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� A micro-radial radioisotope thermoelectric generator is manufactured and tested.
� The simulated performance of the RTG are compared with the experimental value.
� Performance characteristics were determined in different sizes and numbers.
� The designed RTG is expected to be a reliable space power supply for MEMS.
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a b s t r a c t

To satisfy the flexible power demand of the low power dissipation devices in the independent space elec-
tric system, a micro-radial milliwatt-power radioisotope thermoelectric generator (RTG) was prepared
and optimized in this research. The overall geometrical dimension of the RTG in the experiment was
65 mm (diameter) � 40 mm (height). The RTG, which was built and tested using simulated radioisotope
source, eventually obtained an open-circuit voltage of 92.72 mV, an electric power of 149.0 lW, and an
energy conversion efficiency of 0.015% at the ambient temperature of 293.15 K and heat source power
from 0.1 W to 1 W. On the basis of the structure used in the experiment, the length and cross-
sectional area of the thermoelectric leg and the number of thermoelectric modules were effectively opti-
mized through the COMSOL Multiphysics. With the optimized length of 35 mm and cross-sectional area
of 1.2 mm2, the RTG with four thermoelectric modules achieved a 15.8 mW output power under 1 W heat
source power. The maximum conversion efficiency calculated using COMSOL code increased to 1.58%.
According to the optimized electrical output, the micro-radial RTG is expected to be a reliable space
power supply for micro components and could satisfy the low power requirements of space missions.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of space technology, the requirements of
various space vehicles have increased in terms of lifetime, reliabil-
ity and environmental adaptability of power systems, especially for
deep space exploration [1,2]. Solar cells are unsuitable for low-light
environments and high-capacity batteries, such as lithium batter-
ies and fuel cells cannot satisfy the long-term electricity demand
of space devices [3]. As a device that converts the decay heat of
radioactive isotopes into electrical energy, the radioisotope ther-
moelectric generator (RTG) has numerous advantages, such as high
reliability, long lifetime and minimal environmental impact [4].
Therefore, it is widely considered as one of the most ideal energy
supply devices for deep space exploration [5–7].

Space missions for environmental exploration and scientific
experiments are constantly being launched. Therefore, the
demands of small scientific instruments and micro-electro-
mechanical systems (MEMS) for portable power supply are also
increasing [8,9]. To achieve greater flexibility and convenience in
performing space missions and to satisfy the conditional restric-
tions, such as aircraft load and space volume simultaneously, RTGs
are likely to develop toward the miniaturization target [10–13].
Weber et al. manufactured a coiled-thermoelectric power genera-
tor with thousands of thin-film thermocouples that are electrically
in series; their work achieved a high output voltage, but the energy
conversion efficiency was low because of the unidirectional heat
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Nomenclature

A1 the heat-receiving area, mm2

C the Stefan–Boltzmann constant
F12 the view factor
h the convective heat transfer coefficient, W/(m2�K)
J the current density of a pair of PN leg
L the length of a single P-type or N-type leg, mm
n number of thermocouples
Pout the output power of the RTG, mW
Pmax the maximum output power of the RTG, mW
Ph the heat source power released by the radiation source,

W
q the heat flux of a pair of PN leg, W/m2

q0 the convective heat flux
Q the energy accumulation of a pair of PN leg
Qrad the net heat radiation from surface to surface, W/m2

r the internal resistance in the RTG, X
R the external load resistance in the RTG, X
S the cross-sectional area of a single P-type or N-type leg,

mm2

V the output voltage of the RTG, V
Voc the open-circuit voltage of the RTG, V
ZT the figure of merit
DT Temperature difference of both hot and cold side of RTG
r electrical conductivity, S/m
a seebeck coefficient, V/K
j thermal conductivity, W/(m�K)
g the conversion efficiency
e the emissivity coefficient
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transmission [14]. Whalen et al. designed a cylindrical micro ther-
moelectric battery with an energy conversion efficiency of 0.3%
due to its spoke design, but its structure could be further optimized
[15]. Some researchers have also studied the optimization of ther-
moelectric devices. Wang et al. built a numerical modeling of ther-
moelectric device with coupling of temperature field and electric
potential field, and in-depth study of optimized size parameters,
material properties, and the heat loss were considered integrally
[16–18]. Chen et al. adopted the Taguchi method to effectively
optimize performance of a thermoelectric generator, and a solar
thermoelectric generator at three different geometric types was
also simulated [19–20]. With regard to RTGs, worthy research sub-
jects include effectively improving the performance output and
conversion efficiency and the in-depth exploration of the relation-
ship between the electrical properties and the structure size of
RTGs through theoretical analysis and experiments [21,23]. There-
fore, in response to the low power demand of certain space devices,
this work presents the structure design, experimental preparation
and performance testing of a micro-radial RTG. The finite element
analysis method is used to optimize the RTG’s size and structure,
and the optimized RTG is proposed to provide stable power for
space devices [24,25].

2. Experiment and simulation

2.1. Structure design

Fig. 1 shows the three-dimensional model of the radial RTG. The
middle part of the RTG is a cylindrical radioisotope source, which is
generally an alpha source. The radioactive source was well-coated
with the outer cladding material, thereby forming a cuboid heat
Fig. 1. Structure design of the radial RTG.
source with four surfaces. The thermoelectric modules, whose
number is the same as that of the peripheral surfaces of the heat
source, were affixed to the source’s surfaces and connected in ser-
ies with each other. Each thermoelectric module consisted of four
pairs of thermoelectric legs. Each thermocouple was composed of a
P-type leg and an N-type leg with equivalent sizes. In Fig. 1, L and S
indicate the length and the cross-sectional area of a single P-type
or N-type leg, respectively. The internal holes and electrons of
the PN thermocouples moved from the hot to the cold side. Electric
current was then generated by the conducting electrodes. Finally,
the output voltage of the RTG was released through the two
electrodes.
2.2. Preparation and testing

We intended to use a 241Am isotope source and the bismuth tel-
luride (Bi2Te3) thermoelectric module to produce a micro-radial
RTG. The European Space Agency considers 241Am as the preferred
heat source of RTGs given its high specific heat power and long
half-life (433a of half-life and 0.11 W/g of specific power) [26–
28]. In the experiment, we adopted the method proposed by Scott
A. Whalen et al. and used an electric heating rod of aluminum
oxide (internal resistance of 3.2X) as the simulated heat source
[15,29,30]. As shown in Fig. 2(a), the Copper billet, which wrapped
up the electric heating rod, was designed as an isotope source
shielding material and a heat transfer layer. The total size of the
heat source was 7 � 7 � 27 mm3. The equivalent heat source could
simulate the heat source power range of 0.1–1W of the 241Am
source, and the corresponding source activities were 3.1–31.2 Ci.

The thermoelectric modules utilized Bi2Te3 as the thermoelec-
tric material to achieve outstanding performance in the low-
temperature section (shown in Table 1). First, the Bi2Te3 crystal
rods were cut along the crystal growth direction into P- and N-
type bulk materials using wire-electrode cutting. Both the P- and
N- type legs were 10 mm length, 3 mm width, and 1 mm in height.
Second, we performed electroplating and welding to join the four
pairs of PN legs. Subsequently, a thermoelectric module connected
to the ceramic was formed (see Fig. 2(b)). Third, the heat source
and the four thermoelectric modules were put in a protective alu-
minum cylinder box. After that, the aluminum silicate cotton
(1260-type) with a thermal conductivity of 0.03 W/(m�K) was
placed in the box as a thermal insulation material. Finally, a
micro-radial RTG was prepared as shown in Fig. 2(c).

The constant current for the electric heating rods was provided
by a digital power source (Keithley 2231A). The RTG was tested



Fig. 2. Preparation process of a micro-radial RTG: (a) simulated heat source, (b) thermoelectric modules composed of 4-pair PN legs and (c) assembled RTG.

Table 1
Properties of Bi2Te3 thermoelectric materials used in the experiment.

Type P-Type n-Type

Density (g/cm3) 6.8 7.8
Electrical conductivity r (102 S/m) 2000�2600 2000�2600
Seebeck coefficient a (lV/K) �140 �140
Thermal conductivity j (W/ (m�K)) 2.0�2.5 2.0�2.5
Power factor a2r (W/(m�K2)) �0.005 �0.005
ZT value �0.7 �0.7
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using the dual channel digital source table (Keithley 2636A) for
electrical performance output at an ambient temperature of
293.15 K. To minimize the error and improve the accuracy of the
measurement data, the test was carried out after half an hour. At
that time, the internal temperature of the RTG was stable. The Lab-
Tracer 2.9 software collected data and plotted the I-V characteristic
curve, while the real-time temperatures of the hot and cold sides of
the thermoelectric modules were measured by the temperature
sensor (R7100). It is worth reminding that the temperature of the
heat source can be approximately regarded as the hot end temper-
ature of the thermoelectric module.

2.3. Finite element simulation

The relationship of the thermoelectric device’s voltage, power,
and size or structure was established theoretically for the three-
dimensional model of the radial RTG in Fig. 1. The thermoelectric
effect model of COMSOL software is used to simulate the process
of converting thermal energy into electrical energy. The coupling
analysis of heat transfer, current and thermoelectric effect was car-
ried out. The equation of the relationship about the current density
(J) and the heat flux (q) was given as follows:

�J ¼ rrV þ rarT ð1Þ

q ¼ �jrT þ TaJ ð2Þ
In steady state, the current density is was free to diverge, and the
boundary condition can be expressed as follows:

r � J ¼ 0 ð3Þ

q0 ¼ hðText � TÞ ð4Þ

Qrad ¼ F12A1ecðT4
2 � T4

1Þ ð5Þ
And at this moment the energy accumulation (Q) must be 0:
Q ¼ r � ðjrTÞ � rððV þ TaÞ � JÞ ¼ 0 ð6Þ
By solving the above equations and adopting the tetrahedral mesh
generation method, the internal relations of potential V and tem-
perature T with respect to the corresponding parameters such as
conductivity, thermal conductivity, and size were established.
Based the previous analysis, we discussed the steady-state output
of the entire radial RTG. The output power (Pout), and the conversion
efficiency (g) were calculated as follows [22]:

Pout ¼ V2

ðRþ rÞ2
� R; ð7Þ

g ¼ Pout=Ph ð8Þ
and

r ¼ 2ql
S

:n ð9Þ

The open-circuit voltage (Voc), which is the maximum value of the
output voltage, is obtained when R is infinitely great. The maximum
output power (Pmax) and the maximum conversion efficiency (gmax)
are obtained in Eqs. (8) and (9) when R = r. The analysis of the equa-
tions above suggests that the electrical output of the RTG was clo-
sely linked with the L and S of the thermoelectric legs and the
value of n. Moreover, the electrical performance of the RTG can be
improved considerably by optimizing these terms. Therefore, this
research adopted the finite element analysis method to optimize
the size of the thermocouple and the number of modules, thus
establishing the variation curve between the output performance
and the size or structure of RTGs. In this paper, we built a structural
model of the RTG and set the heat source power in the solid heat
transfer unit and electrical grounding in the current unit. Ulti-
mately, the temperature field distribution and the electrical param-
eters like open-circuit voltage and internal resistance were obtained
by coupling the solid heat transfer unit and current unit. The opti-
mal output power of the RTG can be calculated by putting the open
circuit voltage and internal resistance into the calculation formula
of the article. Considering the RTG prototype was tested in an
indoor environment, the air convection coefficient was set to
6 W/(m2⁄K).

2.3.1. Size selection
According to Eqs. (7)–(9), the output performance of the micro-

radial RTG is closely related to the size (including L and S) of the
thermoelectric leg. To obtain an improved output, the length and
cross-sectional area were optimized using the finite element



Fig. 3. RTGs with different numbers of modules: (a) four modules, (b) six modules and (c) eight modules.

428 K. Liu et al. / Applied Thermal Engineering 125 (2017) 425–431
simulation software COMOSOLCOMSOL. Considering the experi-
mental parameters, L = 10 mm and S = 3 mm2, the ranges of L and
S were respectively set to 1–40 mm and 1.2–6 mm2 during the
simulation. The total cross-sectional area of all the thermoelectric
legs for each module maintained a constant value (24 mm2) during
the entire optimization process. Furthermore, the heat sources
changed from 0.1 W to 1 W in the optimization.

2.3.2. Thermoelectric module selection
Leg size was discussed previously for the micro-radial RTG

based on four thermoelectric modules. Moreover, a micro-radial
RTG could has other numbers of modules (for example, six or
eight). In the study, we discussed the influence of the number of
thermoelectric modules (four, six, and eight modules) on RTG.
Our three thermoelectric structures with 4, 6, and 8 modules are
shown in Fig. 3. The size of each thermocouple is based on the pre-
viously optimized dimensions. The same area of heat source
Fig. 4. (a) I-V characteristic curves and (b) conversion efficiency curves of the RTG
under different heat source powers.
surface was used for the three structures, that is, 5 � 20 mm2.
The RTG outputs were simulated at different heat source powers
(0.1–1W) to ascertain the preferred structure.
3. Results and discussion

3.1. Experimental test results

We first prepared the prototype sample of the RTG with the
structure shown in Fig. 1 and then tested its performance. The
external dimension of the prepared RTG is 65 mm (diameter) �
40 mm (height). The characteristic I-V curve of the RTG was mea-
sured by building a test platform for the electrical performance.
Fig. 5. Comparison of experimental and simulated values of the RTG: (a) open-
circuit voltage and DT , (b) maximum output power.
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The varying curve of the power Pout versus the current was
obtained by multiplying the voltage with the current from the
characteristic I-V curve. Fig. 4 displays the experimental output
performances of the RTG at different heat source powers Ph. The
output voltage is inversely proportional to the electric current.
Additionally, the output power increased in the beginning and then
decreased as the electric current increased. Both the output voltage
and electric power increased with the rise of the heat source
power. When the heat source power was 1 W, the entire RTG gen-
erated 92.72 mV open-circuit voltage (Voc) and 149.0 lW maxi-
mum output power (Pmax), which are the maximum values
presented in Fig. 4(a). As shown in Fig. 4(b), the variation tendency
of the conversion efficiency is similar to that of the output power of
the RTG. The highest conversion efficiency gmax of 0.015%, which is
the ratio of Pmax divided by Ph, is a low value. During the actual
preparation process, the poor contact between the electrode and
the thermoelectric leg introduced a significant internal resistance.
The test results show that the internal resistance of the RTG was
11.2X at the ambient temperature of 293.15 K.
Fig. 6. Electrical output of the RTG under different sizes: (a) open-circuit voltage Voc, (
temperature distribution.
3.2. Simulation verification based on physical parameters of the
prepared RTG

To verify the feasibility of the finite element analysis method,
the COMSOL Multiphysics software was utilized to simulate the
RTG using the same size and materials as the prepared sample.
Fig. 5 shows the comparison of the experimental and simulated
performances of the RTG. The measured Voc values are very close
to the simulation values. The simulated Voc and Pmax increased with
the heat source power. This trend is similar to that of the measured
Voc and Pmax. However, the simulated value is slightly larger than
the measured one. The internal resistance of the RTG (11.2X) is
larger than the simulated value in COMSOL because the unprofes-
sional welding level resulted in a large contact resistance in series.
Moreover, the nonequivalent conditions, including material
parameters and air convection, etc., also caused the difference
between the simulation and the real experiment. The effect of
the thermal insulation was worse than that in the simulation.
This also explains the phenomenon wherein the simulated
b) maximum output power Pmax, (c) maximum conversion efficiency g and (d) the
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temperature difference between the two sides of the thermoelec-
tric module was lower than the experimental value in Fig. 5(a).
Their similarity is that the two temperature differences increased
with the Ph. The power growth trends of both the experimental
and simulated RTGs were highly consistent, although their
output powers differ in Fig. 5(b) as the internal resistance of the
experimental RTG increases. This difference can be reduced by
improving the preparation process. Thus, the simulated electrical
performance of the RTG was close to the measured value,
thereby enabling the use of the finite element analysis software
to simulate the thermoelectric conversion process accurately.

3.3. Optimization on the length and cross-sectional area of the
thermoelectric leg

As shown in Fig. 6, the Voc, the Pmax, and the gmax of the micro-
radial RTG were obtained by changing the values of L and S at dif-
ferent heat source powers. When the heat source powers
increased, the values of Voc, Pmax, and gmax increased. In Fig. 6(a),
the Voc of the RTG increased with the increase of L and the decrease
of S under the same heat source power. The elevated length of one
thermoelectric leg led to large temperature differences at both
sides. The number of thermocouples for the RTG increased as the
S of an individual leg decreased due to the constant total cross-
sectional area of all the thermoelectric legs. According to Eq. (1),
the open-circuit voltage is equal to the product of the temperature
difference and the number of thermocouples. Therefore, the Voc get
a large value at high L and small S. Thus, a maximum Voc of 0.82 V
was obtained with L = 40 mm and S = 1.2 mm2 at the heat source
power of 1 W.

As shown in Fig. 6(b) and (c), the maximum output power and
the maximum conversion efficiency increased to peak values and
then decreased with the increase of L and S. According to Eq. (2),
internal resistance is another crucial factor that affects the perfor-
mance of the RTG. The Voc increased with L, consequently increas-
ing the value of Pmax. However, when L became long enough, the
internal resistance r rose, consequently decreasing the value of
Pmax. As the value of S increased, the r of the RTG decreased, which
increased Pmax. However, when S becomes enough large, the num-
ber of thermocouples decreases. This brings down the value of Voc

and then reduced the value of Pmax. Finally, the RTG achieved a
maximum output power of 15.8 mW and a maximum conversion
efficiency of 1.58% at L = 35 mm, S = 2.4 mm2 and a heat source
power of 1 W. The corresponding temperature distribution is
shown in Fig. 6(d).

Table 2 shows the electrical performance of the micro-radial
RTG before and after the optimization of the leg size and the com-
parison of the optimized and measured outputs at the same leg
size. When we optimized the leg size from 10 � 3 mm3 to
35 � 2.4 mm3, the values of Voc, Pmax, and gmax increased signifi-
cantly. A considerable gap exists between the simulated and mea-
sured values of Pmax and gmax. As stated in Section 3.2, internal
resistance mainly caused the gap. The results indicate that both
the preparation process technology and the thermoelectric leg size
should be improved in the future for the manufacture of micro-
radial RTGs.
Table 2
Optimized and measured performance of the RTG at 1 W heat source power.

Leg dimension (L � S) (mm3) Voc (mV) Pmax (mW) gmax (%)

Simulated 35 � 2.4 402.24 15.8 1.58
Simulated 10 � 3 96.2 5.10 0.51
Measured 10 � 3 92.72 0.15 0.015
3.4. Influence of the number of thermoelectric modules on RTG

Fig. 7 shows the electrical performance of the RTG under differ-
ent modules. The Voc from the RTG with eight modules was highest,
followed by that with six modules, and then by that with four
modules under the same heat source power. The maximum value
of Voc was 474.5 mV. In terms of Pmax, and gmax, the structure with
four modules had the largest values, with 15.8 mW and 1.58% at a
heat source power of 1 W.

When the thermoelectric modules increased from four to
eight, the number of thermocouples rose remarkably. Subse-
quently, the open-circuit voltage increased. However, a large
number of PN thermocouples also enhance internal resistance.
At the same time, with the increase of the modules, the heat
energy of each module can be reduced, and the consequent DT
can also be reduced for a certain heat source power. Thus, Voc

increased as the number of modules increased. On the contrary,
Pmax and gmax decreased as the number of modules increased
from four to eight. These results indicate that a substantial num-
ber of modules is recommended for a high open-circuit voltage,
while a small number of modules is suggested for a high output
power.
Fig. 7. Electrical performance of the RTG under different modules: (a) open-circuit
voltage Voc and maximum output power Pmax, (b) maximum conversion efficiency g.
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4. Conclusion

In this research, we designed and fabricated a micro-radial
radioisotope thermoelectric generator. The relationship between
the performance output and the structure size of the RTG was
accurately established through theoretical analysis and simulation.
A micro-radial RTG was experimentally fabricated, and its open-
circuit voltage reached 92.72 mV at a heat source power of 1 W.
The simulation data was suitably matched with the experimental
results in terms of the output voltage and the temperature differ-
ence. The RTG with four thermoelectric modules, in which the size
of a single thermoelectric leg was 35 mm length and 2.4 mm2

cross-sectional area, was the best structural dimension at ambient
temperature. The maximum output power of 15.8 mW was
achieved when the heat source power was 1 W. The corresponding
conversion efficiency was 1.58% at the heat source power of 1 W.
Moreover, this study provides a feasible scheme for improving
the output performance of a RTG by using the finite element anal-
ysis method properly. Future work should further enhance the
preparation process technology and optimize the thermoelectric
leg size in our manufactured micro-radial RTG toward realizing
the RTG power supply for independent micro devices on space-
crafts in the near future.
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