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The exploration of Mars by an airplane has been proposed in Japan, and it is aimed at 
being realized in the latter half of the 2020s. It is receiving attention as the next-generation of 
Mars exploration because it will be able to obtain more accurate data than the orbiter 
and over a wider area than either the lander or the rover. However, due to the severe 
atmospheric conditions on Mars, it was required to demonstrate the feasibility under the 
same conditions in advance. Therefore, the high-altitude flight demonstration on earth 
was conducted using a high-altitude balloon in June 2016 (Mars Airplane Balloon 
Experiment-1 (MABE-1)). In MABE-1, the flight testing was conducted 36 km above 
the earth because the atmospheric condition there is almost same as that of Mars. We 
conducted the thermal analysis of MABE-1 by calculating a thermal mathematical model 
using Thermal Desktop ®. The model simulated all of the on-board systems, thermal control 
system, and the thermal environment. This paper describes the thermal analysis results of 
Mars Airplane Balloon Experiment-1, and compares the predicted temperatures with the 
flight testing data.  

Nomenclature 
MABE-1 = Mars Airplane Balloon Experiment-1 
ADS = Air Data Sensor 
SPG = Static Pressure Gauge 
DPG = Differential Pressure Gauge 
 
P = pressure, Pa 
t = time, s 
T = temperature, oC 
 

I. Introduction 
  n the next generation of Mars exploration, the use of small airplanes was proposed by JAXA/ISAS and domestic 
universities in Japan. The project is ongoing with the goal of a launch in the 2020s1-8. If an aircraft-type Mars 

exploration vehicle could be realized, it will become possible to perform high-precision, wide-field observations, 
including meteorological observations, and greatly advance the planetary science of Mars. Typically, it could 
perform stratigraphic observations of the outcrop of a cliff, which is difficult to perform by remote sensing or lander 
survey. Additionally, if an airplane could image a lander or a rover from overhead in high-resolution, it is worth 
pursuing. Such exploration on Mars by an airplane would be a world-first, as aircraft exploration using 
aerodynamics would be very challenging. However, the Mars environment is very different from the Earth’s, and in 
order to realize Mars airplanes, they would have to be adapted to be able to operate in that environment. First, the 
atmospheric density of Mars is about 1/100th of that of Earth, and since the obtained lift force is small, significant 
weight reduction and improved wing characteristics are required. In addition, the thermal environment of Mars is 
different from the Earth because the average surface temperature is as low as -60 °C. The main component of the 
atmosphere is CO2. Therefore, since the heat transfer characteristics of Mars are completely different from Earth’s, it 
is necessary to construct a detailed thermal control system in advance. Besides that, the development of an 
autonomous flight system is necessary because GPS and magnetic bearing indicators cannot be used on Mars. 

                                                             
1 Graduate Student, Institute of Fluid Science, 2-1-1, Katahira, Aoba-ku, Sendai 980-8577, Japan. 
2 Researcher, Institute of Fluid Science, 2-1-1, Katahira, Aoba-ku, Sendai 980-8577, Japan. 
3 Professor, Institute of Fluid Science, 2-1-1, Katahira, Aoba-ku, Sendai 980-8577, Japan. 

I 



 
International Conference on Environmental Systems 

 
 

2 

Careful consideration is also required on the mountability to the mother ship and the entry method into the Martian 
atmosphere9-12. 

In order to reliably carry out the mission under such harsh conditions, it is necessary to maintain the temperature 
of all on-board systems in their required operating-temperature ranges in order for them to function normally in the 
thermal environment to which the Mars airplane will be exposed throughout the missions. Weight reduction is 
pursued to the limit in Mars airplanes. Furthermore, the heat density of the on-board systems is high, and the power 
resources are limited. It is therefore necessary to construct a model that predicts the temperatures of the on-board 
systems with high accuracy when in the thermal environment to which the Mars airplane is exposed. 

There are many technical issues that must be overcome for the realization of Mars airplanes, and it is necessary 
therefore to first conduct a flight test in an environment simulating Mars. A high-altitude flight demonstration test 
using the JAXA balloon system was proposed by the Mars airplane working group of Japan (established in January 
2010), a group that included the authors.  

The first flight test13-16 was conducted on June 12, 2016 in Taiki Town, Hokkaido, Japan. The purpose of the 
flight test was to gather flight data by gliding the aircraft at an altitude of 36 km, where the atmospheric temperature 
and pressure are almost the same as Martian ground surface environment.  

From the viewpoint of thermal design, it was required to construct a thermal mathematical model and to conduct 
thermal analyses to accurately determine the temperature history, and to construct a thermal control system for 
keeping the temperature range of all on-board systems within the allowable temperature range in all phases of the 
flight test. We evaluated the thermal mathematical model by comparing the temperature data from the flight test and 
the analysis results, and found that we have to improve the accuracy of the model and to obtain more knowledge for 
the realization of actual Mars airplanes. 

In this study, we first constructed the thermal model of the high-altitude flight demonstration test and carried out 
a thermal analysis. Next, by comparing it with actual measurement data, we evaluated the validity of the thermal 
mathematical model. 

II. High-Altitude Flight Demonstration Test 
 
A. Outline of Airplane 

Figure 1 shows a photograph of the MABE-1. The airplane has a wingspan of 2.4 m, a fuselage length of 2.3 m, 
and a fuselage height of 0.4 m. The airplane is designed with the constraint that the wing and body are folded once 
and then placed in the Mars entry capsule, which has a diameter of 1 m. In order to improve lateral stability, the 
dihedral angle of the main wing is 5°, and to obtain a high lift/drag ratio under the low Reynolds number flow 
condition of Mars, Ishii Wing17 is used as the main wing cross section. The tail airfoil is NACA0009. The body of 
the airplane is made of carbon-fiber-reinforced plastic (CFRP), and 
the tail wing is made of balsa material. The main wing has a structure 
in which a beam/rib made with CFRP is covered with a film. Flight 
control is carried out using conventional ailerons, elevators, and 
rudders.  

For Mars airplanes, we plan to use a propeller-propulsion system. 
However, the MABE-1 airplane will only glide, without using the 
propulsion system, because the main aim of the present flight test is to 
acquire aerodynamic data for the aircraft. The actual Mars airplane 
will be released from the Martian entry capsule and the main wing and 
tail wing will then be deployed as shown in Fig.2. MABE-1 will drop 
from the balloon with the main wing and tail wing deployed, then 
pull-up the nose-tip and enter level flight as shown in Fig.3.  
  
B. Flight Test 

The simple flow chart of the flight test is shown in Figure 4. There are three phases: 1) a balloon-rising phase, 2) a 
flight phase, and 3) a parachute-descent phase. First, the airplane is stored in the gondola and waits for about three 
hours on the ground. The airplane is fixed in the gondola with its nose down as shown in Figure 5. The gondola has 
a 50 mm-thick rigid-foamed polystyrene lining inside to prevent the airplane from being exposed to the surrounding 
cold air and direct sunlight. In the balloon-rise phase, the gondola rises to 36 km altitude, taking about three hours. 
At altitude, the airplane will be separated from the gondola and will fly for approximately 2 min. After the flight test, 
the parachute is opened and the airplane descends to the ground in about 30 min. 

 
Figure 1. Photograph of MABE-1. 
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Figure 2. Entry sequence of Mars airplane. 

 
Figure 3. Test sequence of MABE-1. 

 

 
Figure 4. Simple flow chart of flight test. 

 

 
Figure 5. Photo of airplane fixed in gondola. 
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III. Thermal Mathematical Model 
A. Thermal Environment 
 Figure 6 shows the history of temperature and pressure in the environment around the gondola and the MABE-1 
in each phase. These temperature histories are based on the International Standard Altitude tables. During the 
balloon-rising phase, the temperature decreases linearly until approximately 3000 s from the start of the ascent, and 
then drops to about -60 °C. Above 11 km the temperature decreases once again when it enters the stratosphere and 
then rises. The pressure decreases as the altitude increases, and is about 0.6 kPa at 36 km. In the flight phase, the 
airplane is in essentially level flight, therefore, the pressure and temperature around the airplane are almost the same 
as those at the end of the balloon-rising phase. In the parachute descent phase, a reverse profile of the balloon-rising 
phase is observed. The thermal environment above was taken as the analysis condition. Furthermore, as the heat 
inside and outside the airplane is considered with respect to the above-described thermal environment, the following 
can be mentioned. In the ground-standby phase, natural convection to the air inside the gondola exists as natural 
convection outside the airplane. There is also natural convection between the on-board systems. Regarding solar 
radiation, we assumed that the gondola is covered by insulation material, and therefore is not affected by it. The 
balloon-rising phase is also the same as the heat path of the ground waiting phase. In the flight-test phase, the 
airplane flies away from the gondola, so it is affected by solar radiation and forced convection. In the parachute-
descent phase, it is affected by solar radiation and forced convection like the flight-test phase.  

 
B. Layout of the on-board systems and thermal control system 
 Figure 7 shows the arrangement of the main on-
board systems on MABE-1. Systems on-board 
equipment includes Avionics, Air Data Sensor (ADS 
consists of Differential Pressure Gauge (DPG) and 
Altimeter), battery, DC/DC converter, transmitter, bi-
phase converter, GPS, parachute, and a rope cutter for 
opening the parachute-storage section lid. A film heater 
and a thermostat were attached to the air data sensor and 
the servomotor, and the temperature was regulated so 
that the on-board devices were within their normal 
operation temperature ranges. For flight control, a 
triaxial angular-velocity meter, a biaxial magnetic-
bearing meter, and ADS were used, and a GPS was used 
to plot the flight position.  

 
Figure 6. Pressure and temperature history in environment around gondola and airplane in each phase. 

 

 
Figure 7. Arrangement of main on-board systems. 
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The thermal control systems of each part of the on-board systems are described below. Insulation materials were 
used because the cameras and the servo motors, which are thermally floating with other devices, are likely to have 
lower temperatures. A foam insulation sheet 1 mm thick was used for the insulation of the servomotor, and 3 mm 
Aeroflex®18 was used for the insulation of the camera. Servomotors are required to have high-precision thermal 
control in order to minimize the influence of temperature drift. For this reason, the temperature of the servomotor 
was adjusted using a heater and a thermostat. Similarly, the altimeter and the differential pressure gauges were 
regulated by a heater and a thermostat to suppress the influence of temperature drift. The thermostat was set to 
cutoff at 30 °C. Since the required temperature range of the battery is narrow, the battery was covered with 10 mm 
Aeroflex®, and the temperature was further regulated by a heater. In the DC/DC converter, which generated large 
amounts of heat, a material called α-GEL®19 which is flexible and highly adhesive, was inserted between it and the 
avionics in order to dissipate heat to avionics with large heat capacities. Nano diamond grease (hereinafter referred 
to as "grease") was used between the DC/DC converter and the ignition circuit box, and in places where a heater was 
used. Figure 8 shows a photograph of the on-board servomotor. In the aileron servomotor, a film heater is used 
between the silver tape and the servomotor, and insulation is used between the servomotor and the wing. In addition, 
a film heater is used on the back (wing side) of the rudder servomotor, and it covered with insulation as much 
as possible. However, some parts are exposed, so they are not completely insulated. In the elevator servomotor a 
film heater is used on the rear surface (wing side), and insulation is used between a film heater and the tail wing. 
Figure 9 shows a photograph of a differential-pressure gauge. There are three differential-pressure gauges, each of 
which is located in a remote place, so that the reverse sides of the three differential-pressure gauges are connected 
by an aluminum plate and heated together with the aluminum plate by a heater. The aluminum plate was attached 
with screws, and grease was used between the sensor and the aluminum plate. The pasting position of the heater is 
where the brown tape is attached in the figure, and due to dimensional restrictions, it was heated by 3 mm of α-
GEL©. In addition, Velcro was used between the basement, and it was insulated. 
 

   
(a) Aileron (b) Rudder (c) Elevator 

Figure 8. Photo of on-board servomotor. 
 

 
Figure 9. Photo of differential pressure gauge. 

 
C. Thermal model 

In this study, we constructed a thermal mathematical model using general thermal fluid-analysis software, 
Thermal Desktop ®. The model was created by simulating the actual shape of the airplane and the arrangement of 
the on-board systems. An overview of the thermal mathematical model is shown in Figure 10. For avionics that 
generate a large amount of heat, it was detailed by creating the internal board according to the actual dimensions. 
This is because the temperature difference between the temperature of the aluminum box covering the avionics 
substrate, and the substrate is large, and the temperature of the substrate is more important in terms of thermal 
design so they can be distinguished from each other. Table 1 shows the material, mass and optical characteristics of 
each part of the mathematical model. Where there is more than one of a system (four batteries, three differential-
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pressure gauges, two aileron servomotors, and two rudder servo motors) the sum of their various properties are 
shown in Table 1. The optical characteristics, absorption rate α and the emissivity ε, are presented in Table 2. 

 

  
 
 
 
 
 
 
 
 
The following thermal conductances are taken into consideration: 1) Radiation between the airplane and the on-
board systems, 2) Natural convection from on-board systems to the inner wall of the airplane, 3) Contact heat 
transfer between the airplane and on-board systems, 4) Contact heat transfer between on-board systems, and 5) Heat 
conduction between nodes in the same object 

The radiation of 1) was calculated by the Ray tracing method incorporated in Thermal Desktop ®, and the heat 
conductance of 5) was calculated from the physical property value of the node inputs to Thermal Desktop ®. 

Table 1. Specification of on-board systems 

On-board device Material Mass 
[g] 

Temperature range 
(Balloon rising) [°C] 

Temperature range 
(Flight test) [°C] 

Heat 
generation 

[W] 

Optical 
Characteristic 

Avionics 

Aluminum 

531 -40 to 50 15 to 25 4.55 

Aluminum 
polish 

Altimeter 142 -45 to 85 15 to 25 0 

Differential 
pressure gauge x3 28 -25 to 85 15 to 25 0 

Battery 98 0 to 30 0 to 30 2 

Transmitter 50 -40 to 50 -40 to 50 0 

DC/DC converter 290 -60 to 90 -60 to 90 2.04 

Ignition circuit  
with timer 63 - - 0 

Ignition circuit  
with no-timer 55 - - 0 

Camera 16 -60 to 50 -60 to 50 0.2 

Ballast 1100 - - - 

Aileron 
servomotor 

x2 
60 0 to 50 20 to 30 0 

Black paint Rudder servomotor 
x2 44 0 to 50 20 to 30 0 

Elevator 
servomotor 22 0 to 50 20 to 30 0 

Airframe CFRP - - - - 
White paint 

Tail wing Balsa 
wood - - - - 

Inner wall of 
thermostat bath - - - - - Aluminum 

polish 

Table 2. Optical Characteristic 
 Absorptivity 

 α 
Emissivity 

ε 
α/ε 

(BOL) 
Aluminum polish 0.15 0.05 3.00 

Black paint 0.9 0.9 1.00 
White paint 0.25 0.9 0.278 
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However, the natural convection heat transfer coefficient from 2) to 4) and the contact heat-transfer coefficient 
cannot be automatically obtained by Thermal Desktop ®, so they were entered manually based on general physical  
heat-exchange laws. Regarding this value, correlation is carried out based on the result of thermal-vacuum tests 
conducted in advance. 

Figure 11 shows the thermal mathematical model created by simulating the thermal environment of each test 
phase. Figure 11 (a) is a model of the ground standby phase, and the balloon-rising phase, where the green box 
shows the insulation of the gondola. Here, the outer wall is a boundary node with an infinite heat capacity. In 
addition, the nodes on the outer wall of the gondola were set to follow the temperature history of the balloon rise 
shown in Figure 5. The purplish-red board simulates the gondola's lid and it was set with a diffusion node assuming 
zero heat capacity. The blue lines show natural convection from the airplane to the air inside the gondola, and in this 
thermal mathematical model, it is simulated by directly setting the conductance between the airframe and the inner 

Table 3. Heat generation of on-board device for each phase 
On-board device Q [W] 

Ground standby 
/Balloons rising 

Q [W] 
Flight test 

/Parachute descent 
Avionics 4.55 4.55 

Battery (4 Cells) 0 2 

Altimeter 0 0 

Differential pressure gauge (DPG) x3 0 0 

Transmitter 2.5 2.5 

DC/DC converter 0 2.04 

Ignition circuit with timer 0.5 0.5 

Ignition circuit with no-timer 0.5 0.5 

Camera 0.2 0.2 

Aileron servomotor x2 0 10.2 

Rudder servomotor x2 0 5.2 

Elevator servomotor 0 2.6 

Battery heater 8.53 8.53 

Altimeter heater 2.07 1.47 

DPG heater 2.07 1.47 

Heater of Aileron servomotor x2 12.41 8.85 

Heater of Tail wing servomotor x3 6.2 4.42 

   

Figure 10. Overview of thermal 
mathematical model of airplane. 

(a) Ground standby/Balloon 
rising phase 

(b) Flight test/Parachute descent 
 

Figure 11. Overview of airplane and gondola. 
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wall of the gondola. The natural and forced convection heat transfer coefficient changing due to changes in pressure 
and temperature. We calculated the coefficient by the simple theory. Then, we corrected the heat transfer coefficient 
by data from the thermal vacuum test. Figure 11 (b) shows a thermal mathematical model simulating the flight test 
and parachute descent. In this case, we created a boundary node again as an environmental node since the thermal 
environment replaces natural convection within the gondola with forced convection with the outside air, and heat 
conductance was set as forced convection heat-transfer within the node. A thermal analysis was then performed. 
Table 3 shows the heat generation of on-board device for each phase. Here, since the heaters used for the elevator- 
and rudder-servo motors were controlled using the same thermostat, they were collectively described as tail-wing-
heaters.  
 

IV. Results of Thermal Analysis of Flight Test 
Temperature predictions for the flight test were carried out using the developed thermal model. First, the 

temperature prediction result in the balloon-rising phase is shown in Fig. 12 (a). From this figure, the temperature of 
the on-board systems also decreased with the fall of the outside air temperature until approximately 5400 seconds 
after the start of the rise. After that, the temperature started to rise due to the rise in the outside air temperature and 
the decrease in the atmospheric pressure. Although the temperature history of the outer wall of the gondola has 
almost the same profile as the outside air temperature, it can be seen that the temperature decrease of the inner wall 
of the gondola is delayed due to heat insulation. The temperature change of the camera is large because the heat 
capacity is small. Since the servomotors are heated with a film heater, the first temperature rise is remarkable. 
However, since the heater turns off at 30 °C, it temporarily changes at 30 °C, then drops to around 10 °C, and 
increases again. Figure 12 (b) shows a plot of the temperature just before the start of the flight. Here, the 
compensation temperature range during the ascent of the balloon and the required temperature range at the start of 
flight are also plotted. It can be seen from this figure that the temperature ranges of the on-board systems are all 
within the required temperature ranges, and also satisfy the temperature requirement at the start of the flight. The 
power consumption of the heaters for each system has been adjusted, so that it falls within the required range, and it 
is reflected in the actual flight operation. Next, the predicted temperature history in the flight phase is shown in 
Figure 13. During the flight, heat transfer is caused by forced convection with the outside air. However, large 
temperature changes are not seen in most of the on-board systems since the flight time is short. On the other hand, 
the temperature of the servomotor rises from 20 °C to °C since the servomotors are turned on. Finally, the predicted 
temperature result in the parachute descent phase is shown in Figure 14 (a). From this figure, the temperature of the 
mounted systems is the lowest after 1200 seconds at which point the atmospheric temperature becomes the lowest. 
This is because the temperature change is delayed due to the heat capacity of the airplane and systems. It is thought 
that the temperature of the airplane was rising first because it decelerated by parachuting and reduced forced 
convection heat transfer with the atmosphere. Figure 14 (b) shows a plot of the required temperature range during 
the descent of the parachute and the temperature of each system just before reaching the ground. Since the mission is 
complete here, there is no restriction on temperature. However, in order to transmit data during the descent, the 
temperatures of the main systems, such as the transmitter and the battery, need to be within their respective 
allowable operating temperature ranges. From this figure, all systems except the camera are in the temperature range 
from 0–30 °C, but since the minimum operating temperature of the camera is around -13 °C, it is understood that the 
temperature is sufficiently guaranteed. 
 Based on the above, the thermal analysis model of the aircraft of the flight test was constructed, and the 
temperature prediction analysis was carried out. As a result, the temperature of all the on-board systems appeared to 
be within the required temperature ranges.  
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Figure 12. Temperature prediction results of balloon-rising phase. 

 

 
 Figure 13. Temperature prediction results of flight phase. 

 

 
Figure 14. Temperature prediction results of parachute descent phase. 
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V. Result of Flight Test 
Figure 15 shows a comparison between the thermal analysis results and the flight-test results. Here, (a) is the 

temperature history during the ground standby, (b) is the balloon-rising phase, and (c) is the temperature history of 
the flight phase. In the test, the heat generation value of Avionics and DC/DC converter in Table 3 were changed to 
8.3W and 6.28W. We could only get data up to 64 seconds due to technical problems in the flight test. Thus, we 
could not compare the parachute decent phase. In the thermal analysis, the temperature around the airplane was 
referred to the data of the total temperature probe and altimeter attached to the front of the airplane. 

In the balloon test, the temperature points that can be measured are limited. For this reason, we only measured the 
temperature of the altimeter, differential-pressure gauges, and avionics for temperature compensation of 
aerodynamic data over this period. In the figure, the altimeter is indicated as a static pressure gauge (SPG) and the 
differential-pressure gauge by DPG. The dotted line is the measured data, and the solid line is the analysis result. 

Comparing the two results, the measured data and the analysis result are in good agreement, and the maximum 
difference is only about 5 °C in the ground-standby phase of Figure 15 (a). On the other hand, the temperature 
history of the avionics correlates well with both the actual measurements and the analysis, whereas the maximum 
temperature difference of about 10 °C occurs in the altimeter and the differential pressure gauges in the balloon-
rising phase as shown in Figure 15 (b). Finally, in the flight-test phase shown in Figure 15 (c), as the test time is 
short, both the analysis result and the measured data have an almost constant temperature history. 

In this flight test, all of the on-board systems’ temperatures were within their operating ranges, and their actual 
measurement data roughly corresponded with the predictions of the thermal mathematical model. From this fact, it 
can be surmised that the other installed systems not being measured fell within the compensation temperature range. 
However, regarding the maximum error of approximately 10 °C in the altimeter and differential-pressure gauge, it is 
conceivable that it was due to the use of the thermostats for temperature control and the difference in the heat 
transfer coefficients in the rarefied atmosphere. It also can be stated that the uncertainty of the atmosphere at altitude 
and the error of temperature measurements are included.  
 

 
Figure 15. Comparison between thermal analysis and flight test results. 

 

VI. Conclusion 
In this study, a thermal mathematical model of the airplane, and all of its systems, was constructed. A preliminary 

thermal analysis was performed for the high-altitude flight demonstration test for the simulation of the Mars airplane. 
Next, by comparing the temperature predictions with the actual measurement data, the validity of the thermal 
mathematical model was evaluated. As a result, in the flight demonstration test, the temperature of the on-board 
systems measured were all within the compensation temperature ranges, and showed relatively good correlation with 
the prediction-analysis results. This meant that the validity of the thermal analysis method constructed was able to 
be evaluated, and the problems to be addressed became clear. It can also be stated that useful information for 
constructing the thermal mathematical model for the actual Mars environment was gathered. 

Furthermore, what we learned throughout the flight test was able to establish the high-altitude flight test 
demonstration technique using the balloon. It was possible to obtain meaningful data (Aerodynamic/Temperature 
data) and a guidance control technique that can be used for the actual design of Mars airplane. 

 

(a) Ground standby (b) Balloon rising (c) Flight test
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VII. Future plan 
The present flight test is the first step for real Mars airplane. We are going to test balloons several times. Next 

time, we plan to conduct the same glider type airplane test again or a test with a propeller propulsion system 
attached, and finally will conduct a demonstration test simulating the capsule as shown in Fig.16 within a few years. 
 

 
Figure 16. Future plan of flight demonstration of Mars airplane. 
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