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Abstract
Combustion in catalytic microreactors has applications in portable power generation and process intensification. In this work,
catalytic microcombustion of propane in two geometries – U-bend and Spiral, which have heat recirculation in counter-current
and co-current configurations respectively – is investigated computationally. 2D CFD simulations are performed to analyze the
performance characteristics of both the reactors and a comparative study is presented. Heat recirculation due to transverse heat
transfer occurs in both the geometries. U-bend reactor is more stable than spiral over a wider range of operating conditions due to
effective counter-current heat exchange. Spiral reactor has higher peak temperatures due to better internal heat recirculation and
lower heat loss to the ambient. Excess enthalpy combustion in both the reactors allows combustion at lean conditions, resulting in
lower temperatures and fairly uniform temperature profile, useful for coupling thermoelectrics.
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Introduction

As a consequence of advances in microfabrication techniques,
a trend for miniaturization of mechanical devices set in in the
past decades [1]. Combustion in such miniature channels with
characteristic dimension <1 mm, called microcombustion,
was identified to be promising for applications in portable
power generation and in process intensification for improving
energy efficiency [2, 3]. Heat of combustion can be converted
to electricity by coupling with thermoelectrics [4] or
thermophotovoltaics [5] for use in portable applications, or
utilized for driving endothermic reaction by close thermal
coupling with combustion [6].

Homogeneous combustion has low stabil i ty in
microchannels as the flames tend to undergo thermal and rad-
ical quenching in confined spaces [7, 8]. In this work, the term
“stability” is used to refer to the ignited state of the reactor.
Although catalytic combustion suffers from enhanced heat
loss in microchannels, it also gains from the fast mass transfer
rates and is hence found to be more stable in microchannels
than homogeneous combustion [2]. Moreover, catalytic com-
bustion requires lower light-off and operating temperatures
and is hence useful for microcombustion [9]. Homo-catalytic
combustion in microreactors have been investigated, both ex-
perimentally and numerically by Mantzaras and co-
workers [9–14]. Even when homogeneous reaction
lights-off due to high temperatures in catalytic
microreactors, its overall contribution reduces as the
channel diameter is decreased [13, 15].

Even for catalytic combustion, minimizing heat loss from
the reactor is essential for maintaining stability. Recirculation
of reaction heat to preheat the cold feed is known to expand
the stable operating window of combustors [16]. This concept
of internal heat recirculation was first introduced by Lloyd and
Weinberg [17] for conventional-sized combustors, as a means
to burn low grade fuels in a counter-current heat recirculating
geometry called Swiss-roll. The Swiss-roll geometry has been
widely studied [18–22] and is popular for causing excess-
enthalpy combustion because of large internal surface area
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for heat exchange. Reverse flow reactor is also a heat
recirculating configuration [7, 23]. Different types of heat re-
circulation reactors have been widely studied [16, 24–27]. In
contrast to these geometries, straight channel reactor shows
lower stability because axial heat conduction in the upstream
direction is the only mode of heat recirculation [16, 28].
Ronney and coworkers have done substantial work on analyz-
ing heat-recirculating combustors [16, 21, 22, 29–31]. Maruta
and co-workers have done seminal work on small-scale com-
bustors [18, 32, 33]. Moreover, effects of geometry and cata-
lyst placement on combustion have been extensively studied
by Di Benedetto, Di Sarli and co-workers [34–40].

Regatte and Kaisare [41] have investigated the effect of
using structured inserts to improve the stability and perfor-
mance of straight channel reactor. We had earlier demonstrat-
ed spiral geometry as a transverse heat recirculating reactor
that support excess enthalpy combustion with better stability
compared to a straight channel reactor [42, 43]. This spiral
geometry is different than the Swiss-roll (a double-spiral ge-
ometry), since the former facilitates transverse heat transfer
between adjacent channels with flow in co-current direction.

The desired temperature profiles and operating conditions
in microcombustion varies for different applications [2].
Power generation from thermoelectric requires relatively low-
er temperature and uniform temperature profiles were found to
yield higher device efficiency [4, 44, 45], whereas higher skin
temperatures and uniform temperature distributions were de-
sirable for thermophotovoltaic cells [46, 47]. Thermal integra-
tion with endothermic reaction in adjacent channels have been
widely investigated with different flow configurations, name-
ly counter-current [48], co-current [49, 50], and cross-flow
[51]. Since ensuring stable combustion remains a key chal-
lenge, heat recirculation and other approaches to improve sta-
bility have been identified as key research directions [2].

We use computational fluid dynamics (CFD) simulations
to compare and contrast two heat recirculating geometries –
U-bend and spiral microreactors – for catalytic combustion of
lean propane/air mixtures. In the U-bend reactor (Fig. 1a), the
reaction mixture takes a U-turn at the end opposite to the inlet,

flows in counter-current direction and exits from the outlet
situated close to the inlet. Spiral reactor (Fig. 1b) has inlet at
the center followed by three turns along which the fluid flows
and transfers excess enthalpy in co-current direction, and exits
from the outlet situated along the periphery. Excess enthalpy
combustors with counter-current flow are extensively studied
and documented on different geometries. In contrast, the spiral
geometry is a unique configuration that facilitates heat recir-
culation between adjacent channels with co-current flow. We
present a comparative study of the two geometries that have
different modes (i.e., counter-current and co-current) of trans-
verse heat exchange and analyze the effect of heat recircula-
tion on the behavior of catalytic combustion in microchannels.

Results and discussions

Heat recirculation characteristics

In our previous work [42], an analysis of spiral microreactor
was presented. In this section, we analyze the heat recircula-
tion characteristics in the spiral geometry and provide a com-
parative analysis with the U-bend microreactor, which is
known to exhibit heat recirculation between fluids flowing
in counter-current directions.

U-bend reactor

The contours of temperature and propane mass fraction in the
U-bend reactor, which has flow in the counter-current direc-
tion, are shown in Fig. 2a, b, respectively. The feed which is at
ambient conditions gets preheated in the inlet channel due to
heat recirculation from the reaction zone. For the base case in
U-bend reactor considered here, the reaction zone is situated
close to the inlet, as seen from Fig. 2c. The dotted and solid
lines represent reaction rates on wall-1 and wall-2, respective-
ly. Following the reaction, the product mixture that flows
down the channel gets cooled due to heat loss from the outer
wall. Later, close to the outlet, this product stream picks up the

Fig. 1 Schematic of a U-bend
and b spiral microreactors. The
schematics are not drawn to scale.
Solid block arrows indicate inlet
and outlet streams and thin arrows
indicate the flow direction. Wall-
1 (green line) and wall-2 (blue
line) denote the catalytic walls
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heat released in the reaction zone of the inlet channel and
preheats the cold feed. Although the reactor model has walls
of low thermal conductivity, axial heat conduction along the
inner-wall also contributes to feed preheating. However, this
heat transfer is facilitated by the presence of the outlet channel
that also acts as a protection for the reaction zone.

The profiles of reaction rates along the catalytic walls
and temperature along the centerline of the U-bend re-
actor are shown in Fig. 2c, with the temperature (dashed
lines) plotted on the secondary ordinate. The first half
(until z/L = 1) represents the inlet channel and the latter
half (1 ≤ z/L ≤ 2) represents the outlet or recirculation
channel. Wall-2 is the inner-wall, which separates the
reactant and product channels, along which transverse
heat transfer occurs. Since wall-2 is comparatively better
protected from heat loss due to the adjacent flow chan-
nels, it has higher reaction rate than wall-1. The higher
temperature of the inner solid wall compared to wall-1
is clearly visible from the contours of Fig. 2a. Since the
reaction zone is situated in the first quarter of the reac-
tor, propane mass fraction contour in Fig. 2b reach
nearly complete conversion in the initial section of the
inlet channel itself. The fully converted mixture in the
outlet channel acts as a heat carrier near the outlet of
the reactor and preheats the cold inlet. Unlike the down-
stream region of the reactor, the direction of heat trans-
fer in the initial section is from the outlet channel to the
inlet channel indicating heat recirculation.

Spiral reactor

Temperature and mass fraction contours in the spiral
microreactor for the base case are shown in Fig. 3. As opposed
to the case of U-bend reactor, high temperature zone is spread
over a larger part of the reactor, i.e., the reaction zone enters
the second turn of the spiral microreactor, as against ~1/3rd of
the inlet channel in the U-bend microreactor. The cold feed at
the inlet in the first turn gets preheated by the hot products in
the second turn of the spiral microreactor. It is interesting to
observe that the peak temperature in spiral reactor is more than
that in U-bend reactor. This is because outer wall has compar-
atively lower area and hence the heat lost to the surroundings
is lower.

Profiles of reaction rate along both the catalytic walls and
temperature along the centerline are plotted in Fig. 4. The
maximum reaction rate is lower in the spiral. Unlike the U-
bend reactor, the reaction zone is spread out over one turn that
is, almost half of the spiral reactor. Reaction rate on wall-1 is
higher than that on wall-2. Note that both walls in the first turn
of the spiral microreactor are protected from heat loss due to
the peripheral channels. However, since wall-1 adjoins the
second turn of the reactor, it remains at a temperature higher
than that in wall-2 in first turn of the spiral. Figure 4 also
shows the temperature profiles (right Y-axis). A consistently
higher temperature in the second turn of the spiral indicates
that there is transverse heat transfer to the first turn. This trans-
verse heat transfer from the second turn is the primary mode of

Fig. 2 Contours of a temperature
in Kelvins and b propane mass
fraction; and c axial profiles of
reaction rates on wall-1 (dotted
line) and wall-2 (solid line) and
temperature along the centerline
(dashed blue line, secondary Y-
axis) in the U-bend microreactor
for the base case. Vertical dashed
line indicates separation of inlet
and outlet channels in Panel-c

Fig. 3 Contours of a temperature
(in K) and b propane mass
fraction in the spiral microreactor
for the base case
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preheating of the inlet feed in this setup. Moreover, the com-
pact geometry with heat loss only from the outermost turn
causes protection of the reaction zone in the inner turns and
a uniform heat distribution in the reactor.

In summary, in the spiral microreactor, heat is transferred
in transverse direction from the hot fluid in the second turn to
the cold inlet feed, flowing in the same direction. Although the
maximum reaction rate is lower and the reaction zone is more
spread out, the spiral microreactor show a higher maximum
temperature. Consequently, a comparison between the two
geometries at various operating conditions is presented in
the next section.

Comparative study: effect of feed composition and
inlet velocity

Figure 5 shows the effect of inlet velocity on the peak temper-
ature and propane conversion in U-bend and spiral
microreactors at two different equivalence ratios. Peak tem-
perature increases with increase in inlet velocity because of
the higher power input. It is interesting to note that the peak
temperature in spiral reactor is higher than that in U-bend
reactor for all the cases considered. This result is interesting
because the flow in counter-current direction in the U-bend is
expected to have a greater recirculation of excess enthalpy
[25], compared to the spiral where this heat transfer takes
place in co-current direction. However, the maximum temper-
ature in the spiral reactor is higher, which may be due to the
fact that it loses lesser heat owing to the lower heat loss area of
the outer wall. However, as expected, the counter-current heat
transfer in U-bend results in higher region of stable operation
than the spiral microreactor. The vertical arrows in Fig. 5 rep-
resent the conditions at which the respective system loses
stability due to extinction and blowout.

Extinction and blowout are the major causes of instability
and the reactor operation is possible only within the stable
limits dictated by them. Extinction occurs at lower velocities
and equivalence ratios, when the power input is not enough to

sustain combustion and blowout occurs at higher velocities,
when the residence time is lesser than the reaction time [28].
In this study, the velocity was varied in the chosen range of
0.1–4 m/s. For ϕ = 0.65, extinction in spiral reactor occurs at
0.11 m/s and that in U-bend reactor occurs at a slightly lower
velocity of 0.1 m/s. There is a slight dip in propane conversion
near the extinction point in U-bend reactor. Both reactors sus-
tain combustion up to 4 m/s for ϕ = 0.65, with conversion
exceeding 99% up to 3 m/s. For the more dilute mixture with
ϕ = 0.35, the spiral reactor shows extinction at 0.33 m/s,
whereas U-bend shows much higher stability with extinction
observed at 0.2 m/s. This is due to the counter-current heat
exchange in the U-bend reactor that effectively preheats the
feed. In the spiral reactor, at the lower power input at low
equivalence ratio, co-current flow along the turns results in
heat getting spread out causing extinction. Near the point of
extinction, propane conversion is incomplete and the dip in
conversion in the U-bend reactor is clearly visible in Fig. 5b.
Spiral reactor undergoes blowout at 1.69 m/s for ϕ = 0.35,
beyond which stable combustion is not sustainable. In con-
trast, U-bend reactor sustains combustion for higher values of
inlet velocity, with blowout observed at uin = 3.81 m/s. This
also indicates that counter-current heat transfer in U-bend re-
actor is more effective in feed preheating. It should be noted
that the straight-channel microreactor, in contrast, did not
show stable combustion at the leaner mixture (ϕ = 0.35).

Figure 6 shows a comparison between temperature in the
two geometries at a higher velocity of uin = 2 m/s, with all
other parameters at their nominal values. The reaction zone
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gets pushed downstream in both geometries and preheating
due to heat recirculation occurs in the initial part of the reactor,
as evidenced by the delayed appearance of temperature max-
ima in the axial temperatures shown in Fig. 6c, d. In the spiral
reactor, the reaction zone gets pushed to the outer turns, as
indicated by the significantly higher temperature in the third
turn, in spite of heat losses to the surrounding. This reduces
the efficiency of heat transfer since this region is not directly in
thermal contact with the cold inlet stream. In contrast, the
product stream in the U-bend maintains contact with the cold
inlet stream, ensuring more effective heat transfer. There is a
significant drop in propane conversion in the U-bend reactor
prior to blow out. This implies that in spite of lower residence
times (that lead to incomplete conversion), counter-current
heat recirculation enables occurrence of some amount of re-
action. Thus in terms of effectiveness of heat recirculation, U-
bend reactor has an “upper hand” over spiral reactor, where
co-current flow along the turns causes protection of the reac-
tion zone than a increased heat recirculation. Cases of higher
velocity in U-bend reactor can result in propane breakthrough,
although in small quantities. The contours in Fig. 6 indicate
that higher inlet velocity results in a more uniform heat distri-
bution in the U-bend reactor.

Peak reactor temperature and propane conversion as a
function of equivalence ratios between 0.3 to 0.85 are
plotted in Fig. 7 for inlet velocities uin = 0.5 and 2 m/s.
As already observed, spiral reactor has higher peak tem-
perature than U-bend reactor. At the lower velocities or
lower equivalence ratios, the difference in peak temper-
atures is rather modest. However, the difference in the
peak temperature between the two geometries is signif-
icant at higher equivalence ratios and higher velocities,
where the power input is higher. It is interesting to note

that although the peak temperature in spiral microreactor
is higher, it is unable to sustain stable combustion at
lower equivalence ratios when uin = 2 m/s because of
blowout instability. On the other hand, U-bend reactor
sustains combustion even for ϕ = 0.3 but with a lower
value of propane conversion.
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Both the U-bend and spiral reactors with their char-
acteristic counter and co-current modes of heat recircu-
lation are useful for propane microcombustion. Various
applications of such microdevices, such as coupling
with thermoelectric or thermophotovoltaics for portable
power generation, require fulfillment of certain criteria:
better stability, complete propane conversion and desired
operating temperatures that depend on the particular ap-
plication. It is possible to choose the operating condi-
tions that meet such needs. For example, thermoelectric
requires more uniform temperature distribution and low-
er skin temperatures [4]. Figure 8 shows the temperature
contours in both the reactors with ϕ = 0.35 and uin =
0.5 m/s. Due to the lower value of equivalence ratio,
power input to the system is low, resulting in lower
temperatures. The temperature distribution is fairly uni-
form in both the reactors for this case. Propane conver-
sion exceeds 99.5% for spiral, whereas it is 98.4% for
U-bend microreactor. This case is an instance of a fea-
sible operating point for coupling a thermoelectric mod-
ule. It is interesting to note that at these conditions (ϕ =
0.35, uin = 0.5 m/s), the peak temperature in spiral and
U-bend are 838 K and 832 K, respectively.

As can be seen from the contours Fig. 8, the reaction zone
gets pushed significantly downstream in both geometries at
ϕ = 0.35, uin = 0.5 m/s. The propane contours are skipped for
brevity. There is not much reaction in the first half of inlet
channel (U-bend) or first turn (spiral). Clearly, when the reac-
tion zone is pushed downstream, a longer length of both the
microreactors is utilized for preheating propane-air mixture to
its light-off temperature owing to heat recirculation from the
adjacent channel in either geometry. In absence of such heat
transfer, non-heat-recirculating geometries (such as straight
channel) are unable to sustain stable combustion under such
lean conditions for propane-air mixtures.

In summary, a comparison with the heat recirculating U-
bend geometry provides a clearer evidence so far of the heat

recirculation in the spiral microreactor. The increased efficien-
cy of transverse heat transfer when the reaction zone was
pushed downstream resulted in increased temperature at
higher velocity. On the other hand, when the reaction zone
was pushed to the outer turn, spiral showed similar peak tem-
perature as the U-bend microreactor. The results indicate that
for practical applications of microcombustion, it is possible to
tune the operating conditions in both geometries to ensure
appropriate temperature, propane conversion and device sta-
bility. Though the straight-channel geometry may arguably be
easier to fabricate, the heat recirculating geometries are advan-
tageous in all other aspects.

Effect of thermal conductivity

Increasing the thermal conductivity of the walls is known to
result in a better uniformity of heat distribution due to heat
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Fig. 8 Temperature contours in a spiral microreactor and b U-bend
microreactor for a lower equivalence ratio ϕ = 0.35. Other parameters
are same as that in the base case
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conduction, thus lowering the peak temperatures. At the same
time, higher wall thermal conductivity also makes the reactor
more susceptible to extinction instability. Figure 9 depicts the
peak temperature as a function of equivalence ratio, attained in
the spiral and U-bend microreactors with steel walls (ks =
16.27 W/mK) and base case velocity of uin = 0.5 m/s. As ex-
pected, the peak temperatures in spiral are lower than those
observed for ks = 1 W/m.K in the previous section. The spiral
reactor continues to have higher peak temperature than U-
bend reactor due to the difference in heat loss area of outer-
walls. In fact, the difference between the peak temperatures of
both the reactors is more in the case of steel reactor, compared
to the equivalent cases in a ceramic reactor. Propane conver-
sion is 100% for all the cases plotted.

Figure 10 depicts the temperature contours in both the re-
actors for the base case equivalent in steel reactor. Compared
to Figs. 2a and 3a, the temperatures are more uniform when
solid material with higher conductivity is used. The spiral
reactor displays uniform temperature distribution, with most
of the reaction occurring in the first two turns, whereas the
external wall is at a lower temperature owing to heat loss. The
U-bend reactor also shows a fairly uniform temperature dis-
tribution. Use of materials with high thermal conductivity for
reactor fabrication may be adopted to attain uniform temper-
ature profiles, which would be advantageous for coupling
with applicative devices like thermoelectric, where uniform
temperatures are preferred for higher power generation.

Conclusions

The U-bend and spiral microreactors are both heat
recirculating geometries that support excess enthalpy combus-
tion. It is well-known that the former shows heat recirculation
between hot product and cold inlet streams flowing in counter-
current directions, whereas the spiral microreactor shows heat
recirculation between adjacent turns with fluids flowing in co-
current direction. The more efficient counter-current heat
transfer in the U-bend reactor setup resulted in stable combus-
tion, of lean propane/air on Pt catalyst, over a wide range of
operating conditions. In contrast, the spiral reactor possesses
higher ratio of internal heat exchange area to the external heat
loss area, resulting in higher peak temperatures than the U-
bend for all conditions investigated in this work. In other
words, higher peak temperatures can be attributed to both heat
recirculation to the cold inlet feed in the first turn as well as the
lower area of heat loss in the spiral microreactor. Due to the
compact nature of the spiral geometry, heat distribution re-
mains fairly uniform for most operating conditions. Using
materials with higher thermal conductivity can help attain
more uniform temperature distribution. We showed the possi-
bility of choosing operating conditions to meet requirements
of various microcombustion applications. For example, uni-
form temperature, high propane conversion, and low peak
temperature could be attained in both geometries at very lean
conditions ofϕ = 0.35, which are conducive for coupling with
thermoelectric devices for power generation.

The two geometries were compared for a wide range of inlet
velocity and equivalence ratio for lean propane-air mixtures. At
higher velocities, where the reaction gets pushed significantly
downstream in themicro-channel, more surface areawas available
for reactant preheating, resulting in higher peak temperatures in
spiral geometry. However, when the reaction zone reaches the
outer turn of the spiral reactor, loss of stability due to blowout
was observed. In contrast, more efficient heat recirculation in the
counter current direction in the U-bend resulted in a wider region
of stable combustion, albeit with propane breakthrough due to
incomplete conversion. Based on the advantages of spiral and U-
bend geometry, a serpentine reactor with counter-current flow,
where fluid takes two turns may be designed to take advantage
of both counter-current heat transfer and large internal heat transfer
area. Such a reactor may provide higher temperatures with better
stability, and needs to be investigated and compared to spiral re-
actor in future.

Methodology

Reactor geometry

Schematics of the U-bend and spiral reactors in 2D were
shown in Fig. 1. The U-bend reactor could be thought of a

Table 1 Various parameters and their nominal values. The geometry
and sizes of the spiral microreactor are same as those in our previous work
[22], whereas those of the U-bend microreactor are chosen to match the
spiral geometry

Parameters Values

Channel gap size d 600 μm

Reactor wall thickness bw 200 μm

Axial length of reactor* L 2.64 cm

Wall thermal conductivity ks 1, 16.3 W/m.K

Equivalence ratio ϕ 0.3–0.85 (0.65)

Convective coefficient h∞ 10 W/m2.K

Emissivity ε 0.9

Inlet velocity uin 0.1–4 (0.5 m/s)

*Measured along the centerline

Table 2 Kinetic parameters for lean propane/air combustion on Pt
catalyst

A (s−1) or si β E (kcal/mol)

C3H8 adsorption 0.06 0.154 4

O2 adsorption 0.0542 0.766 0

O2 desorption 8.41×1012 −0.796 Eq. (16)
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single channel that is bent at 180° one end, with the inlet and
outlet situated on the same side and the reaction mixture tak-
ing a U-turn on the opposite end, resulting in counter-current
flow of the streams across the dividing wall (Fig. 1a). Spiral
reactor has inlet at the center and outlet along the periphery,
with the reaction mixture spiraling outward from the center
(Fig. 1b). The adjacent channels in the spiral microreactor
have fluids flowing along the same direction (co-current). In
3D, the flow in inlet channel of the spiral reactor would be in
the direction perpendicular to this flow direction. In this work,
the reactors are modelled in 2D considering the depth (in the
third dimension) to be significantly larger. In both geometries,
changing from 3D to 2D geometry is unlikely to make a dif-
ference in their qualitative behavior as the flow direction is as
modeled in the 2D. However, in the case of spiral reactor in
3D, preheating would occur in the inlet channel also. Yet, 2D
is a reasonable approximation for comparison [43]. All the
inner-walls (denoted as wall-1 and wall-2) are catalytic, and
reaction is enabled on them. The axial length along centerline
of the 3-turn spiral reactor is 2.64 cm and for fair comparison,
the U-bend reactor having an equivalent length along the cen-
terline is considered for the study. The reactor dimensions as
well as operating parameters are summarized in Table 1.

Model description and computational methodology

Two-dimensional CFD simulations are setup in ANSYS
Fluent for laminar flow with reactions enabled. The second
order upwind differencing is used for spatial discretization of
all equations and SIMPLE algorithm is used for pressure-
velocity coupling. The mass, momentum, species and energy
balance equations are solved for the fluid phase, and the en-
ergy balance equation for the solid phase.

The assumptions considered in the model are: (i) steady
state; (ii) laminar flow (due to low Re); (iii) ideal gas; (iv)
no radiation on the inner-walls; (v) no effect of gravity; (vi)
no homogeneous reactions; and (vii) catalytic reactions occur
on the inner-walls (wall-1 and wall-2). The equations solved
are the continuity, momentum, energy and balances of the
reactive species, namely C3H8, O2, CO2, H2O. The following
are the governing equations:

Continuity equation:

∇: ρvð Þ ¼ 0 ð1Þ

Momentum balance equations:

∇: ρvvð Þ þ ∇p−∇: μ ∇vþ ∇vT
� �

−
2

3
μ∇:vð ÞI

� �
¼ 0 ð2Þ

Species balance (for k ≤ nsg):

∇: ρvYkð Þ þ ∇: ρYkVkð Þ ¼ 0 ð3Þ

where, the species diffusion velocity is calculated, accounting
for thermal diffusion, as:

Vk¼−
Dkm

Yk
∇Yk−

DT
k

ρYk

∇T
T

ð4Þ

Energy balance in the gas:

∇: ρhvð Þ þ ∇: ρ ∑
k¼1

nsg

Y khkVk

� �
−∇: λg∇T

� � ¼ 0 ð5Þ

Energy balance in the solid:

λs∇2T ¼ 0 ð6Þ

The solver is pressure-based, with absolute velocity
formulation. The mixture is modelled as an ideal gas
and specific heat, thermal conductivity and viscosity are
computed using mixing law. The physical properties of
each gas-phase species are temperature-dependent. The
density is calculated using ideal gas law, the specific heats
are calculated using a piece-wise polynomial function of
temperature, and the transport properties of the gases
(viz., diffusivity, viscosity and thermal conductivity) are
calculated using kinetic theory. These parameters were
taken from ANSYS Fluent database [52], and are also
available from NIST [53] or other databases.

The physical properties of the solid walls are assumed con-
stant and invariant with temperature. The wall thermal con-
ductivity for the base case is 1 W/m.K to represent ceramic
material. Simulations with steel (ks = 16.3W/m.K), which has
an order of magnitude higher thermal conductivity, are also
presented.

Dirichlet boundary conditions for mass, momentum and
energy were used at the reactor inlets, as given in the Table 1.

At inlet : vx ¼ vx;in; Yk ¼ Yk;in; T ¼ T in;
At outlet : p ¼ pout

ð7Þ

The inlet temperature is Tin = 300 K and pressure pout =
1 atm for all the cases. The inlet velocity and equivalence ratio
are varied, with uin = 0.5 m/s and ϕ = 0.65 chosen for the base
case, respectively.

The outer walls of both the reactors lose heat by convection
(hloss = 10 W/m2.K) and radiation (ε = 0.9) to the ambient,
which is at 300 K:

At outer walls : qloss ¼ hloss ToWall−T∞ð Þ þ εσ T 4
owall−T∞

� �
ð8Þ

At all the inner walls (i.e., at all the solid-gas inter-faces),
the no-slip boundary condition is used, and the reaction is
enabled:

v ¼ 0 No−slip conditionð Þ ð9Þ
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ρYkVk;y
� �

Rwall
þWk Rkð ÞRwall

¼ 0; Rk ¼ ∑
i¼1

nrxn

νikriη ð10Þ

−λg
∂T
∂y

� �
Rwall−

þ λs
∂T
∂y

� �
Rwallþ

þ ∑
k¼1

nsg

RkhkWkð Þ ¼ 0 ð11Þ

The core-wall of the spiral reactor (the one that abuts the
inlet) loses heat to the incoming fluid by convection at a con-
stant h = 200 W/m2.K.

The following propane combustion reaction

C3H8 gð Þ þ 5O2 gð Þ→3CO2 gð Þ þ 4H2O gð Þ ð12Þ
occurring on the catalyst surface, is included using Fluent
user-defined function (UDF). The reaction kinetics on Pt cat-
alyst is given by a single-step reduced-order mechanism de-
rived by Deshmukh and Vlachos [32] via a posteriori reduc-
tion of detailed microkinetic model:

r ¼ kadsC3H8
Cs;C3H8

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kadsO2Cs;O2 =

kdesO2

�s 2
0
@

ð13Þ

kadsi ¼ si
Γ

ffiffiffiffiffiffiffiffiffiffiffiffi
RT

2πMi

r
Tβi
r e

−Eads
i =RT ð14Þ

kdesi ¼ AiTβdes
i

r e−E
des
i =RT ð15Þ

where, Γ = 2.9 × 109 mol/cm2 is the site density, η = 1.7 is the
catalyst surface area factor, Tr = T/300 is the dimensionless
temperature. The rate parameters for Eq. (2–4) are provided
in Table 2 and a detailed explanation of the parameters and the
equations can be found in [41]. Under fuel lean burn condi-
tions and atmospheric pressure, the simplified equation for
desorption of OxygenðEdes

O2 in kcal/mol.K) is:

Edes
O2

¼ 0:126T4
r−1:849T

3
r þ 9:124T 2

r−13:253Tr þ 23:903 ð16Þ

A user defined function (UDF) is used in the Fluent solver
to compute the rate of the catalytic reaction. Due to the low
gap size in this study, homogenous combustion is ignored
[42], and rgas = 0. This mechanism was validated previously
using fixed-bed [54] and microreactor [28] experiments.

The steady state models are solved with the reactors initial-
ized at ignited state for all the simulations. Homogeneous
chemistry was neglected because of short gap size of reactor,
lower inlet temperature and velocities and higher heat loss
considered in this work [15]. Although occurrence of high
temperatures could cause homogeneous combustion, the com-
parative results presented in this work would still hold good
because catalytic combustion determines the stability limits.
The computational domains of both the reactors are ensured

grid independent. The grid independent mesh for U-bend re-
actor consists of 11,970 elements with 133 divisions in the
axial direction, and 30 and 10 divisions in the transverse di-
rection in the fluid and solid zones respectively. For the spiral
reactor, a non-uniform, biased mesh is used in the transverse
direction in the fluid zone. A spacing of approx. 7.6E-6 m at
the wall reaction zone and 6.2E-5 m at the center of the chan-
nel is used. The solid wall zone in the transverse direction has
8 uniform divisions. In the axial direction, each turn is divided
into 200 elements, totaling to 600 axial elements for the 3-turn
reactor. Axial grid spacing successively reduces with decreas-
ing radial distance towards the spiral center to account for the
change in the curvature in case of the reactor. An interested
reader is referred to our previous work for more details on the
computational methodology and grid independence [22].
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