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Design of a Martian Autonomous Rotary-Wing Vehicle
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The design of a Martian autonomous rotary wing vehicle (MARYV) is described. MARYV is a 50-kg gross takeoff
mass, coaxial helicopter designed for Mars exploration. Powered by a fuel cell system, it carries a payload of
10.8 kg over a range of 25 km with an endurance of 39 min including hover capability for 1 min. MARY is designed
in response to the Request For Proposal from NASA/Sikorsky for the Year 2000 American Helicopter Society
student design competition. The design covers aerodynamic and structural design of rotor blades, vehicle power
plant, fuselage and landing gear, control system, transmission, and vehicle lander communications. A detailed
mechanism for autonomous deployment of the vehicle from the lander is also described. This preliminary design
study indicates that controlled vertical flight on Mars is feasible with existing technology.

Introduction

ROTORCRAFT can be a perfect platform for Mars explo-

ration. It can take off and land from unprepared sites avoid-
ing launch and recovery challenges of fixed-wing explorers. It has
greater speed, range, and field of view than a surface rover. It can
hover and fly at low speeds and survey hostile terrains more closely
thanan orbiter. Its ability to return to a precise landing spot opens op-
portunity for recharging and flying multiple missions. It can return
samples from remote sites to the lander platform. Thus, it combines
the benefits of a surface rover and an air vehicle.

The potential benefits of using a vertical lift platform for plane-
tary exploration are identified by Young et al.' and Young.? They
discuss the technical aspects of vertical lift planetary aerial vehi-
cles in general and examine notional vehicles for Mars, Titan, and
Venus exploration. An early work on the feasibility of a rotary-wing
configuration for Mars is reported by Savu et al.> The solar cell
performance assumed in this paper, which focused on the power-
plant, requires realistic reassessment after the Pathfinder mission.
The present Martian autonomous rotary wing vehicle (MARV) de-
sign has been described in detail in Ref. 4.

Critical Design Issues

The Martian atmosphere generates unique design problems.
Table 1 shows a comparison of the key planetary properties of
Earth and Mars. A 20% reduced value of density is considered to
make the design robust to unforeseen changes in atmospheric con-
ditions. Gravity is 3 times lower on Mars but atmospheric density
is 100 times lower. Therefore, the rotor blades operate at very high
blade loading. Combination of Martian density and viscosity gen-
erates Reynolds numbers 0.019 times that on Earth. The speed of
sound is 0.7 times that on Earth. Thus, a very low Reynolds num-
ber flow is encountered with a severely restricted Mach number
ceiling. Lack of oxygen and low atmospheric pressure requires an
unconventionalpower plant. Additional challenges are posed by the
requirementof transportingthe vehicle to Mars. Transportationease
calls for a simple design, easy to fold and easy to deploy. Lack of
satellites in orbit, repeater stations on ground, and any significant
ionosphere to bounce off signals require a suitable vehicle lander
communications system.
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MARY Configuration

The Request For Proposal specifies a maximum takeoff mass of
50 kg. It specifies the following as required mission elements. 1)
autonomous deployment, 2) 30 min of controlled flight, 3) 25-km
range (preferable), 4) 1-min hover, and 5) optional restart capa-
bility. Within the constraints posed by the critical design issues, a
preliminary estimate of payload using the Boeing—Vertol formula
(see Ref. 5) shows (Fig. 1) that a vehicle with 50-kg takeoff mass
maximizes both payload and payload fraction for such a mission.
Moreover, the fundamental low Reynolds number problem argues
foras large a vehicle as possible. Therefore, the vehicle takeoff mass
is fixed as 50 kgs. A comparative study of 15 different helicopter
configurations reveals that a conventional single rotor-tail rotor, a
coaxial configuration, and a quadrotor are the most controllable
configurations on Mars (Fig. 2).

The coaxial configuration is selected for the following reasons.
Because of a large rotor radius and a long tail rotor arm, the fold-
ing and deploymentof a single rotor configuration is very complex.
A coaxial configuration, with two rotors, generates the required
thrust with a smaller disk area and needs no antitorque device. A
quadrotor, a configuration with four rotors each with its own revo-
lutions per minute control, produces blade chord Reynolds numbers
of 2 x 10*. It is found that, below Reynolds numbers of 5 x 10*, tur-
bulent separation can keep an airfoil permanently stalled on Mars.
For the same overall size, a coaxialrotor can be designed to maintain
chord Reynolds numbers over 5 x 10*. Moreover, the lower profile
drag of coaxial rotor blades operating at higher Reynolds numbers
increases lift-to-dragratios and offers higher payload capability. Fi-
nally, compared to a quadrotor, coaxial technology is more mature.
Hence, a coaxial configuration is selected. A two-bladed coaxial
configuration is preferred over a three-bladed one because higher
chord Reynolds numbers generate lower profile drag.

Four views of the final MARYV configuration are shown in Fig. 3.

Detailed Mission Segments

Once the vehicle takeoff mass and configuration are selected,
detailed mission calculations can be performed. The basic mission
profile is shown in Fig. 4 and described in Table 2.

An initial deployment procedure frees the helicopter from the
lander and performs preflight system checks. Following go-ahead
from mission control on Earth, the rotor blades are spun to full rev-
olutions per minute using power from the lander. Once the rotors
are spun up, the helicopter’s internal power source takes over. An
initial vertical liftoff of 5 m is performed to clear the lander antenna.
This is followed by acceleration to the maximum forward speed of
11.5m/s (22 kn). Climb to an altitude of 100 m in 37 s follows. The
climb rate is limited to one-third of the maximum value to ensure
that the airfoils do not stall. Cruise is performed at 100-m altitude
followed by descent, which proceeds to a height of 10 m above
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the ground. The descent rate is the same as climb rate. Following
a full deceleration, the MARV hovers for 60 s at a height of 10 m
(out of ground effect). It then executes a soft landing in 10 s. The
basic mission lasts for 39 min, covers a range of 25 km, and con-
sumes 3025 W-h (1 W-h=3.6 kJ) of energy. An extended mission
of 3-min duration covers a distance of 197 m and requires 242 W-h
of energy. It begins with a restart of the rotor, followed by a short
vertical takeoff, accelerationand climb, cruise, decelerationand de-
scent, and landing phase. The total energy required to perform both
missions is 3267 W-h. An alternate sample-return mission can be
one in which MARYV flies out a distance, collects a soil sample, and
returns to the lander. With the same amount of energy, the range
for a sample-return mission is 13.34 km with no hover segment.
A long-range reconnaissance mission can be performed with the
available scientific payload replaced by more energy capacity to fly
to a distance of 120 km one way.

Rotor Aerodynamic Design

Compared to conventional missions on Earth, aerodynamic de-
sign is more critical to the success of a Martian mission. Energy
considerations on Mars demand a large rotor diameter with mini-

Table1 Comparison of atmospheric properties

Properties Earth Mars Design value

Gravity (g), m/s 9.81 (0.373g) 3.66 3.66

Pressure (p), Pa 1.0135¢5 (0.0078 p) 790.53 632.42

Temperature, K 288.16 210.56 210.56

Density (p), 1.225 (0.0136 p) 0.0167 0.0133
kg/m3

Viscosity (1), 1.789%—05  (0.721 p) 1.289¢e—05 1.289¢—05
kg/ms

Molecular gas 287 (0.67R) 192 192
constant
(R), J/kg-K

Adiabatic 1.4 0.92y)1.29 1.29
coefficient (y)

Speed of sound 320 (0.72 a) 230 230
(a), m/s

Payload Weight (kg)

] 5 10 15 2|0 2|5 3|0 35 40 45 50
Gross—Weight (kg)

Fig. 1 Preliminary payload estimation using Boeing-Vertol formulae.

a) Single main rotor and tail rotor (con-
ventional configuration)

b) Conventional coaxial

mum hover power. Packaging and weight considerationsdictate that
rotor diameter be as small as possible. Producing the required lift
with a minimum rotor disk area generatesa very high tip Mach num-
ber in the Martian atmosphere. High drag at low Reynolds number
(<5 x 10%) dictates a low solidity for low profile power. Thus, the
already high blade loading due to low atmospheric density becomes
even more severe. To support a high blade loading, Reynolds num-
ber must be maximized, which means higher tip speeds or higher
solidity. These are unconventional and conflicting requirements.

Rotor Planform Design

The planformis designed to produce a favorable Reynolds num-
ber distribution over the entire flight envelope while avoiding ad-
verse compressibilityeffects. The Reynolds numberand Mach num-
ber distributions over the span of the MARV blade are shown in
Fig. 5. Reynolds numbers of at least 5 x 10* are maintained over
60% of the span. Maximum Reynolds number of 8 x 10* occurs at
80% span. In the present study, it was noted that below a Reynolds
number of 5 x 10* it is very difficult to keep the turbulentboundary
layer attached to the airfoil. High Mach number and high lift con-
ditions lead to sonic flow or strong pressure gradients that separate
the weak boundary layer quickly and stall the airfoil.

The rotor planform is shown in Fig. 6. A parabolic tip sweep in
the outer 20% of the blade allows the inboard sections to operate at
higher Reynolds number while keeping the incident Mach number
below 0.5. The sweep at the extreme tip reaches 37 deg. The rotor
radiusis 7 ft. This is the smallest radius at which the required blade
loading can be achieved with the desired Reynolds number and
Mach number distributions. Also it keeps the aspect ratio slightly
greater than 4. Below 4, adverse three-dimensional flow effects can
lead to performance degradation. From a root cutout of 10 to the
40% radial station, the blade is splitinto three inverse taper sections.
The inverse tapers benefit blade folding and also help to keep the
required lift coefficients below the stall limit. Between the 40 and
80% radius, the blade tapers with a ratio of 1.2. Taper increases
effective aspect ratio and decreases profile power. Lift drops off
near the tip so that the chord Reynolds number can be lowered at
the tip by decreasing the chord and to save structural weight. The
blade planform resembles propeller blades as shown in Fig. 6. The
Pathfinder blade, which operates at low Reynolds numbers (one
order higher than MARV), has a similar planform distribution. All
three propeller blades shown in Fig. 6 have low aspect ratios and
operate at high thrust, similarly to the blades used on MARV.

Table 2 Details of basic mission segments

Average  Energy
power, required,

Description Duration n Distance kW W-h
Rotor spinup —_— 0 0 —_— 0
Takeoff to 5 m 30s 0 0 5.369 47.73
Acceleration 60s 0-0.08 345m 4.74 79
Climb to 100 m 38s 0.08 437 m 4.6 53.41
Cruise 2040 s 0.08  23459m 4.6 2607
Descent to 10 m 36s 0.08 414 m 4.6 41.4
Deceleration 60s 0.08-0 345m 4.74 79
Hover 60s 0 0 4.88 81.33
Landing 30s 0 0 4.392 36.6
Total 3923 min  —— 25 km —_— 3025.47

¢) Quadrotor with free flying rotors

Fig. 2 Conventional main rotor-tail rotor, coaxial configuration, and quadrotor configuration.
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Fig. 3 Four views of MARV.
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Fig. 4 Basic mission profile.
Airfoil Design

The extensive University of Illinois at Urbana-Champaign
(UIUC) low-speed airfoil test data show that airfoils can be de-
signed to operate at high lift and low Reynolds number (6 x 10*—
1 x 10%) (Ref. 6). However all of these tests were performed at low
subsonic speeds. Using airfoil coordinates and lift data from the
UIUC database, an inviscid, incompressible panel method is used
to estimate pressure distributions around the airfoils at high Mach
numbers. All airfoils show very low critical Mach numbers. Critical
Mach numbers first appear at the retreating blade because of high
lift and not on advancing blade because of high speed. The flow
on the retreating blade accelerates to sonic conditions due to the
steep pressure drop near the leading edge. Appearance of a shock
completely separates the flow and very little useful lift is generated.

When sonic flow is prevented, a high adverse pressure gradient
separatesthe boundary layer. Between Reynolds numbersof 6 x 10*
and 1 x 10°, wind-tunneltests® show thatthe laminarboundarylayer
separates before transition to turbulence. Turbulent reattachment
downstream creates a laminar separation bubble. A laminar sepa-
ration bubble can increase drag by 200%. In the present study, it is
observed that at high Mach numbers (0.4-0.5) turbulent reattach-
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Fig. 5 Reynolds number and Mach number distribution on MARV
blades in hover.

ment does not occur and the flow remains fully separated. Below
6 x 10, even a fully turbulentflow separates against pressure gradi-
ents at high lift conditions at the given Mach number regime. Other
existing low Reynolds number airfoils such as the Apex 16 used
in the NASA high-altitude flight experiments’ operate at Reynolds
numbers 2-10 times higher than MARV. In general, none of the
existing low Reynolds number airfoils is directly applicable to
MARV.

Airfoil AGRC 1506, shown in Fig. 7, is designed to meet the de-
scribed challenges. AGRC 1506 has a maximum thickness of 15%



464 DATTA ET AL.

Leading Edge

Root

=
=

b) Pathfinder Un- "
a) MARY planform manned Air Vehicle ¢) Lockheed C-130J d) Lockheed P-3 orion

Fig. 6 Rotor planform.

1C 10.7
09 Lift coefficient C, o6
08F o5
07 0.4

F AGRC 1506 profile E
06 . 0.3
05F <: :::: 0.2
04 0.1
03F o

- Pitching moment C 3
02F g e —-0.1
01F —-0.2

0 i P T A T T R T T T T T T YN T T TN N A N N ] 0.3

0 0.2 0.4 0.6 0.8 1

Radial stationy /R
a)

Degrees [°]

b)

0 0.2 0.4 0.6 0.8 1
O T T T T I T T T T I T T T T | T T T ] 0
2 1=
E .. Zerolift angle 3
. e A RIS e -4
-6 -6
-8 15° Equivalent linear twist | -8
-0 -0
als Non-linear afte
F twist distribution .
-4 -14
-16 - -6
-18 | -8
_ - T T YT YT YT Y T O N O N N T A SO T __
20O 0.2 04 0.6 08 1 20

Radial Station y/R

Fig. 7 Airfoil AGRC 1506: a) section lift and pitching moment coefficients in hover and b) spanwise twist distribution.

chord and a maximum camber of 6% chord. High camber does not
generate high control loads on Mars due to the very low dynamic
pressure. Trips are used in AGRC 1506 at 40 and 20% chord on
upper and lower surface to trigger turbulent boundary layers and to
prevent the formation of a laminar separation bubble. To prevent
turbulent separation, camber is distributed to spread the lift over a
larger areaof the airfoil and, thus, prevent steep pressure gradients at
the leading edge. Below a Reynolds number of 5 x 10%, it becomes
extremely difficultto keep the turbulentlayerattached. Hence, chord
Reynolds numbers on the MARV blade are kept greaterthan 5 x 10*
for 60% of the span. The design is performed using the Xfoil com-
mercial airfoil design program? The 1ift and pitching moment co-
efficient distributions along the blade in hover are shown in Fig. 7.
Critical conditions at the retreating blade side still limit the forward
flight speed. The power curve in Fig. 8 shows that forward speed is
determined by airfoil performance, not power considerations.

The advanceratio set for forward flightis 0.08 (11.5 m/s or 22 kn).
This keeps adequate margins for gusts of 5 m/s. Figures 9 and 10
show a comparison of AGRC 1506 performance with the rotor op-
erating envelope in hover and forward flight. Figure 9 shows that
the lift coefficients required at sections operating at a given Mach
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Fig. 8 Power required in forward flight.
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Table 3 Characteristics of MARYV rotor

Characteristic Value
Number of blades 2 per rotor
Radius 2.13m (7 ft)
Maximum chord 0.670m (2.2 ft)
Tip chord 0.366 m (1.2 ft)
Tip speed 143.75 m/s (471.6 ft/s)

Tip Mach number

Thrust-weighted solidity (each rotor)
Effective chord

Thrust coefficient (each rotor)

Disk loading (each rotor)

Power loading

Blade loading

Mean lift coefficient

Maximum blade Reynolds number
Tip Reynolds number

Hover power required

Forward flight power required (« = 0.08)

0.625 (effectively 0.5)
0.1585
0.530m (1.74 ft)
0.0232
1.75 kg/m? (0.135 Ib/ft?)
10.2 kg/kW (6.29 Ib/hp)
0.1464
0.85
7.8 x 10*

6.48 x 10*
4880 W (6.54 hp)
4620 W (6.19 hp)
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Fig. 9 Lift-Mach number envelope for MARY blades.
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number have adequate stall margin for gusts. Figure 10 shows that
the maximum lift requirement at any section in hover or forward
flight is well within the airfoil limits. Finally, the MARYV rotor char-
acteristics are summarized in Table 3. The forward flight power
includes rotor power, fuselage drag, and power for onboard sys-
tems. The combinations of MARYV disk loading and power loading
follows established trends, as shown in Fig. 11, where vehicles on
Earth have been shifted to Martian conditions. Figure 11 includes
the hypothetical NASA planetary aerial vehicle !

Rotor Structural Design

Figure 12 shows a MARYV blade. A single box beam spar with
transverse rib structures constitutes the frame. Wrapped all around
is ultra-thin Mylar® skin.” The weight of the rotor blade is used
as the objective function to determine the thickness of the spar,
I beams, ribs, and the trailing-edge structure. To prevent aeroelastic
instabilities, the center of gravity of the rotor blade is constrained
to coincide with the quarter-chord location. Section A—A’ (Fig. 12)
shows the typical section of a rib. The bending loads from the lifting
forces are supported by the I beam, whereas the Nomex honeycomb
core and side plates preserve the shape and supporttorsion. Sections
B-B’ and C-C’ show the spar structure. The spar is supported by
a leading-edge piece at the front (which brings the c.g. to quarter
chord) and by an I beam at the rear.

MARV’s coaxial rotors have teetering hubs. A large chord makes
MARV rotors stiff. A teetering hub reduces the vertical vibratory
loads. The first elastic flap frequencyis 1.15 per revolution. In-plane
lag frequency is high, 3.6 per revolution. Because the rotor is stiff
in-plane, there is no possibility of ground or air resonance. The low
forward flight speed along with low aerodynamicloading generates
low in-plane vibratory loads. Avionics and imaging instruments are
isolated from rotor loads using a vibration absorber describedin the
gear-box design section.

Power Plant Design

Seven energy options are analyzed and compared for the MARV
power plant. For this study, it is assumed that the mission requires
3000 W-h of energy with hover power of 6 kW and rotor torque of
127 N-m.

Hydrazine Fueled Engines

The best value of specific fuel consumption (SFC) that is attained
with the current state of implementationis 0.99 kg/MJ. The lowest
theoreticalvalueachievableis 0.67kg/MJ (Ref. 10). Whenanengine
weight of 10 kg is assumed, total power plant weight (engine and
fuel) of 20.7 and 17.24 kg are obtained using the preceding SFC.

Hydrazine-Powered Tip Jet Propulsion

When a specific impulse of 300 s (Ref. 10) is assumed, 26.5 kg of
fuelis requiredfor a tip jet propulsionscheme. However, the specific
impulse assumed is possible only with a very high adiabatic com-
bustion temperature (3410 K) and pressure [1000 psi (6.89 MPa)]
(Ref. 11) leading to a very high engine weight.

Concept of CO,-Breathing Propulsion Engine

Recently,thefeasibilityofa CO,-breathingengineusing the metal
fuels aluminum and magnesium has been assessed in Japan.!? How-
ever, this technology is not yet developed.

Electrical Power from Batteries

The type of batteries that are needed for powering a Martian
helicopterfallin the category of vehicle traction batteries, with high-
energy density and high-powerdensity.Lithium primary cells are the
state of the art among the non-rechargeablebatteries. The Pathfinder
Rover used lithium thionyl chloride primary cells to handle peak
loads and as a power system backup. Lithium thionyl chloride cells
can deliver energy densities of 500 W-h/kg by the use of halogen
additives.”> However, power density is extremely limited, which
makes them incapable of vehicle traction. The most promising of
the batteries for vehicle traction are lithium ion rechargeable cells.
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A lithium ion battery currently manufacturedby SAFT (France) has
an energy density of 150 W-h/kg and power density of 300 W/kg.
Using these values requires a battery mass of 20 kg. The volumetric
power density value is 250 W-h/dm®. Hence, it takes only 12 dm?
of space inside MARV. The forecast values for lithium ion vehicle
traction batteries for the year 2006 are energy densities near 200—
220 W-h/kg and volumetricenergy densities of around 400 W-h/dm?
(Ref. 13). With an energy density value of 220 W-h/kg, the 13.6 kg
of battery mass would be sufficient.

Electric Power from Solar Cells

Two figures of merit measure the performance of a solar array
power system: power generated per unit mass in watts per kilogram
(specific power) and power generated per unit area in watts per
square meter (power density). Current state-of-the-art Si cells on
rigid panels used in space have recorded values of 30-40 W/kg
and 90-110 W/m?2. Advanced flexible lightweight solar arrays can
produce 130 W/kg and 90-110 W/m? (Ref. 14). When these values
are assumed for Mars, 46 kg of solar cells and 55 m? of solar cell
area is required during flight. Given the rotor disk area is 14.3 m?,
such a scheme is clearly infeasible. Moreover, specific power and
density values are much lower on Mars because of much lower solar
intensity (590 W/m?). The Mars Pathfinder rover recorded values
of only 5 W/kg and 45 W/m? with GaAs/Ge cells. However, the
Pathfinder lander cells generated energy at the rate of 3888 kJ/day,
which is 1080 W-h/day (Ref. 15). At this rate, the mission energy
0f 3267 W-h can be collected in a little over three days. This energy
can then be used to recharge a lithium ion battery.

Nuclear Power

Viking 1 and 2 had radio-isotope thermal generator units con-
taining plutonium 238. Each generator had a mass of 13.6 kg and
provided continuous power at 30 W. Such power-to-weight ratios
are unsuitable for MARV.

Fuel Cells

Fuel cells are electrochemical devices that convert chemical en-
ergy of a reaction directly into electrical energy. A fuel cell can
produce electricity, water, and heat from a fuel and an oxidant. Ac-
cording to AeroEnvironment, Inc., fuel cell systems would readily
store 400 W-h/kg, and they are targeting a value of 600 W-h/kg for
powering the long endurance aircraft Helios.!® With these values
only 5-10 kg of fuel cell system is required. Fuel cells may be clas-
sified by the type of electrolyte they use. Polymer electrolyte fuel
cells or proton exchange membrane fuel cells (PEM) use a proton
conducting hydrated ion exchange membrane. Operating tempera-
tures are low and around 80°C (Ref. 17).

Alkaline fuel cells use concentrated (85% by weight) potassium
hydroxide (KOH) or less concentrated KOH (35-50%) (Ref. 17).
Operating temperatures are around 250°C. The Martian atmosphere
isrichin CO,, and a small leak in the cells will quickly form potas-
sium carbonate K,COj, bringing the entire system to a halt. Phos-
phoric acid fuel cells use concentratedto 100%, phosphoricacid as
electrolyte. This kind of cell operates at temperatures of 150-220°C
(Ref. 17) Molten carbonate fuel cells use a combination of alkali
carbonates or of sodiumand potassiumand are retained in a ceramic
matrix of lithium aluminum oxide. This is a very high-temperature
cell operating at 600-700°C (Ref. 17) and is unsuitable for use on
Mars. The electrolytein solid oxide fuel cells (SOFC) is a solid, non
porous metal oxide. SOFC is also a high-temperaturecell operating
at 650-1000°C (Ref. 17).

MARY Power Plant

Based on this study, fuel cells are selected for MARYV power plant.
Fuel cells provide minimum system weight with currently proven
technology on Earth. They are reliable, environmentally clean, and
have good growth potential. They can provide means of conduct-
ing multiple missions in future by using regenerative techniques.'®
Batteries and solar cells used together are the second option.
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Although they reduce the payload capability by 10 kg, they offer
multiple-mission capability.

PEM fuel cells are chosen for MARV with pure oxygen and pure
hydrogen as fuel. Their low-temperature operation, faster start ups,
and quick response to changes in power demand are best suited for
use in low-temperature Martian environment. With pure reactant,
higher power densities can be achieved. The fuel cell system de-
signed for MARV consists of the fuel cell stack, fuel tanks, thermal
and water management units, and ancillary control equipment. Po-
larization curves of PEM fuel cells are shown in Fig. 13. Current
density, which is current flowing through each cell divided by the
active area of the cell, increases with decrease in cell potential. The
curves from Energy Partners, Inc., are obtained with a hydrogen-air
single cell and a 10 cell stack at 60°C. The AeroVironment curve is
for a pure hydrogen, pure oxygen fuel cell.!® Multicell performance
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Fig. 14 Energy density and power density of PEM fuel cell system as
a function of operating condition.

results of Energy Partners, Inc.,is used in the presentdesign to allow
a comfortable technology margin.

The fuel cell stack is designed for an average power output of
4.63 kW. The voltage output from the stack is 188 V sufficient
for the electric motors, avionics, controls, and payload. The thick-
ness of each cell is taken as 4400 um. Each cell has a density of
2500 kg/m’ with porosity of 60%. Hydrogen and oxygen utilization
are assumed 100%. For pure fuels, this is a realistic assumption.
Masses of fuel required, fuel stack, and tanks have been estimated
for different combinations of cell voltages and current densities.
Efficiency of electric motor is 90%. System mass is calculated for
different combinations of cell voltages and current densities.

Correspondingto each system mass, the energy densities and the
power densities of the fuel cell system, for the basic mission, are
plotted in Fig. 14. From this curve, the operating point of a cell is
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Fig. 15 MARY power plant: PEM fuel cell system.

chosen to be 0.65 V and 1 A/cm?. This combination provides en-
ergy density and power density valuesclose to the maximum without
pushing the cells to their limit. As a result, it provides adequate mar-
gin for current density during higher power consumption at hover.
The energy density and power density of the systemin case of the ex-
tended mission becomes 350 W-h/kg and 452 W/kg. The maximum
power output capacity is 6.43 kW. The fuel cell uses pure hydrogen
and pure oxygen as reactants. The required masses of hydrogen and
oxygen for the entire mission are 0.23 and 1.83 kg, respectively.
Hydrogen and oxygen are stored in tanks at cryogenic temperatures
and supercritical pressures. They flow into the stacks through relief
valves. A fuel oxidant method of cooling is used. Byproduct water
producedis collected in an intermediate water chamber from where
the excess is thrown out. If water is needed for humidization, it is
taken from the water chamber. The layout of the fuel cell system is
shown in Fig. 15.

Electric Motor and Transmission

The outputof the power plantis used to run a brushless dc electric
motor. The motor chosen in the present designis built by the Aveox
Company. It produces the required torque at 11,500 rpm with a
160-V dc, 34.2-A input. The angular velocity of the motor can be
controlled by the average voltage applied to the winding. The motor
speedcanbe measuredby an ac tachometergeneratorwhose induced
voltage magnitude and frequency is a measure of the speed.

The transmissionprovidesa 18:1 reductionratio from the electric
motor to therotor. The transmissionsystemconfigurationis based on
four critical considerations: weight, compactness, ease of gears and
bearing installation, and implementation of yaw control. Figure 16
shows the transmissiondesign. It uses two-stage planetary gears for
speed reduction and internal gears to achieve dual rotation of the
coaxial shafts.

Control System Design

Four control concepts are examined for MARV. These are
1) plain/servo flaps, 2) moving tip, 3) shaft tilt control,and 4) swash-
plate control. At low Reynolds number, a flap remains completely
submergedin the thick boundarylayerand has limited effectiveness.
Additionally,there is a possibility of completely destroyingthe flow
because at low Reynolds numbers the flow is extremely sensitive to
disturbances. Also, a moving tip presents problems during folding,
due to the bending—torsion coupled beam that runs along the span.
Neither shaft tilt nor c.g. shift provides sufficient collective or yaw
control authority. Hence, swashplate control is the most reliable
option on Mars.

MARY Control System
A coupled collective-yaw control mechanism is designed for
MARV. When the collective is applied, both the rotors have the

outer shaft bearings

outer shaft internal gear
(210 teeth)

inner shaft gear
(150 teeth)

outer pinion
(35 teeth)

yaw actuator

input gear
(44 teeth)

inner shaft gear
(132 teeth)

outer shaft gear
(132 teeth)

Fig. 16 MARY transmission.

same pitch input. When the yaw control is applied, the top rotor
has the same pitch input as the bottom rotor, but in the opposite
direction. Figure 17 shows the detailed mechanism.

The collective-yaw control is implemented using two motions:
1) vertical motion of the swashplates and 2) vertical motion of the
yaw control linkage. The two swashplates are connected and have
identical vertical motions. The yaw control linkage is a rod that can
slideup and down throughthe innershaft. Itis fixed to the rigid frame
ABA’C'C at point B (Fig. 17). The frame is connected to two forks,
EFGG’ and E'F'GG'. Note that G’ and F’ are hidden in Fig. 17. The
motion of the yaw control linkage is directly transmitted to point
G (and G') via the rigid frame. The motion of the swashplates is
directly transmitted to F via the linkage FH (and F'H').

When the collectivecontrolis applied,the yaw linkageis giventhe
same vertical displacementas the swashplates. As a result, both G
and F (also G’ and F') have the same vertical displacement(Fig. 17).
This is transmitted to the pitch link DE (and D'E’) at point E (and
E’). Thus, the pitch angle of the top and bottom rotors change by
the same amount.

When the yaw control is applied, the yaw linkage is given three
times the verticaldisplacementof the swashplates. As a result, while
G (and G") moves vertically by three units, F (and F') moves verti-
cally by one unit (Fig. 17). The length EF (and E'F') is designed to
be the same as length GF (and G'F’) so that the pitch link DE (and
D’E’) move by one unit in the opposite direction to the swashplate
input. Thus, the pitch angle of the top and bottom rotors change
by the same amount, but in opposite directions. When the total
thrust is kept constant, a differential torque is generated for yaw
control.

Fuselage and Landing Gear Design

Fuselage

The fuselage structure is a rigid hexahedral. It consists of two
rectangular horizontal frames connected by four vertical struts and
supported on each side by two cross struts for torsional stiffness.
A thin skin of Mylar is used to cover the fuselage. The fuselage
design is shown in Fig. 18. Inside the fuselage, the equipment is
arranged in two stages: one upper stage for the power system and
one lower stage for the avionics and payload. The fuel, oxidizer,
and water circuits are so arranged that the c.g. is exactly placed on
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Fig. 17 MARY control system: coupled collective-yaw swashplate con-
trol note that points F/, G/, and H’ are hidden.

the shaft axis. Because the payload can be of many types, no fixed
payload bay is designed, but a space is kept under the avionic box
(150 x 350 x 360 mm?), and four attachment points are provided
on the lower frame.

Gear-Box Suspension

The gear box is attached to the structure at two levels (Fig. 19): at
the rotor mast level by four V-shapedstruts, transmitting the rotor lift
to the structure (each strutis V-shaped to ensure torsional strength),
and at the gear-box level by a flexible suspension, placed between
the bottom of the gear-box-motor assembly.

The four rigid struts are attached to the rotor mast and the fuse-
lage using ball bearings. Suspended like a pendulum, the gearbox
oscillates around the meeting point of the four suspensionbars. The
principal part of the flexible suspension is a cylindrical element
formed by a succession of thin disks of rubber and duralumin, as
shown in Fig. 19. One face of each element (four elements in total)
is bonded to the gear box, whereas the other is bonded to the struc-
ture. The vibration absorption occurs in the radial direction of the
element, deformed in shear. The reaction couple from the motor is
takenin compressionby all four elements. This vibrationabsorption
device is designed to cancel the in-plane vibrations induced by the
high lag frequency.

Landing Gear

A deployable, four-legged landing gear is designed. Each leg has
an articulated foot pad containing crushable aluminum honeycomb.
The foot pads (110 mm diam) are articulated to allow the vehicle
to adapt to slopes and rocks. The folding linkage design achieves a
retractionratio of almost 80%. MARYV rotors are stiff in-plane, with
a lag frequency of 3.7 per revolution. Hence, ground resonance is
not encountered.

The folding linkages consist of three articulated leg sections re-
tracting along the fuselage, as shown in Fig. 18. Each leg consists
of three parts: one primary strut, articulated around a hinge for re-
traction, and two secondary struts attached to two contiguous sides
of the fuselage. The folding hinge on the primary strut is equipped
with a torsion spring. In the retracted position, the spring is com-
pressed. When the link is released, the spring extends the two parts
of the primary strut in a colinear position. The size of the landing
legs is determined by the Federal Aviation Regulations 29.725 re-
quirement stating that the vehicle should withstand a drop test of
8 in., with a 1.5 safety factor. This correspondsto a drop velocity on
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and lock

¢) Deployed landing gear
Fig. 18 Fuselage and landing gear design.

Mars of 1.5 m/s (4.9 ft/s). Each leg is designed to sustain this drop
test without permanent deformation.

The c.g. of MARV has 0.06% rotor radius longitudinal offset
and 0.3% lateral offset. Table 4 shows the final weights of the major
componentsof MARV. Payload occupies the highestweightfraction
(21.6%), followed by power plant (30%, including electric motor,
fuel and drive system). In comparison, a helicopter on Earth has
a payload fraction of 35-40% and power plant fraction of 20%
(includingfuel, engine, and drive system). MARYV fuselageis lighter
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(6.8% compared to 15% on Earth) but the rotor system (blades, hub,
and control system) is heavier (27% compared to 10% on Earth).

MARY Deployment

Each rotor blade is folded twice to make the vehicle as compact
as possible. The entire deployment scheme is shown in Fig. 20.

Step 1 shows the lander after touchdown on Mars. In step 2,
the four lander petals open. The cords attached to the wider petals
unspool freely. In step 3, the cords are pulled in by winches drawing

Table4 Weight break up of MARYV components

Parameter Mass, kg % Gross takeoff weight
Fuselage 34 6.8
Motor 2.0 4.0
Power supply 10.6 21.1
Blades 6.0 12.0
Hub 33 6.5
Control group 4.1 8.1
Drive system 2.2 4.4
Landing gear 3.6 7.2
Avionics 4.1 8.2
Payload 10.8 21.6
Gross weight 50 100

Rigid
suspension bar Elastomer

Attachment points Dural

for rigid suspension

Rigid beam
for torque
R Attachment Fuselage
u
Motor points for attachment
flexible point
suspension
—\
488 mm
L

Fig. 19 Gear-box suspension.

out the outboard sections of the blades to prevent interference in
the following step. In step 4, the inboard sections of the blades are
deployed. Attachments to the lander base are released, and torsion
springslocated at the root of each blade deploy and lock the blade in
place. Next, the wider petals open out farther. The winches unwind,
and the cords unspool freely. This is shown in step 5. In step 6, the
cords are pulled in. The outboard sections of the blade unfold, and
when they become colinear, a pawl latch mechanism locks theminto
position. Finally in step 7, the attachment clips of the cords to the
tip of each blade are released. The helical antennas are deployed.
MARYV is ready to start. Step 8 starts the rotors and detaches the
structural attachments of MARYV to the lander. When MARYV takes
off, the power system is switched to the fuel cells, and electrical
connections to the lander are detached. After takeoff, the landing
gears are extended by torsion springs and locked into place by pawl
latches. This is shown as the last step 9. Finally, the helicopter
transitions into forward flight.

Vehicle Lander Communications

Mars is an isolated environment with no satellites in orbit, no
repeater stations on ground, and no significantionosphere to bounce
off signals. MARYV uses one omnidirectional vertical dipole antenna
to receive signals and two helical directional antennas to transmit
signals. line-of-sight (LOS) contact is maintained with the lander.
The horizon falls off at an increased rate of 7 in./mile on Mars
(4 in./mile on Earth). A 2.76-m-high lander antenna is needed to
keep LOS contact.

The transmission frequency is chosen at 2.4 GHz. A low trans-
mission frequencyis chosento minimize path lossesin signal power.
With a frequency of 2.4 GHz and a transmissiondistance of 25 km,
path loss is 128 dB. Omnidirectional antennas are simple (approx-
imately 0.002 kg each) but have low gains (0-5 dB). When a gain
of 5 dB is assumed, the signal strength at the receiver would be
—113.5 dB, which is an unacceptable bit error rate (BER). An ac-
ceptable BER is around —80dB. Helical directionalantennasrequire
actuators and tracking systems to maintain LOS contact (approxi-
mately 0.3 kg per system) but they have high gains (6-30 dB) and
low path losses. MARYV uses helical directionalantennas for the pri-
mary means of transmission. In case of failure, the omnidirectional
antenna can still be used. Thus, a failure of the directional antenna
will not result in a total mission failure.

Fig. 20 MARY deployment from lander on Mars.
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Avionics components are packaged inside thermally insulated
boxes using solid-silica insulator aerogel, similar to Sojourner.!®
Three outboard avionics boxes each contain a pressure transducer, a
temperature probe, and a camera. The inboard avionics box contains
the flightand datacomputer,data multiplexer,radio transceiver,tem-
perature sensor, three gyros, and a compass. The outboard avion-
ics measure flight conditions such as altitude, rate of climb and
flight speed, and inputs to the flight computer. The inboard avion-
ics maintain trim and course, store and transmit data, and maintain
proper internal environment. The mission profile and point-specific
commands are preset into the flight computer. Based on in-flight
measurements, it adjusts course and trim autonomously. The com-
plete avionics and communicationsystem has a mass of 4.07 kg and
operates at an average power of 62 W.

Summary

The preliminary design of MARV has been presented. MARV
has an unconventional rotor planform, which resembles a propeller
blade more than a rotor blade on Earth. Airfoil AGRC 1506 has been
specially designed to provide adequate flying capabilities. MARV
hasa coaxialrotor system with teeteringhub and a swashplate-based
coupledcollective-yawcontrol system. Fuselage designincludesop-
timal placement of subsystems and a scientific payload bay. MARV
has retractable landing gears. Helical directional communicatian
antennas maintain LOS communication between MARV and the
lander. Special care is taken to design a folding mechanism that fits
MARYV inside the dimensions of the Mars polar lander (1998). A
detailed deployment mechanism is developed to deploy MARV on
Mars. Based on the design exercise, the following conclusionshave
been made.

1) Controlled vertical takeoff landing flight on Mars is feasible
with existing technologies.

2) It is necessary to maintain blade chord Reynolds numbers
above 5 x 10* to fly a helicopter on Mars. Below 5 x 10* high ad-
verse pressure gradientsresulting from high blade loading separates
the turbulent boundary layer easily. MARV blades maintain blade
chord Reynolds numbers above 5 x 10* over 60% of the span.

3) Forward flight speed on Mars is limited by airfoil critical Mach
numbers that take place at the retreatingblades due to high lift (not at
advancing blades). Because of low Reynolds numbers, there exists
no margin between critical Mach number and drag divergenceMach
number. Even a weak shock completely separates the flowfield. To-
gether with a low speed of sound, steep pressure peaks due to high
blade loading bring about critical conditions at low speeds (20 kn).

4) Currently used airfoils are not suited for a Martian helicopter.
Existing low Reynolds number airfoils are point designs and suited
for low Mach number operations. Therefore, AGRC 1506 has been
designed for MARV to provide efficient performance over a range
of low Reynolds numbers (5 x 10*~1 x 10°) and moderate Mach
numbers (subsonic-0.5).

5) Airfoils with high camber appear necessary for Martian flight.
Because of low values of dimensional pitching moments, control
loads encountered are not high.

6) A coaxial helicopter configurationis more suited for a Martian
mission. It can be tailored to produce chord Reynolds numbers and
Mach numbers necessary for efficient airfoil operation in restrictive
Martian conditions. It is suited for compact stowage.

7) Reynolds number and Mach number requirements lead to high
aspect ratio blades (around 4), which resemble propeller blades
on Earth. Low aspect ratio blades lead to rotors that are compar-
atively stiff. A teetering hub is simple and free from instabilities. It
transfers no vibratory moments to the fuselage. In-plane vibration
is effectively isolated from sensitive instruments through vibration
absorbers in the gear-box suspension.

8) There exists no feasible technology for in situ propellant pro-
duction on Mars, which might reduce takeoff weight. Multiple mis-
sions are possible only by replenishing an onboard rechargeable
battery, using solar cells on the lander. With absorption rates noted
during the Pathfinder/Sojourner mission, mission energy can be re-
plenishedin a little over three days. However, payload capability is
only 0.8 kg.

9) For high payload, sample-return-type missions achieved in
MARYV, a PEM-type power plant is most suitable. However, cryo-
genic storage over a long period of time (two years to reach Mars)
requires further investigation. Regenerative techniques for fuel cell
recharge are attractive for multiple mission capability. Although
such techniques exist for hydrogen-oxygen fuel cells,'® the process
of pressurizingthe gasesback into the storage tanks under cryogenic
conditions has severe weight penalty.

10) At low Reynolds numbers, a conventional swashplate pro-
vides the best means of primary rotor control as opposed to low
weight flaps or moving tips.

11) Most stringent loads for vehicle structural design come from
atmospheric deceleration.

12) Large variations in temperature (year round variation from
—132.6 to 17.4°C, diurnal variation from 0 to —100°C) are found
on Mars. However, most composites, aluminum, and titanium alloys
can be readily used for structural design. Low-temperature lubri-
cants such as Bray grease 604 (used in Sojourner) can be used for
transmission.

MARY incorporatesan innovative utilization of currently proven
technology on Earth, with minimal reliance on future extrapolation.
MARYV is a feasible design. It is a safe, reliable and ideal candidate
for being a natural extension of a ground-based robotic vehicle on
Mars.
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