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ABSTRACT

High-performance racing sailplanes are able to exploit sources of lift in the
atmosphere and have regularly flown distances of over 1,000 kilometers. Without an engine,
sailplanes are always sinking relative to the airmass they are flying in, forcing them to rely on
various weather phenomena to stay aloft. Typically, cross-country soaring involves several
cycles of climbing in lift, usually by circling in thermals, then utilizing altitude gained in a
straight glide to the next thermal. A sailplane must fly efficiently both while climbing at low
speeds and high C_’s and while gliding at higher speeds and low C_’s in order to obtain the
fastest average cross-country speed. The speed-to-fly while gliding is determined by the strength
of the thermals present on a given day. Therefore, the weather model used during the design
process will determine the sailplane’s predicted performance and directly impacts the resulting
design. An alternate weather model that considers a wide variety of thermal strengths and cross-
country performance at different wing loadings was investigated in this study. This method
produced a different wing area result than the thermal mix model originally used in designing the
Ventus 3. The alternate method used in this thesis shows that additional cross-country
performance gains may be available by increasing the wing area by 5 to 10 percent on the Ventus
3. It is unknown which method will result in better cross-country performance overall. Future
work can look to quantify this performance gain and any differences in soaring strategy that may

improve average cross-country speeds.
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Chapter 1

Introduction

Background

The design of a high-performance racing sailplane must find a balance between several
design objectives in order to be successful in competition. Maximum lift-to-drag ratio is often
regarded as a measure of overall sailplane performance; however, this measure fails to capture
the nuance of optimizing performance over all speed ranges used by a racing pilot. Sailplanes
must be able to operate efficiently while climbing in thermals at low speeds and while gliding
between thermals at high speeds. Reducing induced drag is desirable for slow climbing flight,
while reduction in profile drag is most important while operating at fast inter-thermal cruising
speeds. Towards the end of the twentieth century, slightly swept planforms and non-planar wing
geometries, including winglets, have been introduced on sailplanes to produce higher
performance gains than planar wings [1]. The purpose of winglets is to aid in obtaining the
largest reduction in induced drag possible without increasing the span in span-restricted classes
or creating excessive profile drag while flying at high speeds. A properly designed winglet
should help climbing flight without being detrimental to cruise performance. Optimum inter-
thermal cruise speeds vary depending on the size and strength of thermals present on a given
day, which presents challenges in determining an optimal design. Different designs will be

optimal for different weather conditions.



Sailplanes are able to carry water ballast to adjust wing loading. This allows the pilot to
maximize performance for the weather conditions at any given time or day. Higher wing
loadings shift the polar so all lift-to-drag ratios occur at higher speeds. This is advantageous on
strong thermal days when the reduction in climb performance due to the higher wing loading is
more than compensated for by the higher cruising speeds between thermals. Water ballast can be
dumped in weak conditions to improve climb performance.

The main wing for the Schempp-Hirth 18-meter Ventus 3, shown in Figure 1, was
designed using a traditional thermal mix model with the goal of maximizing average cross-
country speed. This thermal model was created based on in-flight logger data from several
contests in a variety of conditions. Winglets were designed after main wing design, which was
optimized using the aforementioned thermal mix model. An alternate method considering

various wing loadings and thermal strengths was used in designing a well-rounded winglet

design that is able to perform well in all types of weather.

Figure 1 Schempp-Hirth Ventus 3 [2]

Objectives

The purpose of this work is to compare two different methods of high-performance

sailplane wing design. The primary difference lies in the thermal model being used and the wing



3
loadings considered. The main wing of the Ventus 3 was designed using an updated version of a

traditional thermal mix model. Wing planform and area are selected to maximize the average
cross-country speed for an average distribution of thermal strengths and sizes.

An alternate method was used to design the winglets employed on the Ventus 3. The
winglets were evaluated at a variety of wing loadings and thermal strengths in order to gain an
idea of performance across a wider variety of weather conditions, not solely average conditions.
The main wing of the Ventus 3 was resized utilizing this method in order to investigate the effect
of main wing sizing on average cross-country speed. The sailplane’s performance was analyzed
while considering a range of thermal strengths and whether or not water ballast is carried.

The purpose of this thesis is to determine if there is a significant difference in the result

of these two methods. If so, the issue then becomes as to which method produces the best design.
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Chapter 2

Sailplane Performance Modeling

Speed-to-Fly Theory

The ‘speed-to-fly’ is the optimum airspeed to fly in order to maximize the average cross-
country speed. Speed-to-fly theory can be represented both mathematically and graphically and
is detailed in Ref. [3]. A pilot may want to fly the farthest distance possible from a given altitude
depending on winds, or to maximize overall average cross-country speed when flying between
thermals. Average cross-country speed is determined by the distance flown in the time spend

both climbing and gliding:

@)

Determining speed-to-fly between sources of lift is an essential element in predicting
average cross-country speed resulting from both thermal models used in designing the Ventus 3.
During the 1930s-1940s, several methods to determine speed-to-fly were developed [4].
Wolfgang Spéte had originally developed tables documenting best cruise speeds between
thermals in 1938. He along with other Polish pilots, Szwarc and Kasprzyk, had published articles
documenting their results that have been lost. Karl Nickel had also developed his own theory in
1946 and published in 1949. Speed-to-fly theory is often referred to as MacCready theory, since
Paul MacCready was the first to widely publish the method in the United States for use by

sailplane racing pilots and designers.



A sailplane’s speed polar is the foundation of speed-to-fly theory. This plot shows the
aircraft’s sink rate over a range of airspeeds at a given wing loading. Maximum lift-to-drag ratio
for a sailplane can be demonstrated graphically by drawing a line from the origin to the tangent
of the polar. As wing loading increases, the speed at which the maximum glide ratio occurs
increases, along with the glide ratios at all higher speeds, allowing the sailplane to fly a given
distance at a higher speed. This is why sailplanes carry water ballast in stronger weather
conditions. The theoretical ballasted and unballasted speed polars for the Ventus 3 are shown in
Figure 2 below. Generally, water ballast is carried in stronger weather conditions when the
increased glide performance during cruise offsets the penalty in climb performance. If thermals
become weak, water ballast can be dumped in order to achieve desirable climb performance.

This will be discussed in more detail in Chapter 3.

‘entus 3 Level Flight Polar

—— Ballasted
— — Unballasted

a0 100 150 200 250 J00
Velocity (kmh)

Figure 2 Ventus 3 Ballasted and Unballasted Speed Polars



Speed-to-fly between thermals is based on the anticipated climb rate in the next thermal
and the sink rate at a given cruise speed. The sink rate increases as cruise speed increases. Pilots
want to cruise as fast as possible without losing too much altitude. Too much altitude is lost
when it cannot be made up quick enough in the next climb. Figure 3 shows an illustration of
pilots flying at three different speeds. Pilot B flies the proper MacCready speed for the
anticipated climb in the next thermal and completes their next climb first. Pilot A flies too slow
in the glide and arrives later than pilot B; whereas pilot C flies too fast and loses too much

altitude in the glide that cannot be made up in the climb and also arrives later than pilot B.

Figure 3 Speed-to-Fly Representation

Average cross-country speed is calculated using the climb rate and the cruise speed
between thermals. Climb rate is determined by overlaying the thermal strength distribution with

the sailplane’s turning performance as a function of turn radius:

Vee =V, ( e > 2
*

Ve(r) = Vr =V, @)



Sink rate in a turn is dependent on bank angle and airspeed. The net climb rate, which is a
function of turn radius, velocity, and bank angle, can be determined by overlaying a turning
performance polar over a thermal strength profile. An example of a turning performance plot is
shown in Figure 4. There exists an optimum circling radius corresponding to the greatest net
climb rate; this is the climb rate used in the calculation of MacCready speed-to-fly while cruising

to the next thermal.
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Figure 4 Turning performance for given airspeed, bank angle, and turn radius [5]

It is important to note that speed-to-fly theory for thermal flight is a special case of a
more generalized theory. A sailplane has zero forward airspeed while climbing in a thermal.
Dolphin flight is an example of a phase of flight that needs a different model to accurately

represent and is discussed in Ref. [3].



Sailplane Performance Evaluation Tools

Two Penn State tools were utilized in order to evaluate designs and their cross-country
performance: PGEN and ACCS [6]. PGEN is a program that evaluates the aerodynamic
characteristics of the aircraft using the wing planform, geometry, airfoil, flap data, and weight.
The program outputs straight and turning flight performance data including the corresponding
sink rate for a given turning radius, bank angle, and airspeed. These data can then be input into
ACCS, an average cross-country speed evaluator, along with a particular thermal radius. This
program utilizes speed-to-fly theory in order to calculate glide speed between thermals, sink rate
while gliding, net climb rate in the given thermal, circling radius, bank angle, and average cross-
country speed for a given thermal strength. Sample output from PGEN can be found in Figure 19

and Figure 20 along with sample output from ACCS in Figure 21 in the Appendix.

Thermal Mix Modeling

One of the early thermal mix models created by Horstmann and Quast [5], shown in
Figure 5, is based on pilot experience and inflight measurements attempts to capture the
distribution of thermal strength and size encountered on an average day. This model categorizes
thermals into four categories:

Al —weak and narrow

A2 — strong and narrow

B1 — weak and wide

B2 — strong and wide
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Thermal Strength vs. Radius (Horstmann & Quast)

— —Al
— A2
—B2

Thermal Strength (m/s)
w

0 50 100 150 200 250 300
Radius (m)

Figure 5 Horstmann and Quast Thermal Model

This thermal model was recently refined based on competition data collected from in-
flight logger data generated by several high-performance sailplanes flying in a variety of weather
conditions [7]. Logger data includes ground track, altitude, airspeed, and heading information
which can be analyzed to determine bank angle, lift coefficient, and whether the sailplane is
circling or in straight flight. These logger data revealed that 18-meter sailplanes spend less time
circling in thermals compared to predictions from the Horstmann and Quast thermal model. The
following additional phases of flight were added on to the Horstmann and Quast thermal model:

C1 - straight flight with no altitude gain

C2 — climbing straight flight

EA — final glide from a given distance and altitude away from finish circle
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Chapter 3

Wing Design

Design Methodology

The Ventus 3 wing was designed in two parts, each using a different design method. The
main wing was designed utilizing the updated traditional thermal mix model. The planform
geometry was optimized using results from the thermal mix model to obtain the maximum
average cross-country speed at the maximum gross takeoff weight of 600 kg. The winglets were
designed using an alternate method that incorporates a variety of thermal strengths and considers

various wing loadings, that is, whether ballast is carried or not. A three-view drawing of the

Ventus 3 is shown in Figure 6.

V o on e

Variant: Ventus-3G
Performance Fdition-78m

Figure 6 Ventus 3 Three-View Drawing [2]
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Selecting an appropriate wing area is one of the main design elements that will determine

a sailplane’s ability to climb and glide efficiently. Larger wing area is necessary to allow slower
flight and tighter turn radii to achieve higher climb rates in a thermal; however, this comes with
the price of more profile drag when cruising, harming high speed performance. Lower wing area
reduces sink rates at higher speeds but is detrimental to climb performance at low speeds. In
weak weather, sailplanes with less wing area will be unable to climb when necessary and may be
forced to land.

This method looks to capture the overall cross-country performance as it depends on
thermal strengths and ballast carried. To determine if a result different from that obtained using
the thermal mix model, the method used for the main wing in this work is similar to methods
used in the design of the Ventus 3 winglets. The main wing of the Ventus 3 was altered in order
to determine if there is a better optimum wing area that may further improve its cross-country
performance. Wing planform shape was not significantly altered as this is outside the scope of
this thesis. Winglets were removed in order to isolate the impacts of varying wing area on cross-
country performance. A few views of the basic planform geometry without winglets used in this

analysis is shown in Figure 7, Figure 8, and Figure 9.
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Figure 8 YZ Plane 18m Ventus 3 without Winglets
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Figure 9 XZ Plane 18m Ventus 3 without Winglets

Parameters like taper, twist, sweep, dihedral, and airfoil selection remained constant.
Since the Ventus 3 competes in the 18-meter class, only chord length was scaled across the span
to see how varying wing area may impact performance. The chord length of each wing panel was
scaled from 0.9c to 1.2c in 0.05¢ increments. Performance was evaluated for each of these cases

as described in the next section.

Cross Country Performance Evaluation

A script was used in order to create the input planform and aircraft geometry files for
PGEN. Ballasted and unballasted polars were generated for each wing area considered. Straight
flight and turning polars for each wing planform are output from PGEN. These files are fed into

ACCS to calculate the overall average cross-country speed based on the basic performance data.
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Each output from ACCS gives the cross-country performance corresponding to a thermal radius

of 150 meters and core strengths ranging from 0 m/s to 10 m/s. Average cross-country speed was
plotted with varying thermal strengths for a given area as shown in Figure 10. Ballasted and

unballasted performance are plotted with solid and dashed lines, respectively.

150 Average Cross-Country Speed (Vce) vs. Thermal Strength (TS)

160
140
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——1.0c bal
20L — —10clt
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0 1 1 1 1 1 1 1 1 ]

1 2 3 4 ) 6 7 8 9 10
TS (m/s)

Figure 10 Cross-country speed versus thermal strength - Ventus 3 without winglets

Crossover points are plotted for a given area. If thermals are expected to be stronger than
this point, it will be beneficial to performance to carry water ballast. In weaker weather, ballast
hurts climb performance such that it is detrimental to overall cross-country performance — this is
where it is best to dump ballast. A successful sailplane design must be able to perform well in

both weak and strong conditions in order to be competitive in racing contests all around the



16
world. The next chapter focuses on attempting to quantify the Ventus 3’s performance as the

wing area is changed.
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Chapter 4

Results and Discussion

This section explores results from using the alternate design method in order to determine
if this method gives a different wing area than in the original method. Wing area is chosen in
order to maximize overall performance given by the average cross-country speed. Average cross-
country speeds will change depending on whether or not ballast is carried and the strength of
thermals present when racing. The crossover point determines the minimum thermal strength
where pilots can expect to increase their average cross-country speed by carrying water ballast.
The location of this point will shift depending on the wing area of the sailplane. The dependence
of average cross-country speed on thermal strength for different wing areas is plotted in Figure

11.

Average Cross-Country Speed (Vec) vs. Thermal Strength (TS)

180
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140 +
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g 100}
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Figure 11 Cross-country speed versus thermal strength with different wing areas
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The approximate crossover thermal strength is plotted for each wing area. In stronger

thermals, it is desirable to carry water ballast, but ballast will hinder performance in weaker
conditions. As wing area increases, the crossover point moves left. As the strength of thermals
decreases, the lower climb rate makes it necessary to spend more time climbing. More wing area
is better able to support climbs in weaker thermals while carrying ballast. Decreasing area moves
this point to the right. With less area, the wing cannot support climbing with ballast as well as it
can with more area. The effects of increasing and decreasing wing area on the speed polar are
shown in Figure 12. The penalty for more wing area is shown clearly in the higher sink rates as

airspeed increases.

Speed Polars

0r
——0.9c bal
— — 09clt
0.5 /1 T — ——1.0c bal
/; ~ — —1.0clt
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O

2.5}
AN\

3t ‘;\

\

35k \
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60 80 100 120 140 160 180 200 220 240 260
Velocity (kmh)

Figure 12 Wing area impact on speed polar
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If it was only necessary to design for one specific thermal strength, it would be relatively

straight forward to see which wing area and wing loading will result in the maximum cross-
country speed. When considering a 2 m/s thermal when carrying ballast for example, more wing
area will achieve better performance. Dumping water ballast will significantly improve cross-
country speed. Without ballast, cross-country speed is not as heavily impacted by the wing area
for weaker thermal strengths. This trend does not apply for strong thermals.

Selecting an appropriate wing area becomes challenging when analyzing the wide range
of cross-country speeds as they depend on thermal strengths and wing loading. A figure of merit
was developed in order to attempt to quantify overall cross-country performance in various types
of weather. This FOM assumes that water ballast will be carried when thermal strengths are
expected to exceed the crossover point and will be dumped if conditions weaken below this
point. Climb and glide performance are considered when using PGEN and ACCS to calculate
average cross-country speed as an overall performance measure.

This figure of merit uses the area under the cross-country speed versus thermal strength
curve, assuming water ballast is carried when thermals are stronger than the crossover point.
Towards the left of this point, the area is taken under the unballasted curve to represent where
ballast would be dumped to achieve better overall performance. The FOM was calculated using

the following equation:

X m

1
FOM = {’[ VCCzrd(VTcore) +J Vccbald(VTcore)} " <W10c> (4)

n X

FOM was calculated using a trapezoidal sum and was normalized by the FOM for the

baseline area. The lower and upper bounds of integration, n and m, were chosen as 2 m/s and 8
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m/s since this represents a realistic and typical distribution of thermal core strengths. A visual

representation of this calculation is shown in Figure 13.

18%verage Cross-Country Speed (Vec) vs. Thermal Strength (T'S)

/
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140 + ~-
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Figure 13 Graphical representation of FOM for baseline wing area (1.0c)

The figure of merit was calculated for each area, and they are compared in Figure 14.
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Figure 14 FOM versus scaled chord length for average conditions: 2 m/s to 8 m/s
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The method using PGEN and ACCS seems to produce a different result than the thermal

mix method originally used in designing the Ventus 3, assuming the FOM used is appropriate.
The plot above suggests that anywhere from 5 to 10 percent more wing area may be beneficial to
overall cross-country performance. This assumes that the racing pilot chooses the proper speed-
to-fly between thermals. With additional wing area, the pilot would need to be disciplined and
resist the common urge to chase other racing sailplanes. If a pilot flies faster than the MacCready
speed-to-fly between thermals, the extra wing area will produce extra profile drag at cruise and
reduce cross-country speed.

It is important to note the impact that the weather model or distribution of thermal
strengths has on the figure of merit. Extending the range of thermal strengths to 3 to 10 m/s and
favoring high speed performance, as shown in Figure 15, will alter the FOM trend as shown in
Figure 16. More area becomes less favorable as higher inter-thermal cruise speeds are required to

maximize cross-country speed as climb rates increase.
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1813V6rage Cross-Country Speed (Vec) vs. Thermal Strength (TS)
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Figure 15 Graphical representation of FOM — stronger weather conditions
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Figure 16 FOM versus scaled chord length — thermal strength: 3 m/s to 10 m/s
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The trend more strongly favors an increase in wing area when a range of weaker thermals

is used as demonstrated in Figure 17 and Figure 18.

18%V€rage Cross-Country Speed (Vce) vs. Thermal Strength (TS)
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Figure 17 Graphical representation of FOM - weaker weather conditions

1.015

1.01} -

1.005 ¥

Figure of Merit
*

0.9 0.95 1 1.05 1.1 1.15 1.2
Scaled chord length

Figure 18 FOM versus scaled chord length — thermal strength: 1.5 m/s to 6.5 m/s



24
Less wing area will win on strong days where inter-thermal cruise speeds are high. Lower

profile drag allows less altitude to be lost in the same distance at a given cruise speed with less
wing area. More wing area wins on weaker days. Cruise speeds are lower which reduces the
impact that the extra area has on sink rate when flying faster. Climb rates will be higher with
more area which will allow this sailplane to climb in weak thermals that another with less area
may not be able to. If a sailplane cannot find a thermal to climb in, it will be forced to land out,

which will end the race day for that pilot.



25

Chapter 5

Conclusion

There seems to be a difference in the sailplane wing designs resulting from the thermal
mix model originally used to design the Ventus 3 wing and the alternate method used in this
work. When considering a wider variety of thermal strengths and whether or not ballast is
carried, it appears that the Ventus 3 could benefit from an additional 5 to 10 percent more wing
area, which is a surprisingly significant difference. Anywhere from a 0.5 percent to 1.5 percent
increase in the figure of merit could be seen by increasing wing area for three typical thermal
strength distributions, one favoring weak conditions, average conditions, and stronger conditions.

In this study, the area of the Ventus 3 wing was altered by scaling the chord length of
each panel in 5 percent increments, from 90 percent to 120 percent or the original chord. Altered
wing geometry was run through speed polar and cross-country performance evaluators to
determine the average cross-country speed for a variety of thermal strengths. Cross-country
performance was evaluated for each wing area for an unballasted and ballasted sailplane. Results
show that increasing the wing area of the Ventus 3 by 5 to 10 percent may further improve
average cross-country performance. The exact amount of area increase depends on the strength
of conditions being flown in. Stronger conditions favor a smaller increment in wing area on the
order of 5 percent, where weaker conditions favor a larger increment in wing area, up to a 10 or
even a 20 percent increase. These projections are assuming that the FOM defined in this study is
an appropriate way of quantifying average cross-country performance. It is likely that this FOM

needs refinement and further investigation to gather more reliable results.
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The precise significance in the trends of the FOM are unknown, yet there seems to be a

clear trend favoring some level of increase in wing area, even in stronger weather conditions. It
is also challenging to say what level of performance gains could be expected from a given
change in wing area.

The weather model used in modeling cross-country performance is the main factor that
will dictate sailplane wing sizing. If a glider is designed to heavily favor stronger weather, it may
not have enough wing area to be competitive in weaker weather. Favoring weaker weather can
result in excessive profile drag at high cruise speeds, harming performance when thermals are
strong. Understanding how pilots are flying sailplanes is important since this may not exactly
align with the theoretical best speed-to-fly, as explored in this work. If a sailplane is designed
with more wing area, but pilots are flying faster than the speed-to-fly between thermals for that
sailplane, the gain in climb performance with more area can easily be negated by the urge to
keep up with other racing pilots while cruising between thermals. To aid in selecting a weather
model, more studies like those done in Ref. [7] examining flight logger data could be used to
gain more insight into how sailplanes are actually being flown in competitions.

Future work may want to consider using both methods in conjunction with one another to
combine flight logger data along with a method that considers a wider variety of thermal
strengths and wing loadings to further refine design studies. There is a possibility that several
optimum designs exist, each having a different wing area. Say pilot A is flying a sailplane with
more wing area than pilot B and each have similar wing loadings. Pilot A cruises slower, loses
less altitude, then climbs at a higher rate in thermals than pilot B. Pilot B will cruise faster, losing
more altitude in the glide, but take longer to climb in the next thermal. They may have the same

average cross-country speed. Game theory or similar mathematical studies investigating soaring



27
strategy as it relates to wing design and weather modeling are worth exploring. Ultimately,

different designs will be optimal for different types of weather, and different soaring strategies
are required for different conditions in order to maximize average cross-country speed. The
designer faces the challenge of selecting design criteria that will result in the optimal high-

performance sailplane design.
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Appendix

v3_100bal
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Figure 19 Sample PGEN straight and level flight output
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TURNING POLAR DATA:
R Vel. Phi Vsink Flap CLw CLAC
65. 125. 62. .84 LT
70. 1240. 58. 10 .499
75. 1240. 56. 42 428
8e@. 112. 51. «15 433
85. 107. 47, .01 436
90. 104. 43, .92 436
95. 102. 40. .86 434
100. 100. 38. .81 435
105. 99, 36. .78 .437
118. 97. 34. <715 440
115. 97. 32. .73 .433
1280. 96. 31. .71 .438
125. 95. 29. .70 .436
130. 94. 28. .68 .439
L 94. 27. .67 .439
140. 93. 26. .66 448
145. 93. 25. .66 442
158@. EEP 24. .65 442
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Figure 20 Sample PGEN turning performance output

Aircraft:v3_100bal
Thermal Radius: 150.0000
Min. Thermal Str.: 1.477455
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80.332 50.877
79.709 51.469
79.096 52.070
78.492 52.681
77.898 53.302
77.435 54.403
77.234  54.615
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76.639 55.209
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000 252.396
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.0080 253.320
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.0080 254.596
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Figure 21 Sample ACCS output
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