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HIGHLIGHTS

® A concentric thermoelectric filament structure used for radioisotope thermoelectric generator was designed.

® The high voltage output of the thermoelectric filament was proven by comparison with that of the traditional structure.
® Thermoelectric filaments and corresponding devices were manufactured and tested.

® The designed thermoelectric generator will be a reliable power supply for space apparatus.

ARTICLE INFO ABSTRACT

A concentric thermoelectric filament structure used for radioisotope thermoelectric generator (RTG) is designed
to satisfy low-power and high-voltage demands for aerospace microelectronic devices. The thermoelectric fila-
ment is proven to have a better output voltage than the traditional thermoelectric structure by using COMSOL.
The unbreakable thermoelectric filament and corresponding devices are prepared by employing a simple and
easy brush coating process. A single thermoelectric filament obtains an open-circuit voltage (V,.) of 6.0 mV and a
maximum power output (Pqy) of 2.0 uW at 398.15K hot surface temperature. An array of thermoelectric fila-
ments is fabricated for the radioisotope heat source of planar heat surface, which obtains V,. of 83.5 mV and P;,qx
of 32.1 uW at the hot surface temperature of 398.15K, thereby verifying the practicability of the concentric
filament structure in devices. Another radial thermoelectric filament device is designed for the cylindrical heat
source. This device exports 84.5mV V,, and 42.5uW P, at the hot surface temperature of 398.15K. These
thermoelectric devices could gain larger electrical performance in small space through further series connection
and fabrication, which will be a commendable design scheme for the radioisotope thermoelectric generator.
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At present, studies on RTG mainly focus on thermoelectric materials
and relevant devices. Thermoelectric materials in RTGs are mostly

1. Introduction

A spacecraft has high requirements for life, reliability, and en-
vironmental adaptability of the power system for space exploration
mission. The radioisotope thermoelectric generator (RTG), which con-
verts decay heat into electrical energy by using a thermoelectric device,
has numerous advantages, such as high reliability, long lifetime, and
minimal environmental impact [1,2]. A remarkable application pro-
spect for RTGs in the power supply of spacecraft exists [3,4]. Small-
sized scientific instruments and prospecting apparatus equipped with
aircrafts increase with the increase in scientific experimental missions
in space exploration. Therefore, a high electrical performance require-
ment of miniaturized RTG for space application is presented [5].

prepared by hot pressing method. The corresponding devices usually
have satisfactory thermoelectric properties by adopting the traditional
qi-type structure as the basic framework [6-8]. However, a few pro-
blems, such as brittle material properties and weak voltage density for
low temperature difference, are observed. The open-circuit voltage
(Vo) of thermoelectric devices is known to be proportional to the length
of the thermoelectric leg and its number in the unit area [9-11]. Ri-
chard et al. used a cutting technology to prepare slender thermocouples
with a length of 0.855 in and obtained 5.1V V,, at the temperature
difference of 300 K [12,13]. However, the thermoelectric leg was brittle
due to the small aspect ratio, which resulted in difficulty in fabricating
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Nomenclature

A Cross-sectional area of thermoelectric leg

L Length of a thermoelectric leg, mm

Prax Maximum output power of the RTG, W

Poue Output power of the RTG, W

Pa Input power of the heat source surface per unit area, W
m-2

R External load resistance in the RTG, Q

R Thermal resistance of the P/N thermoelectric leg, K W™ ?

Vv Output voltage of the RTG, V

Voe Open-circuit voltage of the RTG, V

n Number of thermoelectric legs

r Internal resistance in the RTG, Q

r1 Radius of the internal N-type thermoelectric material, mm
1) Radius of the middle insulating material, mm

r3 Radius of the external P-type thermoelectric material, mm
AT Temperature difference of the hot and cold sides of RTG
x Electrical conductivity, S m ™!

a Seebeck coefficient, V K™}

K Thermal conductivity, W m~ K ~!

thermoelectric devices. A few researchers currently utilize high preci-
sion equipment to prepare tens of thousands of micro thermoelectric
legs in a unit area to achieve high-voltage output [14-16]. Xie et al.
prepared the micro thermoelectric device by using chemical vapor de-
position. The V,. was 16.7 V in 1 cm? under the 5K temperature dif-
ference, but the output power was low [17]. In general, microelec-
tronics-based thermoelectric devices are unsuitable for large
temperature difference and show poor practicality for inevitably large
resistance.

Therefore, aiming at the demand of aerospace microelectronic de-
vices for low power consumption and high voltage, this paper originally
designed a concentric thermoelectric device with better voltage output,
which is proven to be superior to the traditional structure by the finite
element simulation. The unbreakable thermoelectric filaments were
prepared by simple painting, and the electrical output performance was
obtained. For different heat transfer modes of miniature radioisotope
heat source, two functional devices, including arrayed and radial
thermoelectric filament devices, were designed. Through further series
connection and fabrication, the thermoelectric array could gain greater
output voltage and power in smaller space. It can deal with the voltage
and power requirements of different space components. These devices
provide a feasible scheme for the power supply of space apparatus.

2. Structural design and simulation analysis

2.1. Concentric filament structure

Fig. 1 shows the structure of concentric thermoelectric filament,

at source
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which comprises P/N thermoelectric and insulating materials. The
thermoelectric filament is similar to combinatorial concentric circles.
The P/N thermoelectric materials are insulated by the insulating ma-
terial. The current initially flows through the inner N-ring into the outer
P-ring and then flows out. The edge of the outer P-type ring is con-
nected with the end point of N-type in another filament through the
copper wire. The traditional s-type thermoelectric structure comprises
separate P/N thermoelectric legs, as shown in Fig. 2(b). Compared with
the m-type structure, the concentric filament architecture takes the se-
parated P/N thermoelectric legs into a concentric whole. This archi-
tecture effectively realizes the reasonable utilization of the inner space
from the thermoelectric device. Moreover, this structure can obtain a
small aspect ratio, thereby resulting in relatively large temperature
differences and improved electrical properties. The equations of the
open-circuit voltage and the output power (P,,) of the thermoelectric
filament device under steady state are obtained by analyzing the
structure of the thermoelectric filament as follows:

Voe=a x VT-n, (@)
VZ

Py =———R,

TR+ @

where V,. which is the maximum value of the output voltage, is the
product of Seebeck coefficient (@), temperature difference (AT), and the
number of thermoelectric legs. P,,, changes with the external load re-
sistance (R) and the internal resistance (r) of the RTG. The definition of
thermal resistance (Ry) and the relationship between Ry and thermal
conductivity (x) can be expressed as follows:

(c)

Fig. 1. (a) Pair of thermoelectric filaments based on concentric thermoelectric filament architecture; (b) Sectional view; (c) Arrayed thermoelectric devices in series.
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where Py, is the input power of the heat source surface, L is the length of
a thermoelectric leg, and A is the cross-sectional area of thermoelectric
leg. The ultimate V,. and P,,, were obtained by substituting R, into Egs.
(1) and (2), respectively:

L-P
Voe = a x =, )
LP., ¥ R
By = (oc X th n) .
x-A (R+r) 5)

When the thermoelectric material and Py, are determined, V,. of the
thermoelectric device is proportional to L and n of the thermoelectric
leg and inversely proportional to x and A, as shown in Eq. (4). P, is a
variable quantity of V,. and r, and P, is obtained in Eq. (2) when
R=r

2.2. Simulation verification

COMSOL software was used to simulate its thermoelectric conver-
sion process to verify the feasibility of the thermoelectric filament ar-
chitecture in principle. First, the geometric model of the thermoelectric
filament device was established, as shown in Fig. 2(a). The traditional
ni-type thermoelectric structure in Fig. 2(b) was also constructed for
comparison. The related structural parameters are shown in Table 1. A
cuboid shell wrapped these thermoelectric devices, and thermal in-
sulating materials filled the inner gaps. The bottom cuboid was a si-
mulated radioisotope heat source. Notably, the cross-section area ratios
of P-type to N-type thermoelectric materials in both structures are 1:1.
The volume of all P/N materials in the thermoelectric filament structure
is only 72% of that in the traditional structure due to the addition of the
insulating material inside the filament. Properties of materials used in
COMSOL is seen in Table 2.

The surface temperature of the simulated heat source ranged from
323.15K to 398.15K according to the measured temperature of the
radioisotope heat source used in mini-RTGs in this section [18,19]. This
setup determined the hot surface and uncertain cold surface tempera-
tures to simulate the real RTG process. The electrical performance of
the thermoelectric device was obtained at different temperatures.
Fig. 3(a) shows the temperature field distribution of the thermoelectric
filament device under a surface temperature of 398.15K. The tem-
perature difference between the two ends of the thermoelectric device
reaches 78.9 K. Fig. 3(b) shows the potential field distribution of the
device. The electric potential increases from the upper-right corner to
the lower-right corner from the top view. What's more, it first increases
from top to bottom in the inner ring, and then increases from bottom to
top in the outer ring. Fig. 3(c) and (d) show that the thermoelectric
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(b)

Fig. 2. Two types of structural diagrams (a) concentric filament structure; (b) traditional s-type structure.

filaments connected in series obtained 535.6 mV and 19.8 mW V,,. and
P.ax, Tespectively. The internal resistance of the device is 3.62 Q, which
is calculated by the simulation method.

When the hot surface temperature of the simulated heat source
changes from 323.15K to 398.15K, the output power of the thermo-
electric filament device is nearly similar to that of the traditional
structure device, as shown in Fig. 3(d). However, the V, of the former
device is always approximately 2.4 times higher than that of the latter
device at the same temperature condition, as shown in Fig. 3(c). This
phenomenon can be attributed to the changing values of A, n, and x in
Eq. (3). The A of P/N thermoelectric material in thermoelectric fila-
ments was less than half of the traditional structure; hence, the n of the
former becomes twice than that of the latter, thereby resulting in a
positive V,. growth of the thermoelectric filament. In addition, the
adjunction of the insulation material decreased « for the thermoelectric
filament, which indirectly increased R, Therefore, the AT between the
two ends of filaments increases. The overall voltage of the device is 2.4
times the traditional structure because the volume of thermoelectric
materials in the thermoelectric filament reduced 28% less than the
traditional structure. The r increases with the increasing number of P/N
junction in the thermoelectric filament, and the difference between the
output powers of the two structures finally becomes small. Thus, the
concentric thermoelectric filament can output high voltage in the pro-
position of ensuring normal electrical power output, which is in
agreement with the demand of high voltage and low power consump-
tion for small space electronic apparatus.

3. Experimental preparation and performance testing
3.1. Single thermoelectric filament

In the experimental preparation, the constantan wire
(r; = 0.75 mm) was taken as an N-type thermoelectric material and was
cut to 30 mm long. This metal wire has excellent toughness and is
currently one of the best N-type metal thermoelectric materials [20].
The resin-based insulation coating was selected because the insulating
material in the intermediate layers benefits from its amenable brushing
and forming. This insulation coating can resist high temperature of up

Table 1
Parameters of two simulated structures.

Structures Internal Middle Outer Height P/N cross-
diameter diameter diameter L/mm section
r7/mm ra/mm rs/mm area ratio

Concentric 0.6 0.8 1 10 1:1

filament

Traditional

T-type - - 1 10 1:1
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Table 2

Properties of materials used in COMSOL.

Type P/N-type Insulating material
Density(g cm ™ %) 7.7 0.2

Atmospheric heat capacity C, (J Kg~' K1) 154 10-24

Electrical conductivity ¢ (10°Sm ™) 0.59-1.43 _

Seebeck coefficient a (UV K~ 1) + (168-237)  _

Thermal conductivity x (W m~™ K~2) 1.6-2.4 0.02

300 °C. The P-type thermoelectric material adopted was a self-config-
uring thermoelectric paint. The P-type Bi,Te; powder was mixed with
DER732 Binder (polypropylene glycol delicious epoxy resin) at a mass
ratio of 88:10, thereby following a well-proportioned agitation. Fig. 4
shows that the insulating layer was first coated on the surface of the
constantan wire. The layer thickness was mostly 0.13 mm-0.18 mm.
After high-temperature drying, the insulating layer on the metal wire at
two terminals was removed. Second, the P-type thermoelectric paint
was coated on the surface of the insulating layer and one end of the
metal wire, and then was dried. The other end of the metal wire was not
coated. Its position is far away from the hot surface of heat source. After
sintering at 573.15 K for 5 h, the thermoelectric filament was prepared.
Third, the edge of the outer P-type ring was connected with wires.
Subsequently, the conductive silver paste was coated at the contact
point to stabilize the connection and reduce contact resistance. Finally,
the filament was tentatively prepared.

The electrical performances of thermoelectric filaments were tested
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using the parameter analyzer (Keithley 4200 SCS) at an ambient tem-
perature of 293.15 K. An electric heating platform or an electric heating
rod was considered a radioisotope heat source to provide constant
temperature (323.15 K-398.15 K), as shown in Fig. 5. The testing of the
samples was performed after being placed on the platform for half an
hour to minimize the error and improve the accuracy of the measure-
ment data. The internal temperature of the filament stabilized at that
time. The real-time temperatures of the hot and cold sides of the
thermoelectric filament were measured by the temperature sensor
(R7100).

After repeated experiments and preparation, thermoelectric fila-
ments were proven to have stable performance and good reproduci-
bility. One of the thermoelectric filaments was selected. The radius of
this filament is 1.27 mm, and its internal resistance is 3.1 Q at room
temperature. Under the control of the electric heating platform, the I-V
curves of the thermoelectric filament were measured at the hot end
temperature of 323.15K-398.15K, as shown in Fig. 6. The electrical
properties of the N-type constantan wire used in the preparation were
also tested. The I-V curves of the single thermoelectric filament and
constantan wire were approximately a straight line. The voltage and
output power increased with the increase in heating temperature. The
V,. of 6.0mV and P, of 2.0 yW were obtained at the hot surface
temperature of 398.15K (at this time, the temperature difference is
61.2K). In comparison, the constantan wire only has 0.55mV V,. and
0.02 yW P,qx. Fig. 6(c) reflects the relationship between the V,. and
P,.ax Of the thermoelectric filament and the hot end temperature. The
temperature difference increases with the increase in hot end

Ao0sa

(b)

25
g —A— The thermoelectric filament P
E 204 —&— The traditional r-type structure Pm o a
=
@
3
Q15
—
=
=1
O 104
E
E
=
©
= :

0

323.15 348.15 373.15 308.15
the hot surface temperature (K)
d

Fig. 3. (a) Temperature field distribution and (b) potential field distribution at 398.15K hot surface temperature of the thermoelectric filament device; (c) AT, V,.
and (d) Py of thermoelectric filament device and traditional si-type device vs hot surface temperature.
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Fig. 4. Preparation of concentric thermoelectric filament. (a-c) preparation of insulating layer; (d-e) preparation of P-type Bi,Te; paint; (f) prepared thermoelectric

filament by sintering; (g) thermoelectric filament with electrode.
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Electric heating
platform

Temperature
sensor

Digital power

| Single filament ‘ | Arrayed device H Radial device |

Fig. 5. Electrical test chart of the thermoelectric filament devices.

temperature. V,. and P, show a linear increase with the increase in
hot end temperature, which is consistent with the thermoelectric
properties of thermoelectric materials. This result indicates the feasi-
bility of the concentric filament structure. Fig. 6(d) reflects the re-
lationship between V,. and Py, of the constantan wire and the hot end
temperature. Compared with the metal wire, the concentric circle
structure and simple preparation considerably improved the thermo-
electric properties of thermoelectric filaments, thereby providing a new
preparation approach for the thermoelectric unit.

3.2. Arrayed thermoelectric filament device

An arrayed thermoelectric filament device was fabricated con-
sidering that the heat surface of radioisotope heat source is possibly
planar, as shown in Fig. 7(a). Initially, 16 thermoelectric filaments were
combined into a 4 X 4 three-dimensional array. The thermal insulation
foam was filled in this array. The edge of the outer P-type ring in one
filament was connected with the end point of the N-type wire in another
filament by conductive wire. Subsequently, the conductive silver paste
was coated at the contact point. Finally, the arrayed thermoelectric
device was completed.

The fabricated arrayed thermoelectric device has a dimension of
40 x 40 x 30 mm®. This device has an internal resistance of 53.5 Qat
room temperature. As shown in Fig. 5, the I-V curves of the

thermoelectric device were tested at the hot surface temperature of
323.15K to 398.15K by controlling the electric heating platform. In
Fig. 7 (b), the voltage of the array thermoelectric device linearly de-
creases with the increase in the current. The voltage and the power
output increase with the increase in hot end temperature. The 83.5mV
V,c and 32.1 yW Py, were obtained at the hot end temperature of
398.15K (at this time, the temperature difference reaches 65.6 K).
Fig. 7(c) reflects the relationship between V,. and P,,,, of the thermo-
electric device and the hot surface temperature. The temperature dif-
ference between hot and cold ends increases with the increase in hot
end temperature. V,. and P, increase with the increase in hot end
temperature in an approximately linear relationship. The test results
show that the thermoelectric filament can be successfully fabricated to
a thermoelectric device. This thermoelectric device can be well applied
to RTGs by combining with the radioisotope source. Through further
series connection and fabrication, the thermoelectric array could obtain
large output voltage and power in a small space, which is expected to
provide practical power for space components.

3.3. Radial thermoelectric filament device

The structural design of a radial thermoelectric filament device was
proposed considering that the radioisotope heat source is cylindrical in
most cases. First, the one-side ends of eight thermoelectric filaments
near the heat source were coated with a layer of sealant. Second, eight
thermoelectric filaments were arranged in a radial structure on an in-
sulating substrate. The uncoated ends of filaments on the other side
were sticking straight out of the circle. Third, the thermoelectric fila-
ments were connected with conductive wires and silver paste. Finally, a
single-layer radial thermoelectric filament device with eight filaments
was achieved, as shown in Fig. 8(a). The measured internal resistance at
room temperature is 32.9Q, and its outer diameter is 30 mm. The
ceramic electric heating rod was placed in the middle of the device as
an equivalent heat source [21-23]. The electrical properties of radial
thermoelectric filament device were tested while continuously pro-
viding stable heat, as shown in Fig. 5. The surface temperature of the
electric heating rod remained in the range of 323.15K-398.15K by
controlling the input current and voltage of electric heating rod.

Fig. 8(b) shows the I-V curves of radial thermoelectric filament
device of a single layer as a temperature function. Fig. 8(c) reflects the
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Fig. 6. (a) I — V characteristic curves; (b) I — P characteristic curves; (c) AT, V,, and P, of single thermoelectric filament vs. hot surface temperature; (d) AT, V,,
and P4, curve of single constantan wire vs. hot surface temperature.
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Fig. 8. (a) Radial thermoelectric filament device with single or double layers; (b—c) Electrical properties of a single radial thermoelectric filament device; (d—e)

Electrical properties of a double radial thermoelectric filament device.

relationship between V,, and P4, of the single radial thermoelectric
device and the hot surface temperature. When the hot surface tem-
perature is 398.15K, the temperature difference reaches 92.1 K. The
output values of V,. and P, reached 84.5mV and 42.5pW, respec-
tively. In addition, the stacked design could combine additional radial
devices together to achieve a large voltage output. Thus, a double-layer
radial thermoelectric filament device was manufactured, as shown in
Fig. 8(a). The corresponding result is shown in Fig. 8 (d) and (e). When
the hot surface temperature is 398.15K, the V,. and P, is 156.7 mV
and 85.8 pW, respectively. The double-layer radial thermoelectric fila-
ment device obtained approximately twice as that of the voltage and
power of the single-layer structure. Therefore, RTGs will obtain a large
electrical output by stacking additional multi-layer devices. The radial
structure resulted in a larger temperature difference at the same hot
surface temperature than the previous arrayed structure. Thus, the

radial thermoelectric filament device achieved an ideal electrical
output with few thermoelectric filaments. The preceding results men-
tioned indicate that the radial thermoelectric filament device is a fea-
sible component for RTGs and provides good reference significance for
the next generation of thermoelectric devices.

4. Conclusion and prospect

A high-voltage thermoelectric generator is proposed in this paper
based on the concentric filament architecture. The COMSOL simulation
results show that V,, of thermoelectric filament device is approximately
2.4 times that of the traditional st-type structure device. The concentric
filament structure is proven to have high-voltage output through the
reasonable analysis of corresponding equations. The thermoelectric fi-
lament is prepared by simple brush coating. The V. of 6.0 mV and the
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Prax of 2uW are obtained under the hot terminal temperature of
398.15K. An arrayed thermoelectric filament device with 4 x 4 fila-
ments is fabricated for the radioisotope heat source of planar heat
surface. When the hot surface temperature is 398.15K, the V, is
83.5mV and the corresponding P is up to 32.1 uyW. In addition,
another radial thermoelectric filament device is prepared to facilitate
the suitability of the RTG to the cylindrical heat source. The radial
thermoelectric filament device of a single layer with eight filaments
achieves V,. of 84.5mV and Py, of 42.5uW and that of double layer
with 16 filaments achieves V,. of 156.7 mV and P,,,, of 85.8 uW at a hot
surface temperature of 398.15 K. The arrayed and radial thermoelectric
filament devices based on concentric filaments have been proven to
show a considerable potential in the application of the radioisotope
thermoelectric generator. A greater electrical performance will be ob-
tained by further integrated combination. This paper provides a good
structural design as a trial and verification. It could satisfy the low-
power and high-voltage demand for aerospace microelectronic devices.
For the next step, we will focus on optimizing device size and updating
manufacture process, which aim to significantly promote the perfor-
mance of this kind of thermoelectric device.
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