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ABSTRACT
In the competitive world of Land Yacht Racing (Sand Sailing), the aerodynamic
characteristics of the vehicle must be known. Changing the parameters of the vehicle and

testing the changes in the wind tunnel will give us a better understanding of the most

efficient vehicle. The study outlined in this report clarifies the role of these parameters

and their aerodynamic results.

Testing and analysis of various design changes indicated that substantial
aerodynamic gains could be achieved. By fairing the wheels to reduce their drag and
sealing the gap between the hard sail and the body, velocity increases are predicted to be

as much as 37% above the baseline vehicle by the velocity prediction program.



INTRODUCTION

Land Yacht racing is a very exciting sport to many. A group of enthusiasts have
gotten together and designed their own land yacht. They call themselves Land Yacht
Design Individual Association (LYDIA). Each member of LYDIA contributes their own

ideas and experiences into the design of the land yacht.

The design that LYDIA has come up with is shown in Figure 1. It is composed of
a hard sail rather than a soft sail as seen on most land yachts. The idea of the hard sail is a
fairly new idea and is still being tested and refined. The land yacht also has a tail which
moves according to the angle of the wind and in turn rotates the hard sail. This was
designed to help control the hard sail during wind shifts, so all the pilot has to do is

fine tune the hard sail.

To better understand land yachts, it helps to understand a little about land yacht
racing. Unlike sail boats these sail crafts operate at about three to four times the wind
speed, reaching velocities of seventy to eighty miles per hour. Even though these crafts
don't have the history of many centuries old sailboats, they have come a long way since
their they were introduced at the turn of the century. The current speed record for land

yacht racing stands at 94.7 mph.

The land yacht races consist of several classes of vehicles based on their sail area.
The races consist of a closed course circuit marked on a dry lake bed with a start/finish

line. The speed of the vehicle and the ability of the pilot to control the land yacht are
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Figure 1 - Full Size Land Yacht designed by LYDIA




some of the important racing factors.

Since the vehicle's success is based on the performance and speed of the vehicle,
LYDIA has asked us to test a model of their design in the wind tunnel. Our objective was
to determine a more efficient vehicle design by testing and analyzing the following: body
sweep, flap deflection, tail on/off, closing the gap between the hard sail and body, and

wheel changes. The information obtained was used to predict velocity on the full size land

yacht.




EXPERIMENTAL SET-UP AND PROCEDURE

In order to minimize wall effects inside the wind tunnel, we kept the model
dimensions at a maximum of 80% of the wind tunnel width and height. Therefore we
were able to construct a 1/8 scale of the original vehicle. To achieve this maximum model
scale, the model was built on the basis that it would be mounted on its side, inside the
wind tunnel test section. With the angle of attack of the hard sail at a maximum, we

determined the maximum blockage for the model to be 5.2%. This is well below the 7%

established blockage limit.

A NACA 0018 airfoil was used for the hard sail and flap. The hard sail of the
model was milled from aluminum, linearly tapering and twisting. The hard sail was made
with a 1.75 degree of twist to better model the wind gradient effect on the full size land
yacht. The flap was not made as long as the sail on the assumption that at this length the
sail and flap would stall uniformly. This was done on the model as well as the actual

vehicle.

Six N-C machined wheels were manufactured for this model ranging from height,
width, and fairing/no fairing. These were made and designed by LYDIA in order for us to
test the aerodynamic forces on each wheel. From our results, LYDIA would be able to
determine if they needed ;o redesign the wheels on the full size land yacht. Figure 2 shows
the six different sets of rear wheels. Wheel #1 is a model of the wheels that are now on

the original land yacht. The front wheel was also machined and modeled from the full size

land yacht.
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Figure 2 also shows the model of the body. This was made ﬁoén a piece of foam
with fiberglass over it. The tail of the land yacht was an off the shelf, u;ntapered wing
section of equal scale area to the full size vehicle. A vertical ground pléme spanned the
height of the wind tunnel section where the vehicle wheels were located. The 2 inch gap

between the ground plane and wheels were filled by pieces of foam to prevent vibration.

Once the model was built and assembled, it was placed in the wind tunnel on
a three point mount force balance. Prefabricated bayonets were used in conjunction with
extensions to center the model in the wind tunnel test section. To control the angle of
attack of the hard sail, an extension was attached to a jack screw. The angle of the body
with respect to the oncoming wind was varied independently from the hard sail. Drawings
of the assembled vehicle with dimensions, forces and moment orientations, are shown in
three different views in Figures 3a, 3b, and 3c. Figure 4 is the land yacht model as

mounted in the wind tunnel.

Once the model was mounted, we were ready to begin our testing. All of the tests
were done at a tunnel speed of 120 mph. From this, the Reynolds Number was calculated
to be approximately 780,000 based on the root wing chord of 5 inches. This works out to

a full size vehicle speed of 20 mph.

We did fourteen different sets of tests, doing an alpha sweep from -2° to 16° in

increments of 2° for each test. A tare run without the model was performed and the
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Figure 4 - Land Yacht Model Mounted in Wind Tunnel
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results were subtracted from all other tests. By running the wind tunnel with tuffs on the

flap and the hard sail, we were able to determine that the majority of the hard sail stalled at

approximately 11°.

Our first set of tests was a body sweep. This test consisted of changing the body
angle with respect to the air flow. Tests were done for a body angle of 0°, 10°, and 20°.
During land yacht racing, the body of the land yacht with respect to the wind is usually
between 15° and 25°. Therefore, for the remainder of the tests, we kept the body of the
land yacht at 20°. The next set of tests was changing the flap deflection. We tested flap
angles of 0°, 5°, 10°, and 15°. With the body at 20° and the flap at 10°, a test was run
with the tail off. Because of the vibration of the tail in the wind tunnel, we kept the tail off
for the remainder of the tests.  Further tests consisted of closing the gap between the
hard sail and the body. Figure 5a shows a thin sheet of aluminum used to close the gap.
Figure 5b shows the model with the gap. We also did a set of tests with no wheels and
different wheels. These wheels were previously shown in Figure 2 on Page 8. Once we
finished with that, we took the body of the land yacht out of the wind tunnel and did an
alpha sweep of just the hard sail alone. From these tests, we were able to determine a
more efficient land yacht design and use this in a velocity prediction program. However,
in order to understand the results and conclusions we need to explain the velocity

prediction program.
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Figure 5a - Closed Gap Between Hard Sail and Body

Figure 5b - With Gap Between Hard Sail and Body
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VELOCITY PREDICTION PROGRAM

A Velocity Predicfion Program (VPP) is a computer software tool used in
predicting the perfomanc? characteristics of a vehicle. By use of static and dynamic
charactenstics of a yacht, aeﬁved from theory and the wind tunnel, it is possible to
predict the velocities achieved by a land yacht for a given course angle and wind speed.
The program can also be calibrated by full size yacht tests to more accurately predict

future design changes.

These changes could be small changes on an existing vehicle or the design of a new
yacht. This allows for a faster and more efficient design process, saving both time and
money. Since this yacht is sailed around a closed course, the polar velocity diagrams
generated by the VPP can be analyzed to find the most efficient course to sail for a given

wind velocity.

Finally, knowing the performance envelope in which the boat will operate in helps
the engineers design the structures of the vehicle to withstand the forces it will experience.

Besides the obvious safety this gives, it can save costly weight.

To understand how the VPP calculates speed, one must understand what makes a
Land Yacht go. The wind velocity triangle shown in Figure 6 consists of the
true wind, the wind caused by the boat's speed, and the vector sum of the two, or apparent
wind. From this it is obvious that the wind velocity the hard sail operates in is greater than

the true wind speed. The hard sail of the yacht generates lift and drag from the apparent

-16-



S3DYO04 INVLINSIY ANV FTONVIAL ALIDOTIA LHOVA ANV

V661 21 AV # ONIMVAIT
G:1 3TvIOS |LO0-E0¥3IV NSAS

N
O
LHOVAGNY S -
40404 3dIS "O¥3v JHOVA
Hmmmu«_. 30404 3dIS LHOVA
83V 2
w\)ﬂ/mw/& O ,.w\w& .m
V\ZA V\W/).O _W.
Q 3
P S .
19NV m
/V aNIM .
INVH3ddY o
3 ]
ey
1vo8 A | L
ONIM LNV33ddY A
LY3d3Y : OvHA = LSNYHL 4I-

$30¥04 OVY¥A IHL 3LVINDTIVO-
S3OY04 3AIS ANV LSNYHL FHL 3LV INOTVO-
INVLINS3Y DINYNAQOYIY JHL 3LVINDIVD-
Q33dS Lv08 V SS3N9-
(33dS ONIM 3NYL V ANV 3SYNOD ¥ ISOOHD- J1ONY
553004d FAILVYILLI ddA TTVIIdAT 3SUNOID
/Y ANIM m5~:.>




wind, much like an airplane. The component of the resulting aerodynamic force in the
direction of travel of the yacht is the thrust. This can be measured in the wind tunnel for

various speeds and angles.

Unfortunately, this resultant force also has a large component perpendicular to the
direction of travel. This side force must be resisted by the land yacht's wheels. When
the wheels generate this equal and opposite side force, a drag force is also produced. This

drag can be calculated or measured for the purpose of the velocity prediction.

When the thrust equals the drag, the vehicle is in equilibium and the maximum
steady state speed has been reached. There are limits to the magnitude of the resultant
forces. Too much force can cause the boat to tip over or slide out, and the wing can only

generate so much lift.

These forces and velocities can be solved for by simultaneous equations or an

iterative process involving guessing a boat speed until thrust is equal to drag.
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RESULTS

During our testing, we were primarily concerned with the Lift Force and Drag

Force. By using equations (1) and (2) we were able to determine Cp and Cy.

Co = (1)

£
- .

CL = (2)

£
wn

In these equations, q is the dynamic pressure and S is the planform area of the hard sail. L
and D are the Lift and Drag forces, respectively. These are measured by the balance in

Pounds. With these equations, we were able to plot Cpy and Cy_ for our tests and form

conclusions.

The first thing that we analyzed was the flap deflection. Figure 7 shows a plot of
C1/Cp vs. C for each flap deflection, from 0° to 15°. These results show that the best lift

to drag ratio is achieved at a flap deflection of 10°.

Next we studied the tail on and tail off configuration. From these two tests, we
were able to plot Cp vs. Cp_ for no tail and the tail equal to alpha. By adding the tail drag
at 0° alpha to the tail off “drag we plotted a tail equal to 0° sweep. Figure 8 shows these
three plots. From this graph, it is clear that when the tail is kept at 0° with respect to the
airflow, the land yacht produces more drag. The most efficient tail configuration is when

the tail is equal to alpha because the lift from the tail adds to the lift of the hard sail.
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Next we took a look at the data obtained from closing the gap between the hard
sail and the body of the land yacht. Figdre 9 shows that by closing this gap we have
achieved a significant decrease in drag ari'nd more lift, increasing the efficiency of the land

yacht.

The results we found from the various wheel changes were extraordinary. It is
obvious from Figure 10 how much drag is produced by the wheels. The wheels that are
on the full size land yacht are Wheels #1. The graph shows a large decrease in drag of the
land yacht when we took these wheels off. By referring back to Figure 2 on Page 8, we
can see that Wheel #3 is the same as Wheel #2, but it has a fairing. The fairing on Wheel
#3 decreases the drag also. Wheel #6 is smaller in diameter than Wheels #1 through #4.
This also decreases the drag, but adds to the rolling resistance of the vehicle. Wheel #4
was not tested because of time constraints on wind tunnel testing. Wheel #4 is the same
as Wheel #1, but with a fairing, therefore, the results will be similar to those of Wheel #2

and Wheel #3.

From the tests without the tail, the test without the wheels, and the test with the
hard sail alone, we were able to approximate the amount of drag caused by various parts
of the land yacht. For a body angle of 20° and a flap deflection of 10°, we were able to
come up with the pie charts of drag contributions shown in Figures 11a and 11b. These

charts clearly show how much drag is produced by just the wheels.
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Now that the aerodynamic characteristics of the yacht are known, they can be

input into the Velocity Prediction Program. This is done by c@rve fitting the wind

tunnel drag vs. lift data with the parabolic drag equation:
CD =Cpo+ CLzKi (3)

The curve fitting of the baseline vehicle is shown in Figure 12 and the curve fitting of our

"Best" Vehicle is shown in Figure 13.

With this accomplished, the VPP outputs velocity curves on a polar coordinate
system with the radius (R) and the coordinate (8) representing the yacht velocity and
course relative to the true wind direction respectively. Figure 14 shows velocity polars for
both the theoretically derived baseline yacht, given to us by LYDIA, and the San Diego
State wind tunnel tested baseline. These are overlaid for comparison purposes at various

true wind speeds.

This analysis shows that the wind tunnel predicted velocities are as low as 72% of
the supplied theoretical baseline. The Velocity Made Good (VMG) can also be read from
the polar diagram. This is the component of the yachts velocity into the true wind and is a
function of both the lanc} yacht's speed and direction. It is an important aspect of

performance for a vehicle which races around a course.
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Curve Fitting of Baseline Wind Tunnel Drag
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Curvo Fitting of Boot Vehicle Wind Tunnei Drag
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Next, we compared the baseline with what we determined was the "Best" wind
tunnel tested land yacht (Figure 15). This "Best" land yvacht implements the closed or
sealed wing gap and a reduction of aerodynamic wheel drag of 80%, which is assumed to
be achievable with fairings. Overall velocity gains of up to 37% over the baseline are
predicted for the "Best" land yacht, representing increases of over 9 mph for the lower
wind speeds. VMG deltas of over 50% may be achieved and represent a lead, in a race, of
one minute for a three minute upwind leg of a course. This is obviously a dramatic

performance difference.
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CONCLUSIONS

i
The wind tunnel measured aerodynamic characteristicsf that are very different and

assumably more accurate than theoretical estimates. This is very helpful in determining a
land yacht's expected performance. Design changes can be accomplished quickly, easily,

and tested definitively in the wind tunnel.

This process of land yacht performance testing removes one of the most unreliable
variables of land yacht racing, the pilot. Since a large number of trim setups can be
tested, one 1s not constrained by the human factor of judgment, but has hard facts to

guide the way.

Toward the ultimate goal to make land yachts faster, wind tunnel results, in
combination with analytical tools, such as the velocity prediction program, can be utilized

to achieve results more quickly and safely than the current trial and error methods used

today.
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DESIGN RECOMMENDATIONS

If further wind tunnel testing was done with this land yacht, we would recommend
that faired wheels be tested in order to better determine the decrease in drag that this
would produce. Also, more body sweep angles could be tested to get a more accurate
determination of the Lift and Drag at different apparent wind angles. The speed of the

wind tunnel could be changed to predict land yacht performance at various speeds.

Our design recommendations for the real vehicle include fairing the wheels and
closing the gap between the hard sail and body. Due to pilot visibility, this would have to
be done so that the pilot would be able to see through it. We also recommend putting
instruments on the full size land yacht to measure its velocity. This will help to compare

the results found in the wind tunnel with the actual performance of the land yacht.
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Appendix A

Computerized Calculations
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Appendix A - Computenzed Caicuiations

Car Yaw
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- Computerized Calculations

Appendix A

Flap Deflection
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Tail

Appendix A - Computerized Calculations

Tail = Alpha
'Cd

No Tail
icd

Tail = 0 degrees
'Cd

Alpha __ [CI Cli Cli

0.380808

0.210305

0.380234

0.21014

0.401408| 0.212924

0.581095

0.214403

0.55892

0.211619

0.581085

0.214403

0.798972

0.215629

0.780873

0.211286

0.802048

0.21407

0.996898

0.21996

0.98428

0.218111

1.005454

0.220895

1.205092

0.223046

1.220569

0.22767

1.241744

0.230454

1.430973

0.241178

1.43811

0.243275

1.459285

0.246059

1.592171

0.258274

1.602536

0.26283

1.623711

0.265614

1.228129

0.429971

1.176226

0.45942

1.1974

0.462204

1.130347

0.491803

1.083275

0.511669

1.10445

0.514453

1.121011

0.549604

1.072487

0.56087

1.093662

0.563654
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Close Gap

Appendix A - Computerized Calculations

With Gap

Close Gap

Alpha

Cl

‘Cd (CNr2

Cl

Cd {(chr2

0.382684

0.211494,

0.146447

0.507193

0.20239]

0.257244

0.563528

0.212982

0.317564

0.745157

0.206032!

0.555259]

0.785804

0.212647

0.617645

0.985694

0.205546

0.971583

0.990621

0.219516

0.981331

1.212638

0.208468

1.470491

1.228433

0.228137

1.509048

1.455608

0.212102

2.118789

1.447376

0.244842

2.094897

1.665599

0.222852

2.77422

1.612861

0.264523

2.60132

1.844667

0.239904

3.402795

1.183804

0.46238

1.401392

1.201443

0.481778

1.443465

1.090255

0.514965

1.188655

1.137313

0.52315

1.293482

! 1.079397

0.564484

1.165099

1.138512

0.567873

1.296211




Appendix A - Computerized Calculatiors

Wheel Changes

9612250 |6PLLLO} |5166250 |SH280 L |9SeS 0 |8vL980'L |ev/82S0 |856280°L |81SS95°0 [SLEIBO0'L [202yoy0 |9viETO'L oL
18152¥°0 |2£9180't |eozviy 0 |ez0660'L |roccoro |9z6re0’L [21864v°0 |ZL0¥80°L 6065150 252260} |828YLY0 |vTRSEOt f¥b |
£s601v°0 |628v¥L'L |eseczyo [260891°L |21900v'0 |vO969L L €SZSZY'O |€90L) L [i22E9V0_|€46G84° ) JLOLIOEO [18ZZLL'L fZL
26L1Z°0  |zzovoo't |eesyezo |sv6019'L |eszeczo |szzLio'L |vieesz 0 |eszeze’t |8005920 [018519') [seol0  |€9.20S) fOI
6099610 |sovey'L  |v1zooz0 |criser’L |ezvzzo |96SLLvL z16EvZ 0 |9208SY | 1625720 [82005¥ L ¥SSEYL'O [€90S6EL I8 &
66€081°0 |¥GLbZZ L |L¥VI61°0 |18L2E2 L |€0L512°0 |¥ELLSZ ) |8LSEET 0 |9688€Z | |955622°0 (¥890EZ') |v¥88ZL0 |L1ZZ8LL |9 3
€906/1°0 |¥¥9900°'L |v6eBL 0 |€€520'L |1EVOLZ'0 [S6EPO'L |19092Z0 |€12900°) |81661Z°0 |9EbZ66'0 [2012Z1°0 |15TZIB 0 |y |
€92z11'0 |6ezs8L'0 |zz1eL10 |25196L°0 |v9Es0Z'0 |919018°0 |120vZz 0 885180 |L€0ELZ0 |v¥ELBL O |1ELOLL O [120¥PLO [
Zve8oL'0 |L2£9/5°0 [119921°0 |662€25°0 |820¥02°0 |Zv¥aLS0 |9€21Z2 0 |69€EL5°0 |ZLEELZ'0 [95v95°0 |8E6ELL'0 8516250 JO
6625910 |sLoeLe’0 |vasesL o |scizze0 Jeosvoz 0 |868088°0 Jzverzz o |1easeco Jissiizo |seeese0 Jssoetl 0 |v22z82e0 f2-

~po| 1] P 9] PO 19 PO 12 ) 19 ) o[ eudiv

O# SI199UM G# SI93UM £# SI93UM Z# SI199UM L# SI98UA S198UM ON )




Comparisons

Table lookup vs

Curve fit

150,

210

240

270

Yi
10mph,Ar=7
10mph,Ar=7 77’)/3L &
10mph,Ar=
10mph,Ar={2§\ CUE g
15mph,Ar=7 7
15mph,Ar=7
15mph,Ar=1
15mph,Ar=13~ C
25mph,Ar=7 __
25mph,Ar=7

© 25mph,Ar=13
- 25mph,Ar=1’2~ C-




