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Chapter 6 ®
Scaling Airborne Wind Energy Systems Gzt
for Deployment on Mars

Mac Gaunaa, Mario Rodriguez, Lora Ouroumova, and Roland Schmehl

Abstract Although technologically challenging, airborne wind energy systems have
several advantages over conventional wind turbines that make them an interesting
option for deployment on Mars. However, the environmental conditions on the red
planet are quite different from those on Earth. The atmosphere’s density is about 100
times lower, and gravity is about one-third, which affects the tethered flight operation
and harvesting performance of an airborne wind energy system. In this chapter,
we investigate in how far the physics of tethered flight differs on the two planets,
specifically from the perspective of airborne wind energy harvesting. The derived
scaling laws provide a means to systematically adapt a specific system concept to
operation on Mars using computation. Sensitivity analyses are conducted for two
different sites on Mars, drawing general conclusions about the technical feasibility
of using kites for harvesting wind power on the red planet.

6.1 Introduction

Airborne wind energy is a novel renewable energy technology using tethered fly-
ing devices to harvest wind energy. The substantially reduced material footprint,
increased mobility, and option to dynamically adjust the harvesting altitude to the
available wind resource have triggered developers and researchers worldwide to
explore the technology’s potential contribution to the green energy transition (Van
Hussen et al. 2018; IRENA 2021; Weber et al. 2021; Telsnig et al. 2022). Challenges
yet to overcome are continuous long-term operation (Salma et al. 2019), full automa-
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Fig. 6.1 Airborne wind energy systems developed by Kitepower, Kitenergy, Skysails, Kitemill,
and TwingTec, from left to right (Fagiano et al. 2022)

tion including launching and landing (Vermillion et al. 2021; Fagiano et al. 2022),
as well as regulation and permitting (Salma and Schmehl 2023).

A selection of currently pursued prototypes generating up to a few hundred kilo-
watts of electricity is illustrated in Fig. 6.1. Most concepts convert the pulling force of
soft- or fixed-wing kites into electrical power, operating the kite in pumping cycles to
drive a drum-generator module on the ground. During tether reel out, the kite is flown
in crosswind maneuvers with a high angle of attack, maximizing the pulling force,
while for reel in, the crosswind maneuvers are discontinued, and the kite is flown
with a low angle of attack, minimizing the pulling force. The energy generated and
consumed per cycle is buffered and smoothed with a storage subsystem delivering a
net positive electrical power.

The compact packing volume and low mass per wing surface area make soft-wing
kites an interesting option for generating renewable energy on Mars. Adding to this
is the capability of tethered systems to also harvest wind energy from higher alti-
tudes, where the wind is generally stronger and more persistent. Inflatable membrane
structures have already been used and proposed for various space applications (Veld-
man and Vermeeren 2001; Urbinati 2020). Examples for Mars missions are lander
airbags (Spencer et al. 1999), membrane aeroshells and aerodynamic decelerators
(Clark et al. 2009; Samareh 2011), lander parachute systems (Clark et al. 2021),
powered parafoil systems (Shaw 2016) and future Mars habitats (Sinn and Doule
2012; Valle et al. 2019). Using kites for energy generation on Mars was proposed
by NASA researchers (Silberg 2012) and mentioned as an interesting option in three
recent assessments of the wind energy potential on Mars (Schorbach and Weiland
2022; Hartwick et al. 2022; Anhalzer et al. 2023). A combined use of airborne wind
and photovoltaic energy for the construction and operation of a Mars habitat was
investigated in a recent system-level study (Ouroumova et al. 2021).

However, flying on Mars and harvesting wind energy is more challenging than on
Earth. To illustrate this, Table 6.1 compares geographical, physical, and atmospheric
properties at two different sites on Mars with sea-level standard (SLS) conditions
on Earth. The two selected sites are the Viking 1 lander site at Chryse Planitia, a
low-elevation plain in the northern equatorial region, and a proposed habitat site at
Arsia North, a high-elevation lava plain to the north of Arsia Mons, the southernmost
of three volcanoes on the Tharsis bulge (Bier et al. 2022; Rodriguez 2022). Arsia
North was proposed because the region features lava tubes with the required opening
diameter for a subsurface habitat (Sauro et al. 2020). While the atmospheric density
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Table 6.1 Geographical, physical and atmospheric properties of two sites on Mars, the Viking 1
lander site (22.27° N, 312.05° E) and a proposed subsurface habitat site at Arsia North (—3.062°
N, 236.07° E), compared to SLS conditions on Earth. Properties for the Mars sites are annual
mean values at 10 m above ground level (AGL) computed from data of the Mars Climate Database
(Millour et al. 2022). For wind speed, the values at 100m AGL are added

Property Viking 1 Arsia North Earth SLS
Elevation, z (m) —3600? 45502 0
Temperature, T (K) 213 203 288
Density, p (kg/m?) 0.020 0.010 1.225
Wind speed at 10m |5 15 3b

AGL, vy (m/s)

Wind speed at 100m |7 18 10°

AGL, vy (m/s)

Dynamic viscosity, | 1.09 x 107> 1.04 x 1073 1.8 x 1073
(Pas)

Speed of sound, a 233 228 343

(m/s)

Gravitational 3.7 3.7 9.8
accelerationd, g (m/s?)

2 Altitude above areoid (Mars geoid).

b Annual mean for European land area at 10m AGL (EEA 2021)

¢ Annual mean for a selected North Sea region at 100 m AGL (Hahmann et al. 2022)
d Values for areoid (Mars) and geoid (Earth)

at the higher elevation is only about half the density at the existing lander site, the
annual mean wind speed at 10m above ground is three times larger. The low value
of the annual mean wind speed for the European land area is not representative of
wind energy generation. The high value for a selected North Sea region, on the other
hand, describes favorable conditions for wind energy generation. Similar to Earth,
the speed and direction of the Martian wind are strongly influenced by the local
and regional topography by seasonal and diurnal effects. For the Viking lander sites,
Williams (2020) reports measured ground wind speeds of 2—7 m/s during summer,
5-10m/s during fall, and 17-30 m/s during dust storms.

Compared to Earth, the atmospheric density on Mars is about 100 times lower,
resulting in very low aerodynamic forces. This is only mildly compensated by the
roughly one-third lower gravity and the substantially higher annual mean wind speeds
at the two Mars sites. Consequently, flying and wind energy harvesting require very
high relative flow speeds, large wing surface areas, or a combination of both. High
relative flow speeds can be achieved with a powered helicopter. Because the speed of
sound on Mars is roughly two-thirds the speed on Earth, the feasible tip speed of pro-
pellers is lower on Mars. Lastly, the lower atmospheric density reduces the Reynolds
number of the flow around wings and propellers, which generally degrades the aero-
dynamic forces due to flow separation and vortex shedding (Lissaman 1983). All
these aspects were considered in the conceptual design of the Mars helicopter Inge-
nuity (NASA 2023), which is a prominent example of successfully scaling terrestrial
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drone technology to the conditions on Mars (von Ehrenfried 2022). For example,
the rotor blades had to be spun much faster to compensate for the low atmospheric
density. Flapping flight is an alternative, bio-inspired flight concept that has captured
the interest of researchers for deployment on Mars (Bluman et al. 2018; Tsuchiya
et al. 2023).

For harvesting wind energy, large wing surface areas are indispensable because
the increased wind speeds on Mars are by far not sufficient to compensate for the
very low density. To the authors’ best knowledge, no systematic scaling study for
deploying airborne wind energy systems on Mars has been conducted so far. This is
the objective of the present study. The scope of the presented analysis is a system-
level perspective of the technology using a combination of first principles-based
analysis and suitable assumptions.

The chapter is structured as follows. In Sect.6.2, a simple analytical model for
predicting the tractive performance of a kite power system is derived. In Sect. 6.3, the
scaling relations are developed by matching the power output and material stress of
a system operated on Mars to a reference system operated on Earth. In Sect. 6.4, the
developed scaling relations are used for two different locations on Mars. In Sect. 6.5,
the conclusions are presented.

6.2 Kite Performance Model

To investigate how the operation of a kite power system on Mars differs from the
operation on Earth, we first develop a basic theory of tethered flight and use this to
formulate a kite power system performance model. A representative airborne wind
energy system using a soft-wing kite is illustrated in Fig.6.2. It should be noted
that this specific system serves only as an example for illustrating the terrestrial
application of the technology. The specific design of the kite and the ground station
is not relevant for the following analysis.

6.2.1 Tethered Crosswind Flight

For estimating the performance of an airborne wind energy system, we consider
only the reel-out phases of the pumping cycles, where the kite is flown in crosswind
maneuvers to generate tractive power. The tether is assumed to be straight. In reality,
gravity, inertial forces, and aerodynamic line drag cause the tether to sag. However,
during reel-out at maximum tether force, this effect is considered negligible (Schmehl
et al. 2013).

A suitable representative flight state for the reel-out phase is illustrated in Fig. 6.3,
capturing the instant where the kite, represented by point K, passes the xyzy-plane
with a radial velocity component vy ; and a tangential velocity component vy .. This
flight state will be used in the following to generalize the original theory of crosswind
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Fig.6.2 Components of the TU Delft 20 kW kite power system with a 25 m? leading-edge inflatable
(LEI) kite and optional launch mast (Salma et al. 2019). Kite, ground station and mast not to scale

AZW

Fig. 6.3 Kite in crosswind flight with velocity vi . on an idealized straight tether of variable length
r, with radial velocity vy, and at elevation angle 8. The origin O of the wind reference frame
Xw, Yw, Zw 18 located at the ground attachment point of the tether, the x-axis is pointing in the
direction of the wind velocity vy, at the position of the kite, and the zy-axis is pointing vertically
upwards

flight by Loyd (1980) to non-zero elevation angles 8. The two orthogonal components
of the flight velocity, vy, and v ., can be expressed in terms of the reeling factor f
and the tangential velocity factor A, respectively
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Vk = Vir + Vi ¢, (6.1)
X VA, with (6.2)
Vw
= Y and 6.3)
Vw
A=kt (6.4)
Vw

The apparent wind velocity is defined as the relative flow velocity experienced by
the moving kite,
Va = Vy — Vg, (6.5)

and can be represented by radial and tangential components

Va = Var + Var, (6.6)
V. V. V. 2

=== 1+<“>. (6.7)
Vw Vw Var

The non-dimensional radial velocity component follows from Eq. (6.5) as

far _ cos B — f, (6.8)

w

where we made use of the fact that cos Bvy, and fv,, are the radial components of
the wind and kite velocities, respectively.

The resultant aerodynamic force F, can be decomposed into a lift component L
perpendicular to the relative flow, and a drag component D aligned with the flow

F,=L+D. (6.9)
While the lift component is generated by the kite only, the drag component includes a

contribution of the tether. The magnitudes of the two force components are evaluated
as

1

L= EpvicLS, (6.10)
1, 1

D =>pv, CpxS + Zcmdlr , (6.11)

where p is the atmospheric density, Cr, and Cp x are the aerodynamic lift and drag
coefficients of the kite, respectively, S is the planform area of the wing, Cp; is the
drag coefficient of a cylinder in cross flow, and d, is the tether diameter. Based on Eqs.
(6.10) and (6.11), we define the aerodynamic coefficients of the airborne subsystem
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L

CL=-——, 6.12
L= TS (6.12)
C b (6.13)

D = —’ .

1pv2s
with the lumped drag coefficient

Cp = Cox + ~Cp, 2 (6.14)

p = Cpk+ 7o~ .

The lumping of the line drag to the kite drag described by Eq. (6.11) was proposed
by Argatov et al. (2009) and numerically validated by Argatov et al. (2011). For
terrestrial applications, VIugt et al. (2019) propose a value Cp = 1.1. Especially
for longer tethers, the aerodynamic line drag can significantly affect the flight motion
of the kite. If we use, for example, the values listed in Vlugt et al. (2019) for the
moderate wind condition at 5.9m/s (C./Cpx = 3.6, Cr, = 0.59,d; = 4mm, S = 20
m?) with an average tether length of = 300 m, the tether drag contribution is 10% of
the kite drag contribution. Combining Eqs. (6.9) ,(6.12) and (6.13) gives a generally
valid expression for the resultant aerodynamic force

1 / 1
F, = 5pCL 1+ ESvg, (6.15)

introducing the lift-to-drag ratio of the airborne subsystem as

L
L_& (6.16)
D (o

For the purpose of developing a closed-form expression for the apparent wind
velocity, we assume that the effects of gravity and inertia on the kite are negligible
and that the flight motion can be regarded as a transition through quasi-steady states
that are governed by the equilibrium of aerodynamic forces and the tether force

F, +F, = 0. 6.17)

The assumption of quasi-steady flight is reasonable for terrestrial applications
of lightweight membrane kites with high surface-to-mass ratio (Schelbergen and
Schmehl 2020).

Figure 6.4 illustrates the respective velocity and force triangles in the kite’s central
cross-section plane, applying the common, basic assumption of zero side slip, i.e.,
that the kite is aligned with the relative flow. Because v, and L are perpendicular, v, ,
and F, are perpendicular, and the velocity and force triangles are right triangles, the
two triangles are also geometrically similar. This can be expressed mathematically
as (Schmehl et al. 2013)
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2

Va1 Va

Fig. 6.4 Quasi-steady force equilibrium governing the flight motion of a massless kite, with appar-
ent wind velocity components v, ; and v, ,, and aerodynamic force components L and D, in the
plane spanned by the apparent wind velocity v, and the resultant aerodynamic force F,

Va,z

- E, (6.18)

L
Va,r D
Equation (6.18) couples the ratio of relative flow velocity components in quasi-steady
flight to the ratio of the aerodynamic force components.

The closed-form expression for v, can now be derived by inserting Egs. (6.8) and
(6.18) into (6.7)

Vv_a — 1+ E2(cosf— f), (6.19)

describing the dependency on the operational parameters 8 and f and the design
parameter E. The aerodynamic coefficients Cy and Cpx and thus also the lift-to-
drag ratio E vary with the wing’s angle of attack, defined as the angle between
relative flow and the wing’s chord line. From Fig.6.4 and Eq. (6.18), we can see
that the combination of constant bridle line geometry and ratio v, ; /v, leads to a
constant angle of attack and thus also lift-to-drag ratio E of the wing (Van der Vlugt
et al. 2019).

Equations (6.18) and (6.19) are valid only if the effect of gravity can be neglected.
In case it can not, the kinematic ratio on the left-hand side of Eq. (6.18) deviates from
the lift-to-drag ratio and needs to be solved iteratively, as proposed by Schmehl et
al. (2013) and Van der Vlugt et al. (2019).

6.2.2 Tractive Performance

Starting from Eq. (6.17), and inserting Egs. (6.9) to (6.10) and (6.14) we can derive
the following expression for the non-dimensional tether force
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Ll Cr )1+ 1 (1+ E?) (cos B — f)*, (6.20)
qS E2

where g denotes the dynamic wind pressure

2

= —pVv,. 6.21

q9=75P (6.21)

Defining the tractive power P of the kite as the product of pulling force F;

and radial kite velocity vk, we can expand Eq. (6.20) to the definition of a non-
dimensional tractive power

—P—C1]1E2 2 6.22
(=p5= “/+E5(+ ) f(cosB— f), (6.22)

where Py, denotes the wind power density

1
P, = zpv@. (6.23)

The power harvesting factor ¢ was firstintroduced as a non-dimensional performance
metric for airborne wind energy harvesting in Ahrens et al. (2013).

For well-designed kites, the lift force is the dominating aerodynamic force com-
ponent, such that £ >> 1, which simplifies Egs. (6.19) (6.20) and (6.22) to

Y E(cosB— f), (6.24)
Vw
b 2 2
— =CLE" (cos B — f)~, (6.25)
qS
(=L —CLEf (cosp - f)? (6.26)
.S L , .

Equations (6.22) and (6.26) include the following cubic dependency on the reeling
factor

g(f) = f(cosB— f)2. (6.27)

The maximum tractive power is achieved at the maximum of this function. An
extreme value analysis leads to the optimal reeling factor

1
Sopt = 3 €08 B, (6.28)

and inserting this into Eqgs. (6.24) to (6.26) gives the apparent wind speed, pulling
force, and maximum tractive power
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2
Y ZEcos B, (6.29)
Vw 3
F 4 s 5
— = —CpLE"cos” B = Cp, (6.30)
qS 9
P, 4
Copt = Pw}i; = ECLEZ cos® B = Cp. (6.31)

It is important to note that the tether force and the traction power are both non-
dimensionalized with the planform area S of the kite and not with the much larger
swept area A, as commonly done for wind turbine rotors. That is because a well-
defined swept area does not exist for a kite power system. Because of the different
reference areas, power harvesting factor values can not be directly compared with
wind turbine capacity factor values (Diehl 2013).

For the remainder of the study, we will drop the subscript “opt” and refer to the
expressions in Eqgs. (6.30) and (6.31) as force coefficient Cr and power coefficient
Cp, respectively.

6.2.3 Turning Performance

In practice, the tractive performance of a kite is also influenced by its ability to
perform turning maneuvers (Fechner and Schmehl 2018; Oehler and Schmehl 2019).
A suitable measure to quantify this ability is the turning radius R that can be achieved
with a steering input §. Figure 6.5 illustrates the turning maneuver and the relevant
geometric parameters, forces, and velocities.

For simplicity of the following analysis, it is assumed that the deployed tether is
much longer than the turning radius (» > R) such that the tether and the turning axis
are roughly parallel. The turning radius can be determined from the balance of force
components acting on the kite in the sideways direction in the local tangential plane.
These are the centrifugal force F;, pointing outwards, away from the center of turn,
the aerodynamic side force F, ¢, pointing towards the center of turn, and the sideways
component of the gravitational force. The balance of these force components can be
expressed as

Fos +mg- €y k = F, (6.32)

where ey x is a unit vector aligned with F, g, also pointing towards the center of turn.
Depending on the relative orientation of the gravitational acceleration g and ey i, the
gravitational contribution to the force balance can vary between

— Mg = mgg- €y = Mmg§. (6.33)

The centrifugal force is computed as
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Fig. 6.5 Kite flying a right
turn with radius R. The
direction of turn is
commonly defined from the
perspective of an observer
flying with the kite

Ve
Fi = My . (634)

R

For moderate steering actuation, it can be assumed that the aerodynamic side force
F, s depends linearly on the steering input (Roullier 2020; Vermillion et al. 2021),
which can be expressed as

Fa,s = F6Cum., (6.35)

where Fj is the tether force, § is the non-dimensional steering input, varying between
the extreme values —1 and 1, and Cy,, is a non-dimensional coefficient quantifying
how large a fraction of the tether force, the aerodynamic side force can be at the
extreme steering actuation. The coefficient depends solely on the kite design: the
geometry and the substructure of the wing, the layout of the bridle line system, and
the actuation mechanism. The wing geometry of the leading edge inflatable kite
shown in Figs.6.2 and 6.5 is illustrated in Fig.6.6, comparing the projected and
flattened geometries. Generally, strongly curved wings with a larger vertical wing
area and a larger ratio of flattened to projected wing area feature a better steering
behavior than flatter wings. On the other hand, flatter wings generally perform better
in terms of pulling force. However, the implemented steering mechanism and the
layout of the bridle line system strongly influence these trends (Poland and Schmehl
2023). Since Cy,, depends solely on the design of the kite, it will be identical for
kites on Mars and Earth.
Substituting Egs. (6.34) and(6.35) into Eq. (6.32) yields
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ex,k*

€y k
Cmax

Fig. 6.6 Top view of the kite shown in Figs. 6.2 and 6.5: planform wing geometry (shaded), wing
span b and maximum chord cpax, body-fixed base vectors ey k and ey k, and outline of the flattened
wing geometry

2
Vk,‘[

Fi6Cypn + myg - €yk = mk??

from which we can derive the following expression for the turning radius

my v} mv?
R = — = Tk (6.36)
F6Cym + mgg - €y k F6Cum (1 + Gg)
where €, denotes the ratio of gravitational to aerodynamic side forces
myg-e
= T8 Syk (6.37)

€g == ——.
£ FéCum

A small value (¢; < 1) means that the effect of gravity on the turn radius can be
neglected. It should be noted that g - e, x and § can be positive or negative.
Non-dimensionalizing the turning radius with the wing span gives

. R myv?
R="= Ko (6.38)
b bF8Cum(l + €)

It is interesting to investigate further the effect of the kite’s physical dimensions
on its turning performance. Reorganizing Eq. (6.36) as

2
V
R= kt (6.39)

== s
,,T:((Sclurn + g Cyk

the size-dependent parameters are now concentrated in the ratio of tether force and
kite mass. Substituting the tether force by Eq. (6.15) the ratio can be formulated as

F 1 1S
L = —,OCL 1+——V2

. A
my 2 E2 my 2 (6 0)
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When increasing the physical dimensions of a kite, its mass my increases faster than
its planform area S, while the other parameters in Eqgs. (6.39) and (6.40) affect-
ing the turning radius stay roughly constant. To maintain the same turning radius,
the decreasing ratio S/my needs to be compensated by modifying the kite design
to increase Cy,. It should be noted that the increase of S/my with size is more
pronounced for fixed-wing kites than it is for soft-wing kites.

6.3 Scaling Relations

Based on the requirement that a system on Mars should produce the same energy
as on Earth and should be built of materials with the same material properties we
derive from first principles and suitable approximations scaling relationships for
several key kite attributes (kite surface area, kite membrane thickness, kite mass,
tether diameter), system forces (tether force, kite gravity force), performance metrics
(maneuverability, launching easiness) and non-dimensional flow characterization
quantities (Mach and Reynolds numbers).

6.3.1 Physical and Atmospheric Properties

The scaling relations for the relevant physical and atmospheric properties listed
in Table 6.1 are summarized in Table 6.2. Except for the gravitational acceleration,
the values of the scaling factors are computed for the annual mean values of the
properties.

Table 6.2 Scaling relations for the Viking 1 lander site and the proposed subsurface habitat site at
Arsia North computed from the data listed in Table 6.1. Scenario A refers to wind speeds at 10m
above ground, using vyearth = 3 m/s as reference, while Scenario B refers to increased wind speeds
at 100m above ground, using vyearth = 10 m/s as reference

Physical property Scaling relation Scaling factor
Symbol Viking 1 Arsia North

Atmospheric density Pmars = Kp Pearth K, 0.0163 0.0082
Dynamic viscosity Mmars = K tearth K, 0.606 0.578
Gravitational acceleration | gmars = Kggearth K, 0.378 0.378
Speed of sound Amars = KaGearth K. 0.679 0.665

Wind speed, Scenario A Vwmars = KvwVwearth | Kvw 1.667 5.000

Wind speed, Scenario B Vw,mars = KvwVw,earth Kyw 0.700 1.800
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6.3.2 Kite Planform Geometry

The planform geometry of a typical kite for terrestrial applications is illustrated in
Fig. 6.6 together with the flattened geometry. It is described by the planform area S,
the span b, the maximum chord cp,x, the aspect ratio

b2
AR=—, 6.41
3 (6.41)
and the standard mean chord (SMC)
S
= —. 6.42
€= (6.42)

As shown in Sects. 6.2.1 and 6.2.2, the planform area is a key parameter for the kite’s
pulling force and tractive power. Requiring that a system on Mars produces the same
energy as on Earth,

Prars = Pearth- (6.43)

we can use Eq. (6.31) to derive
Py mars SmarsCpmars = Py earth Searth Cp earth s (6.44)
P S s = 5 Pty St Crcas, (6.45)

which leads to the ratio of the kite’s planform areas on Mars and Earth

Smars 1 1
Ks= = g (6.46)
carth Cpearth pTvw

The scaling factors K, and Ky, are defined in Table 6.2. Assuming initially that the
aerodynamic coefficients Cr, and Cp and the average operational elevation angle 8
are similar on Mars and Earth results in roughly identical power coefficients,

CP,mars - CP,earlh’ (647)
which simplifies Eq. (6.46) to
1
Ks = . 6.48
° Kﬂ K\?w ( )

In Sect. 6.3.14, we present a more substantial critical assessment of assuming similar
aerodynamic coefficients and average operational elevation angles for Mars and
Earth-based operation of an energy-generating kite.

Assuming further that the aspect ratio of the planform is similar for kites on Mars
and Earth, the planform span scaling factor can be derived as the square root of the
planform area scaling factor
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bmars Smars 1 1
Kb = = = 4/ KS = —
bearth Searth \/@ v/ Kp ng
P.earth

Further assuming that the power coefficients on Mars and Earth are roughly equal,
this reduces to

(6.49)

1
Ky = — (6.50)

B Vv KPK\:}W .

The values for K, and K\, listed in Table 6.2 lead to a planform scaling factor
K substantially larger than unity, which means that a kite on Mars will have to be
substantially larger than a kite on Earth kites for matching the power production in
both operational environments.

6.3.3 Tether Force

The nominal tether force during crosswind operation significantly influences the
dimensioning of the entire airborne wind energy system. Equation (6.30) can now
be used to compare the tether forces of the Mars and Earth kites

1 2
K F t,mars Gmars Smars CF,ma.rs 2 Pmars vw,mars Smars CF,ma_rs
Fieanth Gearth Searth CFearth 3 PearthVyy earth Searth CFearth
CEmars
2 Smars CF,mars 2 1 1 CF,mars CFearth 1
= K’D KVW C = K'o KVW Cpmars K. K 3 C = Cpmars K
earth “ Fearth —— D pQyy CEearth — Dyw
CReanh CRear(h
—1 —1 6.51
~ cos Bars K ’ ( : )
—— Dyw
cos ﬁeanh

where we made use of the ratio of force and power coefficients derived from Egs.
(6.30) and (6.31) as

CF _ , (6.52)

Following the argumentation in Sect.6.3.2, we assume roughly identical values
of the operational elevation angle on Mars and Earth, which simplifies Eq. (6.51) to

1

Kr = .
KVW

(6.53)
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According to Table 6.2, wind speeds are generally larger on Mars than on Earth,
expressed by Ky, > 1. From this and Eq. (6.53), it follows that the tether force of a
system with the same power rating would be lower on Mars. The lower tether force
is compensated by a larger reel-out speed, corresponding to the larger wind speed
on Mars. This may affect the flight path, which is not considered in this first-order
analysis.

6.3.4 Tether Diameter

Tether drag significantly impacts the kite performance and depends on the tether
diameter, which in turn depends on the maximum tether force during the reel-out
phase of the pumping cycles. Assuming that the same tether material is used, a
sensible scaling of the airborne wind energy system from the Earth to the Mars
environment would ensure that the tether stress oy stays the same,

Ot,mars = Otearth- (6.54)

This requirement can be broken down to the tether force F; and tether cross-sectional
area A, in both environments,

Fl,mars _ At,mars

(6.55)

Ft,earlh At,earth

The ratio of tether diameters of the Mars and Earth systems can now be derived as

dl,mars _

Kq

-1 A mars 1
= [t K= (6.56)

1
—_—
Al,earth €OS Brmars 4/ K.y

€08 Bearth

dt,earth

where Eq. (6.51) was used to express the tether force ratio. If we assume, as earlier,
that the operational elevation angles on Mars and Earth are roughly similar, this

reduces to 1

VK

The larger wind speeds on Mars (K, > 1) result in smaller tether diameters
despite the larger kite surface areas. According to Eq. (6.14), this will decrease the
total drag coefficient of the airborne subsystem on Mars and thereby have a positive
impact on power production. This effect is, however, not included in this first-order
analysis.

Kq=

(6.57)
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6.3.5 Kite Fabric Membrane Thickness

The thickness of the fabric membrane has a significant influence on the surface-to-
mass ratio of the kite, and by that, especially on the performance at low wind speeds.
Assuming that the fabric material of a kite on Mars would be the same as on Earth,
a sensible scaling would ensure that the membrane stress oy stays the same,

Ok,mars = Ok earth- (6.58)

To further break this requirement down to physical properties and design parameters,
we must determine how the membrane structure transfers the aerodynamic load, the
dominant force effect in nominal operation, to the bridle lines. Since the planform
geometry of the kite follows the simple linear scaling relation given by Eq. (6.49), the
relative distribution of the structural forces in the kite will be identical. The tensile
forces transferred through any cut of the Mars kite will have the same ratio relative
to the total aerodynamic force as they will have for the Earth kite,

AFk,mal.rs _ AFk,earth

F t,mars F t,earth

(6.59)

Due to the simple linear scaling of the kite planform and shape, the length of the
considered cut will have the same scaling factor

Alk,mm.rs _ Alk,eu.rth (6 60)

bmars b earth

If the local thickness of the kite membrane material is ¢, the general relation for
determining the stress in the kite fabric is

ok 6.61)

- Alt ’

Combining Egs. (6.58) and (6.61) we obtain the ratio of the local membrane thickness
of the Mars and Earth systems as

Fimars

i Fiea Ky
K="= = — (6.62)
fearth  p2 Ky

which can be further developed by expressing the planform span and tether force
scaling factors by Egs. (6.49) and (6.51),

CP,mmrs
Crearth

Kl:

K, Kyy. (6.63)

€OS Bmars L
cos ﬂcurlh
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If we assume, as we did previously, roughly equal power coefficients and operational
elevation angles on Mars and Earth, this reduces to

K= K, Ky (6.64)

These scaling relations are valid for any membrane thickness distribution in the
Earth kite. The derivation uses a local argumentation, resulting in a single scaling
factor applied to any arbitrary thickness distribution. This will result in identical local
stresses in the Mars and Earth kites induced by the aerodynamic loading.

The typical Mars conditions listed in Table6.2 result in a membrane thickness
scaling factor K, substantially below unity, which means that the fabric membrane
for a kite on Mars needs to be thinner than for a kite on Earth, despite the larger
planform area.

Comparing Eqgs. (6.57) and (6.64) we notice that the membrane thickness and
tether diameter scale differently. This is because the tether diameter scaling is derived
from matching the tether stress in both operational environments, described by Eq.
(6.54), while the membrane thickness scaling is derived from matching the membrane
stress, described by Eq. (6.58), and the power output, described by Eq. (6.43) and
included via the planform span scaling factor described by Eq. (6.50).

6.3.6 Bridle Line Diameter

The function of the bridle lines is to collect the membrane forces and transfer those
to the tether. Therefore, if the Mars kite has the same relative setup as the Earth kite,
the dimensioning force transmitted through each individual bridle line will scale the
same way as the total tether force. This means that the diameter of each bridle line
will follow the exact same scaling as the diameter of the tether diameter, described
by Eq. (6.57)

i 1
K pridle = —brdeman _ g, = . (6.65)

dbridle,earth v K VW

As for the tether, the bridle lines of the kite on Mars will be thinner than the bridle
lines of the kite on Earth.

6.3.7 Kite Mass

To fly and operate at lower wind speeds or lower density, a kite needs to have a high
surface-to-mass ratio. But to sustain the higher aerodynamic loads at higher wind
speeds, the design of kites has to be more sturdy, with stronger materials and local
reinforcements, which generally decreases the surface-to-mass ratio. The scaling of
the kite’s planform area was derived in Sect. 6.3.2 from the requirement of matching
the power output of airborne wind energy systems on Mars and Earth.
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The kite mass my is a function of the material volume Vi and material density px,
nyg = Vkpk- (666)

It is reasonable to assume that the materials will be the same for both operational
environments, implying identical material densities,

Pk,mars = Pk,earth- (667)

Accounting for Egs. (6.66) and (6.67), the kite mass ratio can be related to the product
of planform area and membrane thickness scaling factors,

My mars Vk,mars Smars Imars

Kp=

= = = KK, (6.68)
My earth Vk,ea.rth Searlh Tearth

and substituting these further by Eqgs. (6.46) and (6.63) we get
1 1 1

/ CP,nr s €0S Brnars /K KS :
CP,ea:lr;l cos /seanh pEvwW

If we again assume roughly equal power coefficients and operational elevation angles
on Mars and Earth, this reduces to

Kn=

(6.69)

1
Kn=—— (6.70)

- V K/’K\?w -

The exponent 5 of the wind speed scaling factor is rather high, which means that
it is not possible to generally state whether the mass of the kite for operation on Mars
will be higher or lower than the mass of the kite for operation on Earth. This will
depend on the local conditions at the specific deployment site on Mars.

6.3.8 Gravitational Force

The scaling of the gravitational force combines the scaling factors for the kite mass
and the gravitational acceleration,

Fg mars Mk mars §mars
K, = -2 = = KnKo, (6.71)
g F g
g.earth Mk earth Searth

and substituting the mass scaling factor by Eq. (6.69)
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K : 1 | Ks (6.72)
Fg = €OS Binars 5" :
Ve oo | KoK

If we again assume roughly equal power coefficients and operational elevation
angles on Mars and Earth, this reduces to

2
Kp, = K (6.73)
¢ KPsz. .

Since the gravity on Mars is significantly lower than on Earth, the gravitational
force acting on the kite will be lower even if the kite on Mars has a higher mass.

6.3.9 Launching Easiness

The ratio of aerodynamic lift forces acting on a static kite and gravitational forces
is a measure of how easily a kite is launched. Resolving the resultant lift force by
Egs. (6.10) and (6.21), we can derive this launching easiness as a non-dimensional

parameter
L S
n= = m—CLiE’, (6.74)
g k

where the planform area to mass ratio S/my and the aerodynamic lift coefficient Cy,
characterize the kite, while the dynamic wind pressure to gravitational acceleration
ratio g /g characterizes the operational environment.

The ratio between the launching easiness on Mars and Earth can then be derived
as

Smars CLumars gmars

Nmars Searth ClLearth Gear
K. = . — carth CLearth Gearth ) (675)
earth

Mk,mars 8mars
Mk earth Searth

Substituting the planform area ratio by Eq. (6.46), the mass ratio by Eq. (6.69), resolv-
ing the dynamic wind pressure according to Eq. (6.21), and using the appropriate
scaling factors for atmospheric density, wind speed, and the gravitational constant,

we get
Kn _ CL,mars CP,ma:s cos ﬁmars Kp IZ\}W . (676)
CL,earth CP,earlh Cos ,Beanh K g

Assuming, as before, that lift coefficients, power coefficients, and operational eleva-
tion angles are roughly similar on Mars and Earth, this reduces to
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K, K3
K, = % (6.77)
g

The value of this scaling factor can be below or above unity, depending on the
specific location on Mars. This indicates that it could be either harder or easier to
overcome the gravitational forces on Mars in the launching phase, all depending on
the deployment location of the airborne wind energy system.

6.3.10 Kite Fabric Membrane Stress Due to Gravitational
Loads

For kites on Earth operated in crosswind maneuvers, the aerodynamic loading is the
by far dominant contribution to the fabric membrane stress. The scaling of the system
components is described in Sects. 6.3.4, 6.3.5 and 6.3.6 and ensures that the stresses
induced in those components by the aerodynamic loading remain the same. Because
the gravitational and aerodynamic loads scale differently, it is interesting to quantify
the scaling effect of structural stresses due to gravitational loading separately. We
define the stress contribution induced by the gravitational loading as follows

0y = L] (6.78)
£’ '
where the product of membrane thickness ¢ and planform span b is a measure for the
cross-sectional area of the load-transferring membrane structure, as already used in
Sect. 6.3.9 for the effect of aerodynamic loading.
Using Egs. (6.72), (6.63) and (6.49) we can define the ratio of stresses induced
by gravitational loads

. Fmars 1 K2
K. — gmars _ Fgean £ (6.79)
og O, - Imarsbmars - C K K3 . '
g,earth P,mars P vw
Tearth Deartn Chpearth

Assuming, as previously, that the power coefficients on Mars and Earth are roughly
similar, this reduces to

2
Koo = Ks : (6.80)
¢ K, K3

vw

As with the previous scaling quantities, this parameter can lie on either side of
unity, depending on what the specific location conditions on Mars are. This means
that the variation in total material stress due to gravitational effects can be larger or
smaller than the Earth kite case, depending on the choice of the Mars location.
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6.3.11 Mach Number

The Mach number is defined as the ratio of a reference flow speed (in this case, the
apparent wind speed v,) to the speed of sound and characterizes the relevance of
compressibility effects in the flow

Ma = —. (6.81)
a

Therefore, the ratio of Mach numbers on Mars and Earth quantifies the relative
importance of compressibility effects in the two operational environments. Assuming
again that the aerodynamic coefficients and the average elevation angles are similar
in both environments and using the apparent wind speed given by Eq. (6.29) as
reference flow speed, we can derive

Va,mars

KM _ _ Vaeah __ Emars Cos ﬂmars KVW
a = = == .
Mae rth S Ee rth COS Dearth K

aj a aj a

Aearth

(6.82)

where K, is the ratio of the speed of sound listed in Table 6.2. Assuming, as previously,
that the aerodynamic performance of a kite and the operational elevation angles are
similar on Mars and Earth this reduces further to

KVW

Kyva = X’ (6.83)

Generally, this ratio is above unity for most locations on Mars, signifying that
compressibility effects in the relative flow can potentially play a more important
role in the Mars environment. However, if these compressibility effects are already
very weak on Earth (for soft kites, Ma < 0.2), it is likely that they will also be weak
on Mars. This depends on the aerodynamic design of the kite, represented by the
lift-to-drag ratio E, which determines the flight speed and the apparent wind speed
at the kite, as defined in Eq. (6.29).

6.3.12 Reynolds Number

The Reynolds number is defined as the ratio of inertial and viscous forces in the
flow and generally indicates the relative thickness of the boundary layers building
up around the airfoils on the kite and where the flow transitions from laminar to
turbulent. The non-dimensional parameter is of great interest for the aerodynamic
performance of a kite because it affects the lift and drag coefficients. Lowering the
Reynolds number results in earlier separation, lower maximum lift, and higher airfoil
drag (Withrow 2020). Starting from the definition of the Reynolds number for the
flow around an airfoil
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Re = 22 (6.84)

u

where v, is the inflow velocity, and c is the chord length of the airfoil, we can define
the ratio of Reynolds numbers for the operational environment on Mars and Earth as

KRe _ Remars _ pma.rs Va,mars Cma.rs 1 (6.85)

Mmars *
Mearth

Reearth Pearth Va,earth Cearth

Substituting the apparent wind speed ratio by Eq. (6.29), and the chord length ratio
by Eq. (6.49), assuming an identical aspect ratio AR of the Mars and Earth kites, we

get to
Koo — Ermars €OS Brars 1 K, 6.86)
ke Ecarth €08 Bearn | % Ky Kﬁ ' ’
earth

where K, and K, have been used to denote the atmospheric density and dynamic
viscosity ratios, respectively. Assuming, as previously, that the aerodynamic perfor-
mance and the operational elevation angles are similar on Mars and Earth, as well as
the power coefficients, this reduces to

| K
Kpe = | —2—. 6.87
Re Kvali ( )

For typical Martian conditions, the range of Reynolds numbers is approximately
5to 12% of the Earth case. The implications here could be that the aerodynamic per-
formance of the Martian system could suffer. This indicates that kite systems with
smaller power ratings should be avoided due to potential issues with bad aerodynam-
ics due to low Reynolds number conditions. The potential implication of this effect
is a reduction of the performance of the Martian kite system relative to the Earth’s
counterpart. In the present first-order analysis, some effects indicate an increased per-
formance of the Martian system (e.g., smaller tether diameter combined with larger
kite size, leading to lower effective drag), and other effects indicate a decrease in
the efficiencies (Reynolds- and Mach number effects). The precise effect of the total
combined effect is beyond the scope of the present first-order analysis. Since there are
effects in both directions, it is considered that the assumptions of Cp mars = Cp carths
CL.mars = CL earth and also Cpite mars = Cpuite earth are reasonable within the scope of
this analysis. Please refer to Sect.6.3.14 for further argumentation supporting this
statement.
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6.3.13 Maneuverability

The ability of the kite to perform turning maneuvers can be quantified by the turning
radius that can be achieved with certain steering inputs, as described in Sect.6.2.3.
The difference in maneuverability on Mars and Earth can accordingly be quantified
by the ratio of the achievable turning radius in both environments

R
Kum = = (6.88)

Assuming, in a first step, that the effect of gravity on the turning radius is negligi-
ble, expressed by €g mars = €geartn = 0, we can derive from Eq. (6.38) the following
expression for the scaling factor

M mars Vi, T,mars’

My earth Vi, T,earth?
Kiym = . (689)

bonars Frmars Syars Crummars

bearth Ftearth Searth Crum earth

With the assumption of identical aerodynamic performances of kites on Mars and
Earth (Epn.s = Eearn), the ratios of tangential kite speed and wind speed are also

identical
Vk,r,mars __ Vk,t.earth (6.90)

)

Vw,mars Vw,earth

leading to
Vk, T, MArs Vi mars

= = Koy (6.91)
Vk, T, earth Vw,earth

Next, we consider a simple scaling of the kite design from Earth to Mars condi-
tions, i.e., Ciym.mars = Crumn.earth. If We also consider 8mars = earth, the maneuvering
capability can directly be evaluated through Rmm / Rearth Substituting Egs. (6.70),
(6.53) and (6.48) into Eq. (6.89) yields

Ié K OSK 25K2
Kturn — ~ma-rs — wo__ K K 25+2+1 5+1 K\%W (692)

Rearlh /K lK 3K 1

For the same control surface input the Mars kite will have a non-dimensional turning
radius that is proportional to K2, which is above unity for all Martian cases. Put
another way, the Mars kite needs larger or more effective control surfaces to have
the same relative turning radius as the Earth kite. The explanation lies in the changed
magnitude ratios between aerodynamic and centrifugal forces.

Next, the effect of gravitational to aerodynamic side forces is investigated.
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€g mars _ My earth Gearth

Fimars Smars Crurn,mars

€g earth
& F(.eanh ‘Seanh Clum.emnh

Assuming the same control deflection and the same kite design, we get

€g,mars

_1 s 13 K?
P K, K KoKvw = K, "KW Ky = X, 1§ 7= Koy (6.93)
For typical Martian locations, this ratio is often in the vicinity of 1, indicating that
the relative variation in turning radius due to gravity forces (or the control input of
a simply scaled kite) will be roughly the same on Mars and Earth. In other words,
the Mars kite will have relatively the same issues with non-consistent power due to
gravitational effects for the kite where the aerodynamic control surfaces have not
yet been upscaled. If the control authority of the Mars kite is increased by larger
or more effective control surfaces, formally expressed by Cturn,mars/ Cyym earth > 1,
this effect is reduced.

6.3.14 Critical Assessment of Assumptions

In Sects. 6.3.2t0 6.3.13, we assumed that the aerodynamic coefficients of the airborne
subsystem and the average operational elevation angle of the kite are roughly identical
on Mars and Earth,

CL,mars = CL,eanha (694)
CD,mars = CD,earth, (695)
Bmars = Bearth- (6.96)

These are the key assumptions allowing for the presented simple first-order analysis
of the scaling of the kite system from Earth to Mars environments. Using Egs.
(6.30),(6.31) and (6.16), the analysis leads to the key results that the power and
force coefficients of the kite system are also roughly identical on Mars and Earth,
i.e., Cpmars = Cpearth ad Crmars = Crearth- With the results obtained from the scaling
study, it is now possible to evaluate whether these assumptions are reasonable.

The choice of the elevation angle g is difficult since the ideal value for it depends
on tether drag, length, kite performance, and wind shear. Flying at identical elevation
angles is assumed to be a good enough approximation for a first investigation such
as the present work.

Dimensional analysis (Fox et al. 2006) can show that 2D sectional lift and drag
coefficients depend only on the non-dimensional quantities airfoil shape, 2D angle of
attack, Mach number, and Reynolds number. The crossectional shapes of the Earth
and Mars kites are identical due to the scaling approach taken in this study. The local
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2D angles of attack on the kites will be identical if the kite C, and Cp, and therefore
if 2D sectional lift and drag coefficients, C; and Cq4, do not change between the Earth
and Mars cases,

[ d
Cy = (6.97)
3pvic

G = T
Tovic

In the expressions above, [ and d are the 2D lift and drag per unit span length, v,
is the wind velocity relative to the airfoil, and c is the chord length of the airfoil
section. To evaluate to what extent C; and Cq4 are likely to change, we will use
a reference kite case with realistic performance corresponding to terrestrial wind
Scenario B (10m/s) in Table 6.2. For the conditions of Earth standard density and
viscosity, V = 10 m/s, a kite with area A = 20 m2, elevation angle 8 = 30°, aspect
ratio AR = 5, lift coefficient C, = 0.75 a power P = 20 kW is realistic. Using Eq.
(6.31) it is seen that this corresponds to a lift-to-drag ratio of E = Cr./Cp = 4.8 and,
therefore, a total drag coefficient of Cp = 0.16. Using Egs. (6.41) and (6.42), the
standard mean chord is found to be ¢ = 2.0 m. Upon determining the apparent wind
speed from Eq. (6.29), v, = 27.5 m/s, we can finally determine the Earth Mach-
and Reynolds numbers for this case from Egs. (6.81) and (6.84): Maeyn = 0.08
and Reqay = 3.7 x 109, This allows evaluation of the corresponding Martian values
using Eqgs. (6.83) and (6.87) from the previous sections if suitable values for the
scaling factors are chosen from the Scenario B values in Table 6.2.

Mamars,B,Viking = 00837 Mamars,B,Arsia = 0'2]7’

Remars,B,Viking =0.94 x 106: Remars,B,Arsia =0.44 x 106'

The effect of compressibility is quantified by the Mach number. For subsonic 2D
flows, the effect only modifies the lift coefficient and can be taken into account using
the Prandtl-Glauert compressibility correction (Anderson 2017)

Cl,incomp

Cl, mpr — —  —.
/1 — Ma?

From this expression, it can be found that the largest difference in C; due to com-
pressibility between the Earth and Mars cases is below +2.2%.

A decrease in Reynolds number can affect both 2D lift and drag coefficients.
When Reynolds numbers are decreased from above, the effect is usually small on
C) in the attached region as long as the Reynolds number does not get below 0.2 x
10°. The 2D drag coefficient, on the other hand, does increase somewhat. Lyon et
al. (1997) summarizes high-quality low-speed measurements on a large range of
airfoils spanning Reynolds numbers from 0.06 x 10° to 0.5 x 10°. For all thicker
(t/c > 12%) airfoils, the lift coefficients are relatively unaffected for decreases in
Reynolds numbers down to Re= 0.2 x 10°, and in most cases all the way down to
Re= 0.1 x 10%. 2D drag (profile drag) does increase somewhat when Re is lowered

(6.98)
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toward the lower end of the Reynolds number range. Generally, the drag increase is
in the order of 0.006 from Re= 0.2 x 10° to Re= 0.5 x 10, which may correspond
to the kite operation in low wind days. This drag increase is only 4% of the total
effective drag coefficient of the kite in Earth conditions, Cp = 0.16. The Reynolds
number effects on the 2D airfoil data are thus expected to be very small on the lift
and a small increase on the drag. By splitting the kite drag, Cpx term in Eq. (6.14)
into its viscous and induced parts, we get the lumped drag coefficient of the airborne
subsystem,

Cpb= C + Ci oL A (6.99)
D — D,visc 7T€AR 4 D,t S . .
——— — —————

Kite viscous Cp ~ Induced drag  Effective tether drag

The increase in airfoil profile drag due to a reduction in the Reynolds number
increases the first drag term. In the equation above, d, is the tether diameter, 7 is
the tether length, S is the kite planform area, and Cp; is the tether cross-sectional
drag coefficient. The aspect ratio of the kite is denoted as AR, and e is the span-
loading efficiency factor, also denoted as Oswald efficiency number (Raymer 2006).
The effective tether drag contribution, ACp . = Cpdir/(4S), correlates to tether
diameter, tether length, and kite area. Additionally, the tether cross-sectional drag
coefficient is probably close to the same on Mars and Earth. The Reynolds number
of the tether in Earth conditions typically lies in the vicinity of 10%, and the drag
coefficient of a circular cylinder does not vary significantly for Reynolds numbers
in the range between 10% and 10° (Hoerner 1965), so it is reasonable to assume
CD,t,mars - CD,t,earth-

For a brute-force simple scaling of all linear lengths, the tether drag contribution
would be constant. However, we have seen that the tether diameter d, is decreased on
Mars despite increasing kite area significantly, so the effective tether drag coefficient
Cp,et Will be lower on Mars than on Earth. In fact, if the Mars and Earth kites are
operated with the same ratio between tether length r and span length b, it can be
shown using Egs. (6.57), (6.50) and (6.48) that

1
ACp get,mars 1 CD,t,ma.rs dt,ma:s Fmars 1 _ K4Ky

— - = Ky K (6.100)
1 vw p- .
ACD,tet,earth ZCD,l,eanh dt,earlh Fearth gma'; K S

eart]

Using the values from Table 6.2, it is seen that the ratio between Mars and Earth’s
effective tether drag coefficient is less than 0.16 for the Scenario B cases. This
corresponds to a reduction of the total effective drag.

In addition to the effects mentioned above, the need for greater control authority
over the Mars kite may come with an effective performance penalty for the Mars kite
case.

To evaluate whether the total aerodynamic power efficiency Cp E* of the Mars
kite is increased or decreased relative to the Earth kite, a more specific analysis is
required. What can be observed from this analysis is that factors are pulling in both
directions, so carrying out an initial analysis using the above simplifying assumptions
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is deemed a reasonable starting point. It is noted that the same conclusions apply if
a kite setup for the much lower terrestrial wind speeds of Scenario A is used. The
only significant difference, in this case, is that the Earth kite has to be much larger!
to produce the same power because the wind speed is very low.

Note that the full expressions needed for the analysis of the more general case
where CL,mars 7é CL,earth, CD,mars 75 CD,earlh and ,Bmars 7é lgearth are given in Sects.6.3.2
to 6.3.13 just before the final results in all the subsections. These relations can be
used in further works to do a more detailed analysis.

6.4 Results

The scaling factors for the proposed habitat site at Arsia North are summarized in
Table 6.3. The annual average atmospheric density of 0.010kg/m? at 10m above
ground level was determined with the Mars Climate Database, resulting in a den-
sity scaling factor K, = 0.0082. The remaining scaling factors calculated with the
expressions given in Sects. 6.3.2 to 6.3.13 are tabulated for wind speed scaling fac-
tors K, = 2 and 3. We selected these two moderate values instead of the values
K, = 1.8 and 5 listed in Table 6.3 because of the rather extreme nature of the under-
lying mean wind speeds for Earth conditions. The wind speed of 3m/s (Kyy = 5) is
not representative in any way for wind power production on Earth, while the wind
speed of 10m/s (K, = 1.8) represents specific perfect conditions for wind power
production on Earth.

It can be seen from Table 6.3 that the optimistic wind speed scaling with K, = 3
leads to a planform area scaling factor Ks = 4.5. Such a kite size can be realized.
However, low Reynolds number flow conditions could result in issues, and the turning
capability would be significantly reduced. Consequently, the Mars kite would have
to be equipped with larger or more effective control surfaces to achieve the same
relative turning radius as the Earth kite. The conservative wind speed scaling with
K, = 2 represents a more realistic scenario, increasing the planform area scaling
factor to Ks = 15.3. Commercial airborne wind energy systems using soft kites,
such as those developed by SkySails, have reached wing sizes as large as 640 m?.
Therefore, an area scaling factor equal to 15.3 does not necessarily mean the concept
is unfeasible. However, combining a very large kite area with a very thin membrane
may present challenges in the manufacturing process.

Considering the conservative wind speed scaling factor, the tether force of the
Mars kite reduces by half, while this reduction is only one-third when using the
optimistic scaling factor. This also means that the tether diameter can be reduced,
which reduces tether mass and aerodynamic drag.

I'The Earth kite for Scenario A has an area of S = 741 m? and an average chord length of
b = 12.2 m which results in Maegrn = 0.02 and Reegrin = 6.8 x 10°. The smallest of the Mars
Reynolds numbers for Scenario A is Remarsmin,Scenario A = 0.40 X 10° and the largest Mach num-
ber is Mamars,max,Scenario A = 0.18.
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Table 6.3 Scaling factors for Arsia North computed from the data listed in Table 6.2, except for
the values of the wind speed scaling factor Ky

Problem parameter Scaling factor

Symbol Definition Kyw =2 Kyw =3
Kite planform area Ks Equation (6.48) 15.3 4.5
Kite planform span Ky Equation (6.50) 3.91 2.13
Tether force K Equation (6.53) 0.500 0.333
Tether diameter Kq4 Equation (6.57) 0.707 0.577
Membrane thickness K Equation (6.64) 0.128 0.156
Kite mass Kn Equation (6.70) 1.957 0.710
Gravitational force Krg Equation (6.73) 0.739 0.268
Launching easiness K, Equation (6.77) 0.677 1.243
Gravitation material stress Koy Equation (6.80) 1.477 0.804
Mach number Kwma Equation (6.83) 3.009 4513
Reynolds number KRre Equation (6.87) 0.111 0.090
Turning performance Kium Equation (6.92) 4 9
Turning gravitational importance | €y Equation (6.93) 1.477 0.804

Whether the Mars kite will be heavier or lighter than its sibling on Earth is pri-
marily a function of the wind speed scaling factor. The optimistic wind speed scaling
factor Ky, = 3 results in a Mars kite that is actually lighter than its sibling on Earth,
while the conservative scaling factor K,y = 2 yields a Mars kite mass of almost
twice the mass of the Earth kite. The launching easiness is relatively similar on Earth
and Mars when considering an optimistic wind speed scaling factor. A conservative
wind speed scaling factor results in a launching easiness K, of less than 1, which
means it would be harder to launch the kite on Mars.

The material stress due to gravitational loads is roughly similar on Earth and Mars
when an optimistic wind speed scaling factor is considered. A conservative wind
speed scaling factor yields 1.5 times larger gravitational-induced material stress on
Mars than Earth.

For reference, the scaling factors for the existing Viking 1 lander site are summa-
rized in Table 6.4. The annual average atmospheric density of 0.020kg/m? at 10m
above ground level was determined with the Mars Climate Database, resulting in a
density scaling factor K, = 0.0163. Again, the remaining scaling factors are tabu-
lated for wind speed scaling factors K,,, = 2 and 3.

The atmospheric density at the Viking 1 lander site is twice the density at Arsia
North. The difference can be seen immediately by looking at the area scaling ratio.
Even when considering a conservative wind speed scaling factor of 2, as seen in
Table 6.4, the area scaling ratio is only 7.7.



140 M. Gaunaa et al.

Table 6.4 Scaling factors for the Viking 1 lander site computed from the data listed in Table 6.2,
except for the values of the wind speed scaling factor Ky,

Problem parameter Scaling factor

Symbol Definition Kw=2 | Kyw=3
Kite planform area Ks Equation (6.48) 7.7 2.3
Kite planform span Ky Equation (6.50) 2.77 1.51
Tether force Kgr Equation (6.53) 0.500 0.333
Tether diameter Kq4 Equation (6.57) 0.707 0.577
Membrane thickness K Equation (6.64) 0.181 0.221
Kite mass Kn Equation (6.70) 1.383 0.502
Gravitational force Krg Equation (6.73) 0.522 0.190
Launching easiness K, Equation (6.77) 0.957 1.759
Gravitation material stress Koy Equation (6.80) 1.045 0.569
Mach number KMa Equation (6.83) 2.944 4.416
Reynolds number KRre Equation (6.87) 0.149 0.122
Turning performance Kium Equation (6.92) 4 9
Turning gravitational importance | €y Equation (6.93) 1.045 0.569

6.5 Conclusions

The presented work describes a systematic scaling study based on fundamental phys-
ical laws and dimensional analysis. The scaling takes its offset from a reference
soft-wing kite system designed for operation on Earth. This is then adapted to the
operational conditions on Mars by keeping the power production capabilities and
material stress due to aerodynamic forces constant. A key simplifying assumption
in the derivation is that the lift and effective drag coefficients of the kite, as well as
the mean operational elevation angle, are the same for operation on Mars and Earth.
The scaling study indicates how the relevant problem parameters change from the
Earth system to the Mars system. The main things that set the Mars kite design and
operation apart from the Earth counterpart are larger kite planform area, thinner kite
membrane thickness, lower tether force, thinner tether, and bridle lines, lower gravi-
tational force, lower Reynolds numbers, higher Mach numbers and a higher turning
capability required. The scaling study further revealed that the launching easiness,
defined here as the ratio of the aerodynamic lift force of the stationary kite to the
gravitational force, may be in the same order of magnitude for the Mars and Earth
kites. The framework presented in this work allows for assessing the key attributes
of a soft-wing kite system on Mars based on very few inputs.

Lastly, it should be mentioned that this scaling study did not find any obvious
showstoppers for airborne wind energy on Mars from the physics of the kite system.
However, further work is needed to increase the confidence level that this could
become a feasible solution for a reliable long-term energy supply for Martian habitats.
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It would be interesting for future works to look into assessing more plausible
aerodynamic characteristics Cr, and Cp, and elevation angles 8 by considering the
combined effects of the low Reynolds number, high Mach number, lower tether
drag penalty, and increased turning authority. This would also include choosing an
appropriate tether length for the Mars system. Also, future research should look
into using other high-performance materials for tether and membrane fabric, such
as Aramid, Kevlar, and Kapton (possibly reinforced with Kevlar/Aramid), which
have frequently been used in space applications. The interesting outcome of such
an analysis would be to what extent the findings of the present study should be
moderated.

Data availability The data extracted from the Mars Climate Database for the
two investigated sites on Mars, the computation of annual mean values, and the
Python code for computing the scaling factors are available from https://github.com/
awegroup/awe_on_mars.
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