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Catalytic-aided combustion is a proven technique for burning highly lean and ultra-lean mixtures of hydrogen
and air. However, the noble catalyst required for combustion is naturally scarce and therefore expensive. In this
study, we focus on a numerical investigation to determine the best way of coating a platinum catalyst inside a
catalytic hydrogen reactor. We study various planar and non-planar reactors and find that the reactor with a
combination of half and full cylinders is the most effective in Hy conversion. Compared to an equivalent catalytic

planar reactor, the non-planar configuration increases the Hy conversion by 30.7 %. The results show that
enhancing mass and heat convection can significantly increase the H, conversion. Furthermore, in a non-planar
reactor, surfaces with an enhanced mass and heat transfer can achieve up to 50 % catalyst savings when coated
with a catalyst, while still maintaining a conversion rate of 2 kg/s per unit of catalytically-coated surface area.

1. Introduction

Catalytic Stabilised Combustion (CSC) is an effective approach for
enhancing the fuel conversion and minimising NOx emissions in a fuel-
lean mixture combustion system (Fumey et al., 2018; Schlegel et al.,
1996; Smith et al., 2005). This method has been applied in a variety of
combustion applications, ranging from a portable micro-scale (Pizza
et al., 2009; Pizza et al., 2008; Lu et al., 2022) to a large-scale (Appel
et al., 2005; Kuper et al., 1999; Wang et al., 2016) heat and power
generation system. However, CSC processes in these systems involve a
complex set of reaction mechanisms, that includes both catalytic (het-
erogeneous) and gas-phase (homogeneous) reactions. In a recent work
(Mondal et al., 2023), the essential physico-chemicals behind a CSC
process were investigated. It was found that the use of a catalyst initiates
the surface catalytic reaction, consuming a portion of fuel and subse-
quently releasing gas-phase molecules. These molecules then promote
the gas-phase reactions and further consume the remaining unburned
fuel. However, the gas-phase reaction is largely dependent on the fuel
concentration, inflow mass flow rate, preheat temperature, and pres-
sure, as reported in the other articles (Ghermay et al., 2011; Schultze
and Mantzaras, 2013; Sui et al., 2018; Ghermay et al., 2010; Sui and
Mantzaras, 2016). Importantly, for a very lean mixture at atmospheric
pressure, the gas-phase reaction occurs near the combustor wall and
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becomes dominant at a temperature above 1200 K (Appel et al., 2002).
In contrast, the fuel conversion at a temperature below 1200 K occurs
entirely through the catalytic route which however strongly depends on
the amount of the catalyst-coated surface used in combustor. Never-
theless, the catalytic surface reactions are very fast and mass transport-
limited (Mondal et al., 2023; Deutschmann et al., 1996), which limits
the fuel conversion.. This requires further research for a fundamental
understanding of the catalytic process to enhance the catalyst-substrate
interaction.

However, a widespread use of the CSC process also comes with a
major challenge due to its high cost and limited availability of catalysts,
particularly noble metals. Therefore, extensive research is required to
identify the most suitable catalyst that can deliver a high catalytic per-
formance. To enhance the catalytic fuel conversion, several geometric
modifications have been proposed, including increasing the surface-to-
volume (S/V) ratio of a planar reactor. Zade et al. (Qazi Zade et al.,
2012) studied this approach in a planar catalytic reactor with a Hy/Air
mixture. They found that the Hj diffusive flux to the reactor walls and
inhibition of the gas-phase reaction increase with the S/V ratio. Simi-
larly, Ghermay et al. (Ghermay et al., 2011) investigated both planar
and tubular reactors with the characteristic lengths varying from 0.5
mm to 2.0 mm. Under a turbine-like operating condition with a large
confinement (S/V), they showed that the reactor inhibits gas-phase
combustion at an atmospheric pressure with a surface temperature of
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Nomenclature

cylinder diameter (m)

mass diffusivity (m?/s)

total energy (W)

reactor height (m)

heat transfer coefficient (W/m>K)
diffusion flux (kg/m2s)

mass transfer coefficient (m/s)
length (m)

mass flowrate (kg/s)

total of number of surface species (—)
total number of gas species (—)
Nusselt number (—)

pressure (N/m?)

reaction rate (kg/m3s)

Reynolds number (—)

molar production rate (mol/m?s)
Surface area (m?)

Sherwood number (—)
temperature (K)
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X mole fraction (-)

Y mass fraction (—)

X streamwise coordinate (m)

y transverse coordinate (m)
Greek symbols

p density (kg/ms)

u dynamic viscosity (kg/ms)

@ equivalence ratio (—)

y thermal conductivity (W/mK)
r surface site density (mol/cm?)
e surface coverage (—)
Subscripts

avg average

cat catalyst

g fluid

in inlet

s solid

w wall

up to 1350 K and a preheat temperature of up to 773 K. This approach
improves the reactor catalytic efficiency, thus reducing the catalytic
surface length and the amount of catalyst used. In addition to increasing
the S/V ratio, wall deformation, such as cavities, obstacles, and wavi-
ness, can also improve the catalytic performance. For instance, intro-
ducing cavities in the design of a micro-reactor has been shown to
enhance mass and heat transfer, resulting in improved catalytic con-
version, as reported by Li et al. (Li et al., 2010; Li et al., 2012). They
showed that the cavities allow better mixing of the reactants to enhance
mass and heat transfer, thus resulting in an improved catalytic
conversion.

Similarly, Chababe et al. (Chabane et al., 2020) numerically delin-
eated the effects of both cavities and obstacles with a multi-segment
coating. They obtained an optimised configuration using obstacles
with segmented catalytic walls, which are capable of high catalytic
conversion for flame stabilisation. The obstacle walls were coated; thus,
these regimes have an effective high catalytic S/V ratio that favours the
catalytic reaction. Both Hunt et al. (Hunt et al., 2021) and Esfandiary
et al. (Esfandiary et al., 2023) used surface waviness on the reactor walls
considering both continuous and discrete coatings. The function of
surface waviness is to interrupt the flow and modify the boundary layer
of reactants, which alters the catalytic activity. They optimised the
reactor configuration with discrete coating and improved the catalytic
performance by up to 400 % and 459 % using platinum and nickel,
respectively. Discrete coatings were chosen on the wavy surfaces where
the Nusselt and Sherwood numbers were higher. Overall, these modi-
fications improved the catalytic efficiency, reduced the catalytic surface
length, and used less catalyst. They achieved this by increasing the S/V
ratio, which plays a key role in enhancing mass transfer towards the
catalytic surface and improving catalytic reactivity.

Nonetheless, most studies of hydrogen/air catalytic combustion
(Appel et al., 2005; Appel et al., 2002; Appel et al., 2004; Mantzaras,
2006; Mantzaras, 2019; Zheng and Mantzaras, 2014; Michelon et al.,
2015; Mantzaras et al., 2009; Mantzaras, 2014), either experimental or
numerical, are limited to the reactors of planar configurations. As dis-
cussed earlier, a detailed understanding of the underlying physics inside
a reactor with surface deformations is a key path towards improving the
performance of catalytic hydrogen/air combustion as well as optimising
the use of catalyst. Again, the size of a catalytic planar reactor is crucial
for achieving complete combustion of a lean hydrogen/air mixture.
Also, from an economic standpoint, an excessive use of catalyst with the

catalytic reactor length longer than required is not useful. So,
compactness in the design of a catalytic reactor is required for the op-
timum use of the catalyst for hydrogen conversion. Moreover, the cat-
alytic reacting flow in such cases becomes complex due to the turbulence
generated by the flow. Therefore, this requires a thorough understand-
ing of the catalytic process, which is equally important for both planar
and non-planar reactor configurations, before finding any potential
improvements in CSC systems. For that purpose, a numerical simulation
is a convenient and useful approach prior to an experimental investi-
gation. Consequently, this study is focused on the numerical investiga-
tion of turbulent catalytic combustion of a premixed lean Hy/air mixture
in the proposed configurations (planar and non-planar) to optimise the
use of the catalyst for a compact reactor design. These configurations
have been chosen with the practical use of a honeycomb burner in mind,
where the heat transfer in solid materials can have a significant impact
on the catalytic performance (Sui and Mantzaras, 2016; Sui et al., 2016).
As a result, heat transfer in solid walls has been included in all config-
urations. Particular objectives are to provide a better understanding of
the catalytic combustion process in the different configurations pro-
posed, which leads to the investigation of catalyst optimisation.

This article is structured in the following manner: Section 2 presents
the numerical methodology and validated results. Next, in Section 3.1,
the effect of the S/V ratio among the different configurations is dis-
cussed. The best possible configurations are compared as a function of
the catalytic conversion rate and Nusselt and Sherwood numbers in
Section 3.2. Finally, conclusions are made in Section 4.

2. Modelling of turbulent catalytic reacting flow

In our previous study (Mondal et al., 2023), we used a fuel-lean
premixed Hy/air mixture at an equivalence ratio of 0.10 < ¢ < 0.20
under laminar flow conditions. This mixture was chosen because of its
suitability for a low-temperature heating application. Hence, a value of
@ = 0.15 is selected in this work, which is within the studied fuel-lean
equivalence ratio limit. Again, the inflow Reynolds number for
laminar flow was considered up to 2666 based on the hydraulic diameter
(2 h) (Mondal et al., 2023). Therefore, to investigate the catalytic effect
at a high Reynolds number in a turbulent regime, we have taken an
inflow Reynold number > 4200 for a planar reactor. For the reactor
configurations with a confined cylinder, the Reynolds number is kept
above 3385 (846 based on cylinder diameter). However, in both
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reactor configurations, the Reynolds numbers considered are above the
critical Reynolds number: 3500 ~ 4000 for the planar channel (Forrest
et al,, 2016), and 150 ~ 225 (based on cylinder diameter) for the
channel with cylinder (Forrest et al., 2016; Abe et al., 1995), which
justifies the turbulent assumption in this study. Numerical computations
are carried out with a RANS code that includes a species transport model
and a detailed description of heterogeneous (surface) and homogenous
(gas phase) kinetics. The surface mechanism of Deutschmann et al.
(Deutschmann et al., 1996) is used for modelling the catalytic reactions
as it has been extensively validated against the experiments. For the gas
phase reactions, five well-known mechanisms were tested and compared
with measurements to find a suitable mechanism for predictions of the
combined effect of the couple chemistry in the catalytic process. The
governing equations and numerical settings to simulate the turbulent
catalytic reacting flow are provided below.

2.1. Governing equations

Reynolds-Averaged Navier Stokes (RANS) computations with
detailed chemistry (both homogeneous and heterogeneous) are per-
formed to simulate turbulent reacting flow in a catalytic reactor with
inner surfaces coated with Pt. The Navier-Stokes, species transport, and
energy equations are solved considering Newtonian, incompressible,
steady-state, and multicomponent flow assumptions. The equations are
stated with the tensor notation as follows:

Contmulty J (pU) 0 (€D)

where p is the density, u = U + wis the instantaneous velocity. U and v
are the mean and fluctuation components, respectively.

22 o) .

0
Momentum : — (pU;U;) =
an
where pfu] is the Reynolds stresses and 7;; is the viscous (or deviatoric)
stress tensor,

ou; dU;  2_ dU
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To model the Reynolds stresses, the low Reynolds (LR) variant of k-¢
turbulence models proposed by Abe et al. (Abe et al., 1995) is chosen.
This choice is due to the intense heating from the hot catalytic wall,
which laminarises the turbulent flow to a certain extent, necessitating an
overdissipative model compared to the standard k-e model (Appel et al.,
2005). The overdissipation of turbulence is accomplished via the func-
tions f, and f, in Equations (7) and (8). The LR model was validated for
catalytic turbulent reacting flow (Appel et al., 2005), is therefore
employed in this study. The equations used for the LR model are given
below:
Turbulent kinetic energy (k):

9 4 ok ——0U;
3 08 = (122 ) 3| o o @

Dissipation rate of k (¢):
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In equations (4)-(6), the model functions and constants are taken as the
same as in the study of Abe et al. (Abe et al., 1995): oy = 1.4, 6,=1.4, C¢;
=1.5,C2=1.9,C, =0.09,
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where y*=u,y/v, R, = k?/ve and u,=(ve)'/* is the Kolmogorov velocity
scale. The purpose of both the functions f, and f» is to make the model
overdissipative compared to the standard high Reynolds number model,
with both the functions approaching unity far from the wall (Appel et al.,
2005).

Energy:

=

fo=

N

2 d [
o (w(pE+p)) = pe [(ﬁ + ;f:) o Z hgjJgj + Tyl | +Sh, (C)]

where E, T, 4, h, J and Sy, denote the total energy, temperature, effective
conductivity, enthalpy, diffusion flux of species j, and sources of energy
due to chemical reaction, respectively. Pr; is the turbulent Prandtl
number, and its value is set to 0.85.
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Here, Sc; is the turbulent Schmidt number, and its value is set to 0.85. R
denotes the rate of production and destruction of gas species. D, and Dy
are the mass diffusion and the thermal diffusivity of gas species,
respectively. To compute the diffusion fluxes, J, Maxwell-Stefan and
Fick’s law diffusion coefficients (Stewart, 1995), including the thermal
diffusion (Merk, 1959) for light species are adopted.

Surface species coverage:

‘fft ?700:1,2...,m), a2)
where @ is the surface species coverage, s is the surface species molar
production rate and I" is the surface site density. The transient term
vanishes at steady state, and the net production rate becomes zero.

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

9 </1§de) —o, (13)

ox; l)ixx

where 4 and T are the solid conductivity and temperature, respectively.

2.2. Boundary conditions

As shown in Fig. 1, the catalytic reactor is defined in a two-
dimensional Cartesian frame. It brings in premixed reactants of
hydrogen and air through the inlet, initiates the reaction on the catalytic
surfaces, and then releases the resulting products through the outlet. The
inflow conditions are kept uniform in terms of the flow velocity, tem-
perature, and species mass fraction, with an inflow turbulence intensity
of 5 % (estimated based on the flow Reynolds number). At the outlet, all
the variables experience a zero-gradient condition, except for the pres-
sure, which is maintained at an atmospheric level. The gas-solid
boundary conditions at the interface of the catalytic reactor are as
follows:

e The flow velocity components, u = 0, and v = 0, in the x and y di-
rections, respectively, as the no-slip conditions.

e For the turbulence parameter, &, = 20 (6\/12/ 6y> 2 is employed.
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Fig. 1. Schematics of the various catalytic reactors. The red colour denotes the catalytic surface in the catalytic zone. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

e The gas phase species boundary conditions at the gas-solid interface
are specified by [pDp(0 Y/ 0'y)lw = Wgsg, where W, and s, represent
the molecular weight and catalytic molar production rate of gas
species. Here, the mean catalytic reaction rates are evaluated at the
mean wall temperature and the corresponding mean concentration
of gas species, and they are basically treated using a “laminar-like”

closure as discussed in referenced work (Appel et al., 2005).

The thermal boundary conditions at the interface are set coupled.

The outer walls, including the vertical facets of the plates, are

considered adiabatic.

e The thermal conductivity of A; = 16.27 Wm 'K~ is used to account
for heat conduction in solids.

e As the outer walls are adiabatic, the radiation of the hot catalytic
surfaces towards the inlet and outlet is simulated using the discrete
ordinates (DO) model. The DO model is uncoupled, and a value of 10
is set for the energy iterations per radiation iteration.

e The radiation heat transfer is considered at the boundary tempera-
ture at the inlet and outlet enclosures with an internal emissivity of
1.0.

2.3. Solutions algorithm and solver setting

Computations are performed on eight configurations (C1-C8), as
shown in Fig. 1 with the design parameters listed in Table 1. The L; and
Ly in reactor configuration denote the length of the inert zone and the
catalytic zone, respectively. The configuration C1 is a planar reactor,
which consists of two parallel plates with a thickness (55) of 0.5 mm
placed at a distance h, where the inner surfaces are Pt-coated. In the
previous studies (Qazi Zade et al., 2012; Ghermay et al., 2011), it was
found that the gap between the plates has a significant impact on the
mass and heat transfer rates as well as on the catalytic process. To
investigate this effect, we vary the value of h to 1-, 2-, 3-, 5-, and 7-mm.
Again, a similar planar configuration C1 of h = 3.5-mm is chosen to

Table 1
Computational conditions.

Catalytic h L; Ly Secqr (mm?) Re Residence time
reactor (mm) (mm) (mm) (s)
C1 1 0 350 700 4200 0.010586
2 0 500 1000 4200 0.030248
3 0 700 1400 4200 0.063520
5 0 900 1800 4200 0.136116
7 0 1100 2200 4200 0.232909
3.5 5.25 75 115 4353 0.006927
Cc2 3 5.25 75 115.69 3680 0.006927
Cc3 3 5.25 75 114.84 3811 0.006927
Cc4 3 5.25 75 113.1 3385 0.006927
Cc5 3 5.25 75 84.82 3385 0.006927
Cc6 3 5.25 75 70.69 3385 0.006927
Cc7 3 5.25 75 56.55 3385 0.006927
c8 3 5.25 75 28.27 3385 0.006927

serve as a reference for comparisons with modifications considered for
catalyst optimisation.

Configuration C2 features half cylinders (HC) of diameter d = 1.5-
mm, symmetrically placed on the inner surfaces of the planar reactor
with a distance d between them. The catalytic surfaces consist of 15
circular surfaces of HCs and 15 flat surfaces (P). C3 includes full cylin-
ders (FC) of diameter d at the mid-plane of the reactor with a distance
d between them, and the circular surfaces of 11 FCs and both the upper
and lower inner surfaces of the planar reactor are defined as the catalytic
surfaces. However, C4 is a combination of HC and FC placed alternately
inside the reactor. The HCs are attached to the upper and lower inner
surfaces and symmetrically placed. The FCs are placed in the mid-plane
of the reactor. Here, the circular surfaces of 12 HCs and 12 FCs are the
catalytic surfaces. However, the number of HCs and FCs for C2, C3, and
C4 is considered to keep approximately the same amount of catalyst
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surface as C1. The C5, C6, C7, and C8 configurations are the same as C4
but with a reduction of 25 %, 37.5 %, 50 %, and 75 % catalyst from C4,
respectively. The catalytic surface for these configurations is selected on
specific locations of the circular surfaces where heat and mass transfer
are effective.

A Finite Volume Method (FVM) is used to solve the governing
equations for turbulent flow variables. Ansys Fluent 2023 R2 version
was used for computations, with a 2-D steady-state planar and pressure-
based solver. The LR variant of the k-e model was set as the viscous
model, and the species transport model was used to solve the volumetric
and wall surface reactions. The chemistry solver was stiff, and the
integration method was ISAT. The reaction rates were computed using
Eddy-dissipation-concept (EDC). The SIMPLE scheme was used for
pressure velocity coupling. For spatial discretisation, least square cell-
based, and second-order method were set for gradients and pressure,
respectively. A second-order upwind method was used for all other
variables. The solution convergence criteria of 10~ were set for all the
residuals.

2.4. Chemical kinetics

To model the process of hydrogen catalytic combustion, we used
both gas-phase and surface detailed reaction mechanisms. Our focus was
on finding the appropriate gas-phase mechanism that could accurately
predict the location of the flame, as the ignition process is complex and
subject to debate. We investigated five different gas-phase mechanisms
by Warnatz (Warnatz et al., 1994), Marinov (Marinov et al., 1995), Li (Li
et al., 2004), kim (Kim et al., 1994) and Fureby (Vincent-Randonnier
et al., 2019). For the surface mechanism, we employed the model
developed by Deutschmann et al. (Deutschmann et al., 1996), which
simulates Hy oxidation over Pt through three reversible and eleven
irreversible reactions involving five surface and six gas-phase species.
The gas-phase and surface reaction rates were evaluated using CHEM-
KIN (Kee et al., 1989) and Surface-CHEMKIN (Coltrin et al., 1996),
respectively and transport properties were calculated using CHEMKIN
transport database (Kee et al., 1986). However, the mass-weighted
mixing law was used to compute the mixture gas viscosity and ther-
mal conductivity. For mass diffusivity and thermal diffusion coefficient,
we utilised the kinetic theory. Overall, our approach enabled us to
accurately model hydrogen catalytic combustion.

2.5. Mesh resolutions

The computational domain for Cl1 with varying h is considered
comparatively long to ensure complete combustion. For h = 7 mm, a
structured grid of 1500 x 150 points (in the x- and y-directions,
respectively) is used for the fluid domain, with refinement towards the
inlet and walls. The solid domain is discretised with the 1500 x 30 grid
points (in the x- and y- directions, respectively). A similar grid resolution
is used for the other configurations as grid requirements for h < 7 mm
are less strict. For configurations C2, C3, and C4, a separate grid reso-
lution test is conducted due to their distinct design conditions. All the
configurations have several irregular surfaces with high gradients of
flow variables, requiring grid refinement near the walls and irregular
surfaces. For comparison, three grid sizes of each configuration are
taken and denoted as M1, M2, and M3 (Table 2). For C2 in Fig. 2 (a), the
variation of catalytic temperatures along the reactor length and

Table 2
Number of grids tested.
Type  C2 c3 c4
Fluid Solid Fluid Solid Fluid Solid
M1 120,305 62,376 150,460 79,845 124,307 85,998
M2 176,625 120,874 198,625 121,878 175,627 121,878
M3 236,705 148,786 262,020 144,685 234,147 162,558
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transverse mean H, distribution (at x = 7.5 mm and 9 mm) are
compared and it shows no significant changes among the tested grid
sizes. Similarly, for C3 and C4, the grid test is performed using the
centreline temperatures along the reactor length and transverse mean
H; profiles (at x = 7.5 mm and 9 mm) shown in Fig. 2(b) and (c),
respectively. However, based on the comparisons shown and the pre-
cision requirement, the grid size M2 for the respective configuration is
chosen for the computations.

2.6. Validation of the numerical solutions

The steady-state solutions obtained from the numerical calculations
were validated by comparing them with the experimental results of
Appel et al. (Appel et al., 2005). The same reactor configuration was
adopted as that used in the experiment. The operating parameters were
replicated, and the measured wall temperatures were treated as the wall
boundary conditions. The validated results presented in Fig. 3 show the
mean values of the species (Hp and HoO) and temperatures at the various
axial locations. The results compare five gas-phase mechanisms with the
experimental dataset. The objective here is to attain a suitable mecha-
nism for the prediction of a realistic catalytic process. At x = 25-mm, all
the mechanisms accurately capture the Xp» and are in good agreement
with the measurements. However, they underpredict the Xy, far from
the walls near the reactor centre region with increasing x. Overall, the
predictions of Warnatz (Warnatz et al., 1994), Kim (Kim et al., 1994),
and Li (Li et al., 2004) are similar, with Marinov (Marinov et al., 1995)
and Fureby (Vincent-Randonnier et al., 2019) showing higher under-
prediction far downstream. Warnatz (Warnatz et al., 1994), Kim (Kim
etal., 1994), and Li (Li et al., 2004) produced similar predictions of H,O
and T, but they underpredict near the walls with increasing x. Compared
to them, Marinov (Marinov et al., 1995) and Fureby (Vincent-Randon-
nier et al., 2019) have less underpredictions near the walls. To better
justify the mechanisms, the OH contour plots in Fig. 4 are presented
along with the numerical and experimental results of Appel et al. (Appel
et al., 2005). The onset of gas-phase ignition (indicated by the vertical
downward arrow) and OH ppmv level are taken into consideration for
comparisons. The results indicate that an early ignition occurs with
almost all the mechanisms including the numerical results of Appel et al.
By comparison, the ignition locations of Warnatz (Warnatz et al., 1994)
and Kim (Kim et al.,, 1994), are nearly similar and closer to
measurement.

However, the underpredictions obtained are approximately 21.7 %,
23.5 %, 40.1 %, 61.7 %, and 66.8 % for Warnatz (Warnatz et al., 1994),
Kim (Kim et al., 1994), Li (Li et al., 2004), Marinov (Marinov et al.,
1995) and Fureby (Vincent-Randonnier et al., 2019), respectively.
Similarly, the percentage variations of maximum OH ppmv among these
mechanisms are 3.33 %, 62.08 %, 42.5 %, 139.58 %, and 107.08 %,
respectively. Overall, the Warnatz (Warnatz et al., 1994) mechanism
provides reasonable agreement with the experimental measurements
and is therefore chosen for the present study.

3. Results and discussion

Firstly, we present the results of the combustion of fuel-lean pre-
mixed Hy/air in a catalytic planar reactor with varying h (i.e., the gap
between the walls). The aim is to provide an in-depth understanding of
catalyst reduction and to facilitate the discussion of reactor development
with an optimum use of catalysts under similar operating conditions.
Next, we discuss the distribution of the Nusselt and Sherwood numbers
on catalytic surfaces across different configurations, followed by a
comparison of Hy consumption rates.

3.1. Planar reactor configurations

Fig. 5 shows the predicted Hy conversion for each h. We define Hy
conversion as follows:
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H, conversion(%) = % 100 14

YH2 avg,in

where Yi avg,in and Yo avg,x are the average Hy mass fraction at the inlet
and axial positions, respectively. In Fig. 5(a), the Hy conversion reaches
nearly 99.9 % across the entire length of the catalytic reactor for various
reactor heights (h). The results indicate that as the reactor height (h)
decreases, a shorter catalytic reactor length is required to achieve
complete Hy conversion. This is due to the intensified diffusion of Hy
species with decreasing h, as discussed in Fig. 5(b). The figure illustrates
the transverse distributions of Hy and H,O at x = 10-mm for all the
planar configurations. As h decreases, Yy, decreases because of the
strong diffusion of H; towards the reactor walls. This enhanced diffusion
leads to greater Hy consumption in the catalytic process, resulting in
increased H,O production at lower h.

The catalytic wall temperature (T,) along the reactor length for
different reactor heights (h) are shown in Fig. 5(a). The peak T, values
are located close to the upstream and shifts along the reactor length with
increasing h. It is observed that a significant length of catalytic surface
reaches superadiabatic temperatures, a common occurrence in Hy cat-
alytic combustion under nearly adiabatic conditions. Operating a
reactor under such conditions is considered unfavourable, as discussed
in literature (Appel et al., 2005; Appel et al., 2002). The variation in T,
along the reactor length is a result of heat transfer from hot surface to
incoming mixtures, as well as heat conduction in solid. The Hy conver-
sions in Fig. 5(a) for different reactor heights are obtained by keeping
the same inflow conditions. However, the contributions of the gaseous

reaction and the catalytic reaction pathways Hj to conversion vary with
the reactor heights (h), as shown in Table 3.

For the reactor of h = 1 mm, the combustion mode is entirely cata-
lytic. As h increases, the contribution of gaseous combustion also rises.
In order to assess the effect of gaseous combustion at different reactor
heights, some calculations are performed while maintaining constant
operating conditions, but without gas-phase chemistry.

Fig. 6 illustrates the changes in surface coverages of H(s), O(s), and
OH(s) on the catalytic surface. For convenience, pure catalytic chemistry
and coupled chemistry are referred as PC and CC, respectively. The
surface coverage of H(s) and O(s) are controlled by the adsorption rate
and near wall concentrations of Hy and Og, respectively. Again, under
fuel lean condition, the O(s) is the main coverage, and is strongly
dependent on wall temperature. At high temperatures, as shown in Fig. 6
(b), the O(s) is low, which promotes Hy adsorption. As temperature
decreases, the O(s) increases while H(s) in Fig. 6(a) decreases due to
lower concentrations of H.

The effect of gas-phase chemistry becomes more significant as
reactor height (h) increases. For h = 1-mm, there is no variation between
CC and PC, indicating purely catalytic combustion. At a higher reactor
height of h = 3-mm, a variation in H(s) is observed at peak values within
a very limited catalytic length, along with changes in O(s) and OH(s).
This suggests that gas-phase chemistry has a small contribution on the
catalytic process at this height. However, for h = 5 mm and 7 mm, the
effect of gas-phase chemistry becomes more substantial over a broader
catalytic length. The flame inside the reactor is attached to the catalytic
wall, which prevents the Hy adsorption, resulting in lower H(s) in CC
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Fig. 3. Comparisons of species and temperature mean profiles at different axial positions at ¢ = 0.18, T;, = 300 K, Re = 15390.

within the flame regime. Within the reactor, the flame is attached to the
catalytic wall, which hinders H; adsorption, leading to lower H(s) in CC
within the flame region. Conversely, excess O, promotes Oy adsorption
in the flame region, increasing O(s) coverage. Similarly, OH adsorption
rises because the catalyst acts as a sink for homogeneously produced OH,
as discussed in earlier studies (Mondal et al., 2023). Beyond the flame
region, the reaction shifts entirely to the catalytic mode.

3.2. Conceptual design modifications for optimal catalyst

3.2.1. Combustion characteristics

Computations on the modified reactors are now being carried out
using the same numerical approach as the planar reactor. Fig. 7 presents
the contours of the species mass fraction such as Hy, H2O, and OH, as
well as the flame temperatures for configurations C1, C2, C3, and C4.
The computation maintains almost the same residence time and the
same catalyst surface area for these reactors to establish a clear
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understanding of how each configuration affects the catalytic process.
The planar reactor C1 of h = 3.5-mm is used as a reference for
comparisons.

Compared to C1, it is observed from the Yop contour in Fig. 7(c) that
the gas-phase chemistry plays a strong role, where the flames are ignited
and stabilised near the inlet on the non-catalytic walls. The flames are
also evident in the locations between the two half cylinders (HC). As a
result, the Yp2 consumption and Y0 production in the flame regime is
high, as also shown in Fig. 7(a) and Fig. 7(b), respectively. Additionally,
the T contour in Fig. 7(d) indicates that the temperature increases in the
solid domain due to a combination of gas-phase and catalytic combus-
tion, which leaves the reactor core at a low temperature. However. The
thickness of the solid plays a crucial role in catalytic reacting flows,
particularly when subjected to temperature fluctuations, as highlighted
in the work by Arani et al. (Arani et al., 2019). As discussed in their
article, a wall thickness of 50 ym allows the solid to closely track the
temperature fluctuations imposed by the reacting flow. In the current
modelling, however, we employ a significantly thicker wall of 0.5 mm
(500 um). This increased thickness enhances the solid’s thermal inertia,
thereby limiting the potential for fluctuations in the wall temperature.

Fig. 7(c) shows that the flames of C3 are ignited on the non-catalytic
walls but are not as strong as C2. In the catalytic regime, no significant
Yon is observed, indicating that the combustion mode is purely catalytic.
Comparatively, the significant Yy consumption is observed in the flame
regime, specifically on the catalytic flat surfaces between the two full

cylinders (FC), as shown in Fig. 7(a). Consequently, the Y50 production
is higher in those locations, as depicted in Fig. 7(b). In addition, the T
contour in Fig. 7(d) shows that the catalytic process influences the
temperature distributions in solid, thus high temperatures in the solid
regime are observed in both the flat and cylinder domains up to x = 7d,
then gradually decrease with x as a low Hy concentration for the cata-
lytic process. When comparing the Yoy of C4 to that of the other con-
figurations in Fig. 7(c), the Yoy contribution is insignificant over the
domain. This means that no gas-phase ignition is observed in this case,
and the mode of combustion is purely catalytic. Therefore, the Yp2
consumption takes place on the catalytic surfaces shown in Fig. 7(a), and
the Yp20 production in Fig. 7(b) is higher near the regime of catalytic
surfaces. Regarding the temperature (T) in Fig. 7(d), it is almost uniform
in the solid domain except in the first two full cylinders where the
temperature is comparatively high. However, the orientation of HCs,
FCs or both combinations inside the reactor has a significant effect on
the flow field and influenced the heat and mass exchange between the
flow and catalytic surfaces. Fig. 8 displays the flow patterns along the
length of the catalytic reactor. The reactor length is presented here only
from x = 0.25-mm to x = 25.5-mm. For C2, the flow gets separated
downstream of HC and vortices are formed. The vortices are located
between two HCs and attached to both the upper and lower walls which
are almost symmetrical about the mid plane. Similarly, the flow sepa-
ration for C3 occurs downstream of FC, and the region between two FCs
is covered by the vortices. For C3, the vortices are formed downstream of
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Table 3
Gaseous and catalytic conversion rates at different planar reactor heights.
Planar reactor h=1mm h=2mm h=3mm h=5mm h=7mm
cn
Mz inlet (x10* 1.63921 1.63921 1.63921 1.63921 1.63921
kg/s)
Gas. conv. 0.00249 0.02899 0.10915 0.19817 0.23327
(x10* kg/s)
Cat. conv. 1.63672 1.61022 1.53006 1.44104 1.40594
(x10* kg/s)
Gas. conv. (%) 0.15 1.77 6.66 12.09 14.23
Cat. conv. (%) 99.85 98.23 93.34 87.91 85.77

HCs and FCs, but the vortices size are comparative smaller than that of
C2 and C3. Again, the branch of vortices near upstream of HCs is smaller
in size than the vortices near downstream of HCs. Furthermore, there is
no vortices observed at the upstream of FCs. After all, the vortices have
significant effect on the heat transfer, and mass transfer of fuel, thus
influencing the catalytic combustion process.

3.2.2. Heat and mass transfer

To assess the heat and mass exchange between the flow and catalytic
surfaces, the Nusselt (Nu) and Sherwood number (Sh) are considered,
and their definition are given as follows:
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Nusselt Number:

he(2h)

Nu = 1
u= 1s)

where h, is the heat transfer coefficient and /, is the fluid conductivity.
The expression for h, is as follows:
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1,9

8oy
- Tw - Tref7 (16)

he

where 0T/dy is the gradient of temperature at surface. The T\, and Trrare
the surface and the reference temperatures, respectively. For conve-
nience, T is considered as an average of Ty, and Tygp.

Sherwood Number:

k.(2h)

Sh==3",

a7

where k. and Dy, are the Hy mass transfer coefficient and mass diffu-
sivity, respectively, and k. is expressed as follows:

b5
ke = w

- CHZ,W - CHZ.,ref7

(18)

10

where 0Cp2/0y is the gradient of Hy concentration at surface. Cgz 5 and
Crz,ref are the surface and the reference concentrations of Hy, respec-
tively. Cpa ref is considered as an average of concentrations at T, and at
Tqdp Where Hy is completely consumed.

Fig. 9 shows the local Nu distribution on the catalytic surfaces for
different configurations. Here, the Nu allows to assess the effectiveness
of convective heat transfer processes from hot catalytic surfaces. For
configuration C1, the Nu is initially high on the catalytic surfaces and
gradually decreases along the length of the reactor. However, for
configuration C2, a significant variation of Nu is observed on the circular
surfaces of the half cylinders (HC), and Nu is very small on the flat
surfaces. There are some locations where Nu becomes negative, and this
is because of the heat transfer from fluid to solid. Compared to C2, the
Nu is higher on the surfaces of the full cylinders, and on the flat surfaces
in configuration C3. For both cases (C2 and C3), Nu on the cylinder
surfaces is low at very upstream and downstream of the cylinder and
becomes at the maximum upper and lower regimes of the cylinder.
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Finally, for C4, Nu distributions on the cylinder surfaces are observed to
be high and effective among the configurations compared.

Fig. 10 presents the local Sh values for the different configurations.
Here, the Sh measures the effectiveness convective H, mass transfer
towards the catalytic surfaces. In C1, the Sh value sharply decreases at
the beginning of the catalytic surfaces due to the high concentration of
Hy clustered near the hot non-catalytic surface. Within a short catalytic
length, the Sh value drops significantly and remains small with
increasing x. Comparatively in C2, the variation of Sh is observed on
circular surfaces, while the contribution on flat surfaces is minimal. This
indicates that catalytic process is more effective on circular surfaces than
on flat surfaces. Again, the negative Sh is the result of a negative gradient
of Hy downstream of the catalytic surfaces. Similarly, in C3, the Sh value
is higher on circular surfaces except for the downstream portion, and the

11

behaviour on flat surfaces is similar to that of C1. Overall, the Sh dis-
tributions on the catalytic surfaces of C4 are comparatively higher and
effective for higher catalytic activity.

3.2.3. H catalytic conversions

Fig. 11 and Fig. 12 show a comparison of the catalytic performance
among the configurations listed in Table 1. The residence time and the
amount of catalyst are again kept similar for configurations C1, C2, C3
and C4. The other configurations C5, C6, C7 and C8 are reactors with
reduced catalysts, where the catalyst surface area from C4 is decreased
for catalyst optimisation. The observations are listed as follows: Fig. 11
(a) presents the Hy conversion of reactors having the same catalytic
surface area. By comparison, the C1 has the lowest performance over the
reactor length and achieved a 62.6 % conversion at the end of the
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catalytic region. After that, no conversion occurs because of the absence
of the catalyst. For C2, however, the H, conversion plot is not as smooth
as C1 and has peaks along the reactor length. The peaks and troughs of
conversion are attained on the circular and flat surfaces, respectively.
The H conversion is effective over the circular surfaces as a result of an
increased mass transfer, discussed in Fig. 10. Due to the same reason,
there is a high peak value of conversion for C3 in the region between the
flat surfaces and cylinders. Comparatively, the mass transfer to the
cylinder surfaces of C3 is more effective than C2, therefore, the Hy
conversion values are higher in C3. At the end of catalytic region, the Hy
conversion is achieved by 74.4 % and 89.6 % for C2 and C3, respec-
tively. For C4, the Hy conversion plot is smooth like C1, and this has the
highest possible conversion of 93.3 % at the end of catalytic region.
Again, C4 has a lower conversion than C3 over the region of 5.12 mm <
x < 21 mm though the mass and heat transfer over that reactor length is
effective in C4 as depicted Fig. 9 and Fig. 10. This is because of the
relative amount of catalyst coated along the reactor walls which is
comparatively high for C3. However, the reactor shape significantly
influences the contributions of gaseous and catalytic reaction pathways
to Hy conversion. As shown in Table 4, gaseous conversion in
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configuration C2 is almost double that of configuration C1, while it is
minimal in configuration C3. In configuration C4, the combustion is
purely catalytic. Fig. 11(b) shows the Hy conversion of reactors with
varying catalytic surface area. The configuration C4 is chosen for the
catalyst optimisation analysis as this has a better heat and mass transfer
capability. The additional four configurations C5, C6, C7 and C8 are the
same as C4 but have the catalytic surface area of 75 %, 62.5 %, 50 % and
25 %, respectively. The orientation of catalytic surfaces is shown in
Fig. 1. However, the catalytic surfaces are selected in those locations
where the Hy mass transfer is relatively high. As expected, the Hy con-
version plots of C5, C6, C7 and C8 are identical with C4 and the con-
version values over the reactor length are comparatively low than the
immediate reactor of high percentage of catalytic surface. But the
catalyst reduction in each reactor configuration is very significant
compared to the loss of Hy conversion. At the end of catalytic region, the
Hj; conversion is achieved by 91.08 %, 89.04, 85.83 % and 67.56 % for
C5, C6, C7 and C8, respectively. Compared to C4, with a 50 % and 75 %
reduction in catalyst, this results in a 7.47 % and 25.74 % reduction in
Hp conversion, respectively. However, the maximum Hj catalytic con-
version rate per unit area is achieved with a 50 % catalyst reduction in
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the C7 reactor reported in Table 4.

To assess the reactor performance with a reduced catalyst, Fig. 12
shows the Hj conversion at different percentages of the catalytic surface
area compared to C1 (Scqt/ Scarc1)- It is noted that the Hy conversion
values are taken keeping the same operating condition as mentioned in
Table 1, and estimated at the different axial locations of the reactor,
therefore, the residence time at the axial locations is not the same in all
the cases. However, the comparison for the catalyst surface area is still
useful as the overall residence time in all the reactors are same. As
shown in Fig. 12, the Hy conversions for C1 at different percentages of
catalyst are lowest. Comparatively, for C2, there is an improved per-
formance. However, the reactors C3-C8 have similar Hy conversions
which are significantly high compared to C1 and C2. At ~ 25 % catalyst,
the Hy conversion is in the range of 67-71 % for C3-C8. When the
catalyst percentage is increased to ~ 50 %, the Hy conversion increases
to 77 % and 81-86 % for C3 and C4-C7, respectively. Again, a further
increment to ~ 75 % catalyst results in H, conversion of 86-91 % for C3-
C6. For ~ 100 % catalyst, the maximum conversion is 89-93 % for C3-
C4.
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However, in catalytic reactor design, finding an optimal balance be-
tween Hy conversion efficiency and pressure drop is essential, as these
factors directly influence reactor throughput, energy efficiency, and
operational costs. To achieve this balance, future work could focus on
optimising design aspects such as reactor geometry, including cylinder
size and positioning, improving flow distribution, and selecting effective
catalyst coating strategies.

4. Conclusions

Premixed turbulent combustion of highly lean and ultra-lean
hydrogen/air mixtures in a planar/non-planar reactor with platinum
coating on inner surfaces was numerically investigated. Computations
were carried out in multicomponent species transport model of turbu-
lent solver using Ansys Fluent. Prior to analysis, the model was validated
with available experimental results. To intensify the catalytic process,
the catalytic surfaces are modified in such way to have increased mass
and heat convection. The key findings of this work are:

e The reactor with high S/V ratio has significant impact on catalytic
process and could burn Hy completely within shorter length of the
catalytically coated region.

For non-planar configurations, the combined use of half and full
cylinders was shown to significantly enhance mass and heat con-
vection, resulting in an overall superior catalytic performance.

The surfaces where high mass and heat transfer occurred can be
coated optimally. A modified non-planar reactor can increase Hj
conversion by 30.7 % compared to an equivalent planar reactor.
Discrete coating in a non-planar reactor has been proven as a useful
approach for catalyst coating optimisation to save catalyst by 50 %
while achieving a catalytic conversion rate of 2 kg/s per unit surface
area of the catalytically-coated region.

Future studies will attempt to explore the effect of different types of
catalysts on the catalytic combustion process.

Table 5
Pressure drops.

Catalytic Flow Reynolds Dimensionless pressure drop
To summarise, the reactors with combined HCs and FCs are proved to reactor volume number (%)
be effective for an improved catalytic conversion. With segmented (10" ®xm?)
coating on HCs and FCs at a similar amount of catalytic surface, the al 262.5 4353 31.59
change in Hy conversion is within 4-5 %. However, this key finding is c2 198.49 3680 79.79
crucial for developing a cost-effective catalytic reactor. Finally, the c3 205.56 3811 90.26
catalytic reactors investigated have significant variation in the pressure c4 182.58 3385 98.43
. . . . c5 182.58 3385 98.43
drop, as listed in Table 5. The pressure drop here is characterised by the c6 182.58 3385 08.40
percentage decrease from that of the inlet pressure. The high-pressure c7 182.58 3385 98.39
drop is a consequence of flow separation and constricted flow. c8 182.58 3385 98.30
Table 4
Gaseous and catalytic conversion rates at different catalytic reactor.
Reactor c1 c2 c3 c4 c5 c6 c7 c8
myyz inlet 1.698 1.436 1.487 1.321 1.321 1.321 1.321 1.321
(x10* kg/s)
myz outlet 0.635 0.367 0.154 0.088 0.117 0.145 0.187 0.428
(x10* kg/s)
Gas. conv. 0.234 0.379 0.051 1E-5 4E-7 9E-6 2E-5 4E-5
(x10* kg/s)
Cat. conv. 0.829 0.689 1.280 1.232 1.203 1.175 1.134 0.892
(x10* kg/s)
Cat. conv. per unit area (kg/s) 0.720 0.595 1.115 1.090 1.418 1.663 2.005 1.052
Gas. conv. (%) 13.79 26.41 3.49 0.00 0.00 0.00 0.00 0.00
Cat. conv. (%) 48.80 47.97 86.09 93.31 91.09 89.04 85.84 67.56
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