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Abstract

An aerial vehicle operating under the command
of a rover has a potential to extend the cover-
age for Mars exploration. Especially, a rotorcraft
equipped with an imaging camera can gather geo-
graphic information around the rover and enables
us to make a smart strategy for the exploration.
In this paper, the feasibility for such a rotorcraft
was assessed. For this purpose, the basic aerody-
namic characteristics of rotors were experimen-
tally investigated to assess a possible capability
of the hover performance of the rotor in a very
low Reynolds number regime that is due to the
thin Mars atmosphere.

Nomenclature

AR = Rotor blade aspect ratio [2R/c0.75R]
c = Rotor blade chord length (m)
c0.75R = Rotor blade chord length

at 0.75R (m)
CT = Thrust coefficient [T/ρπR2(ΩR)2]
CT/σ = Ratio of thrust coefficient to solidity
CQ = Torque coefficient

[Q/ρπR2R(ΩR)2]
CQ/σ = Ratio of torque coefficient to solidity
CT/CQ = Thrust to torque ratio
e = Hinge offset (m)
f/c = Maximum camber,

in percentage of the chord
KM = Torque constant of

an electric motor (mNm/A)
Mtip = Mach number at the tip of a rotor
Nb = Number of blades

Q = Torque (Nm)
Re = Reynolds number based onc0.75R

[ρc0.75RU0.75R/µ]
R = Rotor radius (m)
σ = (Thrust weighted) Solidity

[Nbc0.75R/πR]
T = Thrust (N)
U0.75R = Flow velocity at 0.75R,

tangent to the disk plane (m/s)
Ω = Rotation speed (rad/s)
θ0 = Collective pitch angle (deg.)
κint = Induced power factor from interference

between upper and lower rotor
of a co-axial rotor configuration [1]

ρ = Atmospheric density (kg/m3)
µ = Atmospheric viscosity (kg/ms)
0.75R = 75% of a rotor radius

1 Introduction

For the exploration of the planet such as Mars, the
rovers such as Sojourner in the Mars Path Finder
Mission or the Spirit and Opportunity in the Mars
Exploration Rover Mission have played an active
role for the in-situ surface exploration. The sur-
face exploration in the present configuration by
means of rovers, however, has various drawbacks
and is expected to be improved in many ways
for the future exploration. For instance, in the
present configuration of the exploration by means
of rovers, many time-consuming procedures are
required for controlling the rovers; first, the geo-
graphical image around the rover is taken and is
sent back to the commanding center on the earth,
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second, based on the geographical image, the tar-
get site to where the rover is to move and the
rough plan for rooting are decided and the com-
mands giving those are sent back to the rover,
third, the rover moves to the target site and takes
the image around it. These procedures are re-
peated until the mission end. For transmitting the
data, however, the transmission delay more than
10 minutes must be counted, and the distance to
the target site is restricted since the information
obtained from the geographical image taken by
the rover is restricted and the longer the distance
to the target site is, the larger the risk to which the
rover will face becomes. In such a way, the plan-
etary exploration by means of the rover system
cannot be as efficient as we expect but remains
much room to be improved.

To remove this drawback, we will propose to
utilize a small aerial vehicle that will function as
a scout for the sake of the rover. That is, the aerial
vehicle will collect the geographical data around
the rover, which is utilized to make a decision on
the site to where the rover heads, then, the rover
and the vehicle can make an autonomous explo-
ration that does not need a redundant communi-
cation with the commanding center on the earth.
The geographical data thus collected will give not
only abundant information for the rover to make
a smart strategy for the exploration, but also the
fruitful scientific information that may be diffi-
cult for the rover to acquire by itself. The aerial
vehicle for such a purpose should be a rotorcraft
rather than a fixed-wing airplane since only the
rotorcraft can land and take off from the arbitrary
place with a restricted area. The development of
such a rotorcraft, however, must solve some dif-
ficulty due to the thin Mars atmosphere. This is
because the thin atmosphere causes a decrease of
thrust that must be overcome by developing an ef-
ficient rotor. The aerodynamic characteristics of
the rotor depend mainly on the Reynolds number
(Re) that decreases due to the thin atmosphere.
Therefore it is inevitable to develop a rotor as ef-
ficient as possible in a Reynolds number regime
lower than that experienced by the conventional
rotorcraft in the Earth atmosphere.

In the present paper, the feasibility for such

a rotorcraft for Mars exploration will be investi-
gated. For this purpose, the basic aerodynamic
characteristics of rotors were experimentally in-
vestigated to access a possible capability of the
hover performance of the rotor in a very low
Reynolds number regime (Re=103�104) that is
expected in the thin Mars atmosphere, and to
draw up guidelines for designing an appropriate
rotor in such a very low Reynolds number envi-
ronment. Based on the guidelines for the rotor,
the feasibility of such a rotorcraft for Mars ex-
ploration will be demonstrated.

2 Basic Aerodynamic Characteristics of Ro-
tors in a Thin Atmosphere

2.1 Experimental Set-up

In order to directly assess the hover performance
of the rotor, it is desirable to directly measure
the aerodynamic characteristics of the rotor in
its rotating state rather than to predict theoreti-
cally based on the characteristics of the 2D air-
foil. Hence, the aerodynamic thrust generated by
the rotor directly driven by an electric motor was
measured. For this purpose, the drive motor, on
which the rotor is directly attached, is directly
mounted on the measurement stand. The mea-
surement stand is composed of a pendulum, the
inclination of which is proportional to the aero-
dynamic thrust. The experimental set-up for the
measurement is depicted in Fig.1. The inclina-
tion of the pendulum was measured by the incli-
nometer (Midori-Precisions, PMP-S10LX). Prior
to the measurements, the calibration curve for the
thrust vs. the inclination angle was determined,
which enable us to convert the measured incli-
nation angle to the thrust generated by the rotat-
ing rotor. The electric motor to drive the rotor
was a DC electric motor (Maxon Motor, RE25),
of which rotation speed was measured by the in-
stalled tachometer. The output of the tachome-
ter was 500 pulses per rotation. The torque re-
quired to rotate the rotor was measured based
on the measurement of the electric current con-
sumption to drive the electric motor, referring to
a specific data of the motor on the relation be-
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tween the torque and the electric current con-
sumption (KM). The measurements were carried
out 3 times for each configuration and were aver-
aged over to cancel the measurement error.

To simulate the thin atmosphere in Mars,
the measurement system is mounted inside a
large evacuation chamber of which diameter and
height are 2.40 m and 2.73 m, respectively. In
the present experiment, a primary scaling param-
eter for the rotor performance is the Reynolds
number. The evacuation chamber enables us to
adjust the Reynolds number simply. Other than
the Reynolds number, it is expected that the ro-
tation rate itself may affect the aerodynamic per-
formance. The evacuation chamber enables us to
examine this effect keeping the size of the rotor
and the Reynolds number.
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Fig. 1 Hover test pendulum. Output sensitivity
of the inclinometer is less than 0.01 deg., which
is equal to the thrust of 0.025 gf. Torque constant
of the drive motor (KM) is 23.18 mNm/A [2].

2.2 Rotor Models and Experimental Condi-
tions

The rotor model is a single rotor and is composed
of the hub attached with two symmetric blades
having no twist angle. The specifications for the
airfoil at the 75% of the rotor radius (0.75R) and
the planform are depicted in Fig.2. Several com-
binations of the airfoil and the planform were in-
vestigated as shown in Table 1. The test condi-

Table 1 Test rotors. (All rotors are made of bakelite)

Rotor no. Airfoil no. Planform no.
A 1 a
B 2 a
C 3 a
D 4 a
E 5 a
F 6 a
G 7 a
H 1 b
I 1 c
J 1 d

tions are summarized in Table 2. The Mach num-
ber at the tip of the rotor (Mtip) is 0.13 at most
and, hence, the compressibility effect may be al-
most neglected.
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Fig. 2 Test airfoils and planforms.
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Table 2 Test conditions.

Re 2000, 4000, 8000
Mtip < 0.13

Test gas Air
Collective pitch angle (θ0) 0�50 deg.

3 Experimental Results and Discussion

In the following subsection, the results for the
measurement on the aerodynamic characteristics
are described focusing on several features of the
rotor configuration. In general, when comparing
the performance of rotors with different blade ar-
eas, it is desirable to examine the ratio of thrust
coefficient to solidity (CT/σ) and the ratio of
torque coefficient to solidity (CQ/σ) in order to
cancel the influence of the blade area on the thrust
and the torque. Hence, the ratio of thrust coeffi-
cient to solidity and the ratio of torque coefficient
to solidity, specifically, will be discussed.

For subsections from 3-1 to 3-5, the extent of
measurement error forCT/σ andCQ/σ are within
the size of the symbol mark in the figures, and the
Reynolds number and the rotation speed are fixed
as 4000 and 600 RPM, respectively.

3.1 Effect of Sharpness of the Leading Edge

The rotor hover performances for various sharp-
ness of the leading edge are presented in Fig.3.
For a leading edge with a sharpness of 45 deg.,
we can observe the improvement on the hover
performance; the increase ofCT/σ and the de-
crease ofCQ/σ, while this improvement is deteri-
orated for a leading edge with further sharpness.
Therefore we can conclude that the appropriate
sharpness of the leading edge is effective to im-
prove the rotor hover performance.
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Fig. 3 Effect of sharpness of the leading edge
on above) ratio of thrust and torque coefficient
to solidity and below) thrust to torque ratio.
(Re=4000, rotation speed=600 RPM)

3.2 Effect of Camber

The rotor hover performances for various cam-
bers are presented in Fig.4. When the camber
( f/c) increases, not onlyCT/σ but alsoCQ/σ in-
crease. In addition, for a blade of which cam-
ber is 5 %, we can observe the improvement
on the thrust to torque ratio (CT/CQ) for θ0<10
deg., while this improvement is deteriorated for
a blade with further camber. Forθ0>10 deg.,
in contrast, as the camber increases,CT/CQ in-
creases. Therefore we can conclude that; first, a
camber for the blade is quite effective to increase
the thrust, second, for small collective pitch an-
gles the appropriate camber for the blade is effec-
tive to improve the rotor hover efficiency, while
for high collective pitch angles the efficiency in-
creases with the camber.
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Fig. 4 Effect of camber on above) ratio of
thrust and torque coefficient to solidity and be-
low) thrust to torque ratio. (Re=4000, rotation
speed=600 RPM)

3.3 Effect of Grooves on the Blade Surface

In the lower Reynolds number regime, the skin
friction on the blade surface may play a signifi-
cant role in the torque force required to rotate the
rotor. The grooves on the surface of the blade
were intended to decrease the friction. The ro-
tor hover performance of the blade with grooves
on the surface was improved in that it increases
CT/σ andCQ/σ is remained to be unchanged,
as presented in Fig.5. It is expected that the ex-
pected decrease ofCQ/σ may be cancelled out by
its increase due to the increase ofCT/σ. In any
event, in a viewpoint of manufacturing the blade,
the grooves on it may enable us to reduce mass
of the blade.
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Fig. 5 Effect of grooves on the blade surface
on above) ratio of thrust and torque coefficient
to solidity and below) thrust to torque ratio.
(Re=4000, rotation speed=600 RPM)

3.4 Effect of Aspect Ratio

The influence of aspect ratio (AR) on the rotor
hover performance is depicted in Fig.6. When
the aspect ratio increases, not onlyCT/σ but
also CQ/σ increase whileCQ/σ remains to be
unchanged for a smaller collective pitch angle:
θ0 <15 deg.. The increase of the torque may
be caused by the increase of the viscous part
of the drag, which becomes dominant in the
lower Reynolds number regime. Nevertheless,
the hover efficiency (CT/CQ) increases with as-
pect ratio due to the increase ofCT/σ.

5



NORIAKI TSUZUKI*, SHUNICHI SATO**, TAKASHI ABE**

0

0.05

0.1

0.15

0.2

0 10 20 30 40 50

C
T
/ �  (A)

C
Q
/ �  (A)

C
T
/ �  (H)

C
Q
/ �  (H)

C
T
/ �  (I)

C
Q
/ �  (I)

C
T
/

�  , 
C

Q
/

�

Collective pitch angle (deg.)

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20 30 40 50

(A)
(H)
(I)

C
T
/C

Q

Collective pitch angle (deg.)

Fig. 6 Effect of aspect ratio on above) ratio of
thrust and torque coefficient to solidity and be-
low) thrust to torque ratio. (Re=4000, rotation
speed=600 RPM)

3.5 Effect of the Tapered Planform

In the present configuration, the tapered planform
is designed based on the rectangular planform so
that they have an identical aspect ratio and lifting
line. According to Fig.7, the tapered planform
has less effective characteristics not only inCT/σ
but also inCT/CQ.
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Fig. 7 Effect of the tapered planform on above)
ratio thrust and torque coefficient to solidity and
below) thrust to torque ratio. (Re=4000, rotation
speed=600 RPM)

3.6 Effect of Reynolds Number

The effect of Reynolds number is represented in
Fig.8 for the typical rotor. When the Reynolds
number increases,CT/σ increase as expected.
CQ/σ, however, slightly decrease forθ0<15 deg.
while it increases forθ0>15 deg. The increase of
CQ/σ may be caused by the induced drag.
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Fig. 8 Effect of Reynolds number on above) ra-
tio of thrust and torque coefficient to solidity and
below) thrust to torque ratio of the rotor(C). (Ro-
tation speed=600 RPM)

3.7 Effect of Rotation Speed

The aerodynamic characteristics of the rotor are
considered to be dominated by the Reynolds
number. To confirm this fact, we compare the
aerodynamic characteristics of the rotor with
identical Reynolds number but with different ro-
tation speed as shown in Fig.9. No meaningful
effect was not observed forθ0<20 deg., while
there is slight difference forθ0>20 deg.
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Fig. 9 Effect of rotation speed on the measured
hover performance of the rotor(C). (Re=4000)

4 Applicability of LMT

For the feasibility study of the rotorcraft as will
be done later, it is necessary to know the aerody-
namic performance for many specific rotors that
are selected in the design process. For this pur-
pose, it is useful if we can predict it by means
of the existing theory such as Local Momentum
Theory (LMT) [4]. In this section, we will ex-
amine the applicability of the LMT in the lower
Reynolds number regime like in the present pa-
per. To this aim, we will compare the present ex-
perimental data with the prediction by the LMT.
This comparison not only shows an applicabil-
ity of LMT but also will suggest the possible
flow mechanism explaining the difference be-
tween them if any.

Figure 10 shows a comparison of the LMT
with the experimental result for the typical ro-
tor at Re=4000. Note that for small collective
pitch angles until around 10 deg., the agreement
is good enough for a preliminary design of the
vehicle. Forθ0>15 deg., however, there is a seri-
ous underprediction of bothCT/σ andCQ/σ be-
cause of the stall delay phenomena due to the
three-dimensional effect, while we cannot ob-
serve such an obvious stall delay on the rotor of
which airfoil is a stream line leading edge as in
Fig.11. Therefore, we believe that the stall de-
lay and high-thrust generation at high collective
pitch angles as in Fig.10 was caused by mainly
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the leading edge vortex (LEV), which is facili-
tated by a sharper configuration of the leading
edge. Since it is believed that insects have suc-
ceeded in flight in the very low Reynolds num-
ber regime (Re=103�104) exploiting the high-
lift generation mechanism caused by the LEV
[7], the present experimental result suggests that
there is a possibility to enhance the rotor perfor-
mance by utilizing the features of the insect wing.
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Fig. 10 Measured and predicted hover per-
formance on the rotor(A). (Re=4000, rotation
speed=600 RPM). Source of the 2D airfoil data
at Re=4000: reference [5].
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Fig. 11 Measured and predicted hover per-
formance on the rotor(G). (Re=4000, rotation
speed=600 RPM). Source of the 2D airfoil data
at Re=4000: reference [6].

Even though the theoretical prediction shows
a difference with the experimental result espe-
cially at larger collective pitch angles, it agrees

with the latter reasonably at the smaller collec-
tive pitch angles. Therefore, we will apply the
LMT to predict the aerodynamic performance of
the rotor for the purpose to access the feasibility
of the rotorcraft in Mars atmosphere.

5 Feasibility Analysis for the Rotorcraft in a
Thin Mars Atmosphere

The rotorcraft under consideration is to operate
together with the rover and, therefore, should be
small as possible. Even though several tasks are
possible for the vehicle, we will consider the mis-
sion in which only the geographical picture is to
be taken and to send it to the rover. In the present
analysis, we assume the vehicle of mass of 100
g, which may be a minimum mass including a
structure, a rotor, a drive motor system, a power
source system, a telecommunication system, and
an imaging camera. A simple estimation for mass
expected for each components except the drive
motor system and its power source system gives
the total mass of around 60 g all together as sum-
marized in Table 3. Hence the total weight al-
located for the drive motor system and its power
source system is around 40 g.

For the configuration of the rotor, we assume
a co-axial configuration that is suitable for the
present small vehicle since it enable us to elim-
inate the tail rotor and to minimize the require-
ment for the vehicle. Since the gravity on the
Mars is about 37.3 % of that on the Earth [3],
the present rotor must generate a thrust of 37.3
gf, at least, to lift off. For the rotor size and the
rotation speed specified appropriately, the power
consumption is determined for a set of required
CT/σ andCT/CQ to hover, then, we can draw
a curve of constant power consumption on the
chart ofCT/σ vs.CT/CQ as in Fig.12.

According to the specification of the commer-
cially available batteries, the power-to-mass ratio
is limited as less than 0.2 Wh/g. That is, the max-
imum electric energy attainable by the total mass
of 40 g for the motor system and its power source
system cannot exceed 8 Wh. Therefore, when
the flight endurance is required to be 15 minutes
for instance, the power consumption is limited
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as less than 32 Watts. In Fig.12, several curves
for the power consumption of 32 Watts are drawn
for 0.15, 0.30, and 0.50 m of rotor radius, based
on the rotor in Table 4. Considering the packag-
ing space for the aerial vehicle and the rigidity of
the blade, however, rotor radius is assumed to be
limited as less than 0.50 m. On the other hand,
according to the present experimental results, at-
tainable values forCT/σ andCT/CQ are less than
0.2 and 5, respectively. These boundaries are de-
picted on the chart ofCT/σ vs. CT/CQ as in
Fig.12. Therefore, the region enclosed by the
curves for the power consumption of 32 Watts,
the lines of 0.2 and 5 forCT/σ andCT/CQ are al-
lowed for designing the vehicle. According to the
figure, there still remains a region for the design
point even though not large, and we can expect
the increase of the region with the rotor radius.

Now, let us assume, for instance, the co-axial
rotor configuration as described in Table 5. The
LMT predictsCT/σ andCT/CQ as 0.95 and 3.8,
respectively. This rotor performance can gener-
ate a thrust of 38 gf that is enough to lift off
and consumes a power of 12.7 Watts to rotate
the blades at 2360 RPM. It should be noted that,
for this rotor, the Reynolds number is 2500 and
the Mach number at the tip of the blade is 0.25.
Those conditions do meet the applicability of the
prediction. According to Fig.13, this rotor perfor-
mance is within the design criteria. Based on the
consumption power of 12.7 Watts, the minimum
battery mass is expected as 16 g and the remain-
ing mass of 24 g out of 40 g can be allocated
to the mass of the electric motor. This estima-
tion may not be realized by the off-the-shelf tech-
nologies. However, taking into account of the im-
provement on the continued advancement in mi-
cro technology, it is reasonable to take this esti-
mation as a design guideline. On the other hand,
as listed in Table 3, the present rotor is expected
to be manufactured keeping its mass within 12 g.

The rotor system assumed in Table 5 is not
elaborated to the limit but there is plenty room
for improvement. Therefore, taking into account
of the improvement on the rotor performance and
the continued advancement in micro technology,
we can expect the rotorcraft to fly in the Mars

atmosphere in the near future.

Table 3 Estimation for mass of components of the
rotorcraft except a driving motor system and its
power source system.

Control unit and battery 11 g
Telemeter and battery 8 g

Imaging camera, 15 g
transmitter and battery
Rotor (blades and hubs) 12 g

Fuselage 10 g
Total 56 g
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Fig. 12 Chart of the design criteria (I). The
curves on this chart mean the constant power con-
sumption rate of 32 Watts, which is the maxi-
mum total power requirement to the power sys-
tem. The motor and gearbox efficiency is sup-
posed to be 80 % and 70 %, respectively.

Table 4 Details of the co-axial rotor for Fig.12.

Planform Rectangular,
c=0.030 m

Root cutout ratio (e/R) 20 %
Number of blades 4
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Table 5 Details of the co-axial rotor at the design
point in Fig.13.

Rotor radius 0.30 m
Airfoil No.1 in Fig. 2

Planform Rectangular,
c=0.030 m

Root cutout ratio (e/R) 20 %
Number of blades 4

Collective pitch angle (θ0) 12 deg.
Twist pitch angle 0 deg.

Induced power factor (κint) [1] 1.16
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Fig. 13 Chart of the design criteria (II), based
on the rotor in Table 5. The motor and gearbox
efficiency is supposed to be 80 % and 70 %, re-
spectively.

6 Conclusion

The feasibility of the rotorcraft in the Mars atmo-
sphere of which mass is a 100g class was inves-
tigated and the design guideline was presented.
The design guideline shows that, even though the
off-the-shelf technologies cannot satisfy all the
design guideline, we can expect the feasibility
of the rotorcraft, taking into account of the im-
provement on the rotor performance and the con-
tinued advancement in micro technology. Espe-
cially for the improvement of the rotor perfor-
mance, the basic guidelines were supplied exper-
imentally. That is, the guidelines for designing

a efficient rotor in a very low Reynolds number
regime (Re=103�104) can be summarized as fol-
lows;
1) An appropriate sharp leading edge is effective.
2) A camber is quite effective to increase the
thrust, and an appropriate camber is effective to
improve the hover efficiency for small collective
pitch angles, while for high collective pitch an-
gles the efficiency increases with the camber.
3) The aspect ratio should be as small as possible.
4) The taper is not effective on the hover perfor-
mance under the condition that the aspect ratio
and the lifting line are both identical with those
of the rectangular planform.
5) The Reynolds number should be as high as
possible.
6) The lightweight blade may be possible to mod-
ify the airfoil surface to be grooved for instance.
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