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The Mars Helicopter will be a technology demonstration conducted during the Mars 2020 mission.
The primary mission objective is to achieve several 90-second flights demonstrating the feasibility of
heavier-than-air flight on Mars and capture visible light images via forward and nadir mounted
cameras. These flights could possibly provide reconnaissance data for sampling site selection for other
Mars surface missions. A solar array and batteries for flight operations, imaging, communications,
and survival heating power the Helicopter. The thermal design is driven by minimizing survival heater
energy while maintaining compliance with allowable flight temperatures in a variable thermal
environment. Due to the small size of the Helicopter and its complex geometries, along with the fact
that it operates with very low power and small margins in the extreme Mars environment, additional
care had to be paid while planning thermal tests and designing the thermal system. The first section of
the paper describes the evolution of the thermal system of the Mars Helicopter. After the first thermal
vacuum test of the engineering model, the thermal team has conducted a partial effect analysis on the
thermal design components that had a major impact on the system performance. Several design
choices derived by analysis and test have been made to meet the energy allocation and the temperature
requirements. These changes included increased gas gaps to reduce gas conduction, low emissivity
coatings for internal components, blanket implementation, optimization of wire routing and finetuning of surface operations to optimize waste and environment heat recovery. The second part of the
paper describes the flight model thermal vacuum test and the subsequent thermal model correlation
necessary to confirm the fidelity of the analysis results. The post-correlated thermal model predicts
sufficient energy to survive the Martian environment and perform a 90-second flight every third Mars
day.
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TDAS
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= Thermal Data Acquisition System
= Thermal Vacuum
= Upper Sensor Package

I. Introduction

T

he Mars Helicopter is a class D technology demonstration concept being developed in a collaboration between
the NASA Jet Propulsion Laboratory (Caltech/JPL) and AeroVironment, Inc. (AV). AV is delivering the
propulsion hardware (rotor blades, servos, motors), while JPL is designing and integrating the other subsystems. The
Helicopter will be deployed by the Mars2020 rover on the Mars surface and will operate as an autonomous rotorcraft
designed to demonstrate the viability and potential of future air vehicles for more ambitious Mars missions to come.
The Helicopter will fly several times for up to 90 seconds per flight. Two cameras are planned to capture visible light
images from the forward and nadir sides of the fuselage. Current and planned Mars surface missions can use these
reconnaissance images to aid terrain navigation or selection of sampling sites. Additionally, the Helicopter can traverse
and study terrain that would be inaccessible to rover or lander missions. The Mars Helicopter is powered by six
lithium-ion batteries and a solar panel. The solar panel can produce about 42 Wh every Sol while the batteries can
store up to 36 Wh. With such a limited energy budget in an extreme environment, the mission presents itself with
several challenges that the Mars Helicopter team had to overcome to deliver a reliable and efficient design. The thermal
system optimization in particular becomes critical, since more than 50% of the energy is used to survive the harsh
Mars environment.1,2

Figure 1: Mars Helicopter design
The Mars Helicopter rotor system consists of two counter rotating blades, two prop motors, and six servos, three
per each swash plate that controls the pitch of the blades (Figure 1). All the elements are connected to a central carbon
fiber mast. The solar panel is attached at the top of the mast and the landing system includes four legs attached right
above the fuselage. The fuselage has an internal rigid structure and acts as a support for a thin Kapton layer with
specific optical properties to optimize the thermal design performance. Inside the fuselage, attached to the mast, is a
titanium mount that serves as a support for the electronics and the batteries (Figure 1). The altimeter and the two
cameras are attached to the electronics closer to the bottom of the fuselage and look outside through a sapphire
window. For additional insulation, there is an internal blanket between the electronics and the fuselage wall to
minimize radiation heat losses.

II. Thermal control system architecture
The Mars Helicopter thermal subsystem integrates insulation and heater zones to maintain all components within
AFTs during each phase of the mission. After the environmental testing of the Mars Helicopter Engineering Model 2
(EM2), the thermal team at JPL made several changes to the design to allow the system to survive the Mars
environment. These changes included increased gas gaps, SLI blanket implementation, and different energy
management strategies during operations to minimize survival energy consumption.
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A. Heaters
The batteries are the most sensitive components to cold temperatures, and for this reason, they became one of the
primary drivers of the thermal design. The battery heater cycles to maintain the batteries at the desired temperature
during charge, discharge and high rate discharge (flight). The amount of energy that the batteries can accept is a
function of the temperature of the batteries themselves. The interaction between the power and thermal systems was
optimized to ensure the batteries reach 100% SOC by sunset.
Other heater zones include the servo heaters and the prop motors heaters. These heaters are only activated prior to
a flight to bring the rotor component electronics within operational AFT before takeoff. Additional heater zones are
in both the upper sensor package, which includes the IMU, and the lower sensor package, which includes the altimeter
and the cameras. These heaters are turned on before every flight to meet operational AFT.
B. Insulation
1. Batteries
The batteries are located around the mast inside the fuselage. To minimize the heat leaks from the batteries, the
connections between the battery holders and the titanium mount utilize low thermal conductance Ultem spacers. In
addition, the battery assembly is wrapped with goldized Kapton to minimize thermal radiation losses.
2. Fuselage
The Helicopter fuselage is constructed from a 1 mil Kapton film substrate. The fuselage’s exterior surface is a
dark mirror finish with α/ε of eight to store sensible energy from daytime solar heating and minimize nighttime
survival heater energy. The high solar absorptivity of the outside surface of the fuselage makes the thermal design
insensitive to dust deposition. The average size of the Martian dust particles is about 3 microns and the absorptivity
of the dust is 0.7. Because of the small size of the particles, the dust interferes only with the solar absorptivity and is
effectively transparent to longer wavelength IR. Having the value of the fuselage absorptivity close to 0.7 gives
robustness to the design even with high dust deposition.
3. Inner Blanket
To reduce radiation heat loss within the fuselage there is a single-layer, goldized Kapton blanket with 0.04
emissivity between the electronics and the fuselage wall. This blanket is maintained at a controlled distance from the
electronics with composite standoffs, and is present on all six sides of the cube surrounding the battery and electronics
boards.
4. Gas Gaps
After the environmental test of EM2 and the model correlation, the thermal analysis highlighted gas conduction
as the biggest driver for its impact on survival energy. This showed that the spacing between the components inside
the fuselage was critical to insure minimal gas conduction losses. The overall volume of the fuselage has been
increased an additional 25 mm in one direction and an additional 15 mm in the other. This also allowed increasing the
gas gaps between the batteries, the mast, the electronics and the inner blanket from the original design.
C. Operation optimization
To reduce energy usage during the Martian Sol, the battery temperature set point profile has been designed to
increase the batteries’ capacity to accept charge while minimizing the energy spent for the warm up.

III. Flight Model Environmental Test
A. Test Objective
The primary goals of this test were to:
 Verify the functionality of the Helicopter in the rover-deployed, stand-alone configuration at cold
temperatures. This includes validating the operation of the survival and warm up heaters, the propulsion unit,
the instruments and the telecom system met the design requirements.
 Provide validation of the Helicopter thermal model for predicting thermal system performance under Mars
conditions.
Specifically the Helicopter thermal test accomplished these goals through the following test objectives:
1. Validate survival energy predictions
2. Demonstrate survival at minimum protoflight non-operating temperature limits
3. Validate component warm up capability
4. Demonstrate start up and functionality at minimum protoflight operating temperature limits.
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B. Test configuration
The Helicopter was mounted to a vertical aluminum support post that placed the Helicopter near the center of the
25-foot Space Simulator chamber at Caltech/JPL. Details of the Helicopter mount are shown in Figure 2. The chamber
was configured with internal lights for illumination and video cameras to observe the Helicopter in operation. There
was also a target for the navigation camera at the bottom of the test stand. The chamber temperature was controlled
by shroud heat exchangers (door, wall, and floor) that had cold/hot gaseous nitrogen (GN2) provided by the test
facility. The set point temperature for the shroud was defined by the test facility’s thermocouples located on the door
and wall shrouds. The pressure of the chamber reached high vacuum through a series of vacuum pumps and was
brought to Mars pressure by backfilling with GN2 through a bleed valve. The Helicopter had 11 flight temperature
sensors located on the ECM boards, USP, LSP and rotor components. In addition to the Helicopter flight temperature
sensors, there were 15 thermocouples installed on the Helicopter and GSE specifically for this test.

Figure 2: Helicopter TVAC test Stand and photo of the Mars Helicopter in the 25ft Space simulator at JPL

The flight temperature sensors could only be read when
the Helicopter is in “awake” mode and transmitting
data. The thermocouples were read constantly during
the thermal vacuum (TVAC) test through the thermal
data acquisition system (TDAS). Both thermocouples
and flight sensors were used to monitor the Helicopter
during TVAC operations as well as to gather data for
the thermal model correlation. The thermocouple
locations were chosen to collect temperature
distributions across the Helicopter components to
allow model correlation. The location of the
thermocouples and the PRTs utilized for the model
correlation are shown in Figure 3 and Figure 4.

Figure 3: TCs and PRTs locations inside the fuselage
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Figure 4: TCs and PRTs locations outside the fuselage
C. Test activities
The thermal test temperature profile is shown in Figure 5 .

Figure 5: TVAC test plan profile
The test profile had the following major steps: pre-TVAC functional testing at room temperature followed by a
bake-out at 40˚C in high vacuum. After the initial bake-out to meet contamination control requirements, the profile
included two steady state thermal balance tests, one in vacuum and one at Mars pressure with a GN2 backfill. These
thermal balance tests were necessary for the thermal model correlation. Once the two thermal balance tests were
completed, the shroud was brought down to -90˚C for the cold cycle test to stress the components and the joints on
the outside of the fuselage. This part of the test also served to collect temperature profiles for the transient correlation
of the thermal model. After the plateau at -90˚C the shroud temperature was set to -50˚C for a series of cold functional
tests. These included exercising all the warm-up heater zones and two spin-ups of the blades, one at 50 rpm and one
up to 1800 rpm. Once the cold functional tests were completed, the shroud was brought back up to room temperature
for a final nominal functional test before back filling the chamber and opening the chamber door.
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IV. Thermal Model Correlation
The Thermal Desktop software was used to model the Helicopter in all the mission scenarios. Thermal telemetry
collected from the PRTs and the TCs during the TVAC test was used to correlate the thermal model to obtain more
accurate predictions for survival energy and warm up performance. The first thermal balance test was done in vacuum
in order to fine tune optical properties and conduction paths in the model without including gas conduction and other
convection phenomena. The comparison between correlated model predictions and test data are shown in Figure 6.
As previously stated the PRTs can be read only while the Helicopter is in awake mode. The first reading of the PRTs
is transmitted to the data system roughly 30 seconds after the Helicopter enters awake mode. During the 30 second
start-up time, the electronics boards dissipate considerable heat (estimated to be around 4 W). These dissipations
disrupt the steady state condition by warming up different components inside the fuselage and this results in much
higher temperatures read by the PRTs close to the electronic boards. In order to obtain the correct steady state
temperatures at the PRT locations before the awake mode, these values were extrapolated from the curves obtained
by data fitting of the PRTs’ reading during the awake mode.
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Figure 6: Steady state vacuum correlation results
The second thermal balance, done at Mars pressure, allowed model correlation of the convection and gas
conduction phenomena. The comparison between correlated model predictions and test data is shown in Figure 7.
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Figure 7: Steady state in GN2 atmosphere correlation results
During the thermal balance at Mars pressure, an increase in the duty cycle of the heater and an increase in the TC
readings were expected because of the higher heat losses due to gas conduction and convection. The temperature
deltas on the fuselage readings matched the model predictions for the TCs closer to the top of the fuselage, but the
TCs closer to the bottom of the fuselage were 18˚C off compared to the model predictions (Figure 8). This discrepancy
between the model and the test data could be explained by the presence of a bundle of ground support equipment
(GSE) wires between the lower electronic board and the bottom of the fuselage. These wires were not present in the
thermal model, and in combination with gas conduction, they generated a thermal short between the bottom board and
the fuselage, resulting in increased thermal losses.

Figure 8: Delta T caused by gas conduction read by fuselage thermocouples
7
International Conference on Environmental Systems

The final transient correlation was completed using data collected during a three hour cool down transient that
allowed adjustment of the thermal mass of the different components in the model to match the test results. The results
of the transient thermal correlation are shown in Figure 9.
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Figure 9: transient correlation results

V. TVAC test results and mitigations
A. Test results and updated thermal prediction
The correlated model was used to update the survival energy and warm up predictions for the Helicopter on the
Mars surface. The final results of the TVAC test highlighted different critical issues. The Helicopter was not quite
tested in the final flight configuration because of GSE cables required to both collect data during the test and facilitate
battery mating and de-mating. The penetration of the cables through the fuselage skin contributed to increase thermal
losses. Heat loss through the GSE wires resulted in 50-60% more heat loss than the expected flight configuration.
Thermal model predictions show that removing GSE cables, adding a bottom blanket and keeping clean gas gaps can
save up to 9.8 Wh/sol for the flight configuration over the tested configuration. These energy savings would allow the
design to close by meeting the survival energy requirements for the mission.
The USP, LSP heaters were not powerful enough to warm up the sensors within the required warm up time. The
small volume available on the USP and LSP components did not allow bigger and more powerful resistors. The
Helicopter is within its operational AFTs at the predicted Mars temperatures, but if the Helicopter encounters a colder
than predicted scenario in which warm up is required, the current heater might not be able to warm up the components
to their operational AFTs. Possible solutions to this scenario include operating within protoflight temperatures or
planning flights during a warmer part of day. The NAV board warm up sequence during the TVAC test was performed
imposing predicted Mars temperatures at warm up time with 15˚C of margin. The heater had adequate power to warm
up the NAV board in the required time.

B. Mitigations and margin on thermal design
Additional analyses were performed to assess margins on the thermal design and pin point strategies during operations
that could reduce the survival energy consumption. This set of analyses evaluated the Mars environment assumptions,
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specifically the heat transfer coefficient related to Martian winds in the Jezero crater. The original assumption for the
cold case was to consider a 5 m/s wind speed through the entire sol, corresponding to a constant value of heat transfer
coefficient on the fuselage and the rotor components. This was to maintain margin on thermal analysis uncertainties.
Utilizing a cuboid model correlation present in the literature5, it was possible to calculate the margin associated with
this assumption by computing varying heat transfer coefficients utilizing wind profiles collected during past Mars
missions. The refined assumption on the heat transfer coefficient instead of using constant wind speed saves 4.4
Wh/sol. A comparison between different heat transfer coefficient models related to the wind profile is shown Figure
10. The model chosen to compute the heat transfer coefficient for the fuselage was the cuboid model.
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Figure 10: wind profiles and heat transfer coefficient results.

Thermal predictions showed that additional survival energy savings could come from reducing the battery heater set
point during the night. This would result in 5 Wh/sol less energy required to survive on the coldest sol of the mission.
In the updated thermal performance predictions, every electronics board component surrounding the battery remains
within AFTs. As previously stated, the amount of energy stored in the battery that the Helicopter electric power system
can utilize depends on the temperature of the batteries themselves. The high level of discharge required during flight
can only be achieved with battery temperatures above 10˚C. Furthermore, to be able to reach 100% SOC, the batteries
need to be above 5˚C. For these reasons, during the day, the batteries are kept above 10˚C for flights and above 5˚C
for charging. However, during the night, dropping the battery temperature set point to -15° is the best strategy to
reduce survival energy consumption.
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VII. Conclusions
The following conclusions came out of the Mars Helicopter thermal vacuum test and correlated model:
 The Helicopter successfully performed its functional tests at cold temperatures.
 The test highlighted critical actions to be taken for the flight configuration to insure optimal thermal
performance. These include wire routing and SLI installation.
 The thermal model has been correlated with test data to get more accurate predictions for survival energy.
 Correlated model predictions show every component remains within AFTs during every part of the mission.
 Survival energy predictions are within the allocated budget with correct routing of the wires and clean gas
gaps.
 In order to compensate for uncertainties related workmanship and assembly of the final system configuration,
additional analysis was required to quantify margin on survival energy. Such analysis showed 20% margin
on the total survival energy allocation related to the Mars environment assumptions and an additional 23%
margin recoverable by lowering the battery heater set point from -15° to -20˚C during the night.
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