectional area of the catalytic channel deter-
mine the active part of the turbulent spectrum enter-
ing the channel; spectral energy considerations [17]
have shown a strong influence of the small turbulent
scales in premixed combustion. Surface and gaseous
reactions interact with turbulence and with each other.
Turbulence enhances the heat and mass transport coef-
ficients towards-or-away from the catalyst surface and

in addition it can be strongly coupled to gaseous com-
bustion due to the increased transport and the induced
thermochemical fluctuations. These processes are fur-
ther complicated by the fact that they occur near a
solid surface; near-wall turbulence is not well under-
stood even in simpler non-reacting constant property
flows [18]. This study undertakes a first investigation
of turbulent CST combustion in plane channel flows. A
full elliptic two-dimensional model is developed that
includes detailed gas-phase and surface chemistries.
The treatment of detailed surface chemistry is crucial
given the significance of radical adsorption–desorption
reactions on gaseous ignition [14,15]. The approach
is based on a two-layerk–ε turbulence model and
Favre-averaged modelled transport equations for all
second order moments. A presumed Gaussian shape
joint probability density function (p.d.f.) is used as a
coupling submodel to evaluate the average gaseous re-
action rates. The mean heterogeneous reaction rates
are modelled as “laminar” rates evaluated at their cor-
responding mean properties since the thermal inertia of
the catalyst support diminishes the surface temperature
fluctuations and thus removes the major non-linearity
in the surface chemical source terms.

The main objective of this investigation is to ex-
amine the influence of fluid mechanical turbulence on
CST performance. The effect of turbulence on both
heterogeneous and homogeneous combustion is ad-
dressed by carrying out a comparative study of lean
hydrogen–air CST at different equivalence ratios. This
paper is organized as follows. First the channel geom-
etry is presented, the mathematical model along with
the numerical procedure follows, and then results are
presented for three different cases with-or-without the
presence of gaseous reactions. The effect of turbulent
fluctuations and turbulent transport on heterogeneous
and homogeneous combustion is then discussed. Com-
parisons are finally made with corresponding lami-
nar cases in order to assess fundamental CST perfor-
mance differences between the laminar and turbulent
flow modes.

2. Channel geometry and flow conditions

The two-dimensional channel geometry of the
present simulations is illustrated in Fig. 1. It consists
of two catalytically active parallel plates with a length
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Fig. 1. Schematic of the two-dimensional plane channel flow
configuration.

(L) of 150 mm and a vertical separation (H) of 10 mm.
This geometry simulates our optically accessible
channel catalytic combustors such as the ones used
in [15] and [11]. Preheated fuel-lean hydrogen/air
premixtures enter the channel with the following uni-
form properties: streamwise velocityUIN=15 m/s,
temperatureTIN=400 K, turbulent kinetic energy
kIN = 0.0068UIN

2, and dissipation rate of turbulent
kinetic energyεIN = kIN

3/2/b with b=0.1H. The
pressure was atmospheric and the Reynolds num-
ber based on the incoming mean properties and the
hydraulic diameter of the channel (2H) was about
11 500. The channel walls were considered to be
coated with platinum and their temperature was fixed
to 1220 K. The catalyst site density (G) was taken
2.7×10−8 kmol/m2 simulating polycrystalline plat-
inum as in [19]. The fuel-to-air equivalence ratio was
varied between 0.215 and 0.240. It must be stated that
in practical applications higher equivalence ratios are
detrimental to the catalyst integrity. This is because
H2 is a strongly diffusionally imbalanced fuel with
a Lewis number of about 0.3, resulting in a surface
equivalence ratio nearly twice the corresponding one
of the gas-phase [6].

3. Numerical model

3.1. Gas-phase modelling

The present work is based on the numerical solution
of the gas-phase transport equations in their Carte-
sian two-dimensional elliptic form. A moment closure
approach is adopted by constructing Favre-averaged

modelled transport equations for all gas-phase vari-
ables. The transport equation for any variableϕ is writ-
ten as (all variables are defined in the Nomenclature)

∂(ρ̄ũϕ̃)
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The equations solved in this study (Eqs. (3)–(12))
are summarized below.

Summary of governing equations:1
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4. Turbulent kinetic energy:3

ϕ = k̃, S̃ϕ = Pk + Gk − ρ̄ε̃. (6)

1 Turbulence constants given in Eqs. (3)–(12) areCµ=0.09,
C1=1.44, C2=1.0, C3=1.92,σk=1.0,σε=1.3,σρ=1.3,σg=0.86,
Cg,1=2.8, Cg,2=2.0, κ=0.42.

2 In the continuity equation0eff = 0.
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5. Dissipation rate of turbulent kinetic energy:

ϕ = ε̃, S̃ϕ = (C1Pk + C2Gk − C3ρ̄ε̃)
ε̃

k̃
. (7)

6. Total enthalpy:

ϕ = h̃, S̃ϕ = 0. (8)

7. Total enthalpy variance:
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8. Species mass fractions:4
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. (10)
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Turbulence closure is achieved by a two-layerk–ε

model [20,21]. In this model the flow domain is split
into two zones. In the inner zone which includes the
viscous sublayer, the buffer layer, and part of the
fully turbulent layer only thek̃ equation is solved,
ε̃ is calculated fromε̃ = k̃3/2/`ε and the turbu-
lent viscosity fromµt = ρ̄Cµk̃1/2`µ, where`µ and
`ε are length scales containing damping effects in
the near-wall region in terms of a local turbulence

4 S̃i = W
i

∑
k(ν

′′
i,k − ν′

i,k)
( ˜̇ωk

ρ

)
.

Reynolds numberRk = ρk̃1/2y/µ with y the distance
from the wall [20]: `µ = C`y[1 − exp(−Rk/Aµ)],
`ε = C`y[1 − exp(−Rk/Aε)] with C` = κCµ

−3/4,
Aε = 2C`, andAµ=70. In the outer zone the standard
two-equationk–ε model is used, adopted as in [22]
for variable density flows (Eqs. (6) and (7)). Both
models are then merged at a location corresponding
to Rk=250. Standard values are used for the turbu-
lence constants [23] (see Footnote 1). The two-layer
k–ε turbulence model was adopted for two reasons.
The first was the need to resolve the extended (for the
Reynolds numbers of this study) viscous-dominated
near-wall region and the second was the need of a
near-wall turbulence model which is not as com-
putationally intensive as the full two-equation low
Reynolds number models [24]. The last point cannot
be understated in CST which has the additional com-
plication of gaseous and surface chemical reactions.

The thermochemistry modelling includes transport
equations for the Favre-averaged mean values, vari-
ances, and covariances of the total enthalpy and the
species mass fractions (Eqs. (8)–(12)). The approach
of solving transport equations for all second order
moments was originally developed by Bockhorn
[25,26]. In Eqs. (8)–(12) gradient-type modelling has
been used for the scalar fluxes and the dissipation
hypothesis in a manner analogous to the turbulent
flow model. To evaluate the mean chemical reaction
rates (the terms̃Si in Eq. (10)) a presumed Gaus-
sian joint p.d.f. was used as a coupling submodel for
each elementary gaseous reaction. Measurements in
non-catalytic turbulent reacting hydrogen–air bound-
ary layers [27] and in non-reacting turbulent heated
channel flows [28] have shown nearly symmetric
scalar p.d.f.s, consistent with the Gaussian approach.
In this respect, the Gaussian shape is less restrictive
compared to open turbulent combustion applications
[26]. For a bimolecular reaction the relevant joint
p.d.f. is trivariate:P̃ (Y1, Y2, T ) is the joint Gaussian
p.d.f. depending on nine first and second order mo-
ments established by the temperature and the two
species mass fractions. Tables of mean reaction rates
were constructed for every elementary gas-phase re-
action in terms of the nine controlling moments and
a neural network scheme [29] was used to fit the data
resulting in a speedy retrieval of these rates during
the numerical solution procedure. Neural network
fitting was also applied for the chemical reaction
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source terms in the transport equations for the species
variances and covariances (terms̃Y ′′

i Sj in Eq. (11)).

3.2. Surface chemistry modelling

The instantaneous form of the surface species cov-
erage equations is

∂2m

∂t
= σm

ṡm

G
− 2m

G
Ġ, m = 1, 2, . . . , Ms. (13)

For a surface reaction scheme that conserves the total
number of surface sitesG, as the one used in this
study, the second term in the right-hand side of Eq.
(13) is identically zero. The instantaneous interfacial
boundary conditions for the gas-phase species are

GWk

∂2k

∂t
= −[ρYk(vvv + VVV k)]+ · nnn+ + ṡkWk,

k = 1, 2, . . . , Kg. (14)

with nnn+ the unit vector normal to the catalyst surface
and(vvvk)+ = −((0k/Yk)(∂Yk/∂y)+)nnn+.

The left-hand side in Eq. (14) is the mass accumula-
tion at the surface, the first term in the right-hand side
is the combined Stefan and diffusive flux to the sur-
face, and the second term is the surface reaction. For
a statistically steady operation, averaging of Eqs. (13)
and (14) removes the transient terms as well as the
Stefan flux to the surface. The averaging, however, in-
troduces the same difficulties with the chemical source
termsṡk andṡm as with the gaseous reaction rates dis-
cussed previously. It can be argued that the catalyst,
depending on its activity, can respond fast to fluctua-
tions of the thermochemical field. However, the major
non-linearity in the chemical source terms due to the
Arrhenius exponential is removed since the wall tem-
perature is fixed in this study. Moreover, in a technical
application the presence of a catalyst support mate-
rial with large thermal inertia diminishes the surface
temperature fluctuations. In addition, the adsorption
reactions are first-order with respect to the adsorbing
species and hence they are a linear function of the rel-
evant concentration; in this case averaging of the re-
action rates produces (for fixedTW) exactly the mean
concentration of the relevant species. In any case,
even for reaction rates with non-linear concentration
dependence the resulting effect of the non-linearity
on the mean reaction rate is, for a fixed reaction

temperature, small (see discussion in [25]). The
mean heterogeneous reaction rate is then treated as a
“laminar” one, evaluated at the corresponding mean
values of the wall temperature and concentrations: in
adsorption reactions, e.g.,˜̇sk = ṡk(TW, Yk, 2̃Pt), and
for reactions involving only surface species,˜̇sm =
ṡm(TW, 2̃i) with i the participating surface species.

3.3. Boundary conditions

At the catalytic wall (y=H/2) the no-slip condition
is used forũ andṽ, T=TW, k̃ = 0, ∂ε̃/∂y = 0, and all
the thermochemical fluctuations are set to zero. At the
plane of symmetry (y=0) ṽ = 0 and∂ϕ̃/∂y = 0 for
the rest of the variables. Finally, at the exit plane (x=L)
the boundary conditions arẽv = 0 and zero Neumann
outflow conditions(∂ϕ̃/∂x = 0) for the other vari-
ables. The inlet conditions are uniform properties as
stated in Section 2.

3.4. Chemical kinetics

For gaseous chemistry the full H/O mechanism from
Warnatz is used [30]; it includes 19 reversible reactions
and eight species (excluding the carrier nitrogen). For
surface chemistry the Langmuir–Hinshelwood H2/O2
scheme over Pt is employed from Deutchmann et al.
[16]; it has 10 irreversible and three reversible reac-
tions involving six gaseous and four surface species
(excluding Pt). The surface reaction scheme is pre-
sented in Table 1. The thermodynamic data needed
to evaluate the equilibrium constants for the three
reversible surface reactions were taken from Warnatz
et al. [31].

3.5. Solution algorithm

A SIMPLER-based finite volume procedure was
used by solving iteratively the discretized algebraic
gas-phase transport equations with an ADI algorithm
[32]. A staggered grid of 100×28 points (inx andy,
respectively) with variable spacing in both directions
was sufficient to produce numerically accurate results.
Gravity was not included as it was found to have min-
imal influence for the Reynolds numbers of this study.
Computations were then carried out over half the chan-
nel domain. Surface and gas-phase chemistries are
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Table 1
Elementary H2/O2 surface reaction scheme from [16]a

Reaction A (mol cm s) Ea (kJ/mol) γ No.

H2+2Pt(s)→2H(s) 0.046 (1)
2H(s)→H2+2Pt(s) 3.7E+13 67.4−62H (2)
H+Pt(s)→H(s) 1.0 (3)
O2+Pt(s)→O(s) 0.07 (4)
2O(s)→O2+2Pt(s) 3.7E+13 213.2−6020 (5)
O+Pt(s)→O(s) 1.0 (6)
H2+pt(s)→H2O(s) 0.75 (7)
H2O(s)→H2O+Pt(s) 1.0E+13 40.3 (8)
OH+Pt(s)→OH(s) 1.0 (9)
OH(s)→OH+Pt(s) 1.0E+13 192.8 (10)
H(s)+O(s)=OH(s)+Pt(s) 3.7E+21 11.5 (11), (12)
H(s)+OH(s)=H2O(s)+Pt(s) 3.7E+21 17.4 (13), (14)
OH(s)+OH(s)=H2O(s)+O(s) 3.7E+21 48.2 (15), (16)

a (s) Denotes surface-bound species andγ ’s are sticking coefficients. The sticking coefficient of O2 (reaction (4)) is temperature
dependent:γO2(T)=0.07(T0/T), with T0=300 K. The order of H2 adsorption (reaction (1)) is unity with respect to platinum.

coupled via the interfacial boundary conditions. After
an iteration for all gas-phase variables is completed,
the averaged Eqs. (13) and (14) are solved simultane-
ously (in our previous laminar work [14,15] these sets
were solved sequentially) using a modified Newton’s
method. The Chemkin database [33] was used to eval-
uate gaseous thermodynamic and transport properties
and the Surface Chemkin [34] to evaluate surface re-
action rates. The computational time was about 12 h
on a DEC4130 machine. With only the surface chem-
istry present, the corresponding time was reduced to
6 h.

4. Results and discussion

The conditions of this study are presented in Table
2. There are three basic cases denoted as (a), (b) and
(c) with equivalence ratios 0.240, 0.225, and 0.215,

Table 2
Summary of conditionsa

Case Equivalence ratio (ϕ) Subcases

(a) 0.240 CG, C, L
(b) 0.225 CG, C, L
(c) 0.215 CG, C, L

a CG: turbulent with catalytic and gaseous reactions. C: turbu-
lent, only catalytic reactions. L: laminar, with catalytic and gaseous
reactions.

respectively. The difference in equivalence ratios is
sufficient for the ensuing discussion. For each case
three different subcases were examined: subcases CG
are turbulent with both catalytic and gaseous reactions,
subcases C are turbulent with only catalytic reactions
(gaseous chemistry is switched-off), and finally the
subcases L are laminar with both catalytic and gaseous
reactions. In the L cases the same uniform inlet con-
ditions and computational grid were used as in the
corresponding turbulent CG cases, but turbulence was
turned off: transport equations are solved only for
the mean properties (the governing equations for the
laminar case were presented in our earlier work [14]).

4.1. Turbulent heterogeneous–homogeneous
combustion

Transverse profiles of Favre-averaged temperatures
and hydrogen mass fractions (the wall is located at
y=5 mm) are illustrated in Fig. 2 at four selected
streamwise distances. Fig. 2 is discussed with the aid
of Fig. 3 presenting streamwise profiles of catalytic
and gaseous hydrogen conversion rates. The catalytic
conversion refers to only one plate. The volumetric
gaseous conversion rate of Fig. 3 has been integrated
over the channel half-width so that it can be directly
compared to the catalytic surface rate. The catalytic
fuel conversion rate is maximum at the channel en-
trance since the mass transport coefficients are the
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Fig. 2. Transverse profiles of Favre-averaged temperatures and hy-
drogen mass fractions at four selected streamwise distances, for
three different turbulent cases with both catalytic and surface re-
actions (CG cases). Streamwise distances:x=25 mm (dash-double
dotted), x=61 mm (dashed),x=98 mm (dotted), andx=150 mm
(solid) lines. The wall is located aty=5 mm.

highest there and at the same time the surface reac-
tions are close to their mass-transport limit (hetero-
geneous ignition achieved at the channel entry) given
the high wall temperature of this study. The catalytic
conversion drops downstream due to reduced mass
transport coefficients and upstream fuel depletion.
Homogeneous ignition occurs atx≈25 mm in all cases
as illustrated in Fig. 3. The relative insensitivity of the
ignition distance on moderate variations of the equiv-
alence ratio is consistent with experimental observa-
tions [15] and with theoretical asymptotic approaches
[35] where the homogeneous ignition distance is
shown to scale as 1/Y

nF
F,IN with YF,IN the incoming

fuel mass fraction andnF a global fuel reaction-rate
order, which is typically a small exponent. Follow-
ing homogeneous ignition the gaseous conversion
increases rapidly in case (a) (see Fig. 3a), although
both modes of conversion are equally important in
the range 30 mm<x<40 mm, where significant fuel
leakage occurs through the gaseous reaction zone and

Fig. 3. Streamwise profiles of catalytic (C) and gaseous (G) fuel
conversion rates, for three turbulent CG cases. The volumetric
gaseous fuel conversion rate has been integrated over the channel
half-width.

the escaping fuel is consumed heterogeneously at the
surface. Gaseous combustion becomes the dominant
fuel conversion mode forx>60 mm. The last point
is also illustrated in Fig. 2a, where the transverse
hydrogen wall gradient is zero for the streamwise
distancesx=98 and 150 mm. In addition, the gaseous
combustion is confined close to the catalytic surface.
At the channel exit (x=150 mm) Fig. 2a indicates
that the combustion wave has propagated only about
2 mm from the wall. This is due to the diffusional im-
balance of the hydrogen (Le<1): fuel is transported
towards the surface more effectively than heat away
from it resulting in confinement of the combustion
wave close to the surface. This effect has been shown
in the catalytic stagnation-point flow studies of Law
and Sivashinsky [36] and confirmed in the laminar
hydrogen channel CST experiments of Buser et al.
[11]. The temperature profiles in Fig. 2a have a small
but negative transverse wall gradient at the locations
downstream homogeneous ignition (x>25 mm) indi-
cating heat transfer from the gas towards the wall. The
leaner cases (b) and (c) exhibit qualitative differences
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compared to case (a). Figs. 2b and 3b indicate that the
gaseous combustion in case (b) is confined closer to
the wall and that a small catalytic conversion persists
well after homogeneous ignition down to the channel
exit. In case (c) gaseous combustion is concentrated
even closer to the wall and both the catalytic and
the gaseous modes are important for fuel conversion.
The catalytic fuel conversion in case (c) is actually
increasing forx>100 mm. Finally, in the leaner cases
(b) and (c), the temperature wall gradients remain
positive after ignition as illustrated in Fig. 2b and c.

To understand the interaction of combustion and
turbulence responsible for the above processes, the
transverse extent of the gaseous reaction is firstly de-
lineated. Fig. 4 presents transverse profiles of the local
Favre-average hydrogen reaction rate for the three
streamwise locations of Fig. 2 that are downstream
the homogeneous ignition point. The successive ap-
proach of the gaseous combustion zone towards the
wall with mixture leaning is evident in Fig. 4. A small
amount of incomplete gaseous combustion occurs in

Fig. 4. Transverse profiles of Favre-averaged hydrogen gaseous
reaction rates for three selected streamwise distances downstream
homogeneous ignition, CG cases. The notation of the streamwise
distances is the same as in Fig. 2.

case (b) while in case (c) the reaction zone has been
pushed against the catalytic surface. There is then sig-
nificant fuel leakage through this zone resulting in the
appreciable catalytic conversion discussed in Fig. 3c.
Turbulence affects gaseous combustion through the
increased turbulent transport and the induced ther-
mochemical fluctuations. The effect of the thermo-
chemical fluctuations is discussed first. Fig. 5 presents
normalized Favre-averaged root mean square (rms)
temperature fluctuations. The vertical bars in Fig. 5
define the transverse extent of the gaseous reaction
zone (calculated with the aid of Fig. 4) for the three
x-locations downstream homogeneous ignition; 95%
of gaseous combustion has been completed in the
zones defined by the vertical bars and the wall. The
rms temperature profiles in Fig. 5a peak near the point
of maximum mean temperature gradient and at a dis-
tance from the wall which increases with increasingx.

Fig. 5. Transverse profiles of normalized Favre-averaged rms tem-
perature fluctuations at four selected streamwise distances, CG
cases.T̃C denotes the temperature at the plane of symmetry (y=0).
The vertical bars indicate the transverse extent of the gaseous re-
action zone from the wall for the threex-locations downstream
homogeneous ignition. The notation of the streamwise distances
is the same as in Fig. 2.
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The peak levels of the intensities(T̃ ′′2)1/2/(TW − T̃C)

are as high as 7% atx=61 mm and drop downstream.
Such intensity levels are typical in turbulent boundary
layer combustion [27] or turbulent heat transfer in
channels [28]. In addition, the peak rms temperature
fluctuations are always located outside the reaction
zone. For example, in Fig. 5a the peak rms tempera-
ture fluctuations atx=61 mm are about 1.5 mm away
from the wall while the reaction zone extends up to
1.2 mm from it. Moreover, the peak reaction rate is
located about 0.9 mm from the wall. Temperature
fluctuations still persist in the reaction zone but with
diminishing magnitude as the wall is approached.
Fig. 5a–c indicate that mixture leaning results in small
reduction of the rms fluctuation levels and successive
approach of the locations of peak rms fluctuations
closer to the wall. In all cases, however, the peak
rms fluctuations lie outside the extent of the gaseous
reaction zone; this is also the case for all other scalar
rms fluctuations. The previous findings have quali-
tative similarities to experimental observations [27],
although the latter refer to non-catalytic turbulent
hydrogen–air boundary layer combustion over a con-
stant temperature flat plate. They report that mixture
leaning results in a small decrease of measured rms
density fluctuations and a successive approach of the
locations of peak rms density fluctuations closer to the
wall. The levels and location of the thermochemical
fluctuations have a direct consequence on the gaseous
combustion processes. Temperature fluctuations in-
crease the mean gaseous reaction rate, and this is
generally the case for all thermochemical fluctuations
[25]. Given the fact that the fluctuation levels are low
inside the reaction zone, they have only a moderate
influence on the mean gaseous reaction rates. This
outcome has to be examined in conjunction with the
turbulent transport to the reaction zone discussed
next.

Normalized turbulent intensities̃k1/2/ŨC are pre-
sented in Fig. 6. Turbulence intensities are substan-
tially suppressed by combustion (increasingϕ). At
x=150 mm, e.g., the peak turbulent intensities are in
cases (b) and (c) higher by 35 and 50%, respectively,
compared to case (a). In addition the points of peak
k̃ move only slightly closer to the wall with mixture
leaning. The suppression of the turbulent kinetic en-
ergy is due to the relaminarization induced by the
gaseous heat release. The sensitivity of turbulence

Fig. 6. Transverse profiles of normalized turbulent kinetic energy
at four selected streamwise distances, CG cases.ŨC denotes the
axial velocity at the plane of symmetry (y=0). The notation of
the streamwise distances is the same as in Fig. 2.

intensity with mixture leaning is in good agreement
with turbulent boundary layer combustion observa-
tions [27]; they measure a nearly fivefold suppres-
sion of the streamwise velocity fluctuations with an
increase of equivalence ratio from 0.1 to 0.2. The
suppression of the turbulent kinetic energy and the
insensitivity of its peak location to mixture strength
imply that at a given distance from the wall the leaner
cases have higher turbulent transport coefficients
(µt = ρ̄Cµk̃1/2`µ). The higher transport coefficients
coupled with the slower reaction rates of the leaner
cases and the mild influence of the thermochemi-
cal fluctuations on the mean reaction rates result in
a push of the reaction zone closer to the wall and
finally to fuel leakage and incomplete combustion.
Incomplete combustion can be more pronounced at
the downstream locations as the mixture strength has
been reduced due to upstream depletion (see Fig. 3c).
The foregoing have a direct analogy to catalytic
laminar stagnation point flow studies [36]: increas-
ing the strain rate leads, forLe<1, to confinement
of the reaction zone closer to the wall, incomplete
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Fig. 7. Transverse profiles of Favre-averaged OH mass fractions at
five selected streamwise distances, CG cases. The notation of the
streamwise locations is the same as in Fig. 2, with the addition
of x=10 mm (dash-dotted lines).

gaseous combustion followed by subsequent cat-
alytic conversion of the leaked reactant, and finally to
extinction.

Radicals are important for homogeneous ignition
and their near-wall levels are determined by the cou-
pling between gaseous and heterogeneous reactions.
Favre-averaged profiles of the OH mass fraction are
presented in Fig. 7; an additional streamwise lo-
cation before homogeneous ignition (x=10 mm) is
included in this figure. The OH wall gradients are
positive (net-desorptive) atx=10 mm and negative
(net-adsorptive) at the other streamwise distances.
The transition from desorptive to adsorptive OH wall
fluxes takes place atx≈16 mm, that is well before
homogeneous ignition. Hence, gas-phase reactions
precede any significant gaseous heat release or fuel
conversion. This effect has been also observed in
methane catalytic combustion computations [14] and
signifies the importance of a detailed surface reaction
scheme in accurately predicting the coupling between
gaseous and surface reactions in the pre-ignition pe-
riod. Transverse profiles of the H radical are plotted in
Fig. 8. The H profiles are always net-adsorptive due

Fig. 8. Transverse profiles of Favre-averaged H mass fractions at
five selected streamwise distances, CG cases. The notation is the
same as in Fig. 7.

to the absence of any H-desorption reactions in the
heterogeneous reaction scheme (see Table 1). Hence,
the catalytic wall is always a sink for the gaseous H
radicals (the same is also the case for the O radicals).

To complete the picture of catalytic combustion in-
side the channel the surface coverage is presented for
case (a) in Fig. 9. The coverage in cases (b) and (c) are
similar and hence not repeated. The surface is covered
primarily with platinum and oxygen over its entire
length. For the fixed and high wall temperature of this
study, heterogeneous ignition is achieved already from
the channel entry as manifested by the large free plat-
inum surface coverage atx≈0. At the channel entry
the coverage of O(s) and Pt(s) are 0.433 and 0.565, re-
spectively, while at the channel exit the corresponding
numbers are 0.517 and 0.481, respectively. Reactions
involving only surface species are very fast resulting
in very low values for the H(s). Moreover, the H(s)
coverage drops sharply after homogeneous ignition
(x≈25 mm) due to the corresponding decrease in the
gaseous H2 concentration near the wall. The coverage
of H2O(s) and OH(s) drop with increasingx resulting
in the aforementioned increase of O(s).
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Fig. 9. Streamwise profiles of surface coverage for case (a), CG.

4.2. Turbulent heterogeneous combustion

The main influence of turbulence on purely catalytic
combustion (C cases) is the enhancement of the trans-
port coefficients towards-or-away from the wall. The
removal of gaseous reactions simplifies considerably
the problem. Results are presented then for case (a)
only, as all cases bear direct similarities. Transverse
profiles of Favre-average temperatures and hydrogen
mass fractions are presented in Fig. 10 and the stream-

Fig. 10. Transverse profiles of Favre-averaged temperatures and
hydrogen mass fractions at four selected streamwise distances, for
case (a), with only catalytic reactions (C case). The notation of
the streamwise distances is the same as in Fig. 2.

Fig. 11. Streamwise profile of the catalytic fuel conversion rate
for case (a), C.

wise profile of catalytic conversion in Fig. 11. The
catalytic conversion of Fig. 11 coincides with the cor-
responding catalytic conversion of the CG case (see
Fig. 3a) down to the point of homogeneous ignition.
Some finite rate effects are evident in Fig. 10. At the
catalyst surface the hydrogen mass fraction is always
non-zero, e.g., atx=150 mm the surface concentration
is about 5% of the symmetry plane concentration.
Finally the absence of gaseous reactions results in
large and positive transverse temperature wall gradi-
ents (Fig. 10).

In Fig. 12 the normalized rms temperature fluctu-
ations, normalized turbulent intensities, and average
OH mass fractions are presented for case (a). The lo-
cations of the peak rms temperature fluctuations are
closer to the wall and their magnitudes are larger com-
pared to the CG case of Fig. 5a. This is in accord with
the turbulent boundary measurements of [27] in their
experiments with complete gaseous combustion sup-
pression (ϕ=0, pure heat transfer mode). In addition,
the turbulent kinetic energy increases substantially in
comparison to the CG case (Fig. 6a). Finally the OH
profiles of Fig. 12 are always net-desorptive with much
lower near-wall OH levels compared to the CG case
(Fig. 7a) due to the absence of gas-phase reactions.
On the other hand, near the plane of symmetry the OH
levels in the C case are higher than the corresponding
ones of the CG case due to the absence of gaseous
radical recombination reactions which are important
in these colder zones.
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Fig. 12. Transverse profiles of normalized Favre-averaged rms
temperature fluctuations, normalized turbulent kinetic energies, and
Favre-average OH mass fractions for case (a), C. The notation of
the streamwise distances is the same as in Fig. 2.

4.3. Laminar heterogeneous–homogeneous
combustion

Of particular importance in CST is the assessment
of performance differences between the laminar and
turbulent flow modes. Comparisons between turbu-
lent and laminar flow conditions are presented next.
Transverse profiles of temperature and hydrogen mass
fraction are presented in Fig. 13 for the three laminar
cases. The catalytic and gaseous fuel conversions for
the laminar (dotted lines) as well as the correspond-
ing turbulent (solid lines) conditions are presented in
Fig. 14. In all cases the turbulent catalytic fuel conver-
sion rate is higher than the corresponding laminar rate
and their difference increases with increasing stream-
wise distance. This is because turbulent mass transport
coefficients are higher and surface reactions are still
close to their mass-transport limit. Of more impor-
tance is, however, that homogeneous ignition comes
about 5 mm earlier in the laminar cases. It is then
clear that turbulence inhibits homogeneous ignition.
This happens despite the fact that the turbulent cases

Fig. 13. Transverse profiles of temperatures and hydrogen mass
fraction for the laminar cases. The notation of the streamwise
distances is the same as in Fig. 2.

have higher near-wall hydrogen levels at all stream-
wise distances before homogeneous ignition. There
are two reasons responsible for the higher near-wall
hydrogen in the turbulent cases: the first is that the
laminar boundary layer is thicker than the correspond-
ing turbulent boundary layer and the second is the
somewhat higher hydrogen wall concentrations in the
turbulent case due to more pronounced finite rate sur-
face effects induced by the increased surface loading.
For example, atx=20 mm the hydrogen wall concen-
trations in the turbulent CG cases (a), (b) and (c) are
2.827×10−4, 2.722×10−4, and 2.639×10−4, respec-
tively, while the corresponding laminar concentrations
are 2.544×10−4, 2.450×10−4, and 2.374×10−4. The
homogeneous ignition inhibition is, as explained be-
low, a result of increased heat transport away from the
catalytic surface.

The transverse temperature profiles in Fig. 13 are
steeper compared to Fig. 2, resembling more to a
flame structure. In all laminar cases, within 1 mm
from the symmetry plane (y=0) the heat wave has
not been sensed and temperatures are around 400 K.
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Fig. 14. Streamwise profiles of catalytic (C) and gaseous (G) fuel
conversion rates for the laminar (dotted lines) and the correspond-
ing turbulent (solid lines) cases. The volumetric gaseous fuel con-
version rates have been integrated over the channel half-width.

Hydrogen depletion is, however, readily observable at
the plane of symmetry, a result of the more efficient
molecular mass transport. The turbulent profiles of
Fig. 2, on the other hand, indicate a maximum 100 K
temperature rise at the symmetry plane since turbulent
transport tends to balance the effective heat and mass
transport coefficients. Heat is transported more effec-
tively in the turbulent case from the near-wall zone
to the colder channel core resulting in homogeneous
ignition inhibition. The difference in flow residence
times for the near-wall gas could also contribute to
the above inhibition. However, this effect is not as
important since for the short development distances
down to homogeneous ignition the streamwise ve-
locities in the turbulent cases are only slightly higher
that the corresponding laminar ones. The turbulent
CST performance of Fig. 14 could be desirable in
practical applications where increased heterogeneous
conversion is sought with late homogeneous ignition
(or no homogeneous ignition at all if a post-catalyst
combustion zone is added) in order to reduce pollutant
formation. Although the onset of gaseous combustion

is delayed in the turbulent cases, it overtakes shortly
the corresponding laminar gaseous conversion rates
in cases (a) and (b). In all laminar cases there is no
catalytic conversion at distances well downstream the
homogeneous ignition location. In the leaner case
(c) the gaseous turbulent reaction rate is lower than
the corresponding laminar one due to fuel leakage;
the combined catalytic and gaseous conversion is,
however, higher in the turbulent case.

5. Conclusions

A two-dimensional elliptic model has been de-
veloped for the numerical investigation of turbulent
catalytically stabilized (CST) combustion in plane
channel flows. The model is capable of treating ele-
mentary heterogeneous and homogeneous chemical
reactions. Application is made to turbulent CST of
lean hydrogen–air mixtures at atmospheric pressures.
The channel walls were coated with platinum and
were held at a fixed temperature of 1220 K. The
following are the key conclusions.
1. The homogeneous combustion zone is confined

close to the catalytic wall due to the diffusional
imbalance of hydrogen. Mixture leaning results
in a small decrease of peak rms temperature lev-
els and in a successive approach of their location
closer to the catalytic wall. Complete suppression
of gaseous combustion increases the peak rms
temperature levels and moves their location even
closer to the wall.

2. The peak rms temperature fluctuations (as well as
the other thermochemical fluctuations) are always
located outside the extent of the gaseous reaction
zone resulting in a small influence of thermochem-
ical fluctuations on gaseous combustion.

3. Turbulence is significantly suppressed by gaseous
combustion resulting in higher transport coeffi-
cients for the leaner mixtures, a push of the gaseous
reaction zone towards the wall, incomplete gaseous
combustion, and subsequent catalytic conversion
of the leaked fuel. Both catalytic and gaseous
modes are then important for the fuel conversion.

4. The surface is covered primarily with platinum
and oxygen over its entire length. In addition,
the hydrogen surface coverage drops substantially
downstream the homogeneous ignition location.
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5. Comparison with corresponding laminar cases
shows that turbulence inhibits homogeneous igni-
tion due to the increased heat transport from the
near-wall zone to the channel core.

6. Nomenclature

Cµ, C1, C2,
C3, Cg,1, Cg,2 turbulence constants
G surface site density (kmol/m2)
h total enthalpy (kJ/kg)
H channel width (m)
k turbulence kinetic energy (m2/s2)
Kg number of gaseous species
L channel length (m)
Le Lewis number (thermal over mass

diffusivity)
Ms number of surface species
p pressure (Pa)
Rk turbulence Reynolds number
Sϕ source term for variableϕ
Si reaction rate of gaseous species

i (kg/m3s)
sm reaction rate of surface species

m (kmol/m2s)
T temperature (K)
U, u streamwise velocity (m/s)
v transverse velocity (m/s)
VVV diffusion velocity vector (m/s)
Wk molecular weight of species

k (kg/kmol)
x streamwise distance (m)
y transverse distance (m)
Yi mass fraction of speciesi

Greek symbols
0 laminar transport coefficient
0eff effective turbulent transport

coefficient, Eq. (2)
ε dissipation rate of turbulent kinetic

energy (m2/s3)
2m surface coverage of speciesm
κ turbulence von Karman constant
µ laminar viscosity (kg/m s)
µt turbulent viscosity (kg/m s)
ν′
i,k, ν

′′
i,k stoichiometric coefficients of species

i in reactionk

ρ density (kg/m3)
σk, σε, σρ , σg turbulence constants
σm surface sites occupied by speciesm,

Eq. (13)
ϕ independent variable, Eq. (1)
ω̇k rate of gaseous reactionk

(kmol/m3s)

Superscripts
Reynolds averaging

∼ Favre averaging
′′ fluctuations about Favre average quantity

Subscripts
C plane of symmetry (y=0)
eff effective
W wall
(+) gas–wall interface
IN inlet
g scalar
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