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Abstract

An analysis was performed to evaluate the potential of utilizing either an airship or aircraft as a flight
platform for long duration flight within the atmosphere of Venus. In order to achieve long-duration flight,
the power system for the vehicle had to be capable of operating for extended periods of time. To
accomplish these two types of power systems were considered, a solar energy-based power system
utilizing a photovoltaic array as the main power source and a radioisotope heat source power system
utilizing a Stirling engine as the heat conversion device. Both types of vehicles and power systems were
analyzed to determine their flight altitude range. This analysis was performed for a station-keeping
mission where the vehicle had to maintain a flight over a location on the ground. This requires the vehicle
to be capable of flying faster then the wind speed at a particular altitude. An analysis was also performed
to evaluate the altitude range and maximum duration for a vehicle that was not required to maintain
station over a specified location. The results of the analysis show that each type of flight vehicle and
power system was capable of flight within certain portions of Venus’s atmosphere. The aircraft, both
solar and radioisotope power proved to be the most versatile and provided the greatest range of coverage
both for station-keeping and non-station-keeping missions.

Introduction

Flight within the Venus atmosphere can provide a unique and valuable means for scientific
investigation of the planet. Due to the harsh environmental conditions near the surface, few science
probes or surface landers have been sent to Venus. Orbiting satellites, such as Magellan, and spacecraft
flybys have been the main means of exploring the planet. However, because of the planet’s thick
atmosphere, a flight vehicle can be considered as another viable means of investigating the planet.

Flight vehicles can provide a unique perspective for the exploration of Venus. Ideally a flight vehicle
would be capable of operating for long durations, on the order of months, within the atmosphere. This is
considerably longer than what is achievable using atmospheric probes that would only have a lifetime of
hours at best. In addition to long mission times, controlled flight within the atmosphere provides a means
of investigating specific areas of the atmosphere. A flight vehicle operating within Venus’s atmosphere
can carry out a number of potential science missions. Some examples of these would be:

e The collection of atmospheric properties over a region of the atmosphere
e Direct sampling of the atmosphere
o Provide information on atmospheric makeup
o Look for trace biogenic gasses as indicators of life
e Magnetic field mapping over a region of the planet
Visual imagery
e Communications and command relay for surface vehicles and landers
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To perform the types of science exploration listed above, two types of power systems can be
considered to enable long duration flight within the Venus atmosphere, a solar energy powered
photovoltaic array system and a radioisotope-powered heat engine system. These power systems can be
utilized in both the airships and aircraft vehicle platforms. To examine their feasibility, a detailed
understanding of the planet’s atmospheric conditions is necessary. Items such as solar intensity, wind
speed, and atmospheric density and temperature as a function of altitude are necessary to assess whether
controlled flight is possible for each type of vehicle with each power system.

The slow rotation rate of Venus, approximately 13.4 km/hr, presents a unique opportunity for a solar-
powered flight. This slow rate means that an aircraft will remain within the sunlit side throughout the
mission, thereby eliminating the need for energy storage for nighttime operation.

Although the atmosphere on Venus is thick, providing significant lift for a flight vehicle, the high
wind speeds, especially towards the upper levels of the atmosphere, are a major obstacle. These high
average wind speeds mean that significant power will be required for the aircraft to maintain station over
a specific location on the surface. So for an aircraft to be feasible for a station-keeping mission on Venus,
it must be capable of producing enough thrust to overcome the wind speeds and generate sufficient lift to
maintain flight.

Environmental Conditions

Venus is the second planet from the sun and has a number of unique characteristics that makes its
environment both interesting and challenging for flight. The basic physical and orbital properties of
Venus are given in table 1. Venus is very similar in size to Earth. However this is where the similarities
end. The environmental conditions on Venus are very unique and unlike those on any other known planet
or moon. Venus is a place of environmental extremes. Near the surface, the atmospheric temperature is
very hot (over 700 K) and there is very little useable sunlight due to the extensive cloud cover that covers
the whole planet. The cloud cover extends from approximately 45 km above the surface to approximately
64 km above the surface. At the top of the cloud layer, the atmospheric pressure is around 0.1 bar. Within
this altitude range, the atmospheric temperatures are between 80 to —35 °C respectively. The top of the
cloud layer corresponds to a pressure altitude of 16 km (52,500 ft) on Earth. Although high, this altitude
is well within the range of modern aircraft and flight acrodynamics within this regime are well understood
(ref. 2). A diagram of the Venus atmosphere is shown in figure 1.

TABLE 1.—PHYSICAL AND ORBITAL PROPERTIES OF VENUS (REF. 1)

Property Value
Maximum inclination of equator to orbit 3.39°
(Brmax)
Orbital eccentricity (g) 0.0067
Mean radius of orbit (7,,) 10Bx10°
Day period 243 (Earth days)

Mean: 2613.9 W/m’
Solar radiation intensity Parihelion: 2649 W/m?
Apehelion: 2579 W/m?

Albedo 0.65
Gravitational constant (g) 8.87 m/s’
Sidereal year 224 (Earth days)
Surface temperature 737K
Diameter 12,104 km
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Figure 1.—Venus atmospheric structure.

Because of the thick atmosphere, the pressure and density throughout most of the atmosphere is much
greater than that on Earth. The atmospheric pressure and density we experience near the surface of Earth
occurs at an altitude of just over 50 km on Venus. For a flight vehicle, this means that flying at 50 km on
Venus is similar aerodynamically to flying near the surface on Earth.

Above the cloud layer there is an abundant amount of solar energy. The solar flux at the orbit of
Venus is 2600 W/m?, which is much greater than the 1360 W/m” available at Earth orbit. This nearly
100% increase in solar flux can significantly increase the performance of solar-powered vehicles. Even
within or below the cloud layer there may be sufficient solar energy to power a vehicle. At the bottom of
the cloud layer (45 km altitude), the solar intensity is between 520 and 1300 W/m® depending on the
wavelength of the radiation being collected. This is comparable to the solar intensity at Mars or Earth
respectively. Therefore, even within the cloud layer, the ability to fly under solar power on Venus will be
no worse than it is to fly on Earth or Mars.

The winds within the atmosphere blow fairly consistently in the same direction as the planetary
rotation (East to West) over all latitudes and altitudes up to 100 km. Above 100 km, the winds shift to
blow from the dayside of the planet to the night side. The wind speeds decrease as a function of altitude
from ~100 m/s at the cloud tops (60 km) to ~0.5 m/s at the surface. These high wind speeds and the slow
rotation of the planet produce a super rotation of the atmosphere (nearly 60 times faster then the surface).
These high wind speeds and the slow rotation of the planet produce a super rotation of the atmosphere
(nearly 60 times faster then the surface).

The gravitational acceleration on Venus (8.87 m/s’) is slightly less then that on Earth, which aids
somewhat in the lifting capability of an air vehicle. The atmospheric composition on Venus can also pose
problems for the aircraft. The atmosphere is composed mostly of CO, but also has trace amounts of
corrosive compounds such as hydrochloric, hydrofluoric and sulfuric acids. (ref. 1) The atmospheric
composition is given in table 2. Because of this composition, the speed of sound within the atmosphere is
generally less then it is within Earth’s atmosphere.
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TABLE 2.—VENUS ATMOSPHERIC COMPOSITION (REF. 3)

Gas Percent volume

Carbon dioxide (CO,) 96.5
Nitrogen (N,) 3.5
Sulfur dioxide (SO,) 150 ppm
Carbon monoxide (CO) 17 ppm
Water vapor (H,O) 20 ppm
Neon (Ne) 7 ppm
Argon (Ar) 70 ppm
Helium (He) 17 ppm

The main characteristics of the atmosphere (density, temperature, viscosity, solar attenuation, and
wind velocity) are critical in determining the feasibility of flight within the Venus atmosphere. Models for
these characteristics were used in the evaluation of the flight capabilities for the different platforms
considered (refs. 4 and 5).

Power System Options

The power required by the flight vehicle is given by the power needed to operate the onboard systems
and payload and the power needed to overcome the drag generated and maintain flight. The systems and
payload power are assumed to be fixed and constant throughout the flight. These are summarized in
table 3.

TABLE 3.—ASSUMED SYSTEM POWER LEVELS

System Continuous power level
W)
Communications 50
Control and operations 50
Payload 100

The powered required to produce thrust is the other main power consuming component. Depending
on the flight speed and environmental conditions the power required by the propulsion system will be the
limiting factor in the vehicle’s flight range and capabilities. A diagram of the propulsion system for the
electric-powered vehicles is given in figure 2.

The operational efficiency associated with each of the components of the propulsion system is given
in table 4. They are combined to get the driveline efficiency, which consists of all components up to the
propeller. These efficiencies are representative approximations for each of the components under
optimized operating conditions.

TABLE 4.—DRIVE LINE COMPONENT EFFICIENCIES

Component Efficiency
Control electronics Ny 0.98
Motor Nem 0.90
Gearbox N 0.90
Drive line efficiency M, 0.794

The propeller efficiency has to be calculated based on a propeller sizing for the operational altitude
and thrust requirement. The propeller efficiency was calculated based on the method outlined in
references 4 and 5. This efficiency was usually in the range of 81 to 86%.

In addition to the components listed in figure 3, a heat exchanger was also needed by the system. The
heat exchanger would add drag to the system and therefore affect the total power required. The heat
exchanger drag is mostly a concern for the isotope-powered airship since a considerable amount of heat
must be removed to the atmosphere. For the solar-powered airship it can be assumed that the heat
exchanger size is zero.
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Solar Power

Due to the thick atmosphere and abundant solar radiation above the cloud layer, both a solar-powered
aircraft and airship can be considered for flight on Venus. Airships generate lift through buoyancy force
whereas aircraft generate lift through the aerodynamics of fluid flow over the wings. If feasible, each type
of vehicle would provide a means of controlled flight within the Venus atmosphere. Since the power for
flight and operations comes solely from the sun, the feasibility of these vehicles will be based on a
balance between the available power from the solar array and the power required to maintain flight. To
provide the ability to station-keep, that is maintain position over a location on the surface, the vehicle will
need to be capable of flying faster then the wind speeds at the flight altitude. If this is not possible the
vehicle will still be capable of flight, however it will be continually blown backwards until it is blown
onto the dark side of the planet where it will no longer be capable of generating power.

Operation within the upper atmosphere would be the best choice for a solar-powered air vehicle on
Venus. At the altitude range where it can operate and station-keep, it is cold (-53 °C) and there is
abundant sunlight. The cold temperature operation will enhance the performance of the solar array and the
full solar spectrum is available so that conventional solar cells will operate fine. Although low altitude
operation is being considered there are significant issues that would need to be addressed with getting a
solar-powered air vehicle to operate near the surface of Venus. The main issue is the high atmospheric
temperature. The high atmospheric temperatures near the surface will significantly degrade the
performance of the solar array. Therefore it may be very difficult to produce any reasonable efficiency out
of a solar array operating at such high temperatures. The second and equally critical issue is the operation
of solar cells within the environment near the surface. In addition to the temperature, the spectrum of light
reaching the surface is mostly on the red side of the spectrum due to the very thick atmosphere. Very little
blue light reaches the surface. However it is this blue portion of the spectrum the most present day solar
cells utilize in producing power. To take advantage of the light that does reach the surface, a new type of
solar cell would need to be developed.

The performance characteristics used for the solar array in the subsequent analysis is given in table 5.

TABLE 5.—SOLAR ARRAY CHARACTERISTICS AND ASSUMPTIONS

Characteristic Value
Solar cell efficiency (single crystal, n,.) 18% at 20 °C
Solar cell efficiency (thin film, n,.) 10% at 20 °C
Solar cell fill factor (Sg) 80%
Array power conditioning efficiency (Mpcon) 95%

Radioisotope Power

Another method for achieving long duration flight within the Venus atmosphere is to utilize a
radioisotope heat source as a means of powering the vehicle. There are a number of conversion methods
that can be utilized to produce power from the heat source. These methods are summarized in table 6
along with their present or near-term projected specific power.

TABLE 6.—NEAR-TERM CONVERSION SYSTEM SPECIFIC POWER AND EFFICIENCY

Conversion technology Specific power Conversion efficiency
W/kg) (o)
Thermoelectircs 4 7.5
Stirling heat engine 8 32
Thermophotovoltaics 5.1 15
Brayton 5.0 21

One of the more critical aspects to a flight vehicle’s performance capabilities is its mass. Minimizing
mass can provide significant benefits in altitude, range and flight duration. Because of this, the Stirling
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heat engine was chosen as the conversion system in the analysis of the radioisotope-powered flight
vehicle.

The conversion efficiencies shown in table 6 represents a base-line efficiency at the optimum design
point operating temperature range. For this application the operating temperature range can vary
considerably depending on the flight altitude of the airship. Therefore, for the Stirling engine, the
conversion efficiency (1.) was expressed as a function of engine operating temperature (7},) and the heat
rejection temperature (7). This is given by equation (1). For the cycle the percent of Carnot or the
maximum achievable efficiency (n.) was given to be 0.47.

ne:nc[l_%] (1

The operating temperature design point for the Stirling engine is a hot end temperature of 1123 K and
a cold end temperature of 363 K. The ability to achieve this temperature range is dependent on the
ambient temperature. The hot end temperature was fixed at the design point temperature. This was done
because any changes to this temperature could have a significant effect on the engine’s design due to
material limitations. The cold end temperature was allowed to vary to accommodate the ambient
temperature conditions. A 37 of at least 50 K between the cold end temperature and the ambient
temperature was required for the operation of the heat exchanger. Therefore, if the ambient temperature
was not at least 50 K lower then the design point cold end temperature, the cold end temperature would be
raised to maintain the 50 K 87 between the atmosphere and the heat rejection temperature. This would
have an effect of reducing the engine efficiency over the design point efficiency. Figure 3 shows the
engine efficiency as a function of altitude within the Venus atmosphere.

The heat rejection temperature also sets the required heat exchanger area (4;.). The heat exchanger
area is also dependent on the environmental conditions (atmospheric temperature, 7,, atmospheric
density, p, and the specific heat of the atmosphere, c,), the airship operating requirements (required
power output of the engine, P, and its velocity, V). The heat exchanger area and subsequent mass (M,,) is
given in equations (2) and (3) respectively.

Ne
Ape = 2)
¢ NheNhea (Tc T, )panV

My, = SheAhe (3)

Both the heat exchanger area and mass are also dependent on its efficiency (1), its area efficiency
(Mrea), that is the percentage of frontal area in which the air can actually pass through which takes into
items such as the frame and support structure and its specific mass (S).) that are characteristics of its
design. For this analysis the efficiency was assumed to be 80% and the specific mass was assumed to be
11.18 kg/m®.

Solving for the heat exchanger area is an iterative process because the heat exchanger area affects the
vehicle drag, which in turn affects the power required from the engine and therefore the heat exchanger
area. The drag produced by the heat exchanger is given by equations (4) and (5). Where equation (5)
represents the density of the atmosphere after passing through the heat exchanger (p;.).

Dje =Ahe(3.28 Pa —1.72) 4)
Phe
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As with the solar vehicles, both airships and aircraft were considered for radioisotope-powered flight.
Each was evaluated from the surface to the upper levels of the Venus atmosphere.

Airship Flight on Venus

The thick atmosphere of Venus can provide significant buoyancy for the generation of lift. However,
other characteristics of the environment such as thick cloud cover, high atmospheric temperature below
the cloud layer, and the high winds within the upper atmosphere, can make operating an airship within the
atmosphere difficult. The evaluation of an airship was performed to determine if these environmental
constraints could be overcome, and if so, what would be the necessary size and operating range of the
airship for each type of power system being considered. To begin the evaluation, a basic airship
configuration had to be assumed. The configuration chosen consists of a standard cylindrical shape with
three tail fins and two propulsion pods. For the solar-powered airship, solar arrays were located on the
upper surface of the airship envelope and on the tail fins. This basic layout is shown in figure 4.

Using the atmospheric environmental conditions, the operation of sizing an airship was performed
from the surface to the upper atmosphere.

The power required by the airship is given by the power needed to operate the onboard systems and
payload and the power needed to overcome the drag on the airship and maintain station over a specified
location. Due to the very low wind speeds near the surface of Venus, the majority of the power
consumption of the airship comes from systems within the ship. These assumed power requirements are
given in table 4.

The power for propulsion was estimated using the method given in reference 5. Due to the high-
density environment of the Venus atmosphere, the lift produced by the envelope volume was more than
sufficient to lift the airship and its associated systems. Because of this, the mass scaling of the airship is
not a critical factor in the analysis.

For the solar-powered airship, the output of the solar array was calculated based on the incident solar
radiation on the array (ref. 6). The incident radiation is dependent on the shape of the array and the
attenuation due to the atmosphere. Because of the thick atmosphere and cloud cover, it was assumed that
all solar radiation below the clouds was diffuse. Therefore, there was no variation in array output based
on array or airship position relative to the location of the sun. The array output or power available was
calculated and used to determine if there was sufficient power to operate the airship. The power required
for maintaining station above a specific location and the power available from the solar array was

__——— Solar array

Control _-~
fins —~
\

——

D N .
|| N ~— Convective heat exchangers
N N
iy >. = Electric motor housing
N
~— Propeller

Figure 4 —Venus airship configuration.
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determined for airship sizes up to 20 m in length. Airships larger then 20 m in length were deemed not
reasonable for autonomous deployment and operation within the Venus atmosphere. The power required
and available was calculated from near the surface up to an altitude of 50 km. These results are shown in
figure 5.

From this figure it can be seen that there is a sharp rise in required power that occurs near 10 km in
altitude. This rise in required power, as seen in figure 6, is due to the increasing wind speeds that occur
with increasing altitude. Because of this significant rise in the power required to maintain station, it is not
feasible to station-keep a solar-powered airship, of the sizes examined, above approximately 10 km in
altitude. Below this altitude, the required airship size necessary to operate within the Venus environment
was determined and is given in figure 6. This figure shows required airship size for altitudes up to 9 km.

106 =
= Power required, airship
L 20m
— 15 m
10° &= 10m
= — : e
s Power available, airship
0 104 = 20m
g = 15 m
- 10 m
103 =
L L
0 5 10 15 20 25 30 35 40 45 50
Altitude, km
Figure 5.—Power available and power required for various size
solar-powered airships.
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Figure 6.—Total power and airship size as a function of altitude on Venus for a
solar-powered airship.
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If the requirement to station-keep is eliminated then the airship can be utilized at higher altitudes. In
this case however, the airship will be blown backwards and eventually move into the dark side of the
planet. The rate at which the airship will move backwards will depend on the wind speed and atmospheric
density at the flight altitude. If it is assumed that the airship begins its flight at dawn the total flight
duration until it reaches dusk can be calculated. To calculate this the velocity at which the airship can fly
at a given time of the day and altitude the available power has to be determined. This available power will
vary throughout the day due to the change in the sun angle as that airship moves from dawn to dusk.

The calculation of instantaneous available power (P;) is given in reference 4. From this power level
the instantaneous flight velocity (¥}) can be calculated. This forward flight velocity is based on the
propulsion system efficiency, airship volume (V,,), volumetric drag coefficient (c,, = 0.0266) and the
atmospheric density (p) and is given by equation (6).

2Pm,

—

PCav¥ as

V= 1/3 (6)

The corresponding airship instantaneous velocity (7;) relative to the surface is given by equation (7).
Vi=Vw=Vy (7

From equations (6) and (7) the total flight time for the airship can be calculated by summing each
incremental distances traveled (D) at a given velocity. This is given by equation (8).

i=n
D:
ty = 27 (8)

Total flight time is shown in figure 7 for various size solar-powered airships. On this figure is also
plotted the lifting capacity in kilograms of the various size airships as a function of altitude.

From figure 7 it can be seen that significant flight time can be achieved just above the maximum
station-keeping altitude for each size airship. This decreases rapidly due to increasing wind speeds up to
an altitude of around 20 km and then levels off due to the decreasing atmospheric density. However, as
the atmospheric density decreases so does the lifting capacity. This reduction in lifting capacity is what
eventually limits the maximum altitude for a given size airship.

The method described above was also used to evaluate an isotope-powered airship for flight on
Venus. The main difference in the analysis between the solar and radioisotope -powered airships is that
for the radioisotope-powered airship the total mass needs to be considered. This is because the available
power, which is dependent on the airship size, was driving the solar-powered airship sizing. Where as for
the radioisotope-powered airship, the airship mass and flight altitude drives the airship sizing. To
calculate the airship mass the relations for estimating the mass of the various components given in
reference 5 were used.

The results of this analysis are shown in figure 8. Above about 11 km in altitude there were no airship
solutions that converged for either mass or power. Therefore, based on this analysis, the isotope-powered
airship is not feasible on Venus for a station-keeping mission above 11 km altitude.

Below 11 km it was possible to maintain station with a reasonable size airship. Even though the
temperatures are very high near the surface, the very thick atmosphere enables sufficient heat transfer
from the isotope engine. At around 10 km in altitude the airship size and power requirements increase
significantly. As with the solar-powered airship, this is due to the increase in wind speed that occurs at
these altitudes. For a low altitude exploration vehicle, the isotope-powered airship holds promise for use
on Venus. It is better suited to high temperature operation then the solar-powered airship and, as an
additional benefit; its required size is smaller.
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Figure 8. —Mass, power and length of an isotope-powered airship on Venus.

As with the solar-powered airship, if the station-keeping requirement is eliminated then higher
altitudes can be achieved. However, unlike the solar-powered airship, the radioisotope-powered airship
will still have an unlimited duration even if it is not able to station-keep. So as long as the airship can
achieve a particular altitude it can maintain that altitude indefinitely. The maximum achievable altitude as
a function of airship size is given in figure 9.

NASA/TM—2006-214452 11



25

15 —

10 —

Airship length, m

I | | | I |
0 10 20 30 40 50 60 70
Altitude, km

Figure 9.—The maximum achievable altitude for non-station-keeping
radioisotope-powered airship.

Aircraft Flight on Venus

As with the airship, both solar and radioisotope-powered vehicles can be considered for flight within
the Venus atmosphere. For a solar-powered aircraft, the flight altitude and aircraft size will depend on the
power balance between the available power from the solar array and the drag of the aircraft due to flight
at the velocity of the wind. A radioisotope-powered aircraft will be limited by the aircraft mass and the
ability to generate sufficient lift to maintain flight. The aircraft configuration chosen is a standard wing-
tail arrangement with an electric motor driven propeller propulsion system, as shown in figure 10.

For the solar-powered aircraft, the first step in addressing the aircraft’s size and flight altitude is
determining the amount of power available for flight. The main power source for the aircraft is the sun.
Photovoltaic arrays convert sunlight into electricity, which is either stored in the silver-zinc battery or
utilized directly for the aircraft operation. The amount of solar energy available is dependent on the
location (or latitude) of the aircraft, the time of year, and any atmospheric attenuation (due to clouds, haze
or dust). For the aircraft to operate, the power requirements will need to be less than what is available
from the solar arrays. The power requirements include the power needed to generate thrust and the
operational power given in table 3.

Based on the environmental characteristics and the solar array performance, the available power as a
function of wing area can be determined (ref. 4). This calculated available power, in conjunction with the
power required, is used to determine the flight capability of the aircraft at a given altitude. Because both
the aircraft’s available power (available solar flux) and its required power (velocity needed to maintain
lift or station) are dependent on the environment, sizing the aircraft for flight is an iterative process
between variations in flight altitude and latitude and in the size of the aircraft (ref. 4). Unlike the solar-
powered airship, the total mass of the solar-powered aircraft is a critical factor in its feasibility. The mass
determines the amount of lift that is needed, which in turn sets the cruise speed of the aircraft and
therefore required power. The mass sizing for the solar aircraft is given in reference 4.

The aircraft sizing would scale proportionally with wingspan. The aircraft sizes, represented by their
wingspans, that were considered were 6, 9, and 12 m. The aspect ratio for each was 5. The initial flight
envelope for a station-keeping mission was determined by calculating the power required by the aircraft
to fly at a speed equal to the wind speed plus the systems power requirements and comparing that to the
power available from the solar array for continuous operation. Figure 11 presents curves that show power
required and power available over the altitude range from the surface up to 80 km for each aircraft size
considered.

NASA/TM—2006-214452 12



Figure 10.—Venus aircraft conceptual drawing.
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Figure 11.—Solar aircraft power available and power required.

From this figure it can be seen that over most of the atmospheric altitude range, from about 10 to
approximately 72 km, a solar-powered aircraft will not have sufficient power to station-keep. Below
10 km in altitude, the curve indicates that there is abundant power for flight. This is due to the very low
wind speeds near the surface of the planet. However in this region, the power available curves are very
optimistic. As mentioned previously, the ability for the solar array to operate within the high temperature
environment with light concentrated mainly in the red end of the spectrum is highly questionable.

There is a second region, upwards of 70 km in altitude, where there is sufficient power to fly faster
than the wind speeds. The altitude range where this is feasible depends on the aircraft size. For the aircraft
sizes examined, the 9 and 12 m wingspan aircraft were capable of faster then wind flight within this upper
region, whereas the 6 m wingspan aircraft was not. A close-up of the power required and available curves
over this altitude region is shown in figure 12. A baseline design point is indicated on this figure. This

NASA/TM—2006-214452 13
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Figure 12.—Venus solar aircraft baseline design point.

design point represents a reference solar-powered aircraft configuration that is capable of sustained flight
over a single location on Venus.

An analysis was also performed to determine the altitude range and maximum flight duration
achievable if there was no station-keeping requirement. Under these conditions the aircraft would fly into
the winds and be slowly blown backwards until it reached a point where the sun elevation angle was too
low to provide the necessary power to fly. The flight duration under these conditions would be dependent
on the power available to the propulsion system and the corresponding velocity that could be achieved at
that power level. The velocity achievable at the available power would need to be sufficient for producing
enough lift to maintain flight. Whereas the airship would be capable of operating from dawn to dusk, the
aircraft would only be capable of operating where the power available can meet the velocity requirements
for flight. The achievable velocity for a given instantaneous power level (P;) and aircraft size (set by the

wingspan, b) is given by equation (9). This equation is solved iteratively for the instantaneous flight
velocity V..

S *V»3 2
Pi:(pa wer VP 2(Mg) ji o)

2 npaeb?V; Jn,

The aircraft wetted surface area (S,,), given in equation (10), is based on the wingspan and aspect ratio

(Ar) for the aircraft. The efficiency factor used for the wing (e) and the friction coefficient (c;) were 0.9
and 0.0049 respectively (ref. 4).

b2
S,=2—1.3 10
W= (10)

The aircraft mass (M) and the gravitational force on Venus (g) determine the lift needed.
Approximations were produced to size the airframe mass (M,,) and propeller mass (M,) as functions of
wing-span. These are given in equations (11) and (12) respectively. Utilizing these and expressions and
those for the various other aircraft components, given in reference 4, the aircraft mass as a function of the

wingspan and maximum available power throughout the flight (P,,) was derived. This expression for mass
is given in equation (13).
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M o =31.343-3.3846b+0.54144b% —0.009422b3 (11)
M, =6.688—-1.6578b+0.1588h2-0.001971b> (12)

M =79.9241-5.54664b+0.9902645% —0.0125323b3 +3.1714E - 3B, (13)

The flight time is determined by summing the incremental flight times calculated by the instantaneous
flight velocity and the distance traveled at that velocity, as given in equation (8). Using this method the
flight duration as a function of altitude was calculated for the same aircraft sizes used in the station-
keeping analysis. These results are shown in figure 13.

The results for the non-station-keeping solar-powered aircraft show that as the altitude increases the
flight duration decreases. However, as with the airship, the low altitude operation may be optimistic due
to the questionable ability for the solar array to operate in the high temperature red spectrum light
available near the surface. At higher altitudes, the duration begins to increase for the two larger aircraft
sizes examined. This should be expected, since there is a solution for the station-keeping or infinite
duration flight time above 70 km for both larger aircraft. One interesting note is that the curves for both
the 9 and 12 m wingspan aircraft are very similar. This indicates that increasing the aircraft size will not
continually produce more capable aircraft for the non-station-keeping mission.

A radioisotope-powered aircraft was also considered for flight within the Venus atmosphere. With the
radioisotope-powered aircraft its size or wingspan is no longer coupled to its power generation capability
as it is with the solar-powered aircraft. Therefore the power system for the aircraft was scaled to meet the
power requirements for a given size aircraft to fly at a specific altitude. The power system has to supply
the power for the vehicle systems and payload given in table 3 as well as the power to the propulsion
system to maintain flight. The propulsion system power required is based on the power needed to
overcome the aircraft drag. This drag is broken into three main components: the friction drag of the
aircraft moving through the atmosphere, the induced drag due to the generation of lift, and the parasite
drag which in this case is mainly composed of the power system radiator. The total aircraft drag (D),
which is the sum of these three components, is given by equation (14).

2
D=paV2(fl—(l.2SCf +0.5¢c4 )+Dhej (14)
R

The flight velocity (V) was the greater of either the velocity needed to maintain flight, given in
equation (15), or the wind velocity at the flight altitude plus a small margin of 1 m/s for maneuverability.

\' pab?

The induced drag coefficient due to the generation of lift (c;) was based on the lift to drag curve for
the E214 airfoil, shown in figure 14. Curve fits for the lift coefficient (¢;) as a function of angle of attack
(o) and drag coefficient as a function of lift coefficient are given in equations (16) and (17) respectively.
This airfoil was selected for the aircraft because it had good flight characteristics at the estimated
Reynolds number at which it would be flying within the Venus atmosphere. An angle of attack of 6° was

selected for the wing at cruse flight conditions. This operating point is near the minimum drag point for
the airfoil and still produces sufficient lift.

¢;=0.20979 +0.104580.+8.5706 E — 402 —2.13E — 402 (16)

¢z =0.013323-0.014906¢; +0.0014092¢,> +0.015184¢;> (17)
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Figure 14.—Operational curves for the E225 airfoil.

The heat exchanger area and the drag due to the heat exchanger were calculated from equations (2)
and (4) respectively.

The next aspect of the aircraft that has to be determined is its total mass. The mass of the various
components of the aircraft and its systems were calculated utilizing the relations given in reference 4. The
masses of the components of the power and propulsion system were calculated utilizing the relationships
given in reference 5 for the radioisotope/Stirling power system.

Sizing the aircraft based on the required power, aircraft total mass and total drag was an iterative
process. Utilizing this analysis approach initial results were generated for a station-keeping mission where
the aircraft is capable of flying at or faster then the wind speed at a specific altitude. Since the power
production capability is not coupled to the size of the aircraft, the flight capabilities can be determined by
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either using the minimum power or the minimum aircraft size required for flight at a specific altitude.
This tradeoff between size and power is shown in figure 15 for flight at an altitude of 8 km.

As mentioned previously, the aircraft scales proportionally with wingspan. Therefore the wingspan is
used as a measure of overall aircraft size. The power, mass and velocity curves all correspond to aircraft
sizes that are capable of flight. From this figure it can be seen that there is a specific aircraft size
(wingspan of 6.0 m) that produces a minimum required power. This occurs at a point where the aircraft’s
cruise speed is equal to the wind speed. Although smaller size aircraft have less drag, they must fly faster
in order to maintain flight and therefore their required power and mass increase. However, larger aircraft
do not get any advantage of reducing flight speed because they still need to fly faster then the wind speed
in order to maintain station over a specific ground location. So for aircraft larger then the minimum power
size, their power requirement and mass also increase. There is also a size that represents the smallest
aircraft (wingspan of 3.5 m) that is capable of flight at this altitude. This aircraft has much greater power
requirements and flies at a higher velocity but it is still capable of carrying the same mission
requirements.

The difference in selecting between these two design points will depend on the mission requirements.
If the stowage size and deployment were the main critical issues, then the minimum size aircraft would be
the desired design point. However if minimizing the amount of isotope required by the power system is
critical then the minimum power point would be more desirable. Flight altitude capabilities for both the
minimum power and minimum size aircraft are shown in figures 16 and 17 respectively.

For both minimum power and minimum size designs the maximum achievable altitude was
approximately 15 km. Above this altitude, the power requirement due to the higher wind speeds produced
an aircraft that was too heavy to maintain flight. This can be seen, in both figures, by the significant
increase in required power above 12 km in altitude.

The wingspan for the minimum power aircraft sizing is larger at lower altitude, due to the low flight
speed, and reaches a minimum at between 10 and 12 km altitude. Above 12 km it then begins to increase
again due to the increasing lift requirements. Whereas the wingspan for the minimum size aircraft
increases slowly up to approximately 12 km and then begins to increase at a greater rate, also due to
increasing lift requirements. It is interesting to point out that at approximately 11 km in altitude the
minimum power and size designs are the same. This can be looked at as a somewhat optimum flight
altitude for a radioisotope-powered aircraft on Venus.
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Figure 15.—Aircraft mass and power required as a function of wingspan.
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Figure 17.—Requirements for minimum size radioisotope-powered aircraft

flight.

Similar to the other vehicles examined in this analysis, if the station-keeping requirement is removed,
the flight altitude range for the radioisotope-powered aircraft will increase significantly. Unlike the solar-
powered aircraft the mission duration of the radioisotope-powered aircraft will still be unlimited even if it
cannot station keep. The maximum altitude achievable for a non-station keeping radioisotope-powered
aircraft is shown in figure 18. From this figure it can be seen that altitudes of over 50 km are achievable
with wingspans of 20 m or less. Also shown on this curve is the required flight velocity for the aircraft
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and the difference in that flight velocity and the wind speed (delta velocity) at a given altitude. This delta
velocity is essentially how fast the aircraft will be blown backwards with respect to a location on the
surface. Although the aircraft would effectively be moving backwards, it will still be controllable and
could provide unique science data on its journey around the planet.

Summary

The results presented above for both the airship and aircraft show that long duration flight possible
within different regions of the atmosphere for each type of vehicle. For the solar-powered vehicles, the
airship was only capable of flight near the surface below 10 km in altitude whereas the solar-powered
aircraft was capable of long duration flight at a small region above 70 km in altitude as well as near the
surface. The low altitude operation of the solar-powered vehicles is however questionable. This is due to
the operation of the solar array in the high ambient temperatures and with the very red spectrum of
available light. Present day solar cells cannot operate under those conditions. Therefore for the solar-
powered vehicles to be applicable to low altitude flight a new type of solar cell would need to be
developed that could withstand the temperature and utilize the red end of the light spectrum to produce
power. Based on this the high altitude operation of the solar-powered aircraft is the only likely application
of a long-duration solar-powered flight vehicle on Venus.

For the radioisotope-powered vehicle both the airship and aircraft were capable of performing station-
keeping missions below 15 km in altitude. Their operation at the high temperatures near the surface is
much more feasible then the photovoltaic system. Also if the station-keeping requirement is removed the
aircraft at a reasonable size was capable of operating well up into the atmosphere (below 55 km).
Although at these higher altitudes it would not be able to maintain station over a specific location on the
ground, it would still be capable of long duration flight because its power is not dependent on the sun as it
is with the solar-powered aircraft. Based on these results a reasonably sized radioisotope-powered aircraft
(on the order of a 10 m wingspan) would be capable of operating near the surface and up into the mid-
atmosphere levels. This type of vehicle could provide significant insight into the atmosphere of Venus as
well as a unique means of exploring and imaging the surface.
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