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ARTICLE INFO ABSTRACT
Keywords: Radioisotope thermophotovoltaics (RTPVs) are playing an increasingly important role in the energy supply for
Thermophotovoltaic system deep space exploration. The output performance of RTPVs can be significantly improved by increasing the

Heat source
Selective coating
Temperature distribution

surface temperature of isotopic heat sources and reducing the high-temperature degradation effect of the ther-
mophotovoltaic cells. This work proposes methods such as selective emission coating and adjusting heat source
structure to improve heat source temperature and optimize heat distribution. Results showed that the surface
temperature of the heat source could generally reach more than 1000 K by using the selective coating when the
thermal power of the isotopic heat source was 500 W. The use of selective coatings can also make the ther-
mophotovoltaic cells closer to the heat source, and the volume of RTPVs could be reduced from 1.23 x 103 m®
t00.49 x 1073 m3, with a reduction of ~60 %. Under the condition of W@SiO, selective coating and 500 W heat
source, RTPVs could produce the maximum output power of 22 mW/cm? when the distance between the InGaAs
cell and the heat source is 2 cm. The results provided effective guidance for the design of the heat source and
miniaturization of RTPVs in space applications.

electrical output of RTPV can be effectively improved by optimizing

1. Introduction measures to generate higher heat source temperature. Schock et al.
studied the performance of RTPV with the general purpose heat source

Space exploration has recently ushered in a new round of upsurge in (GPHS) power of 62.5-250 W and made detailed numerical values for
recent years. To meet the needs of various tasks, long-term self-sufficient space missions [8,12]. Morgan et al. used more GPHSs to obtain greater
power supply is urgently needed [1,2]. With the development of nuclear output power [13]. Cheon et al. studied the influence of different clad-
power technology, radioisotope thermophotovoltaics (RTPVs) have ding materials and structures on the temperature of the heat source [14].
been considered as the favorable energy supply method, due to its high In addition, numerous studies also have been conducted on the coating
energy conversion efficiency and long lifetime [3-6]. RTPVs mainly design. Wang et al. designed a Ta3%W photonic crystal outside the heat
convert infrared light generated by isotopic heat sources into electrical ~ source and studied the variation in the temperature of the heat source
energy through semiconductor photovoltaic (PV) cells [7]. As a static and output power [15,16]. Lee et al. discussed the performance impact
energy conversion method, RTPV has higher conversion efficiency than ~ ©Of two-dimensional tantalum emitter and tandem filter [17]. In our
the conventional thermoelectric methods [8-10], indicating its excellent ~ Previous work, systematic studies have been conducted around silicon
advantages as the next generation space power source. coating [18], spinel-type ferrite coating [19], and W@SiO coating [20]
RTPV consists of isotopic heat source, thermo-optical conversion for RTPV performance improvement. In general, improving the emis-
coating, and PV cell [11]. As the energy source of RTPV, >3®Pu0, was sivity and thermal power of radioisotope heat sources and optimizing
widely used as the fuel material due to its high specific power and long their structural design are effective ways to increase their surface tem-
half-life [8]. Given the limited thermal power of isotopic heat source, the perature. However, detailed comparative analysis and research on
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Nomenclature J Output current density, A/cm?
Jo Reverse saturation current density, A/cm?>
Symbols Jse Short-circuit current density, A/cm?
T Temperature, K \%4 Output voltage, V
p Density, kg/cm? Vo Open-circuit voltage, V
Cp Specific heat at constant pressure, J/(kg-K) p Power density, W/cm?
u Velocity, m/s E, Bandgap, eV
q Heat flux, W/m? T, Temperature of TPV cell, K
Q Heat, W Trnax Maximum surface temperature of heat source, K
G Irradiance, W/m? Prax Maximum output power density, W/cm?
K Thermal conductivity, W/(m-K) L.
€ Surface emissivity of heat source Abbreviations o .
I Power density of radiation, W/(m?nm) RTPV Radioisotope thermophotovoltaic
k Boltzmann constant, J/K GPHS Gene}ral Purpose Heat Source
h Planck’s constant, J-s PE Packing Factf)r.
2 Wavelength, nm QE Quantum Efficiency
c Speed of light, m/s
(a) Graphite shell (b) Radioisotope Pu-238
Iridium alloy
Chemical compound 238py0,
Melting point 2353 K
Half-life 87.7 a
Power per activity 32000 pW/Ci
28py0, pellet Specific activity 15 Cilg
Mass density 11.5 g/em?®

Fig. 1. (a) Basic structure and (b) material properties of the radioisotope heat source.
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Fig. 2. (a) Emissivity spectra and (b) thermal radiation power spectra of the heat source with different coatings.

temperature rise of radioisotope heat source using such methods are still
lacking. And the potential electrical output changes of RTPV caused by
the rise in the temperature of the heat source are also unclear. Therefore,
optimizing the research on temperature regulation of radioisotope heat
source is greatly beneficial for RTPV application.

RTPV miniaturization is also an important future developmental
trend to adapt to more space missions. Among such developments is the

placement of the TPV cell closer to the heat source, which can make the
internal transduction structure more compact. However, such process
may also increase the negative impact of the high temperature of the
heat source on the TPV cells, and the output power also decreases with
the cell temperature [21]. Zhang et al. tested and compared the elec-
trical characteristics of Ge, GaSb, and InGaAsSb cells in the temperature
range of 303-307 K [22]. Peng et al. conducted a simulation study on the
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Fig. 3. Variation in (a) T, and (b) Pmax of InGaAs cell with the distance change under different coating emissivity.
the thermo-optical conversion coating, thermal power, and geometrical
structure, thereby promoting the miniaturization of RTPVs and
1060 increasing the power density. The temperature and distance effects of
the heat source on the TPV cell were analyzed in detail, and the elec-
1040 trical output of RTPV was further investigated.
2. Detailed simulations and experimental conditions
—~ 1020 4
5x Fig. 1 shows the geometric structure and the material physical
g properties of the 238py0, radioisotope heat source. The innermost layer
F 1000 4 was four 228Pu0, pellets, each with a radius of 13.75 mm and a height of
27.5 mm. The outer layer of the 23Pu0O, pellet was wrapped with
iridium alloy, and its thickness was 0.5 mm. The outermost layers were
itk made of graphite, with a length of 97.2 mm, a width of 93.44 mm, and a
P . height of 53.1 mm. Adding an appropriate coating on the surface of the
960 4 - E Scheme of heat source multi-module  } radioisotope heat source can improve the thermo-optic performance,
eomme————__Combination __________ ; and the thickness of the coating is generally from nano to micro levels. A
T T T T T size of 1 x 1 cm? InGaAs-based TPV cells with TiO,/SiO, antireflective
0 500 1000 1500 2000 2500

Heat Source Power (W)

Fig. 4. Maximum surface temperature at various heat source power. Illustra-
tions are temperature distribution diagrams of multi-module combination of
heat source.

electrical properties of InGaAsSb cells at 200-400 K [23]. Etienne et al.
analyzed the performance of GaSb cells in a higher temperature range
(~600 K) and expected to reduce the temperature of GaSb cells by
lowering the heat source temperature [24]. However, these studies focus
on the TPV cell itself, but it cannot be denied that the thermal perfor-
mance of the heat source plays a decisive role in the system structure
design and electrical output performance. Studying the impact of dis-
tance between TPV cells and isotope heat sources can help closely
integrate parameters such as heat source temperature, battery temper-
ature, and the degree of miniaturization of RTPV. For RTPVs, the tem-
perature of isotopic heat sources is usually expected to be above 1000 K
[4]. When the temperature of TPV cells rises from 300 K to 500 K, the
electrical output power density will decrease by nearly 80 % [24].
Therefore, increasing the temperature of the heat source, controlling the
temperature of the TPV cell, and considering the miniaturization of the
RTPV are very important to improve the electrical output performance
of the RTPV.

In this work, the thermal distribution of heat source and its influence
on the performance of RTPVs were analyzed by finite element method.
The surface temperature of the heat source was optimized by adjusting

film were selected as photoelectric conversion devices and designed to
be 1 mm thick and placed parallel to the surface of the radioisotope heat
source (Figs. S1-S3).

In the steady-state, solid heat transfer model and radiative heat
transfer model were used for coupled analysis, and the material pa-
rameters available in the built-in material library and other reports were
used for COMSOL simulation [25-27]. After setting the initial thermal
power, the temperature distribution of the radioisotope heat source can
be established as follows [28]:

PGyt VT + Vg = Q m
q=«VT @
J=¢ey(T) + psG 3

where p is the density, C;, is the specific heat at constant pressure, u is the
velocity, T is the temperature, q is the heat flux, Q is the heat, « is the
thermal conductivity, J is the radiosity, ¢ is the emissivity, and G is the
irradiance.

For RTPV, the emissivity of the heat source coatings is not constant
but a wavelength-dependent function £(1) that can be accurately simu-
lated in COMSOL using multiple spectral bands. Thus, the emission
spectrum becomes [29]:

onhc2e(2) 1
/15 X hc

Im(A, T) =£(A)Ipp (A, T) = 4
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Fig. 5. Variation in (a) T, and (b) Pp.x of InGaAs cell with the distance change under different thermal power of the heat sources.
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850 - D D b | D D | D D where J is the current density, Jy is the short-circuit current density, Jy
- D D b D D represents the reverse saturation current density, q is the charge amount,
D Q i : Tt ‘ V is the output voltage, T, is the cell temperature, and P is the power
800 i \ Tt T density. Jo is related to the bandgap (Eg) and T. of the InGaAs cell. Ji
] 238Pu023 76— and Jy can be calculated by the following formulas:
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where QE(4) is the quantum efficiency of the TPV cell. When the TPV cell
is at a certain distance from the heat source, the Js. becomes:
600 T

T
Optimize case2
PF=34.52%

T
Optimize case1
PF=21.85%

Original structure
PF=12.84%

Fig. 6. Tmax at various heat source structure. Illustrations are cross-sectional
schematic diagrams of different heat source structures.

eep(4, T) = / Lm (4, T)dA (5)

where Ipp(4,T) is the blackbody radiation at temperature T obtained
from Planck’s law, h is Planck’s constant, c is the speed of light, 1 is the
wavelength, and k is Boltzmann’s constant.

The domain heat source was used to set the thermal power of
238py0, pellets, and each pellet provided a thermal power of 62.5 W.
The convection coefficient on the back of the TPV cell was set to 5 W/
(m%K), and the ambient temperature was set to 293 K. In addition, the
parallel sparse direct solver and fully coupled direct linear solver were
used for the numerical study.

After the surface temperature of the radioisotope heat source and the
irradiance received by the TPV cells were determined, the J-V and P-V
curves of RTPV can be calculated according to the Shockley diode
equation as follows:

3=t o e () 1] )

G
J;C B £€p (ﬂ, T)

Jse 10)

Temperature mainly affects the bandgap of In; yGaxAs cells, and Eg
was determined as follows [30]:

5.8 419
T.+300 T, + 271)
419 x 10*T,2
T, + 271

Eg(x,T;) =0.42 4 0.625x- <
an

X 10'4xT52—( ) +0.475x>

where x is the concentration of Ga.

3. Results and discussion
3.1. Selective emission of heat source coatings

The thermal power of the radioisotope heat source was set to 500 W,
and a thermo-optical conversion coating was added to emit infrared
light. Gray body coating has consistent high emissivity in the whole
wavelength range, while selective coating only shows high emissivity in
the response band of the TPV cell. In order to study the degree and upper
limit of the gain with different coatings on heat source temperature and
RTPV output, as shown in Fig. 2(a), the emissivity of coating was set
with four different models, namely, graphite coating, ideal coating,
suboptimal coating, and W@SiO; coating. Graphite itself as the heat
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Fig. 8. Variation in (a) T, and (b) Ppax of InGaAs cell with the distance change under different heat source structures.

source shell can be considered as a kind of gray body coating, and its
emissivity is 0.7-0.9, which also varies with temperature [31]. For the
convenience of analysis, the emissivity of graphite was set as 0.8 on
average in this study. The emissivity of the selective coating was often
designed according to the cut-off wavelength of TPV cells. Here, the
emissivity of the ideal and suboptimal coatings was set to 1.0 and 0.9
before 1800 nm, 0 and 0.1 after 1800 nm, respectively. The W@SiO»
coating is a photonic crystal coating composed of metal tungsten (W) as
the core and silicon dioxide (SiO,) coated on the outside to form a
core-shell ball, arranged in a certain way. The emissivity of the W@SiO,
coating varies continuously with wavelength, so it was set as a contin-
uous function [20]. All coatings described above could be changed by
setting the boundary conditions of the emissivity, and the thickness were
assumed to be small.

The thermal radiation power spectra of the radioisotope heat source
with different coatings are shown in Fig. 2(b). The maximum surface
temperatures (Tpax) of the heat source covered by the graphite, ideal
coating, suboptimal coating, and W@SiO, coating were 665 K, 1159 K,
1020 K, and 1011 K, respectively. The surface temperature of the heat
source covered by the other three selective coatings was 346-504 K,

which were higher than that of graphite. This phenomenon was due to
the fact that the emissivity of the selective coating dropped sharply after
the 1800 nm band, so part of infrared radiation could not be emitted
effectively. In addition, the system thermal power was fixed, and the
total thermal radiation was constant. To achieve the same amount of
thermal radiation, the temperature of the heat source was continuously
increased until the system reached thermal equilibrium. Increasing the
temperature of the heat source also increased the available thermal ra-
diation power. In the convertible band of TPV cell, the thermal radiation
power of the selective coating was stronger than that of graphite, and the
cell could receive more convertible energy and produce higher output
performance. Therefore, suitable selective coatings can ensure that the
radioisotope heat sources to generate higher temperature and more
convertible thermal radiation power under specific thermal power
conditions.

The electrical output performance of TPV cells is negatively corre-
lated with the temperature they are exposed to (Fig. S4). In practical
applications, TPV cells are usually kept at a certain distance from
radioisotope heat source, which can reduce the negative effects of high
temperature to a certain extent (experimental test results are shown in
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power on Pp.e with

Figs. S5 and S6). To evaluate this effect, the distance between the InGaAs
cell and the heat source was designed to vary from 1 cm to 10 cm. As
shown in Fig. 3(a), the temperature (T.) of the InGaAs cell decreased
with increasing distance. The ideal coating, suboptimal coating and
W@SiO3, coating resulted in almost the same T, and the average T, was
only 6 K higher than that of the graphite coating in the range of 1-10 cm.
Fig. 3(b) shows the maximum output power (Pnax) of the InGaAs cell at
different distances. The cell could attain a peak value of Pp,x within the
designed coatings and distance range. As the distance increases, the
temperature effect of the InGaAs cell weakens, and the intensity of
infrared light received by the cell decreases. Combining these two
opposite influences, the peak value of Ppax could appear at a suitable
position. The peak value of Py, with the graphite coating was at 6 cm,
and the other three selective coatings were at 2 cm, while the corre-
sponding Tp,ax values were 665 K and above 1000 K. For approximately
the same T, the available thermal radiation intensity of the radioisotope
heat source was higher due to the influence of the selective coating.
By arranging the InGaAs cells parallel to the surface of the heat
source, the volume of the RTPV was reduced by approximately 60 % by
taking advantage of the selective coatings. The ideal coating led to the
highest temperature and available spectral intensity, with a Ppax of 107
mW/cm?, which was considerably higher than those of the other cases
(such as the Py, of 22 mW/cm? for the W@SiO; coating). Therefore, for
the fixed power of the heat source, the selective coating not only caused
the TPV cell temperature to rise less, but also enabled the TPV cell to

N
(4]
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generate higher electrical output at a position closer to the heat source.
These effects are very beneficial for improving efficiency and minia-
turizing RTPV.

3.2. Multi-module combination effect of heat source

To study the influence of multi-module combination of radioisotope
heat sources on the RTPV performance, heat sources were vertically
stacked. The number of heat sources vertically stacked was set from 1 to
10, so the thermal power of the heat source was varied from 250 W to
2500 W. Meanwhile, to avoid excessive variables caused by changing
the coating, the emission characteristic of the heat source shell was still
used for evaluation, graphite with an emissivity of 0.8 was considered as
the coating.

As shown in Fig. 4, the multi-module combination of heat sources
resulted in some beneficial changes to the maximum surface tempera-
ture (Thax)- As the thermal power was increased, Tpax increased, but the
temperature rise tended to saturate. When the thermal power reached
1500 W, Thax was 705 K, but as the thermal power was increased to
2500 W, Tiax was only 709 K. Thus, it could be concluded that there is
no significant increase in Tpax after the thermal power reached 1500 W.
Through the multi-module combination of heat sources, that is, under
constant thermal power density, Tmax could be improved to a certain
extent. According to the current results, the improvement effect of Tpax
was not remarkable, but it could still reach about 40 K within this
evaluation range.

Fig. 5(a) shows the influence of the multi-module combination of
heat sources on the temperature of InGaAs cells at different distances
based on the finite element method. Compared with the case of 500 W
heat source, T. rose widely more than 50 K at each distance after
increasing the thermal power. And T, did not eventually tend to be same
over the distance range evaluated. As shown in Fig. 5(b), the Pp a4 of the
InGaAs cell at 500 W was higher than that at other powers for the dis-
tances of 1-8 cm. When the thermal power was above 1000 W, the Ppax
increased monotonously in the range of 1-10 cm, with a maximum value
of 22 pyW/cm? at 10 cm. This is mainly because the combination of multi-
module heat sources makes the temperature of the InGaAs cell rise
obviously, but the generated infrared light by the heat sources improves
slightly, and the influence of attenuation with distance is relatively
weak. Furthermore, the peak value of Pp,x could be predicted to be
higher and at a further distance when the thermal power exceeds 1000
W. This is due to the increase of the total radiant energy as the thermal
power of heat source increases. Overall, using a multi-module combi-
natorial design for optimizing radioisotope heat sources resulted in a
limited increase in the electrical output and a larger RTPV volume.

3.3. Packing factor for heat sources

The structure of the radioisotope heat source is also adjustable, and it
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Fig. 10. Surface temperature distribution of isotopic heat sources.
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Fig. 11. The maximum temperature difference on the surface of isotopic
heat source.

is possible to maintain better structural strength at smaller sizes [32,33].
To quantitatively describe the structural change of the heat source, the
packing factor (PF) was defined here as the volume ratio of 238Pqu
pellet to the overall heat source (Vpyo2/Vrotal), Which represents the
thickness of the graphite shell covering the 233Pu0, pellet. The 2*®Pu0,
pellet is set to be fixed and invariant, and the value of PF is increased by
reducing the outer shell. The value of PF is 12.84 % in the initial case.
However, the PF should not be too high, so that the graphite shell cannot
completely cover the 238pu0, pellets, thereby destroying the structural
integrity and stability. Based on this, further compact the structure and
set the values of PF to 21.85 % (optimize case 1) and 34.52 % (optimize
case 2), respectively, as shown in Fig. 6. The maximum surface tem-
perature of isotopic heat source increased with increasing PF and
changed approximately linearly in all three PF groups. After the PF was
varied from 12.84 % to 34.52 %, the T,y increased by 115 K, when
thermal power was 500 W and the surface emissivity was 0.8. Therefore,
although PF was larger and the Tnyax was higher, the gain did not in-
crease continuously because of the structural integrity of the heat
source.

Even if the structure of the heat source changed, the thermal power
still affected Tpax. As shown in Fig. 7(a), the trend of Tpax with several
heat source structures had the same trend after the thermal power was
increased. In addition, the improvement of Tp,,x Was not obvious after
1500 W. As shown in Fig. 7(b), the maximum Tpyax produced by
increasing the thermal power may not reach the lower gain limit of
changing the structure, so the influence of increasing thermal power on
Tmax was less than that of optimizing the heat source structure. More-
over, changes in the thermal power and structure of the heat source
could also affect the neutron radiation characteristics, resulting in an
increase in the neutron dose of the heat source. The calculation process
and results of the neutron dose are shown in Figs. S7 and S8.

Fig. 8(a) shows the effect of the heat source structure on T, at
different distances. The increase in PF also made T, rise at various dis-
tances, but the maximum temperature rise did not exceed 40 K, and the
average temperature rise was approximately 23 K. The P, values of the
InGaAs cell with three structural heat sources are shown in Fig. 8(b).

International Journal of Thermal Sciences 208 (2025) 109443

Compared with the case of PF = 12.84 %, the case of PF = 21.85 %
generated a higher P, and a flatter peak, which can be considered that
a higher Py« could be obtained in the range of 6-8 cm. The case of PF =
34.52 % produced a Ppax of 190 pW/crnz, which was an order of
magnitude higher than the case of PF = 12.84 %, primarily due to the
increase in Tpax and the enhancement of thermal radiation power
spectrum. The peak value of P,,x was at 4 cm, which was closer to the
heat source than the other two cases, and the volume of RTPV could be
reduced by 50 %. Thus, the optimized heat source structure could in-
crease the electrical output density of RTPV by 10 times and make RTPV
more compact.

Fig. 9 shows the variation in the electrical output of the InGaAs cell
with distance when the thermal power of heat source was increased
under different structures. As the distance increased, the Py of the
InGaAs cell increased monotonously with no peaks, and the excessive
thermal power also led to a lower Ppax. The Ppax caused by the case of
PF = 34.52 % was generally higher than that of PF = 21.85 %, which was
mainly due to the higher temperature of the heat source at larger PF.
When the thermal power was 1500 W, the maximum value of Py,
generated by the case of PF = 21.85 % was 35 pW/cm?, which was the
same as the minimum value when PF = 34.52 %. Therefore, the gain of
optimizing the heat source structure should be higher than that of
increasing the thermal power in order to improve the Pp,x of RTPV.

3.4. Heat source surface temperature distribution

In the temperature regulation of isotopic heat source, balancing
various factors is important for better temperature uniformity. To
reduce the temperature gradients and make the thermal radiation power
spectrum substantially consistent, a uniform surface temperature dis-
tribution is necessary for isotopic heat sources. The surface temperature
difference (Tmax - Tmin) Was used to evaluate the uniformity. Fig. 10
shows the temperature distribution at the vertical edge of isotopic heat
sources. The abscissa represents the position of each point of the vertical
edge, and the symmetrical center point of the vertical edge is at H = 0.
Within the original design (graphite coating, thermal power of 500 W,
and PF = 12.87 %), the temperature difference of the heat source was
minimal or even negligible. When the heat source had an ideal coating,
the thermal power was 2500 W, and PF was 34.52 %, the surface tem-
perature difference can even go up to 22 K.

As shown in Fig. 11, it can be seen that with the increase of the
thermal power and PF, the surface temperature difference increases
gradually. And this tendency seems to be linear and does not tend to a
stable value. The influence of the selective coating on the surface tem-
perature difference is significantly greater than the gray body coating.
Furthermore, compared with the ideal selective coating, the W@SiO2
coating causes a smaller surface temperature difference. Therefore, se-
lective coating, thermal power, and structural changes all lead to an
increase in surface temperature difference, and the ideal effect can be
achieved through comprehensive trade-offs.

4. Conclusion

A method for regulating and optimizing isotopic heat source tem-
perature and corresponding electrical properties of RTPVs was pro-
posed. The heat source temperature and available spectral intensity
could be significantly improved by just using the optimized method of
selective coating. The surface temperature of the heat source with the
W@SiO; selective coating was 1011 K, the RTPV could produce a Py« of
22 mW/cm?, and the volume can be reduced by 60 % compared to the
initial situation. The use of selective coatings could maximize the tem-
perature of isotopic heat source, allowing the TPV cells to produce
higher electrical output and make RTPVs more compact. The research
results contribute to understanding the temperature regulation mecha-
nism of isotopic heat sources and improving the performance of RTPVs.
This study can provide a certain reference solutions for more novel types
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of RTPV designs and their future practical applications.
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