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Abstract

A new microemitter (microcombustor) configuration for a micro thermophotovoltaic system in which thermal
energy is directly converted into electrical energy through thermal radiation was investigated experimentally and
computationally. The microemitter as a thermal heat source was designed for a 1-10 W power-generating micro
thermophotovoltaic system. To satisfy the primary requirements for designing the microemitter (stable burning
in the small confinement, maximum heat transfer through the emitting walls, but uniform distribution of tem-
perature along the walls), the present microemitter is cylindrical with an annular-type shield to apply for the
heat-recirculation concept. Results show that the heat recirculation substantially improves the performance of the
microemitter: the observed and predicted thermal radiation from the microemitter walls indicated that heat gen-
erated in the microemitter is uniformly emitted. Thus, the present microemitter configuration can be applied to
the practical micro thermophotovoltaic systems without any moving parts (hence frictional losses and clearance
problems are avoided). Ratios of the inner radius of the shield to the gap between the shield and microemitter
walls and the microemitter wall thickness substantially affect thermal characteristics.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Recently, the demand for light, fast-charging and
long-lasting portable power sources to replace current
lithium-ion batteries has been increasing due to ad-
vances in portable electronic devices such as laptop
computers, cellular phones, and camcorders. Minia-
ture or microscale (which will be called micro here-
after) power systems using combustion of hydrocar-
bon fuels are considered one of the alternatives, since
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they can contain more energy per unit mass than
lithium-ion batteries and be quickly charged. Thus,
various combustion-based micropower devices have
been suggested [1].

Many combustion-based micropower systems are
scaled down from macroscale heat engines such as
gas turbine and rotary engines [1,2]. However, such
micro heat engines involving moving parts seem to
be impractical, since overcoming heat and friction
losses and the difficulties of fabrication and assembly
are considered technological challenges for minia-
turizing the systems. In order to avoid such techno-
logical difficulties in developing micropower systems
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Nomenclature
A pre-exponential factor
D mass diffusivity
Dt thermal diffusion coefficient
E energy
E, activation energy
dy inner diameter of shield
dy inner diameter of microemitter
g acceleration of gravity
h enthalpy
he heat transfer coefficient
fi diffusive mass flux vector
k thermal conductivity
1 length of main part of microemitter
g fuel mass flow rate
My molecular weight
n temperature exponent
N number of chemical species in the sys-
tem
p pressure
0] volume flow rate
R; net rate of production of species i by
chemical reaction
r radial coordinate
Ry universal gas constant

Re Reynolds number

Sh heat sources

T temperature

t time

tg gap between shield and microemitter
walls

tw microemitter wall thickness

u flow velocity vector

Uy velocity component in the radial direc-
tion

Uy velocity component in the axial direction

\%4 averaged microemitter inlet velocity

X mole fraction of fuel

X; mole fraction of species i

X axial coordinate

Y; mass fraction of species i

¢ fuel-equivalence ratio

y ratio of inner radius of shield to gap
between shield and microemitter walls,
(ds/2)/1g

7 viscosity

o density

T stress

involving moving parts, Ahn et al. [3] suggested a
micro thermoelectric device that consists of a com-
bustor connected with a heat-recirculating (Swiss-roll
type) fuel-air mixture inlet and exhaust outlet as-
sembly for reducing heat losses and thermoelectric
elements. Maruta and co-workers also conducted ex-
perimental and computational studies on Swiss-roll
type and radial microcombustor configurations [4,5].
Federici et al. [6] developed another type of micro
thermoelectric device using catalytic combustion for
stable burning in a relatively simple combustor con-
figuration. Although the micro thermoelectric power
systems could much improve the difficulties of fabri-
cation and assembly, there are still technological chal-
lenges: complicated structure for homogeneous gas-
phase combustion and a maintenance problem due
to easily poisoned catalyst surface for catalytic com-
bustion. Schmidt and co-workers developed radiant
micro burners applying the heat-recirculation concept
and catalytic combustion for reforming various fuels
[7.8].

Considering the technological difficulties of the
aforementioned combustion-based micropower sys-
tems, a novel micro device should be structurally sim-
ple and efficient without moving parts. Thermophoto-
voltaic (TPV) power generators in which photovoltaic
(PV) cells generate electric energy from thermal radi-

ation, similarly to solar cells converting the radiative
energy of sunlight into electrical power, have been
developed for house heating systems and power sup-
pliers in remote areas and as range extenders in elec-
tric cars [9,10]. Due to their simple geometry with
no moving parts, TPV power systems are expected
to be easily scaled down for micropower generation.
Recently, effects of major parameters, including the
configuration, wall thickness, and materials of mi-
crocombustors and mixture compositions, on micro-
combustion for TVP energy conversion have been in-
vestigated [11]. The investigation, however, was car-
ried out only for hydrogen—air mixtures in a simple
cylindrical combustor with a backward-facing step.
However, practical use of hydrogen for microcombus-
tors is somewhat questionable due to the fuel storage
problem, though hydrogen seems to experience less
quenching than hydrocarbon fuels.

In the present investigation, a heat-recirculating
but still structurally simple microcombustor (mi-
croemitter) for micro TPV power systems using hy-
drocarbons instead of hydrogen to improve volumet-
ric energy density is suggested to guarantee stable
burning in the small confinement while effectively
transferring heat into the microemitter wall surface
and then uniformly radiating into the PV cells. Identi-
fying the structure of microflames in the microemitter,
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Fig. 1. Schematic of experimental apparatus.

including distributions of fuel and temperature, can
help explain the mechanisms of microcombustion.
In order to predict the microflame structure, two- or
three-dimensional simulations are required.

In view of the above considerations, in the present
investigation we aim to design a novel microemit-
ter configuration without catalysts for a micro TPV
power system, with the following specific objectives.
The first is to determine a basic heat-recirculating
configuration that can sustain stable burning for a 1—
10 W power-generating micro TPV system. We will
determine the proper range of mass flow rates and
fuel concentration of supplied hydrocarbon—air pre-
mixtures for stable burning and heat transfer. The sec-
ond is to observe the effects of geometric variations
such as the gap between microemitter walls and the
wall thickness on combustion characteristics in the
microemitter and heat transfer through the microemit-
ter walls. The third is to provide the optimized de-
sign conditions from the observations. We shall also
examine the structure of microflames in a small con-
finement based on a CFD simulation with a simpli-
fied kinetic mechanism, in order to understand some
unique characteristics of microflames and heat trans-
fer through the walls.

The basic configuration of the microemitter with
the proper range of mass flow rates and fuel con-
centration of supplied hydrocarbon—air premixtures,
the effects of geometric variations on combustion and
heat transfer characteristics, and the optimized design
conditions will be subsequently presented, following
specification of the experimental and computational
methods used during the present investigation.

2. Experimental and computational methods

A diagram of the present experimental apparatus
appears in Fig. 1, which consists of a test microemitter
(stainless steel, SS304), a fuel-air mixture supply sys-
tem, thermocouples for measuring temperature distri-
bution on the outer wall surface of the microemitter,
and a digital camera (Nikon D70) for recording the

radiating microemitter images. In the present study,
we focus on demonstrating whether heat recircula-
tion can improve the microemitter performance; thus,
stainless steel was used for the test emitter due to
easy fabrication, though better materials for emit-
ters, e.g., silicon carbide (SiC), could be considered.
Commercial mass flow controllers (Teledyne Hasting
Instruments: 100 and 1000 sccm; Alicat Scientific:
2000 scecm) with accuracy £0.75-1.00% of full scale
delivered the combustible mixture to the microemit-
ter: they were commanded by a PC-based program
(LabView) that enabled independent control of mix-
ture composition (or fuel-equivalence ratio ¢) and mi-
croemitter inlet velocity V (or volume flow rate Q).
The mixture was delivered into the annulus through
beads to obtain uniform flow at the microemitter inlet.
Temperature distribution on the outer wall surface of
the microemitter was measured using K-type thermo-
couples (bead diameter 250 £ 20 um) with measure-
ment accuracy 30.05%. Final results were obtained
by averaging measurements of three to four tests for
each condition. Experimental uncertainties (95% con-
fidence) for temperature were less than 2.5%. Config-
urations of designed microemitters will be discussed
later.

Flames in the microemitter were obtained by es-
tablishing a cold injected flow of a reactive mixture
and then igniting the mixture at the exhaust out-
let with a spark: once the mixture was ignited, the
flames moved backward and were stabilized in the mi-
croemitter. Experiments were carried out for propane
(C3Hg, purity >99.5%)-air (21% 02/79% N in vol-
ume) mixtures with ¢ = 0.9-1.1 and V = 3.3 m/s
(Reynolds number Re = 168, and hence laminar) at
temperature 7 = 298 £ 3 K and atmospheric pressure
(NTP). C3Hg was chosen as a fuel since it can be lig-
uefied at relatively low pressures and be easily vapor-
ized when mixed with air at NTP; thus, C3Hg has the
potential for practical use. To evaluate effects of ratios
(y) of the inner radius of a shield (ds/2) for heat recir-
culation to the gap between the shield and microemit-
ter walls (fg) and the microemitter wall thickness (¢w)
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on the microemitter performance, experiments were
carried out for microemitters with dg = 3.0-4.0 mm,
tg = 1.0-1.5 mm, and ty, = 0.5-1.0 mm.

Microcombustion in microemitters was simulated
using a commercially available CFD code, FLUENT
6.2 [12], results from which were analyzed along
with those of experimental tests for effectively de-
signing microemitters. The time-dependent ordinary
sets of the continuity equation, the cylindrical two-
dimensional (cylindrical: r—x, where r and x are the
radial and axial coordinates, respectively) Navier—
Stokes equations, the energy conservation equation,
and the species conservation equations were solved
by the finite volume method. The governing equations
can be written
dp
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The notation of these is described in the Nomencla-
ture. Multicomponent diffusion, thermal diffusion,
variable thermochemical properties, and variable
transport properties were considered. The CHEMKIN

database was used to find the thermochemical prop-
erties [13]. For typical test conditions, the thermal
radiation from the microemitter wall surface into a
virtual PV cell surface was simulated by the surface-
to-surface model [14]. C3Hg and air (21% O/
79% N> in volume) mixtures were considered with
a simplified four-step reversible C3Hg/O, reaction
mechanism involving seven species due to Hautman
et al. [15], as follows:

C3Hg — %C2H4 +Ha,

C,oHy + 0y — 2CO + 2H,,

Co + %02 — CO,,

H; + %02 — H,0. (6)

The reaction rate of each step is generally described
in the modified Arrhenius form, as follows:

_E.
k:AT”exp(R Td) @)

u

For each reaction, the corresponding Arrhenius para-
meters—the pre-exponential factor, A, the tempera-
ture exponent, 7, and the activation energy, E,—are
prescribed.

The governing equations adapting the above sub-
models were discretized and simultaneously solved
[12]. The number of grids was determined through
the grid-independence test, varying the number from
10,000 to 50,000, which showed no changes (within
1%) of the results beyond 32,000 grid points. Par-
abolic flow of a fuel-air mixture (given V and mole
fraction of species i (X;)) at NTP was supplied
at the microemitter inlet. Pressure outlet conditions
were applied for the exhaust outlet of microemit-
ter: zero gradients of T, X;, uy, and u;. Applied
boundary conditions are as follows: no-slip condi-
tions and dX; /dr = 0 on the inside wall of the mi-
croemitter and ambient air with heat transfer coeffi-
cient h¢ =25 W/ (m2 K) at T =298 K on the outside
wall of the microemitter [3]. Thermal conductivity
and specific heat at constant pressure of stainless steel
were provided as a function of 7 [16], while a con-
stant emissivity of 0.5 was applied [17]. The parallel
computation system of 16 personal computers (CPU
speed 3.0 GHz each) allowed two-dimensional com-
putations with the submodels. Numerical simulations
were conducted for the same conditions as those for
experiments.
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Fig. 2. Configuration of a heat-recirculating microemitter.

3. Results and discussion
3.1. Microemitter configurations

In the present study a microemitter configuration
for a 1-10 W power-generating TPV was designed.
Assuming that the conversion efficiencies of thermal
to electric energies in micro TPV systems are much
lower than those for conventional macro-scale TPV,
the size of the present microemitter was determined.

In order to use a simple structure but uniformly ra-
diating microemitter, a cylindrical configuration was
chosen as the basic geometry of the microemitter. The
reason to keep temperature uniform on the microemit-
ter wall surface is that large temperature gradients
significantly degrade the performance of micro TPV
systems. For practical purposes, it is best to reduce
the temperature difference along the outer wall sur-
face of microemitter as much as possible. Thus, the
heat-recirculation concept, extracting heat from ex-
haust gas for preheating fresh fuel-air mixtures, was
applied for the present microemitter. Fig. 2 shows a
basic microemitter configuration and major dimen-
sions (inner diameter of microemitter dy = 7.0 mm,
ds = 3.0 mm, tg = 1.5 mm (y = 1.0), tyy = 0.5 mm,
and length of the main part of the microemitter / =
22.0 mm). An annular-type shield was installed in the
microemitter in order to adopt the heat-recirculation
concept: exhaust gas burned between the shield and
microemitter walls turns around the shield near the
closed end of the microemitter, and then the ex-
haust gas preheats a fresh mixture supplied to the mi-
croemitter across the shield wall. When the preheated
fuel-air mixture is burned, enhanced uniformity of
temperature is expected [18].

Fig. 3 shows a conceptual design for a micro TPV
system: the microemitter is surrounded with an annu-
lar vacuum chamber, dielectric filters, PV cells, and
cooling fins. For the virtual micro TPV system, the
temperature distribution along the wall surface of the
microemitter that is covered by PV cells should be
as uniform as possible. The present design concerned
only the microcombustor configuration (not the whole
micro TPV system); thus, experiments and computa-

Photovoltaic cell/ Dielectric Filter

Vacuum chamber
Microemitter

Combustion zonc?
= Fuel
==p Exhaust gas

Micro cooling fins

Fig. 3. A conceptual design for a micro TPV power system.

tions were conducted for the microemitter surrounded
with atmosphere at NTP, except for an additional
computation to estimate the amount of thermal radia-
tion from the microemitter wall into virtual PV cells
in vacuum.

Prior to examining the heat-recirculating effects,
the temperature distribution along the outer wall sur-
face of a simple cylindrical microemitter of dw =
7.0 mm, [ = 22.0 mm, and t, = 0.5 mm without the
heat recirculation (the same as the configuration and
dimensions in Fig. 2 but with no cap on the right
end of the microemitter) for a C3Hg—air mixture of
¢ =1.0and V =2.4 m/s at NTP was measured and
is shown in Fig. 4, along with the radiating image.
The inlet velocity of the mixture was determined at
the maximum value where a flame could be stabi-
lized in the microemitter. Along the wall surface of
the main part of the microemitter that would be sur-
rounded by the PV cells (x// = 0-1 for the present
coordinate system in Fig. 2), the temperature drops by
325 K, which is equivalent to a temperature gradient
of 15 K/mm, showing nonuniform radiation. Thus, as
expected, the direct burning without heat recirculation
is not suitable for the microemitter application.

Fig. 5 shows the temperature distribution along
the outer wall surface of the heat-recirculating mi-
croemitter shown in Fig. 2 for a C3Hg—air mixture
with ¢ = 1.0 and V = 3.3 m/s at NTP, along with the
radiating image. The inlet velocity of the mixture was
determined by controlling it to establish a flame at a
proper position for various conditions. Compared to
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Fig. 4. Measured temperature distribution along the outer wall surface of the microemitter without heat recirculation
(dw =7.0 mm, [ = 22.0 mm, and ty, = 0.5 mm) and a radiating image for a C3Hg—air mixture with ¢ = 1.0 and V =2.4 m/s at
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Fig. 5. Measured and predicted temperature distributions along the outer wall surface of the heat-recirculating microemitter
(dw = 7.0 mm, [ =22.0 mm, y = 1.0, and # = 0.5 mm) and a radiating image for a C3Hg—air mixture with ¢ = 1.0 and
V =3.3 m/s at NTP. Predictions based on the reaction mechanism due to Hautman et al. [15].

the temperature distribution without heat recirculation
from exhaust gas (Fig. 4), the temperature distribution
with the recirculation shows a reduced temperature
gradient along the microemitter wall, 11 K/mm. As
shown in the radiating image, however, the tempera-
ture uniformity does not seem to be high enough for
the best performance of the micro TPV system. Thus,
geometric variations for the heat recirculation effect
to be maximized will be considered later.

Predicted distributions of temperature and mole
fraction of fuel (Xy) in the heat-recirculating mi-
croemitter are shown in Fig. 6. The distributions are
displayed in the same coordinate system as shown in
Fig. 2. Compared to the measured one, the predicted

temperature on the microemitter wall is somewhat
higher (also shown in Fig. 5). However, the quan-
titative difference is less than 8%, which is usually
acceptable for most computational predictions, show-
ing that the tendencies of the temperature distribution
are very similar to each other and that the predicted
temperature drop at x /[ = 0—1 along the microemitter
wall is still similar to the measurement. These obser-
vations justify the present approach to microemitter
design combining measurements with computations.
Predicted distribution of fuel concentration shows that
fuel starts to be consumed relatively upstream and
immediately disappears, implying that the residence
time of the supplied mixture in the microemitter is
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Fig. 7. Measured and predicted temperature distributions
along the outer wall surface of the heat-recirculating mi-
croemitter (dw = 7.0 mm, [ = 22.0 mm, y = 1.0, and
tw = 0.5 mm) for C3Hg—air mixtures with ¢ = 0.9, 1.0, and
1.1 and V = 3.3 m/s at NTP. Predictions based on the reac-
tion mechanism due to Hautman et al. [15].

long enough for localized burning, which results in
the somewhat nonuniform radiation shown in Fig. 5.
As discussed in Fig. 3, showing a virtual micro TPV
system, the temperature distribution along the wall
surface of microemitter that is covered by PV cells
should be as uniform as possible.

Finally, the effects of ¢ on the temperature distri-
bution along the microemitter wall were investigated
and are shown in Fig. 7. The experiments were con-
ducted for C3Hg—air mixtures with ¢ = 0.9, 1.0 (the
baseline condition shown in Figs. 5 and 6), and 1.1
and V = 3.3 m/s at NTP. The temperature distribu-
tions for various ¢ are similar to each other, except

upstream, where the highest temperature is observed
under slightly fuel-rich condition. Predicted distribu-
tions of temperature and mole fraction of fuel in the
microemitter for ¢ = 0.9 and 1.1 are shown in Fig. 8.
Again, a similar temperature distribution is observed
for all the fuel-equivalence ratios. Thus, all the exper-
iments in the present study were conducted only for
¢ =1.0.

3.2. Effects of geometric variations

The experiments were systematically conducted to
investigate the effects of the ratio of the inner radius of
the shield for heat recirculation to the gap between the
shield and microemitter walls and the microemitter
wall thickness on the temperature distribution along
the microemitter wall for effective thermal radiation.

The effects of the ratio of the inner radius of the
shield for heat recirculation to the gap between the
shield and microemitter walls on the temperature dis-
tribution along the microemitter wall are shown in
Fig. 9. The experiments were conducted for a C3Hg—
air mixture of ¢ = 1.0 and V = 3.3 m/s at NTP in
microemitters of y = 1.0 (the baseline configuration
shown in Fig. 2), 1.4, and 2.0. The temperature distri-
bution becomes more uniform and the location where
peak temperature is observed shifts downstream with
increasing y . The temperature gradients at x// = 0-1
along the microemitter wall for y = 1.4 and 2.0 are 10
and 3 K/mm, respectively (cf. 11 K/mm for y = 1.0).
This tendency of temperature distribution with vary-
ing y is well predicted, though all the values are
overestimated. Predicted distributions of temperature
and mole fraction of fuel in the microcombustor for
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Fig. 8. Predicted distributions of temperature and mole fraction of fuel in the heat-recirculating microemitter (dw = 7.0 mm,
[ =22.0 mm, y = 1.0, and tw = 0.5 mm) for C3Hg—air mixtures with ¢ = (a) 0.9 and (b) 1.1, and V = 3.3 m/s at NTP.
Predictions based on the reaction mechanism due to Hautman et al. [15].

y = 2.0 are shown in Fig. 10, along with the ra-
diating image. Compared to the baseline condition
in Figs. 5 and 6, the enhanced temperature unifor-
mity on the wall surface of the main part of the mi-
croemitter with increasing y is confirmed from the
uniformly radiating image. The predicted distribution
of fuel concentration shows that fuel starts to be con-
sumed downstream and gradually disappears. This
is observed since the residence time of the supplied
mixture in the microemitter is much shorter due to
a reduced cross-sectional area relative to that for the
baseline condition in Fig. 6. Also, still hot burned gas
turns around the shield, extending the thermal radi-
ation into ambient air further downstream. Thus, the
somewhat nonuniform radiation shown in Fig. 5 has
been substantially improved.

The averaged measured gas temperatures at the ex-
haust outlets of microemitters for y = 1.0 and 2.0
are, respectively, 723 and 900 K, implying that more
heat is recovered from the heat recirculation for lower
y. This is also confirmed from the predicted exhaust
gas temperatures and the amounts of heat transferred
from the exhaust gas into the fresh mixtures, which
could be calculated from Figs. 6 (y = 1.0) and 10
(y =2.0). However, more recovered heat with lower
y is overwhelmed by nonuniform radiation, as shown
in Fig. 6, due to localized combustion, i.e., a longer
residence time and a shorter region of hot burned gas
after turning around the shield.

These observations suggest that stable and uni-
form burning in the microemitter is most favorable
at enhanced ratios of the inner radius of the shield
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to the gap between the shield and microemitter walls
within the gap allowed for stable burning, i.e., beyond
a quenching distance at a given fuel concentration
and temperature condition, though more considera-
tion is needed for obtaining regular radiation, even
with more heat recovery.
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Fig. 9. Effects of y on temperature distribution along the
outer wall surface of the heat-recirculating microemitter
(dw = 7.0 mm, [ = 22.0 mm, and ty = 0.5 mm) for a
C3Hg—air mixture with ¢ = 1.0 and V =3.3 m/s at NTP:
y = 1.0, 1.4, and 2.0. Predictions based on the reaction
mechanism due to Hautman et al. [15].

The effects of microemitter wall thickness on the
temperature distribution along the microcombustor
wall are shown in Fig. 11. The experiments were
conducted for a C3Hg—air mixture of ¢ = 1.0 and
V =3.3 m/s at NTP in microemitters of y =2.0 and
tw = 0.5 and 1.0 mm. The tendency of the temper-
ature distribution for thin and thick walls is similar
to each other, showing almost the same temperature
gradient at x// = 0-1 along the microemitter wall;
however, the temperature is much reduced with in-
creasing tw. This tendency of reduced temperature
with increasing ty, is well predicted, though all the
values and the gradients are overestimated. Predicted
distributions of temperature and mole fraction of fuel
in the microemitter for ty, = 1.0 mm are shown in
Fig. 12, along with the radiating image. Although the
temperature uniformities along the wall surface for
microemitters with thin and thick walls are similar
to each other, the radiating image for the microemit-
ter with the thicker wall looks less uniform. However,
this is observed just due to the reduced temperature
condition: the microemitter wall radiates at almost the
boundary of the visible wavelength region. The re-
duced temperature with increasing ty implies that the
heat conduction in the axial direction plays an impor-
tant role in the microemitter. Since the axial heat con-
duction compared to the radial heat transfer across the
wall increases with increasing tw, heat losses through

2.0 and t = 0.5 mm @ NTP:
1.0 and V=3.3 m/s
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Fig. 10. Effects of y on distributions of temperature and mole fraction of fuel in the heat-recirculating microemitter
(dw =7.0 mm, / = 22.0 mm, and #y = 0.5 mm) and a radiating image for a C3Hg—air mixture with ¢ = 1.0 and V =3.3 m/s at
NTP: y =2.0. Predictions based on the reaction mechanism due to Hautman et al. [15].
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the wall increase. This suggests that stable combus-
tion in the microemitter is most favorable for thinner
walls within the thickness allowed for fabrication and
structural strength. The predicted distribution of fuel
concentration is similar to that for the microemitter
with the thinner wall shown in Fig. 6, except for the
reduced temperature.
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Fig. 11. Effects of #y on temperature distribution along
the outer wall surface of the heat-recirculating microemitter
(dw = 7.0 mm, [ =22.0 mm, and y = 2.0) for a C3Hg—air
mixture with ¢ = 1.0and V =3.3 m/s at NTP: tyy, = 0.5 and
1.0 mm. Predictions based on the reaction mechanism due to
Hautman et al. [15].

3.3. The optimized design conditions

So far we have investigated effects of geometric
variations on the microemitter performance. Consid-
ering that fuel-equivalence ratios around the stoichio-
metric condition do not much affect performance and
that inlet velocities of supplied mixtures can be deter-
mined just depending on the target power, we suggest
that stable and uniform burning in the microemit-
ter is most favorable at enhanced ratios of the inner
radius of shield to the gap between the shield and
microemitter walls within the gap allowed for sta-
ble burning, i.e., beyond a quenching distance at a
given fuel concentration and temperature condition,
and for thinner walls within the thickness allowed for
fabrication and structural strength. Of course, further
considerations are needed to obtain really optimized
design condition: e.g., a trade-off between regular ra-
diation and more heat recovery, a choice of materials
of microemitter wall, which should be determined de-
pending on target bands of radiating PV cells (e.g.,
broadband or selective band), and a choice of materi-
als of shield wall that can improve heat recirculation.

Among the present test conditions and configu-
rations of microemitters, the optimized design con-
dition is to burn a C3zHg—air mixture of ¢ = 1.0
and V = 3.3 m/s (fuel mass flow rate my = 2.43 x
100 kg/s) at NTP in microemitters of dy = 7.0 mm,

- C,H;-Air Premixed Combustion of
[ y=2.0and t,=1.0 mm @ NTP:
[ ¢=1.0 and V=3.3 m/s
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Fig. 12. Effects of tw on distributions of temperature and mole fraction of fuel in the heat-recirculating microemitter
(dw = 7.0 mm, [/ = 22.0 mm, and y = 2.0) and a radiating image for a C3Hg—air mixture with ¢ = 1.0 and V =3.3 m/s at
NTP: tw = 1.0 mm. Predictions based on the reaction mechanism due to Hautman et al. [15].



K.H. Lee, O.C. Kwon / Combustion and Flame 153 (2008) 161-172 171

ds = 4.0 mm, tg = 1.0 mm (y = 2.0), ty = 0.5 mm,
and / = 22.0 mm. For the condition, thermal radiation
from the microemitter wall surface into the virtual PV
cell surface in vacuum was simulated to obtain the
amount of delivered energy and then to roughly esti-
mate the final output power. The predicted microemit-
ter efficiency is 39.5% and the estimated output power
is 3.6 W, assuming a microemitter wall emissivity of
0.5 (though the emissivity varies depending on tem-
perature) [17] and a PV cell efficiency of 10% [19].
From the output power, the overall efficiency can be
estimated to be 3.2% for the micro TPV system.

As mentioned earlier, the emitter efficiency and
the output power are expected to be significantly im-
proved by replacing the emitter materials, e.g., SiC,
due to the enhanced emissivity (0.9 [17]). Of course,
the heat recovery can be reduced by replacing the
shield materials with SiC (but it also depends on the
shield wall thickness). The net effects of replacing
the materials can be completely understood when the
simulation is carried out. Also, it should be noted that
the results using SiC for both the microemitter and
shield walls can be different from those using SiC for
the microemitter wall and stainless steel for the shield
wall. The microemitter and overall efficiencies and
estimated output power of the microemitter using SiC
for the microemitter wall and stainless steel for the
shield wall are respectively 52.8%, 4.3%, and 4.8 W
for the same conditions as the present optimized ones,
showing that the efficiencies are approximately 30%
enhanced just by replacing the materials.

4. Conclusions

A new microemitter configuration for a micro
thermophotovoltaic system in which thermal energy
is directly converted into electrical energy through
thermal radiation was investigated experimentally and
computationally. The microemitter as a thermal heat
source was designed for a 1-10 W power-generating
micro thermophotovoltaic system. The major conclu-
sions of the study are as follows:

1. To satisfy the primary requirements for design-
ing a microemitter, i.e., stable burning in the
small confinement and maximum heat transfer
through the emitting walls, but uniform distrib-
ution of temperature along the walls, the present
microemitter is cylindrical with an annular-type
shield so that a heat recirculation concept can be
applied.

2. For the optimized design conditions, the heat
recirculation substantially improves the perfor-
mance of the microemitter: the observed and
predicted thermal radiation from the microemit-

ter wall indicated that heat generated in the mi-
croemitter was uniformly emitted.

3. Thermal characteristics along the microemitter
wall were improved with increasing ratios of the
inner radius of the shield to the gap between the
shield and microemitter walls, though the total
recovered heat was reduced with the enhanced
ratios.

4. Thermal characteristics along the microemitter
wall were improved with decreasing wall thick-
ness of the microemitter within the thickness al-
lowed for fabrication and structural strength.

5. Predictions for a micro TPV system including
virtual PV cells under a typical present test con-
dition showed that the overall efficiency and the
output power are 3.2% and 3.6 W, respectively.
Replacing the microemitter wall materials with
practical SiC, the performance has been much
improved: the overall efficiency and the output
power are 4.3% and 4.2 W, respectively.
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