
 ICES-2020-342 

Copyright © 2020 Tsuyoshi Totani 

Thermal Design of Upper Boost Stage with  

Hybrid Kick Motor for Microspacecraft 

Tabata Kenichi1, Tsuyoshi Totani2, Kohei Matsushima1, and Harunori Nagata2 

Hokkaido University, Sapporo, Hokkaido, 060-8628, Japan 

We propose the thermal design of the upper boost stage with hybrid kick motor to foster 

deep space exploration from a geostationary transfer orbit by using microspacecraft. The 

oxidizer of the hybrid kick motor is nitrous oxide, and the main design challenge is to keep its 

temperature below 35 °C for the nitrous oxide to stay liquid before ignition of the hybrid kick 

motor. This upper temperature limit is below the allowable temperature range of many 

onboard components. Nevertheless, the sunshine and shade times per orbit are longer than 

those on low earth orbits, and extreme temperature fluctuations occur along an orbit. The 

upper boost stage is modelled as a cube with 50 cm sides. Solar cells are body-mounted, and 

passive thermal control is adopted. We apply two different thermal design strategies. One 

strategy reduces the temperature fluctuations along the orbit by using the heat capacity of the 

entire spacecraft. The other strategy reduces the temperature fluctuations in the internal 

spacecraft structure by reducing the transference of external heat to the internal structure. 

Assuming the worst thermal attitude of the upper boost stage, no design solution is found. 

Under attitude conditions of normal flight, the second strategy is a suitable design solution 

considering that the upper boost stage spins about the hybrid kick motor axis. 

Nomenclature 

Ap = projected area of spacecraft to the sun 

As = surface area of spacecraft 

Fs-e = view factor from spacecraft to the earth 

Gs = solar constant 

P = orbital period 

Pd = power consumption per unit time during sunshine 

Pe = power consumption per unit time under shade 

Td = sunshine duration per orbit 

Te = shade duration per orbit 

Xa = efficiency of power transmission from solar cell to load 

Xb = efficiency of power transmission from battery to load 

Xc = efficiency of power transmission from solar cell to battery 

a = albedo coefficient 

t = time 

α = solar absorptivity 

ε = infrared emissivity 

αr = solar absorptivity of parts other than solar cells 

εr = infrared emissivity of parts other than solar cells 

αo = apparent solar absorptivity of entire spacecraft 

εo = apparent infrared emissivity of entire spacecraft 

εo-i = infrared emissivity inside external panel 

εi = infrared emissivity of internal structure 

αc = solar absorptivity of solar cell 

εc = infrared emissivity of solar cell 

ηc = solar cell efficiency 
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ρc = Area filling ratio of solar cells 

I. Introduction 

EEP SPACE EXPLORATION has been achieved by using microspacecraft, such as the Procyon probe1 

developed by JAXA (Japan Aerospace Exploration Agency) and the University of Tokyo, and the Omotenashi2 

spacecraft developed by JAXA and NASA. Deep space exploration using microspacecraft is less investigated than 

earth observation missions, because its launch opportunities are very limited. Table 1 lists the launch schedule of the 

H-IIA launch system since 2001.3 The three launches highlighted in the table were aimed to explore the moon or 

farther astronomical bodies. In the remainder launches, 15 satellites were put in a geostationary transfer orbit (GTO) 

or farther orbits.  

The development of kick motors for microspacecraft has greatly contributed to increase the opportunities for deep 

space exploration, because orbit transfer can be performed using this type of motor. Specifically, the upper boost stage 

with the microspacecraft is carried to a GTO with a main satellite. Then, the microspacecraft is accelerated at the 

perigee by the kick motor. Sakurai et al.4 showed that velocity increases of 1.06 km/s and 1.15 km/s allow Venus and 

Mars exploration, respectively. 

Non-explosive and low-cost propellant is desirable for kick motors mounted on the upper boost stage of 

microspacecraft, because it is often launched with medium and large spacecraft. Sakurai et al.4 developed a hybrid 

kick motor that uses high-density polyethylene as fuel and liquid nitrous oxide as oxidizer. In addition, the safety 

management of a hybrid kick motor is easier than that of solid rockets because the fuel and oxidizer are non-explosive 

on their own. Moreover, the handling costs are lower than those of liquid rockets because the fuel and oxidizer are 

handled at approximately room temperature. Nevertheless, liquid nitrous oxide has more severe temperature 

requirements than other onboard components. Therefore, we aim to complete the thermal design of the upper boost 

stage equipped with a hybrid kick motor using liquid nitrous oxide as oxidant. To this end, the temperature of all parts 

should be maintained within the allowable range while keeping nitrous oxide in its liquid state along a GTO. 

 

Table 1. Launch opportunities beyond GTO from H-IIA system since 2001.  

Year Spacecraft Orbit/trajectory 

2001 LRE GTO 

2002 MDS-1 GTO 

2002 DRTS Geosynchronous orbit 

2005 MTSAT-1R Geosynchronous orbit 

2006 MTSAT-2 Geosynchronous orbit 

2006 ETS-VIII Geosynchronous orbit 

2007 SELENE Lunar orbit 

2008 WINDS Geosynchronous orbit 

2010 PLANET-C Orbit around Venus 

2010 QZS-1 Quasi-zenith orbit 

2014 Himawari-8 Geosynchronous orbit 

2014 Hayabusa2 Trajectory to Ryugu 

2015 Telstar 12 VANTAGE Geosynchronous orbit 

2016 Himawari-9 Geosynchronous orbit 

2017 DSN-2 Geosynchronous orbit 

2017 QZS-2 Quasi-zenith orbit 

2017 QZS-3 Quasi-zenith orbit 

2017 QZS-4 Quasi-zenith orbit 

The highlighted rows indicate launches aimed to explore the moon or farther astronomical bodies. 

II. Thermal Design Method 

The thermal design method used for conventional medium and large spacecraft may be unsuitable for 

microspacecraft given their different characteristics. For instance, microspacecraft have smaller mass and smaller heat 

capacity. However, the temperature change along an orbit is large, and it is difficult to maintain the temperature of the 

microspacecraft components within their allowable temperature range. Although the body-mounted solar cells are the 

main power generation sources for microsatellites, they restrict the area for thermal control. Moreover, these solar 

cells generate less power than solar array wings. Consequently, the temperature of few onboard components can be 

controlled actively, whereas that of most components is controlled passively.  

D  
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On the other hand, the design of microspacecraft should be usually completed in a short period. Totani et al.5 

proposed two thermal design strategies for microsatellites to complete the thermal design in a short period. Design 

concept A reduces the temperature change in an orbit by transferring the external heat input to the entire 

microspacecraft and using all its heat capacity. Design concept B reduces the temperature change in the internal 

structures by ensuring low heat transfer between the external and internal structures. In addition, Totani et al.5 

narrowed optical properties to maintain the temperature of microsatellites within the allowable temperature range by 

using one- or two-node analysis and then performing multi-nodal analysis using the narrowed optical properties. The 

one- and two-node analyses reduce the number of nodes by leveraging the small temperature variation in 

microsatellites. Using design concept B, thermal design was completed in 10 months for the Hodoyoshi-1 

microsatellite. From on-orbit temperature data, they confirmed that the temperature of onboard components except 

for two components was within the allowable temperature range.4 As a complementary study, we apply the thermal 

design strategies to the upper boost stage equipped with a hybrid kick motor in a microspacecraft. 

III. Analysis Conditions 

Figure 1 illustrates the analytical model of the upper boost stage and the corresponding coordinate system. The 

stage model is a cube with sides of 50 cm. The upper boost stage contains a kick motor, four nitrous oxide (N2O) tanks 

for oxidant, two helium (He) tanks for pressurization, and a microspacecraft. The nozzle of the hybrid kick motor is 

exposed from the −Z panel. The microspacecraft weighs 30 kg and is mounted on the internal panel (channel), and the 

components are mounted on the internal panel (plane). The other onboard components are not included in the model, 

and their mass is neglected. Note that neglecting this mass allows analysis under severe conditions, because the overall 

heat capacity of the upper boost stage reduces under this consideration, and the temperature substantially fluctuates 

along an orbit. 

Based on the thermal design strategy, we conducted a one-node analysis for design concept A, in which the entire 

spacecraft is regarded as one node. Table 2 lists the analytical conditions for the one-node analysis. The analysis was 

conducted for two cases: worst cold case (WCC) and worst hot case (WHC). The allowable temperature range was 

set to 0–35 °C considering the lower temperature limit of the battery and the upper temperature limit of liquid nitrous 

oxide.  

 
Figure 1. Scheme of analytical model for upper boost stage and coordinate system. 

Table 2. Analytical conditions for one-node analysis. 

 WCC WHC 

Mass, kg 44.237 

Heat capacity, J/K 97,593 

Consumed power, W 30 

Allowable temperature 

range, °C 0–35 

Initial temperature, °C 10 25 

 

Table 3. Analytical conditions for two-node 

analysis. 

 External Internal 

Mass, kg 4.002 40.236 

Heat capacity, J/K 3522 94,069 

View factor 0.735(→Internal) 0.433(→External) 

Allowable 

temperature 

range, °C 

−145–65 0–35 
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We also conducted a two-node analysis for design concept B considering the entire external and internal structures 

as nodes. Table 3 lists the analytical conditions for the two-node analysis. The allowable temperature range of the 

external structure was set to that of the solar cells. The view factors from the internal structure to the external structure 

and from the external structure to the internal structure were calculated by using the Thermal Desktop software 

developed by C&R Technologies with the SINDA/FLUINT engines and RadCad module. Likewise, we conducted 

multi-nodal analysis based on the analysis results from few nodes using the same software.  

 

 

 
Figure 2. Schematic of components in upper boost stage. 
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Table 5 lists the orbital conditions for analysis. The orbit for the WHC was set such that the apogee was located in 

the shadow of the earth and that the nighttime of the upper boost stage was maximized. The orbit for the WHC was 

set to always stay in the sunshine. The upper boost stage always faced the +Z surface to the sun in the WCC. The 

sunshine always hit +X, −Y, and −Z panels of the upper boost stage in the WHC. 
 The thermal design satisfying the allowable temperature range under these conditions ensures that the temperature 

of the upper boost stage remains within the allowable temperature range even under uncontrollable attitude. The power 

consumption of the components was set to 30 W in both cases. The power consumption was set in the internal structure 

in the two-node analysis and in two internal panels (plane) (Figure 1) in the multi-nodal analysis. Table 6 lists the 

allowable temperature range of the onboard components used in the multi-nodal analysis. 

The area of the body-mounted solar cells was set to generate the required power in the WCC. All power transfer 

efficiencies were set to 0.8, and the power generation efficiency6 was set as listed in Table 7. The area filling ratio, 

Table 6. Allowable temperature range per 

component. 

Component 
Allowable 

temperature range, °C 

External panel −145–65 

Internal panel 

(channel, plane) 0–40 

Kick motor −54–60 

Tank (N2O) −25–35 

Tank (He) −25–50 

 

Table 7. Specifications of solar cell.6 

Efficiency η
c
 0.32 

Solar absorptivity αc  0.88 

Infrared emissivity εc  0.85 

 

Table 5. Orbital conditions. 

 WCC WHC 

Orbit GTO 

Periapsis, km 300 

Apoapsis, km 35,786 

Period, s 37,980.4 

Orbit inclination, ° 30 

Argument of periapsis, ° 0 

Right ascension of 

ascending node, ° 0 120 

Eclipse Max. None 

Solar Gs, W/m2 1309 1414 

Planet shine, W/m2 189 261 

Albedo coefficient 0.2 0.4 

Initial temperature, K 10 25 

Initial position 

Entry of 

shade Periapsis 

 

Table 4. Thermophysical properties of components in upper boost stage. 

Component Mass, kg Specific heat, J/(kg⋅K) Heat capacity, J/K 

External pane (−Z) 0.627 880 552 

External panel (others) 0.675 880 594 

Internal panel (channel) 1.215 880 1069 

Internal panel (plane) 1.11 880 974 

Motor case 2.447 480 1174 

Fuel case 3.355 800 2684 

Fuel (HDPE) 7.510 1550 11,640 

Nozzle 1.143 836 955 

Tank (N2O) 4.985 880 4386 

Tank (He) 1.824 880 1605 

Nitrous oxide (N2O) 16.324 4160 67,908 

Helium (He) 0.323 5190 1674 

Total 44.237 – 97,593 
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which corresponds to the ratio of power consumed inside the spacecraft per orbit to the power generation per orbit 

from solar cells mounted on the entire spacecraft surface is given by  
 

ρ
c
=

PdTd

Xa
+

PeTe

XbXc

∑ 𝜂c𝐺s(𝐴p + 𝑎Fs-e𝐴s)∆t𝑃
𝑡=0

. (1) 

 
We obtained an area filling ratio of approximately 47% from Eq. (1). In the WCC, the power generated during the 

sunshine was consumed by the components and charged to the battery. The components consumed the power stored 

in the battery during the shade. The power generated during the sunshine was equal to that consumed in one transit 

along the orbit. In the WHC, the upper boost stage always flied under sunshine, and hence the battery power was not 

used. The generated power was consumed by the components, and excess power was consumed by a shunt on the 

external structure. 

The surface area of the external structures excluding the solar cell area was used for thermal control. The surface 

optical properties of the entire microspacecraft including the body-mounted solar cells were limited by the following 

formula:  

 
ρ

c
(αc − η

c
) < αo < ρ

c
(αc − η

c
− 1)+1, (2) 

ρ
c
εc < εo < ρ

c
(εc − 1)+1. (3) 

 
The solar absorptivity and infrared emissivity candidates for the entire spacecraft were bounded by 0.27 < αo < 0.79 

and 0.41 < εo < 0.93, respectively.  

IV. Results and Discussion 

A. Design concept A 

In the one-node analysis, we used two parameters: solar absorptivity and infrared emissivity from outside the upper 

boost stage. The two parameters were varied from 0.01 to 1 in increments of 0.01, obtaining 10,000 combinations of 

the two parameters. Figure 3 shows the results of the one-node analysis. The blue and red areas show the surface 

optical properties that satisfy the allowable temperature range in the WCC and WHC, respectively. As the blue and 

red areas do not overlap, the one-node analysis cannot provide surface optical properties that simultaneously satisfy 

the WCC and WHC. Consequently, design concept A is not suitable for the upper boost stage. 

B. Design concept B 

In the two-node analysis, we used four parameters: solar 

absorptivity and infrared emissivity from outside the 

external structure of the upper boost stage, infrared 

emissivity from inside the external structure, and infrared 

emissivity of the internal structure. The thermal 

conductance between the external and internal structures 

was set to zero. The four parameters were varied from 0.1 

to 1 in increments of 0.1, obtaining 10,000 combinations of 

the four parameters. Figure 4 shows the results of the two-

node analysis, where each green square indicates the 

combination of solar absorptivity and infrared emissivity 

from outside the external panel at which the temperature is 

within the allowable temperature range for both the WCC 

and WHC. Therefore, the two-node analysis provides 

surface optical properties simultaneously satisfying the 

allowable temperature range for the two cases.  

Then, we conducted a detailed analysis with increments 

of 0.01 in the region of the green squares, obtaining the 

following combination of surface optical properties that 

maximizes the temperature margin (Table 8):  

 
Figure 3. Surface optical properties satisfying 

allowable temperature range in one-node 

analysis. 
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(αo, εo, εo-i, εi) = (0.31, 0.87, 0.20, 0.12). 

 

The maximum temperature margin was 6.9 °C at the low 

temperature side of the allowable temperature range in the 

internal structure.  

In the multi-node analysis, we added some components to 

the model to obtain a more accurate representation of the upper 

boost stage. Specifically, the hybrid kick motor was reproduced. 

The nozzle was exposed from the −Z panel, as shown in the red 

structure in Figure 5. The material of the nozzle was graphite, 

and the optical properties on its surface were set to (α, ε) = (0.93, 

0.85). In addition, optical properties (α, ε) = (0.47, 0.14) were applied to the exposed part of the kick motor, shown as 

the blue structure in Figure 5. The cylinder structure shown in yellow in Figure 5 was attached around the nozzle to 

reduce temperature variations along an orbit. The nozzle was attached to the kick motor case, which was in turn fixed 

to the internal structure. The nozzle was expected to greatly affect the temperature of the internal structure. Optical 

properties (α, ε) = (0.06, 0.03) were applied to the surface of the cylinder.  

In addition, epoxy glass washers were inserted into the bolted position between the internal panel and kick motor, 

between the kick motor and −Z panel, between the internal and external panels, and between the cylinder and −Z panel. 

The dimensions and thermal properties of the washers are listed in Table 9.7 Four washers were installed at the red 

and blue lines of Figure 6, and two washers were installed at the green lines of Figure 6.  

The hybrid kick motor was fixed to the internal structure at 120° intervals using the two upper and lower L-shape 

fitting parts, bolts, and washers with respect to the internal structure, as shown in Figure 6. Six bolts and washers were 

used to join the hybrid kick motor and cylinder cover on the −Z panel. A microspacecraft of 30 kg was added in the 

internal structure (channel). 

We conducted the multi-nodal analysis using the optical properties obtained from the two-node analysis, (αo, εo, 

εo-i, εi) = (0.31, 0.87, 0.20, 0.12). Table 10 lists the temperatures obtained from the multi-nodal analysis. The 

temperature of the internal panels and tanks exceed the allowable temperature range. This result differs from that 

obtained using the two-node analysis (Table 8). To investigate the cause of this difference, we conducted the two-

node analysis considering the thermal conductance between the external and internal structures. Overall, 70 washers 

were used between the external and internal structures, and the thermal 

conductance between these structures was 0.0053 × 70 = 0.371 W/K. 

Figure 7 shows the optical properties meeting the allowable 

temperature range from this two-node analysis considering the thermal 

conductance. The two-node analysis considering thermal conductance 

fails to provide surface optical properties satisfying the allowable 

temperature range.  

 
Figure 4. Surface optical properties satisfying 

allowable temperature range in two-node 

analysis. 
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Table 8. Temperature of external and internal structures 

obtained from two-node analysis without considering 

thermal conductance at maximum temperature margin. 

Structure Temperature, °C 

Internal structure [WCC] 6.9–7.8 

Internal structure [WHC] 27.8–28.1 

External structure [WCC] −110.4–(−41.6) 

External structure [WHC] −24.7–4.5 

 

  
Figure 5. −Z surface of 

microspacecraft. 

Table 9. Characteristics of epoxy glass washer.7 

Thermal conductivity, W/(m⋅K) 0.471 

Thickness, mm 5.0 

Outer diameter, mm 10 

Inner diameter, mm 5.3 

Thermal conductance per washer, W/K 0.0053 
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Table 11 lists the temperature of the external and internal structures for (αo, εo, εo-i, εi) = (0.31, 0.87, 0.20, 0.12) 

(i.e., at maximum temperature margin) considering thermal conductance. Although the temperature neglecting the 

conductance, listed in Table 8, is within the allowable temperature range, the temperature of the internal structure in 

the WCC considering the thermal conductance is out of this range. The temperature obtained by considering the 

thermal conductance suitably agrees with the results in 

Table 10. Overall, the main difference between the 

results obtained from the multi-nodal analysis 

(Table 10) and those obtained from the two-node 

analysis (Table 8) is due to heat conduction between the 

external and internal structures. Therefore, the two-node 

analysis considering the thermal conductance between 

the external and internal structures shortens the analysis 

time when applying design concept B. 

  
Figure 6. Bolt-fastening positions in internal panel. 

Table 10. Results obtained from multi-nodal analysis. 

 Min., °C Max., °C  Min., °C Max., °C 

Internal panel (channel) 

[WCC] 

−10.4 −1.8 Tank (He) [WHC] 42.4 44.2 

Internal panel (channel) 

[WHC] 

36.4 43.9 Kick motor [WCC] −45.8 −31.7 

Internal panel (plane) [WCC] −5.6 2.0 Kick motor [WHC] 39.6 48.2 

Internal panel (plane) [WHC] 38.7 47.2 Nozzle [WCC] −46.3 -43.4 

Tank (N2O) [WCC] −4.5 −1.5 Nozzle [WHC] 50.0 52.0 

Tank (N2O) [WHC] 39.9 44.8 External panel [WCC] −92.0 0.2 

Tank (He) [WCC] −3.5 −1.7 External panel [WHC] −23.9 43.1 

 

Table 11. Temperature of external and internal 

structures obtained from two-node analysis 

considering thermal conductance at maximum 

temperature margin. 

Structure Temperature, °C 

Internal structure [WCC] −21.8–(−20.1) 

Internal structure [WHC] 12.8–13.4 

External structure [WCC] −103.6–(−43.5) 

External structure [WHC] −24.5–3.5 

 

  
 Figure 7. Surface optical properties satisfying 

allowable temperature range in two-node analysis 

considering thermal conductance. 
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The abovementioned thermal design was performed for the temperature to be within the allowable range even 

under failure of the attitude control system, leading to no design solution. We then discarded the design constraint of 

satisfying the allowable temperature range in any attitude. In addition, we considered that the upper boost stage spun 

about the kick motor axis during normal flight, or Z axis, and that the stage attitude in the WCC changed such that 

sunlight hit either one or two side panels, as shown in Figure 8. Likewise, the attitude in the WHC maximized the 

projected area with respect to the sun, and the side with the nozzle did not face to the sun, as also shown in Figure 8. 

Figure 9 shows the component temperatures for surface optical properties (αo, εo, εo-i, εi) = (0.40, 0.70, 0.13, 0.13). The 

  
Figure 8. Attitude of upper boost stage viewed from the sun. 

 

 
Figure 9. Temperature obtained from multi-nodal analysis when the upper boost stage spins about the kick 

motor axis. 
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temperature of all the components remains within the allowable temperature range. Therefore, this configuration is 

viable for the thermal design of the upper boost stage with hybrid kick motor. 

V. Conclusion 

We conducted the thermal design for an upper boost stage with hybrid kick motor traveling along a GTO. Two 

design concepts were applied for the stage. Design concept A reduces the temperature fluctuations by using the heat 

capacity of the entire upper boost stage, and design concept B reduces the temperature fluctuations in the internal 

structures by decreasing the heat transfer between the external and internal structures. For design concept A, no surface 

optical properties satisfying the allowable temperature range were found. For design concept B, surface optical 

properties satisfying this requirement were obtained provided for the attitude condition of spinning the upper boost 

stage around the hybrid kick motor axis. The obtained optimal surface optical properties are the following: solar 

absorptivity and infrared emissivity outside the external structure of 0.40 and 0.70, respectively, infrared emissivity 

inside the external structure and on the internal structure of 0.13, solar absorptivity and infrared emissivity on the 

nozzle of the hybrid kick motor of 0.93 and 0.85, respectively, solar absorptivity and infrared emissivity on the 

exposed part of the hybrid kick motor of 0.47 and 0.14, respectively, and solar absorptivity and infrared emissivity of 

the nozzle cylinder cover of 0.06 and 0.03, respectively. 
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