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A B S T R A C T

Catalytic-aided combustion has been proven effective for premixed hydrogen/air mixtures, particularly under
lean to ultra-lean conditions. However, minimising the required catalyst sets a significant challenge because
noble metals with high catalytic activity are rare and expensive. Therefore, this study aims to intensify the
catalytic combustion process by investigating a non-planar reactor comprising an array of platinum-coated half-
and full-cylinders through large eddy simulation. A premixed mixture with a fuel-lean equivalence ratio of 0.15
and an incoming Reynolds number of 3500 based on hydraulic diameter is used. For comparison, a planar reactor
without cylinders is also studied under the same operating conditions and with the same amount of platinum-
coated surface area. The simulation employs the turbulent kinetic energy sub-grid model and the eddy dissi-
pation concept to model the turbulent catalytic reacting flow. The discrete ordinate model is used to account for
radiation heat transfer in the catalytic process. Numerical simulations are validated against experimental results
prior to analysis. The findings indicate that the placement of cylinders along the reactor length enhances
convective mass transfer and intensifies catalytic combustion, resulting in effective combustion over a smaller
catalytic surface. Compared to planar models, non-planar reactors demonstrate a much better H2 conversion
efficiency throughout the reactor length, saving nearly 62.5 % of the catalyst.

1. Introduction

Catalytic combustion of hydrogen is a modern technology and is
being implemented in various reactor applications [1–3]. Among these
applications, catalytic combustion of premixed mixtures has been found
to be effective in reducing NOx emissions [2,4] and in enhancing syngas
combustion [5,6]. In previous studies [7–10], efforts have been made to
develop planar reactors with catalyst-coated inner walls. The fuel con-
version inside the reactor is governed by either homogeneous combus-
tion or heterogeneous combustion, or both based on inflow and reactor
wall thermal condition [11]. The coexistence of homogeneous and
heterogeneous combustion is advantageous due to reduced reliance on
catalysts [12]. However, in reactors operated with lean mixtures, a
significant amount of catalyst is required, with fuel conversion pre-
dominantly occurring through heterogeneous combustion [11]. This can
result in superadiabatic surface temperatures at the catalytic walls
[13,14]. In many cases, localised hotspots (where the local wall tem-
perature exceeds the average temperature) can form if the support

material is unable to dissipate heat effectively [15,16]. Although some
recent studies [17–19] have explored catalyst and reactor designs aimed
at minimising elevated wall temperatures and enhancing combustion
stability, further research is needed to evaluate their effectiveness under
diverse operating conditions. Reducing the catalyst requirement for
complete combustion presents a significant challenge due to the high
cost of rare metals used as catalysts. Additionally, accommodating suf-
ficient catalyst in planar reactors necessitates increased reactor length,
leading to a more robust but less economical and practical design [11].
Moreover, in planar reactors, surface reaction rates often reach a plateau
due to limited mass transfer of fuel species toward the catalytic walls
[14,20]. Therefore, catalytic reactors with the enhanced mass transfer of
fuel species to reactive walls, compact designs and optimal catalysts are
of prime interest for their wide-ranging application [13,21]. To progress
on catalytic reactors, the multidimensional modelling of optimal cata-
lytic coating is necessary for reactor design.

One application of catalytic reactors is honeycomb structures, which
consist of multitube catalyst-coated channels with a hydraulic diameter
in the millimetre range. To enhance mass transfer with an optimal
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catalyst in honeycomb channels, a novel reactor design has been
adopted with appropriate geometric modifications [22]. Carrying out
experimental work in such reactors is exceedingly challenging, partic-
ularly in the precise measurement of species concentration and tem-
perature near the catalytic wall [23,24]. Consequently, numerical
simulation is the preferred approach for investigating catalytic pro-
cesses. In this context, the proper selection of turbulence models is
essential for accurately simulating the complex turbulent flows inside
the reactor, because the turbulent effect becomes weaker when it in-
volves the catalytic reaction with the flows [23]. Moreover, the turbu-
lent flow significantly affects the catalytic activity as the mass transport
toward or away from the catalytic surface increases with turbulence
[23,25]. Therefore, a reliable numerical model is essential to capture the
near-wall turbulence and the catalytic process. Reynolds Averaging
Navier Stokes (RANS) models are widely used [23,26,27] for modelling
turbulent catalytic reacting flows. However, RANS models struggle to
capture the effects of separated flow in reacting flows with non-planar
surfaces. In this regard, Direct Numerical Simulations (DNS) are the
best numerical models to capture near-wall turbulence, but this is
computationally expensive and difficult to model complex combustion
dynamics with catalytic reactions. Though some studies using DNS
[28–30] for turbulent catalytic combustion systems have been reported
in the literature, the reacting DNS is challenging for spatially developing
flows, particularly for the reactor configuration discussed in the present
study. The Large Eddy Simulations (LES) are, therefore, practical options
to simulate most of the turbulent reacting flows [31]. Though the LES is
limited to modelling large-scale turbulence, this is still useful for pre-
dicting realistic combustion processes [32–34]. Nonetheless, currently,
there is a noticeable research gap in the application of LES to catalytic
combustion processes. This work aims to address that gap by evaluating
the effectiveness of LES in modelling catalytic combustion systems,
highlighting its potential to enhance our understanding and prediction
of these complex processes.

Previous studies [23,28–30] investigated the catalytic turbulent
reacting flow in a channel or planar reactor, with an inflow Reynolds
number of up to 30,000. The high Reynolds number was considered to
understand the effect of flow laminarisation, which occurs within the

boundary layer and near the catalytic surface due to increased viscosity
from heating by the catalytic surfaces. As reported in earlier studies
[23], the laminarisation effect is expected to be more pronounced at low
Reynolds number turbulent flows. However, the impact of flow lami-
narisation on catalytic reactors with non-planar surfaces is not yet
known and requires further investigation. Therefore, comparatively a
low turbulent Reynolds number of 3500 (based on the hydraulic diam-
eter and the mean inlet velocity) is chosen to simulate the turbulent
catalytic combustion with detailed chemistry (both heterogeneous and
homogeneous). Simulations are performed on both planar and modified
non-planar catalytic reactors at fuel lean H2/air mixtures (equivalence
ratios φ = 0.15).

The present work aims to intensify catalytic hydrogen/air combus-
tion while reducing the reliance on expensive platinum catalysts. The
innovation lies in the use of catalyst-coated staggered cylinders within
the reactor to significantly improve the catalytic process. Furthermore,
numerical simulations of turbulent catalytic combustion using LES are
still limited, especially for reactors with cylindrical geometries as
examined in this study, due to the challenges in accurately capturing the
impact of reactor geometry on combustion dynamics. This study in-
troduces a crucial design modification to catalytic reactors, paving the
way for further advancements in catalytic combustion.

This article is organised in the following way: Section 2 explains the
numerical methodology and presents validated results. Then, in Section
3, the discussion of the turbulent flow characteristics for both planar and
non-planar configurations is presented, comparing the velocity, tem-
perature and species distribution inside the reactor. Finally, the article
concludes with a summary of the findings in Section 4.

2. Numerical approach

The catalytic reactor configuration, governing equations and nu-
merical settings required to simulate turbulent catalytic reacting flow
are discussed below.

Nomenclature

D cylinder diameter (m)
H enthalpy (kj/kg)
H reactor height (m)
k turbulent kinetic energy (m2/s2)
M molecular weight (kg/kmol)
Ns total of number of surface species (− )
Ng total number of gas species (− )
p pressure (N/m2)
P cylinder pitch (m)
Pr Prandtl number (− )
q heat flux (W/m2)
Re Reynolds number (− )
ṡ molar production rate (mol/m2s)
Sc Schmidt number (− )
T temperature (K)
ut friction velocity (m/s)
ẇ reaction rate of gas species (kg/m3s)
y transverse coordinate (m)
X mole fraction (− )
Y mass fraction (− )
x streamwise coordinate (m)
z spanwise coordinate (m)

Greek symbols
ρ density (kg/m3)
μ dynamic viscosity (kg/ms)
φ equivalence ratio (− )
λ thermal conductivity (W/mK)
Γ surface site density (mol/cm2)
ϴ surface coverage (− )
δ wall thickness (m)

Subscripts
avg average
g fluid
in inlet
m mean
rms root mean square
s solid
w wall surface

Superscripts
− filtered variable

Acronyms
DNS Direct Numerical Simulations
LES Large Eddy Simulation
RANS Reynolds Averaging Navier Stokes
SGS Subgrid-scale
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2.1. Catalytic reactor configurations

The study investigates turbulent catalytic reacting flow in two
reactor configurations. The first configuration is a planar one similar to
the flow between parallel plates where a portion of inner surfaces is
catalyst coated. It is noted that most previous studies on turbulent cat-
alytic combustion have been focused on this configuration [29,30].The
second configuration is the non-planar reactor that represents the flow
through an array of half- and full − cylindrical rods where a portion of
cylindrical surfaces are coated with catalysts. Such configuration has not
been subjected to any study in the past. The computational domain is
illustrated in Fig. 1. The catalytic reactors are 11.67H in length and 1.5H
in width, where H is the distance between the parallel plates and δ is the
thickness of the plate. The cylinder pitch is denoted as P and its value of
2d is considered in the present case. The catalytic surfaces are high-
lighted in red in both configurations. The inner surfaces of 1.75≤ x/H≤

8.82 are coated with platinum in the planar reactor. The non-planar
reactor contains six half cylinders attached to each reactor wall, and
six full cylinders placed between the half cylinders along the centreline
of the reactor. The centre of the first full cylinder is placed at a distance
of 4d from the inlet. The distance between the centres of the half and full
cylinders is d.

The key design parameters for a non-planar reactor include cylinder
size, aspect ratio, and spacing between the cylinders, all of which can
significantly influence flow dynamics and catalytic performance. While
the impact of variations in these parameters is not explored in the cur-
rent study, the catalytic surfaces in the non-planar reactor are chosen
where the mass and heat transfers are more effective. For this reason,
only cylindrical surfaces are coated with platinum, except a quarter of
the back uncoated. This is because flow separation occurs downstream
of both half and full cylinders [22,35] which significantly affects the
convective mass and heat transfer in that particular region. The total
catalytic surface area for both configurations is kept the same for com-
parison. Table 1 provides the other necessary information of geometric
and operational parameters. The catalytic reactor operates by intro-
ducing a mixture of hydrogen and air into the inlet. The reaction is
initiated on the catalytic surfaces and the resulting products are then
released through the outlet. A Reynolds number (Re) of 3500 is used in

both the catalytic reactors, based on the bulk velocity at the inlet and the
hydraulic diameter. The inflow conditions such as flow velocity, tem-
perature, and species mass fraction are kept uniform with a turbulence
intensity of 5.7 % estimated based on the flow Reynolds number. At the
outlet, all the variables have a zero-gradient condition except for the
pressure which remains at an atmospheric level. The gas–solid boundary
conditions at the interface of the reactor are as follows:

• The flow velocity components, U= 0, V= 0, andW= 0 as the no-slip
conditions.

• The gas phase species boundary conditions at the catalytic surface
are specified by ni[ρYg,j (Vg,j + ui)]w = Mg,jṡg,j, j = 1, 2, 3,…, Ng,
where Vg,Mg, and ṡg are the diffusion velocity, molecular weight and
catalytic molar production rate of gas species, respectively. ni is the
unit outward-pointing component normal to a surface, and ui is the
Stefan velocity. This Stephan velocity, arising from the net mass flux
between the surface and the gas in catalytic process, is significant in
transient formulations [36] and given by niui =
(1/ρ)

∑Ng
j=1Mg,j ṡg,j[37]. However, for statistically steady-state solu-

tions, the temporal fluctuations around the mean values do not
generate significant Stefan velocities. Consequently, although u is
nonzero, it is negligible in the present case.

• The thermal boundary conditions at the fluid and solid interface are
set coupled.

• The outer walls and the vertical facets of the plates are considered to
be adiabatic.

• The spanwise z-direction is subject to be a periodic boundary
condition.

• The thermal conductivity of steel (λs= 16.27Wm-1K− 1) is considered
for heat conduction in solids.

• The process of thermal radiation from the hot catalytic surfaces to-
wards the inlet and outlet is simulated using the discrete ordinates
(DO) model. This model is uncoupled, and 10 iterations are set for
energy per radiation iteration.

• The radiation heat transfer is considered at the inlet and outlet en-
closures with an internal emissivity of 1.0 at the boundary
temperature.

Fig. 1. Schematics of the (a) planar and (b) non-planar reactors.
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2.2. Governing equations

For LES computations, we use the filtered continuity, momentum,
species, and energy equations as stated below. In all the equations, the
filtered variable is denoted by an overbar.

Continuity:

∂ρ
∂t +

∂
∂xi

(ρui) = 0 (1)

Momentum:

∂
∂t (ρui)+

∂
∂xj
(
ρuiuj

)
= −

∂p
∂xi

+
∂σij
∂xj

−
∂ρτij
∂xj

(2)

where σij and τij are the stress tensors due to the molecular viscosity and
the subgrid-scale (SGS) stress, respectively. Their definitions are given
as follows:

σij ≡ μ
(

∂ui
∂xj

+
∂uj
∂xi

−
2
3

δij
∂ul
∂xl

)

(3)

τij ≡ uiuj − uiuj (4)

For the sub-grid stress (SGS), the dynamic kinetic energy (DKE) model
[38] is adopted, where the SGS kinetic energy is defined as ksgs =
1
2
(
u2k − u

2
k
)
. The ksgs is used to compute the SGS eddy viscosity, νt defined

as νt = Ckk1/2sgs Δf . Here, Δf is the filter-size calculated from Δf ≡ V1/3,
where V is the volume of a computational cell. The SGS stress can then
be rewritten in the following way:

τij −
2
3
ksgsδij = − 2Ckk1/2sgs Δf Sij (5)

where Sij is the rate-of-strain tensor for the resolved scale defined by

Sij ≡
1
2

(
∂ui
∂xj

+
∂uj
∂xi

)

(6)

For the SGS kinetic energy, ksgs the following transport equation is
solved.

∂ksgs
∂t +

∂ujksgs
∂xj

= − τij
∂uj
∂xj

− Cε
k3/2sgs
Δf

+
∂

∂xj

(
νt
σk

∂ksgs
∂xj

)

(7)

The model constants in the above equations, Ck and Cε, are determined
dynamically, and σk is equal to 1.0.

Species transport:

∂ρYg,k
∂t +

∂
∂xj
(
ρujYg,k

)
= −

∂Jg,k
∂xj

+ ẇg,k − ẇsgs,k −
∂ργjsgs,k

∂xj
,
(
k = 1,2,…,Ng

)

(8)

where the species diffusion flux and the SGS mass flux are defined as
follows:

Jg,k = − ρDm,k
∂Yg,k
∂xj

−
DT,k
T

∂T
∂xj

(9)

γjsgs,k = ujYg,k − ujYg,k =
νt

σY,k
∂Yg,k
∂xj

(10)

Energy:

∂ρh
∂t +

∂
∂xj
(
ρhuj

)
=

∂
∂xj

(
μ
Pr

∂h
∂xj

−
∑n

k=1
hg,kJg,k

)

+ Sh −
∂ρqjsgs

∂xj
(11)

where Sh is sources of energy due to chemical reaction. The diffusion
fluxes, Jg are computed using Maxwell-Stefan and Fick’s law diffusion
coefficients [39] considering the thermal diffusion [40] for light species.
The SGS heat flux is modelled as follows:

qjsgs = ujh − ujh =
νt
σt

∂T
∂xj

(12)

In equations (9) and (11), the model constants σt and σY are the SGS
turbulent Prandtl number and Schmidt number, respectively which are
obtained by the dynamic procedure proposed by Germano et al. [41].

Surface species coverage:
dθj
dt

=
ṡj
Γ
= 0, (j = 1, 2…,Ns), (13)

where θ is the surface species coverage, ṡ is the surface species molar
production rate and Γ is the surface site density.

To model heat transfer in solid, the heat conduction equation is
stated as follows:

∂ρshs
∂t +

∂
∂xj

(

λs
∂Ts
∂xj

)

= 0 (14)

2.3. Solutions algorithm and solver setting

A pressure-based solver was employed in Ansys Fluent 2023 R2 to
solve the governing equations for turbulent flow variables using the
Finite VolumeMethod (FVM). The incompressible filtered Navier-Stokes
and species transport equations were discretised on a structured hex-
ahedral grid. The discretised equations were solved in both space and
time using the SIMPLE algorithm. In LES setting, the dynamic kinetic
energy (DKE) subgrid-scale model is used to model the sub grid scale
turbulence developed by Kim and Menon [38]. This model solves the
transport equation of subgrid kinetic energy where model constants are
determined dynamically. For the transient formulation, the bounded
second-order implicit scheme was selected. For spatial discretisation,
the least square cell-based method was used for gradients while the
second-order method was used for pressure. The bounded central dif-
ferencing scheme was used to compute convective fluxes. The stiff
chemistry solver was chosen for thermochemistry, considering the
integration method of ISAT (In situ adaptive tabulation). The Eddy-
dissipation-concept (EDC) model of Gran et al. [42] was adopted to
compute the gaseous reaction rates. Like EDC, a closure model is

Table 1
Simulated cases.

Case C1. Planar (Reacting) C2. Non-Planar (Non-Reacting) C3. Planar
(Non–/Reacting)

C4. Non-Planar (Reacting)

Dimension 35.7H × H × 1.5H;
H = 7 mm

10.5H × H × 1.5H;
P = 1.73H; D = 0.59H; H = 85.3 mm

11H × H × 1.5H;
H = 3 mm;
δ = 0.5 mm

11H × H × 1.5H; P=H; D=H/2; H = 3 mm; δ = 0.5
mm

Grid C1 C2 C3-M1 C3-M2 C4-M1 C4-M2
Fluid domain 3,136,000 7,224,000 756,000 1,225,000 1,477,400 3,826,900
Solid domain − − 378,000 525,000 1,246,520 3,520,860
Inflow conditions Tin = 300 K, φ = 0.18, Re = 15,390 Re = 21,304 Tin = 300 K, φ = 0.15,

Re = 3500
Tin = 300 K,
φ = 0.15,
Re = 3500
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essential for accurately describing turbulent catalytic rates. Arani et al.
[29] showed that turbulence significantly impacts the transport of spe-
cies like H2 and O2 at the catalytic surface, especially at high Reynolds
numbers of 11,400 and 24,600, which are notably higher than those in
our study. They also found that solids with high thermal inertia do not
respond to temperature fluctuations induced by the reacting flow. In our
study, the substantial wall thickness (δ = 0.5 mm) results in high thermal
inertia, which effectively dampens these temperature fluctuations at the
catalytic surface. As a result, variations in temperature and concentra-
tion at the catalytic surfaces are minimal compared to their mean values.
This diminishes the significant reaction nonlinearity typically associated
with the Arrhenius exponential term. When nonlinearity does occur, it
remains minimal under constant wall temperature conditions [23].
Consequently, the catalytic rates are modelled using a “laminar-like”
closure, evaluated based on the surface temperature and the corre-
sponding gas concentrations, as outlined in the referenced work [23].
Detailed chemical reactionmechanisms of catalytic (heterogeneous) and
gas-phase (homogeneous) were employed. For homogeneous chemistry,
the reaction mechanism of Warnatz et al. [43] was used, while the
heterogeneous was obtained from Deutschmann et al. [44]. The vali-
dation of coupled (hetero-/homogeneous) reaction mechanisms was
reported in previous studies [11,23]. CHEMKIN [45] and Surface-
CHEMKIN [37] were used to evaluate the gaseous and surface reac-
tion rates, respectively, while the transport properties were calculated
using the CHEMKIN transport database [46]. However, we used the
mass-weighted mixing law to calculate the viscosity and thermal con-
ductivity of the mixture gas. To determine the mass diffusivity and
thermal diffusion coefficient, the kinetic theory was applied.

Computations were performed on a High-Performance Computer
(HPC) with Intel Xeon Gold 6138 (Skylake) processors at the ARCHIE-
WeSt supercomputer centre using 40 cores. Computations were
continued with a time step of 10-6s until the flow reached a statistically
steady state. The integration time to reach the steady states was 8 and 12
flow-through times for the planar and non-planar reactors, respectively.
The LES statistics were averaged around 6 flow-through times for all the
results reported here.

2.4. Mesh resolutions

Both the planar and non-planar configurations use a hexahedral grid
to discretise the domains as shown in Fig. 2 (a) and Fig. 2 (b). In LES,
large turbulent structures are directly resolved by the grid, while small-
scale turbulence near the wall is captured using a subgrid-scale (SGS)
model. Consequently, accurate wall treatment is essential in the LES
methodology employed here to effectively capture the turbulent flow
behaviour near solid boundaries. The grid resolution in the y-direction is

mostly demanding and required to capture the most of flow fluctuations.
In all cases, the near-wall grids are refined, with the first grid point
placed at a non-dimensional wall distance, y+ (where y+=utΔy/ν) of less
than 1.0. This allows the simulation to resolve the near-wall turbulence
directly, without relying on wall functions. The spanwise z-direction has
70 grid points that are uniformly allocated, while the allocation of grid
points in the streamwise x-direction is non-uniform. We used the grid
resolutions (x-direction× y-direction) of 640× 70, 180× 60, and 250×
70 in fluid domain for case 1 (C1), case 3 (C3-M1) and case 3 (C3-M2),
respectively, in the planar reactor. The first grid point from the walls was
placed at y+ = 0.54 for case 1 and y+ = 0.45 for case 3 (C3-M1),
respectively, based on the maximum y+. For case 2 (C2) and case 4 (C4-
M1), the total grid points in the x-direction were 740 and 630, respec-
tively. The grid points between the reactor flat wall and full cylinder
along the y-direction were 55 for case 2 and 35 for case 4, while the
points between the two half cylinders along the y-direction were 60 for
case 2 and 50 for case 4. The nearest grid point at the cylinder was
placed at y+ = 0.96 for case 2 and y+ = 0.92 for case 4. Both C3 and C4
use solid domains to account for the conjugate heat transfer effect on
catalytic combustion process. The number of grid cells for the simulated
cases is summarised in Table 1. Fig. 3 compares the mean profiles of
axial x-component velocity, temperature, mass fraction of H2 species,
and their fluctuations at x/H = 7.5 for two grids (C3-M1 and C3-M2) in
the planar configuration. The comparison shows no significant differ-
ence in Um, Tm and Ym,H2 between the two grids, as presented in Fig. 3
(a), Fig. 3 (b), and Fig. 3 (c), respectively. However, the grid C3-M1
underpredicts fluctuations at the location of peak values. Similarly, for
the non-planar configuration shown in Fig. 4, a grid test is conducted at
x/H = 7.23 for two grid sizes (C4-M1 and C4-M2). In this case, the grid
C4-M1 overpredicts Um, Tm and Ym,H2 at location of peak values as well
as their fluctuations, as shown in Fig. 4 (a), Fig. 4 (b), and Fig. 4 (c),
respectively.

2.5. Validation of the numerical solutions

The computational procedure of LES modelling in the planar and
non-planar reactors shown in Fig. 1 is initially verified by reproducing
the experimental catalytic reactor (case C1) of Appel et al. [23] and non-
catalytic reactor (case C2) of Smith et al. [22]. Then, the effect of cat-
alytic turbulent reacting flow for both the reactors (case C3 and case C4)
is discussed and compared considering the same inflow condition and
catalytic surface area. All the statistical parameters presented have been
averaged over time and spanwise z-direction.

Fig. 5 shows the transverse mean profiles of velocity, species (H2 and
H2O), temperature, and turbulent kinetic energy at different streamwise
locations for the catalytic planar reactor. The results are compared with

Fig. 2. Example of grid generation: (a) Generated grid for the planar reactor in case C3-M1, and (b) Generated grid for the non-planar reactor in case C4-M1.
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the experimental data obtained from Appel et al. [23]. The present LES
model captures well the continuous change of mean velocity (Uavg) and
turbulent kinetic energy (kavg) with increasing x in Fig. 5(a). The pre-
diction of H2 and H2O over the reactor shown in Fig. 5(b) is in accord
with the measurement data. However, there is a slight underprediction
of H2O at the far downstream near the wall regions. The reason is the
limitation of the kinetic mechanism to produce the catalytic reaction
process discussed in the previous studies [4]. Therefore, the under-
prediction of mean temperatures is observed at the similar locations
shown in Fig. 5 (c). However, the measurement uncertainty reported for
the species and temperature is ±10 % and ±50 K, respectively [23].
Overall, the LES predictions are satisfactory, and the same LES model is
used to simulate the catalytic turbulent combustion process.

The catalytic reacting flow through a non-planar reactor, shown in
Fig. 1(b), has not been studied before. Therefore, for LES validation in
the non-planar reactor, the experimental study [22] of non-reacting flow
(case C2) is simulated and compared. Fig. 6 shows the comparison of LES
predictions for the mean velocity and turbulent quantities. The results
are presented at the location of x/H = 6.51, midway between the full
and half cylinders as the experimental results reported only that loca-
tion. The predicted x- and y- components of mean velocity shown in
Fig. 6 (a) and Fig. 6 (b), respectively, are in close agreement with the
measurements. Again, the turbulent fluctuations in Fig. 6 (c)-(e) are

generally captured well with the LES model. The only exception is the
peak values of Vrms at the reactor core, where the level of deviation from
the experimental results appears to be considerable due to the flow
separation and reattachment in the wake region.

3. Results and discussion

In this Section, the validated LES model is used for the investigation
of catalytic reacting flow in both the planar (case C3) and non-planar
reactors (case C4) keeping the same inflow Reynolds number of 3500,
inflow temperature of 300 K, and an equivalence ratio of 0.15. The
catalytic surface area of 42.41 mm2 is kept the same for both the con-
figurations to allow for a comparison and better understanding of the
catalytic process.

To visualise the flow field, Fig. 7 (a)-(c) illustrates the contours of the
instantaneous axial velocity (U), mean axial velocity (Um), and its fluc-
tuations (Urms) for the planar catalytic reactor. In Fig. 7(b), it is shown
that the mean velocity increases along the length of the reactor. The Urms
level in Fig. 7(c) is at its minimum at the catalytic wall and increases as
the distance from the wall increases. Notably, the Urms level is low at the
reactor core and in a distinct region between the reactor core and the
wall. However, to better understand the impact of reacting flow on the
flow field, a non-reacting case under isothermal conditions, with the
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)
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same inflow Reynolds number, is also simulated. Fig. 7(d)-(i) and Fig. 8
(a)-(f) presents the transverse profiles of the mean velocity and its
fluctuations at five different axial locations for reacting and non-reacting
case, respectively. As shown in Fig. 7(d) for Um in reacting flow, there is
a characteristic overshooting of fast fluids near the wall. Consequently,
Um is at a high level near the wall and decreases to a low level at the
reactor centre. As the downstream distance (x) increases, the Um rises
significantly compared to the non-reacting case, as shown in Fig. 8(a),
due to the heat release from the catalytic wall. Again, the peak overshoot
moves towards the reactor centre with increasing x, indicating the

development of a growing boundary layer. This type of velocity profile
shows the effect of flow laminarisation reported in the literature [47].
To illustrate the laminarisation effect, the turbulent kinetic energy (k)
for the reacting and non-reacting cases is compared at the same locations
in Fig. 7(e) and Fig. 8(b), respectively. As shown in Fig. 8(b) for the non-
reacting case, k exhibits peaks near the wall and maintains the similar
levels across different axial locations, though k at the reactor core de-
creases as x increases. In contrast, for the reacting flow in Fig. 7(e), k is
low near the wall but high at the centre at x/H= 3.0. Initially, k near the
wall decreases and then increases with x, indicating an intensification of
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turbulence. However, the k values near the wall are significantly lower
compared to those in the non-reacting case in Fig. 8(b), although the
values at the reactor centre remain relatively consistent. This observa-
tion aligns with the previous findings in catalytically turbulent reacting
flows in channels [25,29]. The characteristics of laminarising the flow
and intensifying the turbulence near the wall are described as a two-
stage process [28,48]. For instance, near the catalytic walls, heating
induces local volumetric expansion, which enhances the ejection of low-
speed hot fluid away from the walls. Initially, this effect is minor
compared to the viscosity’s impact on turbulence, resulting in lami-
narisation of the flow near the wall. However, as the distance x in-
creases, this effect begins to counterbalance the viscosity’s damping
influence on turbulence, leading to an increase in k. Moving towards the
reactor core, the ejection motion of hot fluid strengthens compared to
the viscosity effect, resulting in a balance that slightly increases
streamwise turbulence. Again, k exhibits two peaks near the reactor core
in locations far downstream. This occurs due to the mixing of hot and
cold fluids within the developing boundary layer. As described in [48],
this mixing is driven by the ejection motion of hot fluids toward the
reactor core and the sweep motion of cold fluids toward the wall, with
the former dominating, leading to the observed downstream peaks. The
transverse profiles of fluctuating components at these locations are
presented in Fig. 7(f)-(i). As previously discussed, due to the same rea-
sons, the Urms shows a similar trend to k in Fig. 7(f), with near-wall
values being lower compared to those in the non-reacting case shown
in Fig. 8(c). Both Vrms and Wrms in Fig. 7(g)-(h) have small values near
the wall and large values at the reactor core, and they decrease with x
[28,29]. In comparison, the non-reacting case in Fig. 8(d)-(e) shows no
significant variation in these quantities. However, the overall impact of
velocity fluctuations throughout the reactor can be observed in the
Reynolds stress (RUV) profiles shown in Fig. 7(i). The RUV exhibits peaks
with both positive and negative values that correlate with the sign and
magnitude of the velocity gradient [47]. The RUV has the opposite sign to
the velocity gradient and vanishes where the velocity gradient is zero. As
reported in [47,49,50], the RUV peak occurs at locations of peak Urms and
the RUV value is zero at locations where Urms is at a trough. The RUV
values near the wall in the reacting case are similar to those in the non-
reacting case, as shown in Fig. 8(f). However, the RUV peaks in reacting
flow are higher near the reactor core, confirming the process of turbu-
lent intensification caused by the ejection of hot fluids toward the
reactor core.

Fig. 9 illustrates the temperature and species distributions for the
planar reactor. As shown in Fig. 9(a), the hot catalytic surfaces transfer
heat to both the fluid and the solid. The conducted heat in the solid is
directed towards the inert region near the inlet and outlet, preheating
the incoming fresh mixture and the exiting combustion product,
respectively. The fluid temperatures are high near the walls and low in
the reactor core. The transverse profiles of the mean temperature (Tm)
and its fluctuations (Trms) are shown in Fig. 9(e)-(f) at different axial
locations and, are symmetric about the reactor midplane on the y-axis.

The results indicate that the cylinder core temperature remains below
400 K. However, unlike velocity fluctuations, Trms in Fig. 9(f) increases
with two peaks shifting towards the reactor core as x increases. This
noteworthy aspect is explored based on the DNS predictions of Bae et al.
[50], which consider classical heat transfer in a channel flow case. Their
findings indicate that the wall heating reduces velocity fluctuations but
has no significant effect on the Trms predictions. As mentioned in their
report, the underlying reason is that the enthalpy fluctuation remains at
a considerable level downstream with the flow (for further details see
[50]). Therefore, there seems to be no evidence supporting the notion
that the effects of heating on the velocity and temperature fluctuations
in turbulent flows are similar.

The mass fraction distribution of H2 for the catalytic planar reactor is
presented in Fig. 9(b). The H2 concentration is high near the inert walls
before entering the catalytic section. This is because of the high-affinity
H2 towards the hot walls reported by Mondal et al. [23]. As expected,
due to the catalytic process, H2 is consumed on the catalytic surfaces,
leaving the reactor core unburned. Fig. 9(c) shows the distribution of
instantaneous H2O production in the catalytic planar reactor. The con-
centration of H2O is high in the area where catalytic combustion occurs.
Under the fuel-lean conditions, as discussed in a previous article [11],
the mode of combustion here is mainly catalytic. However, the instan-
taneous contour of OH is presented in Fig. 9(d) to further investigate the
role of homogeneous (gas phase) combustion. The YOH scale is kept low,
up to 2 × 10-5, to capture the onset of homogeneous combustion. Since
the catalyst produces less OH, the relatively low YOH levels on the cat-
alytic surfaces is an indication of weak combustion of the gas mixtures.
Additionally, this low OH levels may result from the catalyst consuming
OH produced by homogeneous combustion, thus inhibiting the com-
bustion process. [11]. To provide further clarity, the streamwise profiles
of the locally averaged (upper and lower surfaces) catalytic (C) and the
integrated gas-phase (G) H2 conversion rates are illustrated in Fig. 10(a).
The results demonstrate that gas-phase conversion rates are significantly
lower than catalytic rates, and both catalytic and homogeneous com-
bustion can occur simultaneously at the same location. Following the
catalytic sections, the YOH levels result from the growth of the OH
boundary layer near the hot inert wall with the flow.

Fig. 9(g)-(h) presents the H2 transverse profiles of time-averaged
mean and fluctuations at different axial locations. The YH2,m level in
Fig. 9(g) is low on the catalytic surface and increases with distance from
the catalytic surface. The YH2,m values decrease as x increases. The
maximum YH2,m value near the end of the catalytic section is above
0.0038. Beyond that point, the YH2,m values decrease in the reactor core
and increase near the inert wall because of the characteristics of H2
towards the hot walls. Like the temperature fluctuations (Trms), the
YH2,rms in Fig. 9(h) has two peaks which increase with x and shift to-
wards the reactor core. Similar observations of YH2,rms were reported in
an experimental work on catalytic combustion of hydrogen in a channel
[51]. This indicates that the wall heating does not suppress the H2
fluctuations. After the catalytic section at x/H = 9, the YH2,rms values
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increase significantly near the inert walls due to H2 distribution while
the YH2,rms peak values remain similar in the reactor core.

To assess the heat and H2 mass exchange between the flow and
catalytic surfaces, the Nusselt number (Nu) and Sherwood number (Sh)
of H2 for the planar reactor are calculated on the reactor inner surface
and shown in Fig. 10(b). The presented Nu and Sh values are the aver-
ages of those from the upper and lower surfaces of the planar reactor.
Their definitions are given as follows:

Nusselt Number:

Nu =
hc(2H)

λg
where hc =

λg∂T
∂y

⃒
⃒
⃒
⃒
wall

Tw − Tref
(15)

where hc is the heat transfer coefficient, λg is the fluid conductivity and
∂T/∂y is the gradient of temperature at the solid surface. The Tw and Tref
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are the wall surface and the reference temperatures, respectively. For
convenience, Tref is the average of Tin and Tadbwhere Tadb is the adiabatic
temperature of H2/air mixture. In Fig. 10(b), Nu is high at the entrance
of the reactor and gradually decreases along the length of the reactor.
This is because the thermal boundary layer is thin at the entrance,
causing a high temperature gradient and a high value of Nu. As the fluid
flows along the reactor length, the thermal boundary layer thickens and
the temperature gradient decreases, resulting in a decrease in Nu.

Sherwood Number:

Sh =
kc(2H)
Dm

, where kc =
Dm∂CH2

∂y

⃒
⃒
⃒
⃒
wall

CH2,w − CH2,ref
(16)

where kc and Dm are the H2 mass transfer coefficient and mass diffu-
sivity, respectively. ∂CH2/∂y is the gradient of mean H2 mass concen-
tration at surface. CH2,w and CH2,ref are the surface and the reference
concentration of H2, respectively. CH2,ref is considered as an average of
concentrations at Tin, and at Tadb where H2 is considered to be
completely consumed.

As shown in Fig. 10(b), the Sh is high at the beginning of the channel
due to a high H2 concentration gradient caused by thermal diffusion.
This value gradually decreases as the concentration boundary layer
develops in the inert region. The boundary layer disruption, caused by
catalytic combustion, results in a high Sh at the beginning of the cata-
lytic section, which then significantly drops up to x = 0.01. Beyond this
point, the variation in Sh remains insignificant with increasing x up to
the end of the catalytic section. Initially, the H2 concentration rate at the
catalytic surface is high, resulting in a steep H2 concentration gradient

and a high Sh value. As x increases, the concentration level becomes
insufficient for effective catalytic combustion, leading to a decreased
concentration gradient and, consequently, a lower Sh. After the catalytic
section, the H2 concentration near the wall increases due to the standard
Fickian diffusion, causing a further decrease in the H2 concentration
gradient, and thus, resulting in an insignificant effect of Sh in the inert
region. However, the Nu and Sh in Fig. 10 (b), exhibit different behav-
iours, indicating that the typical mass and heat transfer analogy does not
apply in this case due to catalytic combustion affecting the wall tem-
peratures and fluid properties. Additionally, the wall shear stress (τw)
along the reactor is shown in Fig. 10(b). τw is initially high at the
entrance due to the developing boundary layer, and then it gradually
decreases. This decrease is attributed to increased viscosity caused by
heat transfer from the wall. Overall, the behaviours of Sherwood and
Nusselt number and the shear stress appear to be quite different. Hence,
considering the catalytic process, the general analogy among mo-
mentum, heat, and mass transfer does not seem to be totally applicable.

Fig. 11(a)-(c) illustrates the flow field of the non-planar catalytic
reactor. The contours of the instantaneous x-velocity (U) and mean x-
velocity (Um) in Fig. 11(a)-(b) reveal the presence of a recirculation zone
across the domain, attributed to the flow restriction caused by the cy-
lindrical rods. This recirculation occurs predominantly at the back of the
cylinders. The flow velocity rises above and below the cylinders,
resulting in increased streamwise velocity fluctuations (Urms) shown in
Fig. 11(c). Both the Um and Urms velocity fields are relatively symmetric
about the reactor midplane on the y-axis. The strongest magnitudes of
Urms are located above and below full cylinder 3 and its neighbouring
half-cylinders. This is due to the adjacent heated walls resulting from the
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catalytic combustion causing fluid expansion. To better understand this
effect, the transverse distribution of mean axial velocity and turbulent
fluctuations at different axial locations are shown in Fig. 11(d)-(h). The
locations are considered downstream of full cylinders, indicated by the
vertical lines and numbered from 1 to 6 in Fig. 11(a). As shown in Fig. 11
(d), the peak of Um occurs between the half and full cylinders, while the
troughs are located at the back of the full cylinders, which are wake
zones due to flow separation. The Um peak values at location 2 increase
significantly and become, nearly 1.5 times compared to location 1. At
locations 2 and 3, the peak values are similar but increase again at lo-
cations 4 and 5. Subsequently, the peak values at locations 5 and 6
remain similar and become, nearly 1.85 times compared to location 1.
As mentioned earlier, the heat transfer form hot catalytic surfaces to
fluid here is strong causing fluid expansion and high streamwise ve-
locity. This also significantly affects the velocity fluctuations (Urms,Vrms
andWrms) shown in Fig. 11(f)-(i). The fluctuations successively increase
at locations 2 and 3 compared to 1. After that, the variations at locations
4, 5, and 6 become smaller. However, to analyse the laminarisation ef-
fect, the turbulent kinetic energy (k) is presented in Fig. 11(e). Unlike
that in the planar reactor, the value of k increases with streamwise lo-
cations, indicating a strengthening of turbulent flow. Furthermore, the
resolved Reynolds stress (RUV) variations at the same locations are
shown in Fig. 11(i). Similar to the velocity fluctuations and k, the RUV

peaks also increase with streamwise locations, confirming the intensi-
fied turbulent effects in the nonplanar reactor.

Fig. 12(a)-(d) illustrates the contour of instantaneous temperature
and species mass fraction for the non-planar reactor. As shown in Fig. 12
(a), the fluid temperatures are high near the walls and cold far from the
walls up to the 4th full cylinder. As effective heat transfer occurs from
the wall to the fluid, the temperature variations diminish significantly,
leading to nearly uniform temperatures far downstream. The transverse
profile of the mean temperature (Tm) and the temperature fluctuations
(Trms) for the non-planar reactor are presented in Fig. 10(e) and Fig. 12
(f), respectively. As discussed earlier, Tm values are high near the walls
due to heating provided by the catalytic walls and minimum far from
walls. The Tm increases significantly up to location 5 and beyond that,
the variation between locations 5 and 6 becomes smaller, indicating a
weakening of the catalytic combustion process though temepature by
itself is insufficient for judging the strength of catalytic reactions. In
Fig. 12(f), the Trms has peaks in the regions between half and full cyl-
inders. The Trms peak values exceed 80 K and are highest at locations 2
and 3. An interesting observation is that Trms, compared to the planar
reactor, exhibit low values at far downstream locations, even though the
velocity fluctuations are high. This observation reaffirms the minimal
impact of wall heating on temperature fluctuations, as discussed earlier
in Fig. 9(f) for planar reactor. It also emphasises that the enthalpy
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fluctuation as reported in article Bae et al. [50] plays a significant role in
temperature fluctuations.

The mass fraction of H2 shown in Fig. 12(b) decreases along the
streamwise direction in a non-planar reactor, due to catalytic combus-
tion on the Pt-coated cylindrical surfaces. Compared to planar reactor,
H2 consumption is more effective, owing to the increased mass transfer
of H2 with the flow towards the catalytic surfaces. To gain a better un-
derstanding, the mean and fluctuation of the mass fraction of H2
transverse distribution at six axial locations are presented in Fig. 12(g)
and Fig. 12(h), respectively. These axial locations are shown in Fig. 11.
The YH2,m values for non-planar reactor, shown in Fig. 12(g), signifi-
cantly decrease up to location 5 and beyond that, the variations become
smaller. Similar behaviour is also observed in the temperature profile
discussed in Fig. 12(e). This is due to insufficient H2 concentration
available for the catalytic process. The maximum YH2,m value at the
location 6 drops below 0.0012. The YH2,rms in Fig. 12(h) has a nearly
identical profile to Trms with peaks in the regions between half and full
cylinders. The YH2,rms peak values are highest at locations 2 and 3 shown
in Fig. 12(h). After these locations, the YH2,rms peak values gradually
decrease with increasing x. These observations of the non-planar
reactor, along with the results for the planar reactor in Fig. 9(f) and
Fig. 9(h), indicate that H2 mass fraction fluctuations are strongly linked
to temperature fluctuations.

In contrast to the planar reactor, the combustion process in the non-
planar reactor is entirely catalytic, as indicated by the absence of sig-
nificant OH throughout the domain, as seen in Fig. 12(c). For further
confirmation, the locally averaged catalytic (C) and the integrated gas-
phase (G) H2 conversion rates are presented in Fig. 12(i). The flat pro-
file with zero conversion rates indicates the absence of homogeneous
combustion under the current operating conditions. Fig. 12(d) shows the
instantaneously produced H2O distribution resulting from catalytic re-
actions within the reactor. The H2O concentration increases along the
length of the reactor, with the variation becoming smaller after

x≈0.018. This is because the low concentration of H2 limits further
catalytic combustion.

However, the distribution of Nu and Sh of H2 species over the cata-
lytic surfaces along the length of the non-planar reactor is shown in
Fig. 13(a) and Fig. 13(b), respectively. Due to symmetry, both Nu and Sh
are averaged from the values of the upper and lower cylindrical surfaces.
As expected, close to the stagnation points of the cylinders where the
boundary layers are thin, Nu and Sh values are high. The opposite ap-
plies to the wake region at the back of cylinders. This is why, the quarter
portion at the back of the cylinder is uncoated. However, both the Nu
and Sh peaks occur in most of the cylindrical surfaces at an angle of
about 22.5. The peak Nu and Sh values up to x = 0.014 on cylinders are
high compared to downstream cylinders, indicating more effective cat-
alytic processes in these regions. As a result, significant variations in
turbulent quantities discussed earlier are observed in those regions.
However, the wall shear stress distribution (τw) over the cylindrical
surfaces is shown in Fig. 13(c) to relate the overall impact of flow on
heat and mass transfer. As seen in the plot, the τw significantly increases
from the stagnation point because of the high velocity gradient and
becomes a peak at a similar location of Nu peak. After that, the τw de-
creases as velocity gradient decreases.

Fig. 14 shows the hydrogen conversion along the reactor length.
Conversion values are obtained using the following formula:

H2 conversion (%) =
YH2,avg,in − YH2,avg,x

YH2,avg,in
× 100 (17)

where YH2,avg,in and YH2,avg,x are the average H2mass fraction at the inlet
and axial positions, respectively. The YH2,avg values are estimated at
streamwise locations taking into account the spatially averaged trans-
verse and spanwise directions. With the same amount of catalytic sur-
face area, the non-planar reactor achieves a significantly higher H2
conversion rate. Although the residence time may slightly differ be-
tween the two reactors, this conversion rate remains a useful metric for
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comparing their effectiveness. As previously discussed, the cylindrical
rods placed across the flow in the non-planar reactor significantly
enhance the mass transfer of H2 towards the catalytic surface, thereby
improving the catalytic combustion process. Notably, the first ~60 % H2
conversion is achieved using only 50 % of the catalyst, whereas the
remaining catalyst contributes to an additional ~20 % H2 conversion. In
contrast, the planar reactor achieves ~37 % and ~11 % H2 conversion
for the first and second 50 % of the catalyst, respectively. Interestingly,
the initial 37.5 % of the catalyst in the non-planar reactor can achieve
the same output as the entire planar reactor.

The non-planar reactor, while advantageous, experiences a signifi-
cant pressure drop of 97.2 %, compared to 48.7 % in the planar reactor.

This drop, defined as the percentage decrease from the inlet pressure,
results from the flow separation and constriction caused by the cylinders
placed inside the reactor. In the catalytic reactor design, balancing the
H2 conversion efficiency with the pressure drop is crucial, impacting
throughput, energy efficiency, and costs. Future work should focus on
the further optimisation of reactor geometry to improve flow distribu-
tion as well as the refining catalyst coating strategies to achieve this
balance.

3.1. Discussion

Catalytic hydrogen combustion in a planar type reactor has been
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studied for many years. However, the use of staggered cylinders with
catalyst coatings in a non-planar reactor to enhance the catalytic per-
formance has not been thoroughly explored prior to this study. The
cylinders intensify turbulence, which further improves the mass and
heat transfer at the surfaces, leading to an increased fuel conversion. To
model turbulence, LES is an attractive option; however, due to its high
computational demands, 3D modelling with LES in such reactors has
been scarcely explored in the literature. Hence, this paper presents LES
modelling in a non-planar reactor to investigate the intensification of the

catalytic process. The results demonstrate that the LES model effectively
predicts the catalytic reacting flow. A non-planar reactor with cylin-
drical surfaces coated with catalysts is studied and compared with a
planar reactor having the same inner surface coating. The turbulence in
the non-planar reactor significantly enhances mass and heat transfer at
the catalytic surfaces, thereby intensifying the catalytic process. Under
the considered operating conditions in the non-planar reactor, gas-phase
combustion is completely inhibited, and the catalytic surface tempera-
tures are comparatively low. Furthermore, H2 conversion in the non-

Fig. 13. Case 4 (reacting): local distribution of (a) Nu, (b) Sh and (c) τw on catalytic cylindrical surfaces.
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planar reactor is significantly higher than in the planar reactor. The
increased catalytic activity combined with lower catalytic surface tem-
peratures provides a basis for optimising catalytic reactor design for
various applications.

4. Conclusions

The turbulent catalytic combustion of a highly lean, premixed fuel-
lean hydrogen/air mixture with an equivalence ratio of 0.15 over a
platinum catalyst, at an inflow temperature of 300 K and a Reynolds
number of 3500, was investigated. This study examined both the planar
and non-planar reactors using large eddy simulation. The numerical
method relied on the structured finite volume discretisation, incorpo-
rating the turbulent kinetic energy sub-grid model for LES and the eddy
dissipation concept for computing species reaction rates. Before anal-
ysis, the numerical method underwent validation for both configura-
tions, with experimental results utilised for comparison. The key
findings are summarised as follows.

• In the planar catalytic reactor, the flow turbulence remains nearly
consistent along the reactor length.

• The non-planar reactor with staggered cylindrical rods significantly
increases turbulence, enhancing heat and mass exchange with the
catalytic surface and thereby intensifying catalytic combustion.

• In the planar reactor, both Nu and Sh decrease along the reactor
length, while, in non-planar reactor, Nu and Sh are most effective on
both the full and half cylindrical coated surfaces.

• In contrast to the planar reactor, hydrogen conversion in the non-
planar reactor is purely catalytic and occurs at lower surface
temperatures.

• The non-planar reactor improves H2 conversion to 80.04 % at the
reactor exit, compared to 48.1 % in the planar reactor.

• The non-planar reactor achieves the same output as the planar
reactor while using 62.5 % less catalyst.

The non-planar reactor featuring coated staggered cylindrical sur-
faces shows promise in enhancing the catalytic process and could be
significant in the design of catalytic reactors. Upcoming research will
explore optimising various design elements, such as reactor geometry,
cylinder size and placement, improving flow distribution, and choosing
effective catalyst coating techniques.
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