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Catalytic combustion in micro-reactors can be coupled with thermoelectric power generator (TEG)
modules for distributed and portable power generation, especially in niche applications. The efficiency of
such an integrated device can be improved by operating the microcombustor at lean flow rates or using
more efficient heat sinks. However, these lead to incomplete fuel conversion and eventually extinction
instability. In contrast, high flow rates are detrimental to the TEG module owing to high temperatures. In
this work, the TEG modules are coupled with a more efficient symmetric heat recirculating reactor (S-HRR)
and a water-cooled heat sink to address this tradeoff between combustion stability and electrical
efficiency. Specifically, we provide a detailed analysis of power generation from the integrated device and
the impact of design parameters of the inner wall material and flue gas recirculation channel gap-size. We
also present operating parameters for stable operation, based on combustion extinction limits and
maximum operating temperature limitation of the TEG module and finally make a comparison of energy
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1. Introduction

Owing to the high energy density of hydrocarbon-based fuels,
extracting and utilizing thermal energy from their combustion
in micro-combustors (i.e., reactors with channel diameters <
1 mm) can be a potential source for distributed power
generation.’™ Such micropower generation is relevant for use
in mission-critical niche applications and in remote areas,
where onsite power generation may be desirable. The
continuous power generated may (for example) be used to
recharge portable devices such as laptops, mobile phones,
GPS units, etc. in mission-critical applications. The power
required to charge these devices is about 5-50 W.'7
Alternatively, micropower generation may provide a cheaper
and (relatively) reliable source of electricity in poorer regions,
or during times of natural disasters when procuring fuel may
be easier than other alternatives. Although these fuels have
more than an order of magnitude higher energy density than
batteries, the energy density of a power generating device is
determined by the weight or volume of all the systems
integrated. Hence, a microcombustion-based integrated
device that provides high energy density and ensures good
efficiency considering the overall system remains a key
challenge."™ This work is one of the contributions towards
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associated with various streams in the integrated device.

that aim. Power generation from microcombustors integrated
with thermoelectric power generating (TEG) modules is
investigated in this work. TEG modules are light-weight and
compact, easy to integrate with a microcombustor, and
facilitate vibration-free operation.”” These devices do not
require recharging but refueling with hydrocarbon fuels.

Several research groups have presented proof-of-concept
demonstrations. Vican et al® developed a micropower
generator fuelled by hydrogen, with a Swiss-roll reactor
integrated into a thermoelectric (TEG) module. Federici
et al” demonstrated power generation of ~0.6 W from
combustion of hydrogen and propane in a catalytic parallel
plate reactor. Merotto et al® designed a meso-scale
combustor filled with catalyst pellets, coupled with two TEG
modules; with water-cooled heat sinks attached, this device
produced ~9.8 W of power.® Kumar and co-workers
presented power generation of ~5 W from coupled devices
with various reactor designs designed to promote stable
homogeneous combustion.”'® In these studies, the gaseous
fuel is supplied from domestic (commercial) or lab-grade gas
cylinders, and the integrated reactor-TEG device typically has
length ~10 cm.

While there have been experimental demonstrations,
model-based design and analysis is missing. This work
focuses on using a multiphysics model developed in our
previous work®® for design and analysis to improve the
combustion efficiency, power output, and overall
performance of the coupled device. The power generated
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from a TEG module is proportional to the temperature
difference between the hot (microcombustor) side and the
cold (heat-sink) side.*” Finned heat sinks, CPU cooler fans,
and water-cooled heat sinks are employed on the cold side of
the TEG to maintain lower temperatures.”"™® While lower
cold-side temperatures improve the TEG efficiency, they can
destabilize combustion in the microreactor. For example,
combustion in straight channel microcombustors in the
presence of high energy extracting devices such as TEG and
heat sinks often leads to lower fuel conversion.'*'®
Therefore, heat recirculating (HR) combustion or excess-
enthalpy combustion is promoted.’®'” The basic principle
underlying HR combustion is that the combustion can be
stabilized by the transfer of heat from the reaction zone to
the unburnt mixture. It has been proved that the heat
addition to unburnt mixtures allows the stable combustion
of lean mixtures outside their flammability limits.®

Kumar and  co-workers™'®'®  analyzed  multiple
configurations of homogeneous HR microreactors coupled
with TEG for power generation. A U-shaped combustor, with
extended flow channels to accommodate a greater number of
modules to extract heat from the exhaust, was designed by
Bensaid et al.*® Wang et al.>' performed a simulation study
on a new design with the TEG module placed between the
inlet and recirculation channel side, so that the heat rejected
on the cold-side can be absorbed by the incoming cold feed.
A reactor with stepped corners and recirculation channels on
either side was designed and coupled with TEGs by Kumar
and co-workers.”*> Microreactors coupled with thermo-
photo-voltaic (TPV) devices have also been investigated in a
similar manner.*

Although HR facilitates combustion at lean flow rates, it
may lead to higher surface temperatures. Such conditions are
not suitable for TEG coupling.”* In other words, stable
combustion requires high temperatures but efficient TEG
performance requires optimum heat recycle and proper
thermal management.”> Hu et al** studied the impact of
using copper-based thermal spreaders and exhaust gas
recirculation for proper thermal management of stand-alone
microcombustors for controlling the outer-wall temperatures.
However, the actual skin temperatures and, hence, the overall
device performance can significantly differ from the stand-
alone operation of the microcombustor. In order to perform
a detailed numerical analysis of the coupled device, a model
for integrated microreactor-TEG device, comprising a TEG
model that can be thermally coupled with the microreactor
model, was proposed in our previous work.”® Using this
model, we presented a comparison between two HR reactors,
viz., the U-bend and symmetric-HRR for integration with TEG
modules.>® We reported that S-HRR, when used with finned
coolers, gave higher skin temperatures due to improved
transfer of excess enthalpy from reactants to products, thus
limiting the operating regime. However, if additional heat is
extracted from the cold-side (e.g., using water-cooled heat-
sinks), S-HRR could prove advantageous and the overall
power generation could be increased.>
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Since the power generated is proportional to the
temperature difference across the TEG module,> water-
cooled heat sinks have been used experimentally.”'"*’
Aravind et al®” found that a water-cooled heat sink is the
most efficient, even accounting for the energy required to
run the water pump for circulation of cooling water. The net
power generated from the integrated device was higher in the
water-cooled heat sink compared to the fin-fan type heat sink
in.>” A catalytic microreactor-TEG device coupled with a
water-cooled heat sink examined for small-scale battery back-
up demonstrated the potential of this technology to provide
high power densities with leaner fuel concentrations.*®
Although several experimental reports exist in the literature,
simulation-based analysis and design of integrated
microdevices has not received equivalent attention.
Therefore, the performance of the catalytic S-HRR coupled
with TEG and water-cooled heat sink is studied in this work.
To improve fuel conversion, avoid breakthrough, and obtain
higher power outputs at leaner compositions, the design
parameters of inner wall conductivity and gap size of the
recirculation channel of S-HRR are varied, and their impact
on coupled device performance is analyzed in this work.

Thermal conductivity of the wall plays a vital role in the
stability of microreactors. Unlike the straight channel reactor,
HR reactors can sustain combustion with poor-conducting
walls even at high heat losses.>® However, the outer walls of
the microreactor determine the heat transfer to the TEG
device. Hence, steel is regarded as an optimal compromise
for the exterior walls considering both the factors of stable
combustion and heat transfer to the coupled device. In the
individual microcombustor, Federici et al.>® and Chen et al.*°
found that the conductivity of the inner wall of S-HRR
impacts the stability more significantly than the conductivity
of the outer wall. The critical heat loss coefficient increased
by an order of magnitude when the inner wall conductivity is
reduced, despite conductive outer walls.>® This was also
demonstrated by Lee et al.*' using quartz and steel reactors
for homogeneous combustion inside a U-bend heat
recirculating reactor with combustion space at the U-turn of
the reactor. They also studied the effect of gap size on
homogeneous combustion and reported that preheating of
incoming reactants was suppressed when the gap-size was
increased, for the same mean velocity and heat recirculation
area.*’ However, since the system considered in this study is
catalytic, the microcombustor is integrated with TEG and
heat sinks, and the geometry is different, it is difficult to
draw parallels. While the effects of conductivity of the inner
wall and gap-size have been analyzed for stand-alone HR
microreactors, their impact on the integrated device has not
been analyzed, to the best of our knowledge. Towards this
end, the effect of changing the inner wall material from steel
to ceramic and the effect of increased recirculation channel
gap size on propane conversion, power generation, and
extinction velocities are discussed in this work, followed by
the comparison of operating regimes and energy analyses for
the cases considered.

This journal is © The Royal Society of Chemistry 2024
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2. Model description and solution
methodology

2.1. Symmetric-heat recirculating geometry integrated with a
water-cooled heat sink

The schematic of the integrated device, with one S-HRR
coupled with two TEG modules, is shown in Fig. 1(a). The
two TEG modules, placed on either face of the S-HRR, draw
electric power due to the Seebeck effect. The S-HRR heats the
TEG modules via copper thermal spreaders, whereas water-
cooled heat sinks are coupled to the cold side of TEG
modules. The S-HRR is 5 cm in length (see Fig. 1b), with a
central 4 cm section coated with catalyst on the inner walls.
The walls are 800 um thick; the gap size of the catalytic
channel is 600 um, and the gap size of each of the
recirculation channels is 300 um for the nominal case.
Copper spreaders promote temperature uniformity in the
axial direction, eliminate hot-spots and provide skin
temperatures that are acceptable for TEG coupling.”** Each
copper spreader has a length of 4 cm and thickness of 3.2
mm. Each HiZ-2 TEG module (Fig. 1c) is 3 ¢cm in length and
3 cm in width, with a semiconductor height of 3.8 mm and
ceramic wafer thickness of 1 mm. These are coupled on
either side of S-HRR, placed on the copper spreaders as
shown in Fig. 1(a). The TEG geometry and physical properties
are the same as those used in our previous work.?® There, we
presented simulations of a straight-channel microreactor
coupled with a TEG module, and validated them with the
corresponding experiments of Federici et al.” Our model in
Yedala and Kaisare>® was able to predict power vs. voltage
characteristics of this device with good agreement with
experiments. Therefore, the same coupled microdevice model
is now used for analyzing the integrated device in the current
study.

A water-cooled heat sink with a footprint area equivalent
to the HiZ-2 module is coupled on the cold side, as shown in
Fig. 1(a). The heat sink consists of two copper walls separated

(a) S-HRR integrated with TEG modules placed

between copper spreader and water-cooled heat sink
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by a gap width of 1 mm for the circulation of cooling water.
This 2D model of the heat sink is intended to provide cold-
side temperatures close to 35-40 °C, similar to the heat sink
used in the experiments of Aravind et al.®° However, it needs
to be emphasized that the actual device temperature is
determined by solving the multi-physics model for the S-
HRR, TEG, and cooling water sink simultaneously. In section
3.3, the gap size of recirculation channels on either side is
increased to 600 pm to double the recirculation volume.

2.2. Model description and solution methodology

The model for the TEG module and its subsequent coupling
with a catalytic microreactor was described in our previous
work.”® Here, we briefly summarize the details of the coupled
device. The fuel-air mixture is modeled as ideal gas, the flow
is laminar, and species diffusion and Soret diffusion effects
are included. A flat inlet profile at desired composition and
temperature is assumed at the reactor inlet and the
downstream pressure is atmospheric. To simulate catalytic
combustion of lean premixed propane-air mixtures in the
coupled microdevice, we solve the mass, momentum, energy
and species conservation equations in 2D in ANSYS FLUENT
using the SIMPLE algorithm. The resulting conservation
equations include:

9p,
8. =0
5 TV

a(gf’) +V- <pgvv> = -Vp+Vu {(Vv’ W) - %V‘W

TV (pngk) = -V, + R

(b) Symmetric-HRR

5cm
] -
=) Cooling water flow == <
TEG module " ‘9 ''''''''''''''''' - SUCSRER | b
| Cu. Spreader | $32mm  [_[800um 7300 pm
Inlet =
S-HRR Microreactor i Tecsmiis
[ Cu. Spreader | 3cm i
TEG module ‘ [ ceramicwafer [
| HiZ-2 module I3~8 mm
=) Cooling water flow == = : -+
|

Fig. 1 Schematic of an integrated device comprising S-HRR integrated with TEG modules on either side, placed between the copper spreader and
water-cooled copper heat sink (a). The reactants enter the reactor through the central inlet channel, which is catalyst coated (indicated by thick
red lines), and exit through the recirculation channels on either side as directed by the arrows (b). Hi-Z TEG module with semiconductor assembly

sandwiched by ceramic wafers on either side is shown in (c).
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The energy conservation in the solid is given by

M = V-(ka Tw)
ot

The boundary conditions are as follows. At all the inner
walls of the microreactors, the no-slip condition (x = 0) is
imposed. The inner walls of the inlet channel are catalytic:

t
Jeylwan- + RE =0,

oT oT oPg
kw (—W) -k (—g> + g MRS = 0, and
dy / wanr E\ dy wall” = £

Ns

t
Rza = Wi Z VijScat, j
Jj=1

The subscripts wall” and wall™ represent the solid-side and

gas-side of the wall-interface, respectively. When the fluid-
solid interface is non-catalytic (e.g., in the recirculating
channel):

Jiy|wan- =0

oT oT
() e =5 ()
Y/ wall* Y/ wall

All the external walls lose heat to the surroundings due to
convection and radiation:

Qlost = hoc(Tw - Too) + O'S(Tév - Tfo)

The rate expression for the gas-phase combustion®® of
propane is given by

4
Fhomo = 4.836x10° ¢ (19) 01, cles

whereas the surface reaction rate is given by the following

reduced-order model from:**
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The kinetic rate parameters are given in Table 1, whereas
the activation energy for oxygen desorption is taken from ref.
35 and evaluated as:

ESS =0.126T* - 1.8497° + 9.1427% -~ 13.253T + 23.903

The mixture properties for the gas-phase are computed as
the mass-weighted average of species properties. Thermal
conductivity, viscosity and diffusivity of each species are
estimated by kinetic theory; and piece-wise polynomials are
used to calculate species' specific heats. The reactor material
is considered to be stainless steel for the nominal case,
whose thermal conductivity and emissivity are 16 W m™" K
and 0.8, respectively. In section 3.2, the inner walls or
dividing walls of S-HRR are modeled as ceramic, whose
conductivity is 2 W m™ K.

The copper spreaders and the ceramic wafers enclosing
the TEG module solid blocks are modeled with a 2D energy
balance equation. The thermal conductivity of copper
spreaders®” and ceramic wafers®® are 388 W m™* K™* and 10
W m™' K, respectivelp. The interfaces between the
microreactor wall and copper spreader, between the copper
spreader and ceramic wafer, between the TEG block and
ceramic wafer, and between the ceramic wafer and water-
cooled heat sink, are set to be thermally coupled walls to
create the coupling between the sub-units. The uncovered
external walls on the reactor and copper spreaders (i.e., the
walls that are exposed to the atmosphere) are assumed to
lose heat to the atmosphere via convection (A, = 20 W m™>
K™) and radiation (€ = 0.8).

The model for a TEG module developed in our previous
work,”® with its temperature dependent aggregate (thermal
and electrical) properties, is summarized below for

Table 1 Kinetic rate parameters for catalytic propane combustion, as
given in ref. 36

SolA (s B E (kcal per mole)
C;3Hg adsorption 0.06 0.154 4
O, adsorption 0.0542 0.766 0
0, desorption 8.41 x 102 -0.796 Eds

This journal is © The Royal Society of Chemistry 2024
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completeness. The TEG module, which comprises an
assembly of all p- and n-type semiconductors, is modeled as
a single semiconductor block sandwiched between ceramic
wafers. The aggregate properties of the TEG block were
determined by fitting the manufacturer data as temperature
dependent polynomials. The contact resistance at the hot-
side and cold-side junctions is negligible. Therefore, the 2D
energy conservation equation is solved in the bulk of the
semiconductor block given by

V-(kpVT) + S, =0 (1)

where k), is the thermal conductivity of the TEG module and
S, represents a volumetric source term, which includes
heating due to Joule (I?Ry) and Thomson (7I(Ty, — T¢)) effects,
where Ry and 7 denote the aggregate internal resistance and
Thomson coefficient of the module. The electrical current (1),
voltage (V) and power drawn (P) are evaluated at steady state
using the following equations:

(am, Th = am Te = (Th —Tc))

I= - )
Rm + Rload

V= IRload (3)

P=VI (4)

where a1, and oy . denote the aggregate Seebeck coefficient
evaluated at the hot-side (7},) and cold-side (7.) junction
temperatures, respectively. The details of aggregate properties
of the module and their polynomial functions as functions of
temperature for the HiZ-2 module are mentioned in our
previous work.>®

Interfaces between the TEG block and ceramic wafers on
either side are set to be thermally coupled walls. These walls
on the hot-side and cold-side of the TEG have copper
interconnects that link adjacent thermocouples; these are
modeled using a thin wall resistance model with the source
terms of the Peltier effect given by (o, Thl) and (o Tel).

We refer the interested reader to our previous work®® for
detailed model development and validation. Specifically, the
model for the standalone TEG module was validated using
the experiments of Wang et al'' and Chen et al®® After
validation, the TEG module and the combustor were coupled
by setting the interface between the TEG and combustor as a
thermally coupled wall in ANSYS FLUENT. The coupled wall
boundary condition ensures that the heat transferred from
the wall of the copper spreader equals the flux entering the
TEG module. The coupled device model (microcombustor
thermally integrated with the TEG module) was validated
with the experiments of Federici et al.” as presented in our
previous work.>®

Finally, the water-cooled heat sink is modeled using mass,
momentum, and energy conservation. Liquid water is the
working fluid and the walls are made of copper. No-slip
boundary condition is used at the fluid-solid interface. The

This journal is © The Royal Society of Chemistry 2024
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inlet velocity of cooling water is varied as 0.27, 0.54 or 0.81
ms ™" and the inlet temperature is 27 °C.

2.3. Grid independence

The conservation equations are solved with the boundary
conditions mentioned in the previous section, until the
system reaches steady-state and the solution is converged.
Convergence is ensured by verifying that the scaled residuals
fall by at least two orders of magnitude and the conservation
of mass and energy in the entire domain are satisfied. We
also ensure the monitored profiles of weighted averages of
temperature/species at multiple locations are constant for
several thousand iterations.

Before proceeding to the results, the solution is verified
grid-independent. Half geometry is simulated owing to the
symmetry of the device along the center-line (indicated by
the dash-dot line in Fig. 1(a)). The geometry of S-HRR
coupled with the TEG and water-cooled heat sink, i.e., shown
in Fig. 1(a), is meshed into a grid size of 32820 elements,
consisting of 250 axial and 20 radial divisions in the reactor
fluid zone; the copper spreader domain has 200 axial and 20
radial divisions; wall zones are meshed into 10 radial
divisions; TEG bulk is divided into 20 radial divisions and
150 axial divisions with 10 radial divisions in the ceramic
wafers; 10 radial divisions in copper walls, 20 radial divisions
in the flow channel with 150 axial divisions in the heat sink
section. Radial divisions alone and axial divisions alone are
increased to form meshes with a grid size of 57 020 elements
and 63820 elements, respectively. Specifically, radial
divisions are increased to 30 in the reactor fluid zone, TEG
bulk, cooling water channel, and copper spreader; 20 in the
reactor, ceramic and sink-copper walls with the same number
of axial divisions to form a second mesh with 57020
elements. In the third mesh, radial divisions are retained the
same as the nominal mesh size, but axial divisions are
increased to 500 in the reactor bulk, 200 in the copper
spreader, and 150 in the TEG module and heat sink to form
a mesh of size 63 820 elements. The centerline temperatures
and TEG hot-side temperatures did not vary significantly with
mesh size. Therefore, the nominal mesh size of 32820
elements is used for all the simulations.

For the parametric study, we varied the operating
conditions as in Table 2. A stable solution was obtained
under nominal conditions, with a given cooling water flow
rate. Thereafter, the equivalence ratio and inlet velocity are
varied until the extinction point, akin to natural parameter
continuation.

3. Results and discussion

3.1. Operation of the coupled device

Fig. 2 depicts the hot-side (solid lines) and cold-side (dashed
lines) temperatures at the two faces of the TEG, obtained
with S-HRR coupled at the hot-side and water-cooled heat
sink coupled at the cold-side under various operating
conditions. The effect of inlet velocity of the feed is shown at

React. Chem. Eng., 2024, 9, 2135-2148 | 2139
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Table 2 List of operating ranges of various parameters used for the parametric study

Parameter

Operating range

Inlet velocity
Equivalence ratio
Cooling water flowrate
Thermal conductivity

three different equivalence ratios of 0.7 (square symbols), 0.8
(circles), and 0.9 (triangles). The cooling water flow rate is
maintained at 0.5 lpm, which ensures cold side temperatures
at 40 °C. Flow rates below 0.5 Ipm resulted in higher
temperatures at the cold side of the TEG module and lower
power generation, and therefore were not considered further.
A significant increase in the hot-side temperatures with the
increase in the fuel flow rate is observed. In contrast, the
corresponding  cold-side temperatures do not vary
significantly. Downward arrows at the left of each curve in
Fig. 2 indicate the extinction velocities, i.e., the lowest inlet
velocity of the propane-air mixture required for sustained
operation of the coupled system. The extinction velocities
shift to much lower inlet velocities when the equivalence
ratio of the fuel is increased. Due to flow of cooling water in
the heat sink, the cold-side temperatures are lower.
Compared to the previous work,?® where the sink-side heat
loss coefficients were considered to be 200 W m™> K ' and
500 W m™ K to represent finned cooling, using a water-
cooled heat sink resulted in lower cold-side temperatures,
and hence, a higher temperature difference across the TEG
modules.

3.1.1. Effect of cooling water flow rate. The simulations
were next performed by doubling and tripling the cooling
water flow rate. The hot-side temperatures and power
generated at various inlet velocities are plotted in Fig. 3 at ¢
= 0.8 and ¢ = 0.9. Fig. 3 illustrates that the cooling water flow
rates considered have a minor effect on the magnitudes of
hot-side temperatures and power generated above 0.5 Ipm. As
observed in Fig. 2, the cold-side temperature is already low
(~40 °C at coolant flow rate of 0.5 Ipm), and any increase in

100 1.7 m/s
50 | & A-- so——t—ma=+A
0 1 I S | L IR TR TR NN T SR N |

1.5 2.5 35 4.5
Inlet velocity (m/s)

Fig. 2 Temperatures at the hot-side (solid lines) and cold-side (dashed
lines) on the TEG module at equivalence ratios of 0.7 (squares), 0.8
(circles), and 0.9 (triangles) and a cooling water flow rate of 0.51 lpm
(equivalent to an inlet velocity of 0.27 ms™). Downward arrows
indicate extinction velocities at corresponding equivalence ratios.
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5-0.8ms "

0.9-0.6

1.5-0.5 Ipm

16 Wm™ K (steel walls) 2 W m™" K ' (ceramic inner walls)

cooling water flow rate has only a marginal effect. It may be
noted that the water-cooled copper heat sink modeled in this
work is equivalent to the one used by Aravind et al.® in their
experiments. The cooling water flow rate did not affect the
hot-side temperatures and open-circuit voltages of the
coupled device in their experiments.” This qualitative
behavior was captured in our model. Hereafter, a coolant
flow rate of 0.5 Ipm is used for all the simulations.

3.1.2. Device performance. The amount of energy input
can be changed by varying the inlet velocity or equivalence
ratio. The net power generated and the corresponding
propane conversion from the integrated microreactor-TEG
device at steady state are shown in Fig. 4 as a function of the
inlet velocity and equivalence ratio. The remaining
conditions are the same as those in Fig. 2. The vertical
downward arrows signify extinction limits, i.e., the minimum
value of inlet velocity at which combustion is no longer
sustainable. At ¢ = 0.7 and inlet velocity of 3.5 ms™', the
coupled device generates 4.6 W h (6 volts and 0.77 A h) for
continuous steady-state operation of 1 hour at matched load
condition, with the skin temperatures of the TEG within
acceptable limits (7}, = 241 °C and 7. = 42 °C). The present
system can be easily scaled out by using a higher number of
modules to meet the 10 to 13 W h capacities of rechargeable
batteries. Fig. 4(a) also illustrates that we can obtain higher
power generation at higher equivalence ratios. Electrical
power as high as 6 W could be obtained from the integrated
device when the hot-side temperatures are ~300 °C and cold-
side temperatures are ~45 °C, since the net electric power
generated is proportional to the temperature difference
across the TEG module.

Since the microreactor is operated under fuel-lean
conditions, formation of partially oxidized products was not

~350 g

< (@) o '

2300 z . =55 |

2 o’ ]

5 ’ Bas |

2‘250 [ -® 051pm | &

& -e1lpm |35 1

3200 | -

g A 151pm 25 L

2150 : : (I
1.5 25 35 45 1.5 25 35 45

Inlet velocity (m/s) Inlet velocity (m/s)

Fig. 3 Plot shows the temperatures on the hot-side of TEG module (a)
at various inlet velocities and equivalence ratios of 0.8 (dashed lines)
and 0.9 (solid lines) at three different cooling water flow rates of 0.5,1
and 1.5 lpm indicated by squares, circles, and triangles respectively. (b)
shows the power generated from the TEGs coupled on either side of
S-HRR at corresponding operating points.
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Fig. 4 (a) Net power generated from the two TEG modules integrated
on either side of S-HRR and (b) propane conversion vs. inlet velocity.
The three curves represent different values of equivalence ratios. The
operating conditions are the same as those in Fig. 2.

considered. Thus, the reactor outlet contains CO,, H,O, O,,
N, and unconverted propane. Propane conversion exceeded
80% in all simulations considered. Fig. 4(b) shows that
breakthrough 1is observed at low velocities and low
equivalence ratios because of high heat removal from the
system. Therefore, higher equivalence ratios are required for
the operation of the present system when low emissions and
higher power extraction are the targets. However, the trade-
off between skin temperatures and conversion always exists.

The device efficiency under various operating conditions
is another key performance parameter. Two kinds of
efficiencies are defined: thermoelectric efficiency (71eg) and
overall efficiency (1overan)- 771G iS the ratio of electrical energy
generated by TEG (and delivered to the load resistance) to
the energy provided by the microreactor to TEG at the hot-
side,

Prgg
Npg = —28.. 5
TG < o (5)

Noveranl 1S the ratio of the energy generated vs. total chemical

energy input to the system:
Prig

= 6

Moverall (m>< LHV)propane ( )

These efficiencies are plotted in Fig. 5 as solid and dashed

lines, respectively. In our previous work,> we considered a

finned cooler, which was modelled by assuming a high value

6
— L NTEG
é 5
> 4 r
g X
S 3| g-k--mooo
= I T Noverall
m 2
l L
0 1 1
3 3.5 4 4.5

Inlet velocity (m/s)

Fig. 5 Thermoelectric (471eg, solid line) and overall (;7overan, dashed line)
efficiencies of the S-HRR-TEG coupled with a water-cooled heat sink,
at ¢ = 0.7 and various inlet velocities.
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of the sink-side heat loss coefficients (500 or 200 W m™ K ).
The overall efficiency of the integrated device with a water-
cooled sink in this work significantly exceeds that reported in
Yedala and Kaisare* (where we reported 5 < 3% and
Noveral < 2% for a finned cooler). As is expected, 5reg iS
obviously higher than #overan by their definitions ascribed to
the increased magnitudes of power delivered.

The water-cooled heat sinks ensure lower cold-side
temperatures. Thus, the desired operating conditions shift to
higher equivalence ratios and inlet velocities, resulting in
higher hot-side temperatures. This increased difference
between hot- and cold-side temperatures across the TEG
modules results in higher power generated, 7rgc and #overan-
For a safe operating condition of equivalence ratio of 0.7 and
inlet velocity of 3.5 ms™ (T}, = 241 °C and T, = 42 °C), 15 and
Hoveranl are 4.7% and 3.1%. Considering propane conversion

- P .
also, the efficiency e is found
propane

(= LHV x Conversion)

to be 3.5%, which is comparable to the recent studies of Abedi
et al.”® and Aravind et al.’

The performance of this integrated device is limited by
the low efficiency of the TEG module, which is a major
bottleneck for widespread adoption. Several efforts are being
made by researchers to discover TEG materials with higher
figures of merit.>* Zheng et al.’° and Twaha et al.'?
various methods and structure modifications to improve TEG
module efficiency and allow higher operating temperatures.
Nonetheless, the design of the integrated device can be
optimized to improve combustion efficiency, lower emissions
and better thermal integration. Some of the strategies for
reactor design are discussed in the rest of this section.

reviewed

3.2. Effect of changing the inner wall material

While the coupled device shows good power generation, the
issue of incomplete propane conversion needs to be
addressed. The unique S-HRR geometry allows us to modify
the inner walls of the microcombustor while retaining the
same outer walls. Alternatively, the gap-size of the
recirculating channel can be varied. We will analyze the two
strategies in this section.

Federici et al.?>® and Chen et al.®* reported that the inner
S-HRR wall can have a large impact on the stability of stand-
alone microcombustors, with more insulating walls providing
higher propane conversion and stability. Hence, we compare
the performance of the integrated device when steel inner
walls (k, = 16 W m™* K ") are replaced by ceramic (k, = 2 W
m™" K™). The left panels in Fig. 6 (i.c., panels (a.1), (a.2) and
(a.3)) show the contours for the nominal case (steel inner
walls), whereas the right panels (i.e., panels (b.1), (b.2) and
(b.3)) show the corresponding contours for ceramic inner
walls. These contours help with a visual comparison of the
two cases. Propane concentration is high at the inlet and the
initial non-catalytic region. Ceramic inner walls result in heat
localization, as indicated by higher temperature in Fig. 6(b.1)
compared to Fig. 6(a.1). The propane concentration drops to
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Fig. 6 The effect of the inner wall material on the contours of
temperature (top), propane mass fraction (middle) and velocity
(bottom). The inner dividing of the S-HRR wall is steel in the left panels
(a.1-a.3) and ceramic in the right panels (b.1-b.3). In the middle and
bottom panels, only the flow channels of S-HRR are shown. The inlet
velocity is 3.5 ms™, ¢ = 0.7 and other conditions the same as in Fig. 2.

zero significantly upstream in the S-HRR with ceramic inner
walls (Fig. 6-b.2), which reinforces the advantage of heat
recirculation on fuel conversion. The increase in temperature
and conversion also results in an increase in velocity for both
cases.

The centerline temperature and reaction rate are plotted
in Fig. 7 for a quantitative understanding of these two cases
at the same operating equivalence ratio of 0.7 and inlet
velocity of 3.5 ms™". Specifically, the temperature profiles
along the centerlines of the reaction and recirculation
channels are shown. Although the TEG temperatures are
lower, insulating inner walls result in higher temperatures
and a hot-spot in the inner channel of the microcombustor.
On comparing Fig. 7(a) and (b), higher temperatures and a
hot-spot are observed in the combustor with ceramic inner
walls, owing to the weaker axial conduction in ceramic
dividing walls. The gap between the dashed and solid lines

View Article Online
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near the combustor inlet is indicative of the amount of heat
recirculation possible in the S-HRR. Clearly, the excess
enthalpy transfer from the recirculation to the reaction
channel in the pre-reaction zone (near the inlet) is higher in
the S-HRR with insulating walls. This eventually results in
increased reaction rates (blue lines with right-axis in Fig. 7)
and, hence, a steeper increase in the temperatures in the
catalytic channel. The temperature and propane contours in
Fig. 6 also support this understanding. This indeed results in
higher skin temperatures on the copper spreaders and will
impact the power and fuel conversion, which will be
discussed further.

Fig. 8 compares the power generated and propane
conversion at various inlet velocities for steel and ceramic
inner walls. Although operating a pump to circulate cooling
water requires some power, this is not included in the
electric power reported in this figure. Solid and dashed lines
represent steel and ceramic walls, respectively, at ¢ = 0.7
(squares) and 0.6 (diamonds). Higher power and higher
propane conversion are obtained with ceramic inner walls for
the same rate of fuel input because of increased hot-side skin
temperatures and increased magnitudes of (T, - T.).
Furthermore, it was interesting to note that stable device
operation was only observed with ceramic inner walls at a
lower equivalence ratio of ¢ = 0.6, unlike the reactor with steel
inner walls. The extinction velocity also decreased for ceramic
inner walls (thus increasing the region of stable operation), as
observed from the downward arrows Fig. 8. Comparison of
solid (steel) and dashed (ceramic) lines in Fig. 8(b) at ¢ = 0.7
shows profound improvement in propane conversions. The
power generated and conversions are shown only at the leaner
equivalence ratios because the ceramic inner walls are
advantageous under leaner conditions. At higher equivalence
ratios, the higher skin temperatures are undesirable.

3.3. Effect of increased recirculation channel gap size

We now analyze the effect of doubling the gap-size of the
outer channel to 600 um in Fig. 9. Increasing the gap-size
can promote higher propane conversion by reducing the

(@) ky = 16 Wm~K~! ®) kw,inner =2 wm™K™!
900 0.03 900 : 003 3
_: g
750 catalytic channel 0.025 750 — 0.025 §'
2600 | ’ { 002 600 F O et 0,02 5
b ~ K &
£450 0.015 450 | |/ \ecy Y, 0.015 &=
2 ’/ o”@r~ g
5300 | 0.01 300 KIS 001 %
g recirculation §
3 150 channel reaction rate ] 0-005 150 0.005 g
0 — 0 0 00 g

0 1 2 3 4 5

Axial distance (cm)

Axial distance (cm)

Fig. 7 Temperature profiles along the centerlines of the catalytic (solid lines) and the recirculation (dashed lines) channels of the S-HRR when the
inner dividing wall is (a) steel and (b) ceramic, respectively. Blue solid lines show the reaction rates on the right axis. These conditions correspond

to those in Fig. 6.
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Fig. 8 (a) Power generated and (b) and propane conversion from the
coupled device, when the inner walls of the S-HRR are made of steel
(solid line) and ceramic (dashed line). Two different equivalence ratios,
¢ = 0.7 (squares) and ¢ = 0.6 (diamonds) are considered. Downward
arrows indicate extinction velocities.
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Fig. 9 Effect of increased gap-size of the recirculating channel to 600
pum on contours of temperature and propane mass fraction. All other
conditions are as in Fig. 6(a), with only the recirculation channel width
increased from 300 to 600 um.

transverse heat transfer from the hot central channel to the
endothermic TEG module. The residence time of the product
stream increases, which could promote transfer of excess
enthalpy to the inlet. The contours of temperature and
propane mass fraction follow a qualitatively similar behavior
to the nominal case in Fig. 6(a.1) and (a.2); however, with an
increased gap-width of the recirculating channel, the
maximum temperature as well as propane conversion
increases.

Fig. 10 provides a direct comparison of the temperature
profiles for the two cases, ie., gap-size of 300 um and
600 um. Note that the centerline temperature and reaction
rate in Fig. 10(a) are the same as in Fig. 7(a) and have
been repeated to aid the reader. With the higher gap-

(a) recirculation channel
gap 300 um

900 0.03

750 catalytic channel 1 0.025
2 600 1 0.02
£ 450 A 0.015
2 gy .
S 300 ectreulation chanzer =7 0,01
£
e 150 reaction rate 0.005

0 L 0
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Axial distance (cm)
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width, the difference between centerline temperatures of
the catalytic (solid line) and recirculating (dashed lines)
channels increases, as observed in Fig. 10(b). This
increased isolation of the reaction channel results in
higher temperatures. The reaction zone moves upstream,
and the reaction rate is increased. Although the
temperature is higher, increased isolation of the reaction
zone from the TEG module results in slightly lower skin
temperatures.

Fig. 11 compares the power generated and propane
conversion vs. inlet velocity for three different equivalence
ratios of 0.5 (diamonds), 0.7 (squares) and 0.9 (triangles)
for the microcombustor-TEG coupled with a water-cooled
heat sink. Solid lines represent the nominal gap-size of
300 pm, whereas dotted lines represent gap-size of 600
pum. It is exciting to observe combustion at an
equivalence ratio of 0.5 with conversions close to 90% as
depicted by Fig. 11(a.1) and (b.1) for the higher
recirculation channel gap size of 600 pm. At the
equivalence ratio of 0.5, considering the safe operating
temperature, 5.1 W power can be generated at an inlet
velocity of 6 ms™ (T, = 254.6 °C and T, = 44.6 °C). As
noted earlier, an equivalence ratio of ¢ = 0.7 or higher is
required for the nominal design with 300 um gap-size,
whereas with an increase gap-size of 600 um, stable
device operation can be achieved at ¢ = 0.5 as well.
Further, Fig. 11(a.2) and (a.3) show that the operation
zone of the integrated device expands when a wider
recirculation channel (600 um) is used. In the range of
intermediate velocities, the power generated from the 600
um gap size reactor is close to that from the gap size of
300 pum. Consequently, the operating velocity space for
stable operation increases at this gap width. Propane
conversion is also influenced by doubling the gap-width
of the recirculation channel. The effect is more
pronounced towards lower equivalence ratios and low
velocities. In several cases, complete conversion is
observed, indicating the usefulness of this strategy to
obtain high conversions, reduce propane break-through
and deliver higher power.

(b) recirculation channel
gap 600 um

900
750
600
450
300
150

0

(09sZ/So[owy) djel UONOLAI

Axial distance (cm)

Fig. 10 Temperature profiles along the centerlines of the catalytic (solid lines) and the recirculation (dashed lines) channels of the S-HRR when
the gap-size of the recirculation channel is (a) 300 um and (b) 600 um. The other conditions are the same as Fig. 7.
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Fig. 11 (a.1-a.3) The net power generated and (b.1-b.3) propane conversion from the integrated device for the gap-widths of recirculation channel
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Fig. 12 Comparison of the operating regimes of the integrated device for (a) steel/300 um; (b) ceramic/300 pm; and (c) steel/600 pm, where steel
or ceramic represent material of the inner wall and the number represents the gap-size of the outer recirculation channels. The lower branch
(dashed lines) indicates the extinction limit and the upper branch (solid lines) indicates the velocities that limit the skin temperatures below 300 °C.

3.4. Operating regime diagrams

Fig. 12(a) shows the operating regime for the nominal case,
i.e., where the parameters are at their nominal values, the
inner walls are steel (k, = 16 W m™" K') and the gap-size of
the recirculation channel is 300 um. The effect of the other
two design parameters is examined; i.e., using ceramic walls
(circles, Fig. 12b) and increasing the gap-size to 600 um
retaining the steel inner walls (triangles, Fig. 12¢). The lower
branch represents extinction, below which stable operation is
not sustained, whereas the upper branch represents inlet
velocity at which the temperature reaches 300 °C. This limit
of 300 °C skin-temperature is chosen due to material stability
of the TEG module. Thus the shaded region bound between
the extinction and material stability limits represents the
preferrable operating regime for each of the cases
considered. Although the operating space is very narrow for
the nominal case considering the trade-off between the
constraints, the strategies for improved S-HRR performance
are validated by the results in Fig. 12(b) and (c). With ceramic
inner walls (Fig. 12(b)), a small increment in the preferred

2144 | React. Chem. Eng., 2024, 9, 2135-2148

operating regime is observed. However, a significant
expansion of the operating regime is observed in Fig. 12(c)
when the recirculation channel gap size is doubled. The
extinction branch shifted to lower velocities, while the upper
limit branch simultaneously shifted to higher velocities.
Thus, increased residence time in the recirculation channel
and increased isolation of the inlet (reaction) channel
simultaneously resulted in moderation of skin temperature,
extension of the material stability limit as well as enabled
higher propane conversions.

The energy input to the system is in form of chemical
energy. The energy released on propane combustion is given
by Pchemicat = M X LHV X Xc gy, where LHV is the lower
heating value and X¢ y, is propane conversion. A part of this
energy is harnessed via the TEG as electrical energy (Prgg), @
part is lost by heat loss to the surroundings (Pjoss), a part is
used in the heat sink to raise the sensible heat of the coolant
water (Psini) and the rest is rejected as the sensible heat of
the exhaust (Poy), such that:

Pchemical = PTEG + Pout + Ploss + Psink- [7]

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Analysis of energy associated with various streams: (A) steel/
300 um, (B) ceramic/300 um, and (C) steel/600 um at the inlet velocity
3.5 ms™! and equivalence ratio of 0.7. As before, steel or ceramic are

materials of the inner channels, and the number represents gas-width
of the recirculation channel.

Fig. 13 compares the energies associated with various
streams in the coupled system for all three cases: (A) steel
inner walls/recirculation gap width 300 pum, (B) ceramic inner
walls/gap size 300 um, and (C) steel inner walls/gap size 600
um. All other parameters are at their nominal values. The
various stacked columns represent the magnitude of energy
involved, i.e., Pgnk, Plossy Pouts Preg, respectively. As stated
earlier, at the operating condition of Fig. 13, the power
generated at the matched load with the ceramic-inner-
walled reactor (Prgg = 5.2 W) is higher than the 4.6 W
obtained from the nominal case of steel inner walls.
Although doubling the gap-size of the recirculation channel
improved propane conversion, the power generated was
only marginally affected (4.54 W). This analysis shows that
most of the energy passes through the TEG module to the
heat sink due to heat conduction. It is possible to further
recover this energy through device-level studies. Innovative
designs could improve combustion efficiency, recovery of
energy from exhaust streams and possibly the use of bio-
based renewable fuels to reduce the CO, footprint. In
future, we need efforts to combine these strategies with
research on better TEG materials to make this technology
practical.

Fig. 13 also indicates that the net heat loss through
the exposed surfaces accounts for ~12% of the net energy
flow for all three cases. This may be considered as an
indicator of an efficient device design, since a large
fraction of the microcombustor surface is exposed to the
power-consuming device (i.e., TEG). The sensible heat of
hot exhaust gases (P,,) shows an interesting behavior.
There is only a slight increase in the sensible heat of
exhaust gases when ceramic walls (case-B) were used.
However, case-C with 600 pm gap-width has a higher
energy associated with the exhaust. As explained in
Fig. 10(b), higher temperature in the recirculation channel
is the reason for high energy of the exhaust in case C.
This higher temperature, and hence increased heat
recirculation, is the reason for higher conversion. Finally,
it is interesting to observe that most of the energy is
rejected to the water-cooled sink, as observed in previous

This journal is © The Royal Society of Chemistry 2024
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studies.”®*® This is the energy that traverses through the
TEG module via conduction, and results in lower
efficiency, #rgc.

4. Conclusions

Thermoelectric power generation in an integrated device
comprising a symmetric heat recirculating microcombustor
coupled with two TEG modules was presented in this work.
The wuse of a water-cooled heat sink resulted in a
comparatively high electric power generation. Under nominal
conditions, an overall efficiency of 3.5% with a power
generation of 4.6 W, sufficient to charge a personal-portable
device for niche applications, was obtained. Despite a large
amount of heat removal by cooling water, S-HRR ensured
stable combustion and sustained operation of the coupled
device. A detailed analysis of the effect of inlet parameters
revealed that the system is susceptible to extinction,
characterized by incomplete propane conversion at lower flow
rates and equivalence ratios.

In order to overcome the limitation of incomplete
propane conversion, the role of reactor design parameters
was analyzed. Specifically, the thermal conductivity of the
inner wall of the S-HRR and the gap-size of the
recirculation channel were varied, to ensure improved heat
recirculation and better performance. In the presence of
ceramic inner walls, heat recirculation from outgoing fluid
to incoming fluid was higher, resulting in high skin
temperatures. This strategy improved power generation
and propane conversion under lean conditions. On the
other hand, increasing the recirculation channel volume
by doubling the gap size increased the residence time of
the recirculating fluid for heat exchange with incoming
reactants. This strategy enabled sustained combustion and
power generation at remarkably low velocities and
equivalence ratios compared to other cases examined in
this work. This led to even higher propane conversion,
although it had only a marginal effect on the generated
power or the overall device efficiency. The operating
regimes were mapped for all three cases, which revealed
significant broadening of the operating regime compared
to the nominal gap size. Therefore, potential ways of
generating higher power from microcombustors using
lower fuel concentrations while maintaining low emissions
were presented. Finally, detailed analysis of the net energy
flow revealed that over three-quarters of the chemical
energy is available as sensible heat of the exhaust gases
and the cooling fluid. A part of this energy can be further
recovered by coupling additional TEG  modules
downstream, indicating further opportunities to increase
the net power generated from a couple device.

Nomenclature

Pre-exponential factor for reaction j (s™)
C Molar concentration (mol cm™®)
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Dim Diffusion coefficient of species k in the mixture
(m*s™)

Dr g Thermal diffusion coefficient of species k (m* s™)

E Activation energy (J mol ")

h Specific sensible enthalpy (J kg ™)

h, Heat loss coefficient (W m™ K )

I Current (ampere)

J Diffusion flux vector (kg m > s™)

k Thermal conductivity (m™ K ™)

k%, k9 Adsorption/desorption rate constants (s ')

m Mass flow rate (kg s

Nr Number of gas-phase reactions

Ng Number of surface reactions

p Pressure (Pascal)

P Electric power (Watt)

Q Heat flow into the thermoelectric module
(Watt m~?)

Ry Internal electrical resistance of the module ()

Rioad Electrical resistance of the load (Q2)

R Universal gas constant (J mol " K™)

Ry Rate of formation of species k (mol cm™ s™)

s Rate of catalytic reaction (mole cm™ s™")

Soj Sticking coefficient for reaction j

Sy Volumetric heat generation or consumption source
(W m)

t Time (s)

T Temperature (K or °C)

v Velocity (m s™)

\Y% Voltage (Volts)

w Molecular weight (kmol kg™)

y Transverse coordinate

Y Mass fraction

Z Figure of merit

Subscripts

¢ Cold-side

g Gas

h Hot-side

M Thermoelectric module

o Ambient

w  Wall

Greek symbols

a Seebeck coefficient (V K™)

p;  Temperature exponent of reaction j

¢  Emissivity

4 Viscosity (kg m™ s7")

v Stoichiometric coefficient

pe Density of gas (kg m™)

pw Density of solid wall (kg m™)

n  Efficiency

¢ Equivalence ratio

t  Thomson coefficient (V K™)

I’ Catalyst site density (mol cm™)

¢ Stefan-Boltzmann constant (W m™> K™*)
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