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ABSTRACT

As our civilization relies more heavily on aircrafts and rockets, the use of wind-tunnels has
increasing been integrated as an important aeronautical tool in their design. Even though wind-
tunnels are great scientific tools, they do have their flaws. Based on the specific wind-tunnel
design, one of the main negatives is that wind-tunnels cannot simulate free-flight conditions
without having to correct the data for wall effects and other flow phenomena.

Both two and three-dimensional flows need to have corrections applied that are unique to that
wind-tunnels design. For two dimensional flows, corrections that can be obtain are for the

cUéagg?-= J,@ itR direct corrections available for a *a 1 FEVES 3@ TRe
0 0

corrections are developed from the buoyancy, solid and wake blockages, and streamline

curvature corrections. For tree-dimensional flows, corrections can be obtain are ¢ U a @ ?,¢,
0

¢ Y =J @y, éPhese corrections depend on the methods applied to the two-dimensional cases
along with the method of images.

The experiments contained in this project are utilizing an AEROLAB wind-tunnel along with a
ClarkY-14 airfoil and wing. The wind-tunnel was set up to have inlet velocities of 6, 30, 68 and
102 mph and outlet atmospheric environmental conditions. The data collected with the correction
factors applied was then compared with free-flight CFD models to compare corrections
effectiveness
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Abbreviation Description

C Chord
h Test Section Height

S Planform Area

Dy Change in Drag due to Buoyancy

? Body Shape Factor

t Body Thickness

LE Leading Edge

TE Trailing Edge

~ Induced velocity

Feff Effective Angle of Attack

i Induced Angle of Attack

4 Change in Induced Angle of Attack

r Angle of Attack

e Corrected Angle of Attack

ly Uncorrected Angle of Attack

Cd Coefficient of Drag for an Airfoil

Cdu Uncorrected Coefficient of Drag for an Airfoil
Cdec Corrected Coefficient of Drag for an Airfoil
Cdo Coefficient of Drag at 0 Lift Condition

Co Coefficient of Drag for a Wing

Cou Uncorrected Coefficient of Drag for a Wing
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Cpec
Cbi
Api
G

C1u

Co
Cru
Cre
Re
Re,

Re.

CMu

CMc

Corrected Coefficient of Drag for a Wing
Coefficient of Induced Drag

Change in the Coeftficient of Induced Drag
Coefficient of Lift for an Airfoil
Uncorrected Coefficient of Lift for an Airfoil
Corrected Coefficient of Lift for an Airfoil
Coefficient of Lift for a Wing

Uncorrected Coefficient of Lift for a Wing
Corrected Coefficient of Lift for a Wing
Reynolds Number

Uncorrected Reynolds Number

Corrected Reynolds Number

Critical Reynolds Number

Moment Coefficient for an Airfoil
Uncorrected Moment Coefficient for an Airfoil

Corrected Moment Coefficient for an Airfoil

Corrected Moment Coefficient for an Airfoil at —:Chord

Uncorrected Moment Coefficient for an Airfoil at —Z Chord

Moment Coefficient for a Wing
Uncorrected Moment Coefficient for a Wing
Corrected Moment Coefficient for a Wing
Normal Force

Axial Force



Qu

Jc

P,

gn

ST

vy

Normal Force Coefficient
Pressure Coefficient
Uncorrected Pressure Coefficient
Corrected Pressure Coefficient
Dynamic Pressure

Uncorrected Dynamic Pressure
Corrected Dynamic Pressure
Total Pressure

Pressure

Static Pressure

Freestream Pressure

Vortex Strength

Pitching Moment

Pitching Moment on Upper Surface
Pitching Moment on Lower Surface
Density

Velocity

Freestream Velocity
Uncorrected Velocity

Corrected Velocity

Tunnel Width

Wing Span

Vortex Spacing



Cmodel

Vmodel

€sb

€wb

Change in Induced Velocity

Cylinder Radius

Local Velocity

Test Section Cross-sectional Area
Boundary Layer Thickness

Boundary Layer Displacement

Turbulent Boundary Layer Displacement

Laminar Boundary Layer Displacement
Static Pressure Curve Slope

Wing Lift Curve Slope
Airfoil Cross-Sectional Area
Length of Leading Edge
Body Shape for 2D Bodies
Body Shape for 3D Bodies
Doublet Strength

Length of Test Section
Fineness Ratio

Initial Pressure

Distance where the flow transitions
Model Chord

Model Volume

Solid Blockage

Wake Blockage



€total

Total Blockage

Mass Flow Rate

Spacing between sources
Wake Width

Induced Velocity in the Vertical Direction
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The first attempt to simulate steady, controllable air flow used mountain slopes and valley’s
where the wind was usually steady with minimal trees and other turbulence landscape features.
These early attempts were met with limited success and depended on weather conditions which
at the time, were hard to predict hour to hour much less a few days out from a test date. In the
early 1700’s, Benjamin Robins’ whirling arm device (Figure 1.1) produced air velocities of only
a few feet per second for testing models and was the only device at the time that could achieve

those marginal from what could be found naturally.
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The whirling arm device did not produce a reliable flow of air for testing and caused turbulence

from the model going through its own wake. (NASA,2005) During the mid-1700’s, Sir George



Cayley used a whirling arm that could produce velocities of 10 to 20 feet per second but was not
modified in any way to correct for the model going through its own wake. (Theodorsen, 1933)
Over the years since Robins’ first whirling arm, they had gotten bigger and able to produce faster
velocities to the point that researchers were able to obtain tip velocities in excess of 100 mph.
Since the times of Leonardo da Vinci and Sir Isaac Newton as well as Benjamin Robins and Sir
George Cayley, engineers realized that there was a need for a device to create and maintain a
steady, controllable flow of air. It wasn’t till the 1870’s that the Aeronautical Society of Great
Britain began development of the first enclosed wind tunnel that could maintain a steady,
controlled air flow. The society invented, designed and operated with the help of Francis Herbert
Wenham, who is credited with many aeronautical fundamental discoveries including the
measurement of lift-to-drag ratios and the importance of a high aspect ratio. (NASA,2005) Along
with other experiments that were completed using the new technology, Osborne Reynolds
demonstrated that the airflow pattern over a scale model would be the same as for a full-scale
model if certain parameters were the same with the scaled and full-scale model. The flow
parameter became known as the Reynolds Number which is a description for all fluid-flow
situations, including the shapes of flow pattern, the ease of heat transfer and the onset of
turbulence. However there are limitations on the conditions in which dynamic similarity are
based upon the Reynolds Number alone. (Theodorsen, 1933) With the advent of the Reynolds
Number, the wind-tunnel became a more powerful research tool which allowed the Wright
brothers to test their variously designed airfoils which revolutionized manned flight. Since the
Wright brothers, the use of wind-tunnels has exploded and the science of acrodynamics was

born.
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Wind-tunnels are often limited to the volume and the speed of airflow which could be delivered
by the flow environment and power plant respectively. The wind-tunnels used by the Germans
during WWII are an interesting example of the difficulties associated with extending the useful
range of large wind-tunnels. To overcome the limit in volume that kept large wind-tunnels from
operating effectively, the Germans used caves which were excavated to be even larger to store
air which could be diverted to their wind-tunnels when needed. The caves allowed for an
increase in air volume which in turn allowed the research labs to explore the high-speed regimes
and greatly accelerated the number of aircraft advances that German held over the Allies. By the
end of the war, Germany had three different supersonic wind-tunnels that were able to sustain
velocities of Mach 4.4. (NASA, 2005) Since the time of the war, metal vessels which can hold
very high pressure and handle higher volumes of air where developed and are used as a substitute
to the German design. Later research focused on more powerful power plants, turbine blade
design, tunnel shape and test section design. Wind-tunnels and other types of tunnels were the
best aerodynamic research tool until computer power increased enough for the development of
CFD (Computational Fluid Dynamics) programs to take over for the expensively run wind-

tunnels. Even with CFD solvers being used, wind-tunnels still have their place in research today.
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The design of wind-tunnels can be open-circuit or closed-circuit. Open-circuit tunnels (Figure
1.2) can also be “suckdown” or “blower” tunnels. A “Suckdown” tunnel is open to the
atmosphere (open-circuit) and has the axial fan or centrifugal blower downstream of the test

section which sucks the fluid through the test section. A “Blower” tunnel is also open to the
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atmosphere but has the axial fan or centrifugal blower upstream of the test station and blows the
fluid through the test station. Open-circuit tunnels have the advantage of being less expensive to
build but come at the cost of requiring more power to operate and the model can only be

subjected to ambient conditions.
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Closed-circuit tunnels (Figure 1.3) are closed to the outside atmosphere with an axial fan or
multi-stage axial compressor (supersonic tunnels) to create the fluid stream. Two advantages
over the open-circuit tunnels are that the atmospheric conditions in the tunnel can be controlled
and this type of tunnel avoids the loss of returning air’s momentum. Closed-circuit tunnels also
have more uniform flow through the test section than open-circuit tunnels but great attention
needs to be concentrated on the design of the entrance to the test section to maintain uniform
flow. The control over the conditions and flow in the tunnel comes with the cost of being very

expensive to build. (Pankhurst, 1952)
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The fluid flow created by the fans blowing into the test section is highly turbulent due to the
motion of the blades on the fan. The turbulence can be dissipated by adding closely-spaced
vertical and horizontal vanes which smooth out the fluid before it enters the test section.
“Suckdown” tunnels do not have this issue since the fan is positioned behind the test section and
downstream of the fluid flow. In closed-circuit tunnels, the fan or turbine is located on the
opposite side of the tunnel from the test section which allows the fluid flow to encounter several
vane sets to straighten the fluid flow before it reaches the test section. The vane set allow for the
flow to be “sucked” or “blown” down the tunnel with the fluid flow entering the test section in a
laminar state. The tunnel itself is usually circular due to the effects of viscosity of a fluid flow
through a square cross section. The fluid flow through a square cross section will have flow
constriction in the corners of the square tunnel which will cause turbulent flow. The inside face

of the tunnel walls are made as smooth as possible to reduce surface drag and turbulence.
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The test section of most wind tunnels is rectangular while the tunnel itself is circular which
causes its own design issues. The inlet must keep the flow laminar during the transition from
circular to rectangular. Since there will always be some turbulence entering the test section, this
must be accounted for when analyzing the model data. The model in the test section is usually
kept in the center of the test section to reduce interaction with the test section wall boundary
layer but this cannot always be obtained due to test section design or placement of the model

itself. (Figure 1.4a and b) The test section and model create a host of other issues that will need

to be corrected and factored out in order for the model data to be accurate and useful.

/
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In the book, “Low-Speed Wind Tunnel Testing”, the author produces a list of issues produced by
the existence of the walls in the test section. The issues one needs to consider are listed below;
(Pope, 1984)

X In a closed test section, a lateral constraint to the flow pattern about a body is known as
“solid blockage” and causes an increase of dynamic pressure, increasing all forces and
moments at a given angle of attack. In an open test section, the effect of “solid blockage”
is usually negligible since the flow is allowed to expand in a normal matter.

X In closed test sections, a lateral constraint to the flow pattern about the wake is known as
“wake blockage.” The “wake blockage” effect increases the wake size which in turn
increases the drag on the model. In an open test section, the effect of “wake blockage” is
usually negligible since the flow is allowed to expand in a normal matter.

X In closed test section, the angle of attack near the wingtips of a model with a large span is

increased excessively, making the tip stall start early. The effect of an open jet is opposite
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where the tips are unstalled. In both cases the effect is diminished to the point of
negligibility by keeping model span less than .8 of the tunnel width

X An alteration to the normal curvature of the flow about a wing so that the wing moment
coefficient, wing lift and angle of attack are increased in a closed wind tunnel and is
decreased with an open jet.

X The normal downwash is altered so that the measured lift and drag are in error. The
closed jet makes the lift too large and the drag too small at a given geometric angle of

attack. An open jet has just the opposite effect.

The normal downwash is altered gbat behind the wing is theneasured tail setting and static
stability are in error In a closedlet, the model has too muchadiility and an excessively high
wake location. In an open jet, thstability effect is large.

X The normal flow pattern is altered so that the hinge moments are too large in a closed test
section and too small in an open test section.

X The normal flow is altered about an asymmetrically loaded wing such that the boundary
effects become asymmetric and the observed rolling and yawing moments are in error.

X The flow is altered by a thrusting propeller such that a given thrust occurs at a speed
lower than it would be in free-flowing air when in a closed test section. With the
propeller braking, the effect is opposite. Wake effects such as these are negligible when a
free jet is employed.

In most instances, corrections for all the above will not be used at once. With these corrections
listed above, extraneous corrections are needed due to wind tunnel design which includes

angularity of flow, local variations in velocity, tare, and interference.
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Wall effects that need to be corrected depend on the model that is placed in the tunnel. With an
airfoil spanning the test section, wall to wall, 2D wall effect corrections will be utilized. Other

shapes that are not considered 2D will employ 3D wall effect corrections.
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The method of images approach allows for the flow pattern about the wing to be closely
simulated mathematically by replacing the wing with a system of vortices composed of a lifting
line vortex and a pair of trailing vortices. (Theodorsen, 1933) Similarly, a solid body may be
represented by a source-sink system and a wake by source. The simulation of a course, sink,
doublet or vortex behind the boundary to be represented. “Solid boundaries are formed by the

addition of an image system which produces a zero streamline matching the solid boundary.
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An open boundary requires an image system that produces a zero velocity potential line which
matches the boundary. (Pope, 1984) After the image system is established, a closed rectangular
test section becomes a doubly infinite system of vortices. This method can be used to determine
the corrected values for the induced drag coefficient, induced angle of attack and the induced
velocities. In the book written by Gustafson, he discusses the need, in both the inviscid and
viscous flow, that the normal boundary condition for the solid walls to set the system of images

correctly. This will ensure you have an accurate solution when calculating the correction factors.

(Gustafson and Sethian, 1991)

B. Buoyancy Correction

Like the other correction factors needed to analyze the data returned from wind tunnel testing,
the buoyancy correction is need for all parts of an aircraft, especially the fuselage. While the

fuselage experiences significantly higher drag due to buoyancy force than a wing or airfoil, the
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development of the correction factor for a wing or airfoil is still necessary. As the flow passes an
immersed body in a wind tunnel test section, the flow would like to expand beyond the walls of
the test section. In order to conserve mass, the flow therefore must accelerate. This interaction
between the test section walls and the flow near the test section is referred to as horizontal

buoyancy, and is defined (Hahn, 2004) as

(& L F &= (1.1)
where

A .0

é 4g—<:—0;6 (1.2)

Values of / can be found in figure 1.6. The derivative of pressure with respect to x was
provided as some pressure. The horizontal buoyancy must be subtracted from the drag of the
model before analysis can commence. Some wind tunnels have slightly expanding walls to

mitigate the buoyancy force that is projected onto the body in the flow field. (Pope, 1984)
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C. Wake Blockage Corrections

Any real body without suction-type boundary layer control will have a wake behind it and this
wake will have a mean velocity lower than the free stream. The velocity outside the wake in a
closed tunnel must be higher than free stream in order that a constant volume of fluid may pass
through the test section. Maskell’s theory of wake blockage in closed tunnels was originally
intended for use with aircraft models. The theory applies to large blockages arising in the testing
of bluff models, particularly those mounted on the floor. “Maskell has derived expressions for
the correction of force and pressure coefficients measured in a closed wind tunnel on bluff
models subject to separated flow. For symmetrical models, normal to the wind direction, the

relationships given” (Gould, 1970) are shown in equation 1.2.

G & 57% |
ALl Ls E .y, % (1.3)

These relationships are the key to developing the corrected values for wake blockage and can be

verified through experimental methods using a flat plate.

D. Solid Blockage Corrections

The presence of a model in the test section reduces the area through which the air can flow and
by continuity and Bernoulli’s equation increases the velocity of the air as it flows over the
model. This increase of velocity is called solid blockage. “Its effect is a function of model
thickness, thickness distribution, model size and is independent of the camber.” (Herriot, 1950)
To determine the blockage correction for a symmetrical body at zero attack, it is only necessary

to consider only the basic profile of the airfoil. The wing can be represented by a series of finite
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lines of sources and sinks. The lines will thin down at the extreme tip and the planform will not
be exactly rectangular. The actual wing is represented quite well by this method and enables a

calculation to be made of the induced velocity along the tunnel axis by images of the wing. The
velocity induced by the images which represents the effect of the tunnel walls on the velocity at

the model is known as the solid-blockage correction.
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The earliest serious work on the development of airfoil sections began in the late 1800's.
Although it was known that flat plates would produce lift when set at an angle of incidence,
some suspected that shapes with curvature, which more closely resembled bird wings would
produce more lift or do so more efficiently. H.F. Phillips patented a series of airfoil shapes in
1884 after testing them in one of the earliest wind tunnels in which "artificial currents of air
(were) produced from induction by a steam jet in a wooden trunk or conduit." (Theodorsen,
1933) Octave Chanute writes in 1893, "...it seems very desirable that further scientific
experiments be made on concavo-convex surfaces of varying shapes, for it is not impossible that
the difference between success and failure of a proposed flying machine will depend upon the
sustaining effect between a plane surface and one properly curved to get a maximum of 'lift"."

(Theodorsen, 1933)
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At nearly the same time, Otto Lilienthal had similar ideas. (Lilienthal, 2000) Lilienthal had a
clear interest in the physical basis of flight: He wanted to fly. He realized quickly and correctly
that the knowledge of his time was absolutely insufficient for his aim. So he put his main aim
aside for decades in order to concentrate on an extensive aerodynamic measurement program.
After more than 20 years of experiments in physics without a single practical attempt to fly,
Lilienthal summarized his knowledge in!the book “Bird flight as the basis of aviation” in 1889.
Lilienthal describes the technique of flight as a stomping ground for amateurs, “emotion-
mechanics” and only a few specialists (Lilienthal, 2000). His book is for all of them. It is a
popular book about physics which guides in a clear line of thought to from Lilienthal” achieved
newest state of research. The book is still a standard for the research of bird flight today.
Lilienthal combined theoretical and technical skills and skills in craft and athletics in a very
special way which enabled him to become the first flying human. He worked out the theoretical
stock-in-trade for human flight, constructed a suitable flying apparatus and built it mostly by
himself. He had the physical constitution, courage and dexterity in order to test his flying
apparatus. He was designer and testing pilot in one person. So it was easier for him to improve
his construction during the testing period. The diversity of Lilienthal's skills, the broadness of his
interests and his interdisciplinary approach are certainly essential reasons for his success.

No one equaled him in the power to draw new recruits to the cause; no one equaled him in
fullness and desire of understanding of the principles of flight; no one did so much to convince
the world of the advantages of curved wing surfaces; and no one did so much to transfer the
problem of human flight to the open air where it belonged.

As a missionary, he was wonderful. He presented the cause of human flight to his readers so

earnestly, so attractively, and so convincingly that it was difficult for anyone to resist the
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temptation to make an attempt at it himself, ... he was without question the greatest of the
precursors, and the world owes to him a great debt. With these words in 1912, Wilbur

Wright described the man who was the most important influence on practical flying and flight
theory before the Wright brothers: the German engineer, Otto Lilienthal.

Airfoils used by the Wright Brothers closely resembled Lilienthal's sections: thin and highly
cambered. (Lilienthal, 2000) This was quite possibly because early tests of airfoil sections were
done at an extremely low Reynolds number, where such sections behave much better than
thicker ones. The erroneous belief that efficient airfoils had to be thin and highly cambered was
one reason that some of the first airplanes were biplanes. The use of such sections gradually
diminished over the next decade.!A wide range of airfoils were developed, based primarily on
trial and error. Some of the more successful sections such as the Clark Y and Gottingen 398 were
used as the basis for a family of sections tested by the NACA in the early 1920's. (NASA, 2005)
In 1939, Eastman Jacobs at the NACA in Langley, designed and tested the first laminar flow
airfoil sections. These shapes had extremely low drag and the section shown here achieved a lift
to drag ratio of about 300. A modern laminar flow section, used on sailplanes, illustrates that the
concept is practical for some applications. It was not thought to be practical for many years after
Jacobs demonstrated it in the wind tunnel. Even now, the utility of the concept is not wholly
accepted and the "Laminar Flow True-Believers Club" meets each year at the homebuilt aircraft
fly-in. One of the reasons that modern airfoils look quite different from one another and
designers have not settled on the one best airfoil is that the flow conditions and design goals
change from one application to the next. On the right are some airfoils designed for low
Reynolds numbers. Unusual airfoil design constraints can sometimes arise, leading to some

unconventional shapes. The airfoil here was designed for an ultra-light sailplane requiring very
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high maximum lift coefficients with small pitching moments at high speed. One possible
solution: a variable geometry airfoil with flexible lower surface.

Today, airfoils are continuously re-evaluated in order to meet the growing demand in
commercial, military, and scientific applications. Drag can be reduced to save on fuel costs; lift
can be increased to enable lower speed flight; profiles can be redesigned to accommodate heat
transfer at high speeds. In these applications, airfoils are optimized for performance and
economy at specific operating conditions defined by altitude, temperature, and velocity. The
main consideration in airfoil design is the relative velocity of the airfoil. For this reason, airfoils
for subsonic, transonic, supersonic, and hypersonic flow conditions exhibit strikingly different
design philosophies (John. D. Anderson). High speed airfoils may have less camber to reduce
skin friction drag and low speed airfoils will tend to have more camber in order to maximize lift.
Different airfoils are defined by various parameters such as leading edge (LE), trailing edge

(TE), thickness (t), chord (c), and camber, as seen in Figure 2.2.
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Clark Y-14 is the name of a particular airfoil profile, widely used in general

purpose aircraft designs, and much studied in aerodynamics over the years. The profile was
designed in 1922 by Virginius E. Clark. The airfoil has a thickness of 11.7 percent and is flat on
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the lower surface from 30 percent of chord back. The flat bottom simplifies angle measurements
on propellers, and makes for easy construction of wings on a flat surface. The Clark Y is

appealing thanks to its high camber, which produces a very good lift-to-drag ratio.

diEX ...
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The Lockheed Vega is one example of the Clark Y used in practice. For many applications the

Clark Y has been adequate; it gives reasonable overall performance in respect of its lift-to-drag
ratio, and has gentle and relatively benign stall characteristics. But the flat lower surface is sub-
optimal from an aerodynamic perspective, and it is rarely used in new designs. The Spirit of St.

Louis and the Piper Cub use the Clark Y.
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The Clark Y-14 was chosen for this project due to the airfoil being a general purpose design that
can be used for its superb control at low Reynolds numbers. An additional feature of this wing is
that its lower surface is parallel to its chord, enabling the use of an inclinometer to change the
angle of attack directly if needed. For this project, the Clark Y-14 airfoil is characterized under
low-speed operating conditions. A full airfoil is mounted vertically in the SJSU wind tunnel to
obtain 2D flow conditions and pressure distributions over the chord as well as measure the wake.
In addition to the 2D characterization, a Clark Y-14 wing is used for 3D characterization. The
Wing is mounted to a sting balance, in a horizontal position, to measure the reaction forces

directly. The data obtained from both the 2D and 3D experiments will be analyzed in order to
28



obtain values for the coefficients; C,, C,, C,, and C,. Wind tunnel wall corrections for the SJSU
tunnel are combined with the test data to develop corrected data more similar to free space
conditions. These results will then be compared with the theoretical and excepted data values for
any given angle of attack. The analysis will be building a more rigorous model of the Clark Y-

14’s behavior under low speed conditions.
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The aerodynamic forces acting on a body may be described by lift, drag and pitching moment.
Lift is the net vertical force and drag is the net horizontal force with respect to the direction of
motion. The pitching moment reflects the tendency of the airfoil or wing to pitch about a given
reference point. These quantities are derived from the normal force and axial force acting on the
airfoil by equations 2.1 and 2.2;

LO?KOUF#O0OEJU (2.1)

& L #?KOU EO0OEJU (2.2)

The normal force (N) is defined as the force perpendicular to the airfoil chord and the axial force
(A) that is acting parallel to the chord. It can be seen in the equations for the lift force ( . ;and the
drag force ( & are both derived from the same normal and axial force. However, the angle of
attack ( U ¢determines how much of the normal and axial forces transfer into the lift and how
transfer into the drag forces. The pitching moment may be expressed by an integral of the net

moments acting on the airfoil (Equation 2.3).
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In Equation 2.3, the differential moments are taken with respect to a given reference and then
integrated from the leading edge to the trailing edge. A graphical representation of these forces is

shown in Figure 2.4.
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In low-speed flows, several idealizations can be applied when the free stream velocity is under
Mach .3 to help simplify the fluid dynamics analysis. One assumption that can be made from the
idealization of the flow is that density remains constant (no compressibility of the fluid) since the
density varies by only a few percent from a velocity range of 0 to 300 mph (Anderson, 2007)
Another idealization is the flow is inviscid. Inviscid flows are flows that neglect the viscous
effects that occur in any flow such as fraction, thermal conduction and diffusion. Using this
assumption relies on having a higher Reynolds number because viscous effects have a significant
effect at low Reynolds numbers. These effects are known to be minimal for low-speed air flows
and this idealization is well supported by current theory. (Anderson, 2007) The flow is assumed
to be steady and the body forces acting on the working fluid were assumed to be minor compared
to dynamic effects. These idealized conditions are sufficient to allow the use of Bernoulli’s

equation (Equation 2.4), in the low-speed flow analysis.
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Bernoulli’s equation may also be derived from the momentum equation by considering a
differential control volume and applying the assumptions made previously. The resulting
equation shows that the sum of the local pressure (p) and the dynamic pressure (q), (Equation
2.5), is constant throughout a given flow. From this Equation, the local velocities may be
computed from knowledge of upstream data and local pressure so that all of the flow

characteristics may be obtained.

L E6®L?2KIOP=JP kK LEM (2.4)

M LIég (2.5)
Effects of the wind tunnel walls may be ignored by applying the inviscid flow approximation. By
doing so, the flow may be assumed to be uniform except over the airfoil/wing. Uniform flow
simplifies the control volume analysis and allows the consideration of a full length airfoil as a 2D
profile. The assumption of uniform flow is justified due to the smooth wind, the filtered flow and

the controlled entry into the test section.
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Airfoil performance may be characterized by quantities such as the lift, drag or pitching moment
produced under different operating conditions. These aerodynamic forces are often computed
from the total pressure over the planform area and are then normalized by the dynamic pressure
in order to produce non-dimensional quantities. For example, the lift, drag and normal
coefficients may be expressed as Equation 2.6, 2.7 and 2.8 respectively. The pitching moment
must also be normalized by the chord length in order to produce a non-dimensional moment

coefficient as in Equation 2.9.

oL —2 (2.6)

- ele
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These non-dimensional quantities are functions of the Reynolds number (Equation 2.10) and the
angle of attack. The Reynolds influence may be seen by the inclusion of the density ( & ;and the
velocity ( & ;terms while the angle of attack influence is implied through the force, moment and
area terms. Thus, in order to appreciate the full range of responses of a given airfoil, it is
necessary to consider a range of Reynolds numbers and angles of attack. Variation in the
Reynolds number produces different lift curves, while variations in the angle of attack will alter

the lift-drag ratio.
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Wing performance can be characterized much the same way as an airfoil’s performance.
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One method of obtaining the lift, drag and pitching moment coefficients of interest is to analyze
a control volume over the surface of the airfoil. In this method, localized pressure measurements
are taken in a plane in the chord wise direction on both the upper and lower surfaces to obtain a

pressure distribution. (Figure 2.5) The difference in the pressure distributions may then be

integrated in order to obtain an expression for the net pressure acting over the surface.
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In the pressure distribution shown in Figure 2.5, the arrows pointing towards the wingspan
represents a positive gage pressure while the upper pressure distribution shows outward pointing
arrows to show negative gage pressure. This is clarified in the two plots shown below the
pressure distribution diagram. It can be seen that the normalized gage pressure is lowest near the
leading edge where the velocity is the highest. This observation confirms the behavior predicted
by Bernoulli’s equation. However, a limitation of this arrangement is that the summation of
pressure data fails to detect the axial forces acting on the airfoil and the skin friction is

unaccounted for in this method.
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An alternative method of measuring drag force is to perform a control volume analysis over a
streamline bounded control volume. By applying conservation of momentum to this control

volume, it can be deduced that the body within the control volume contributed to a loss of
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momentum. The effects may be visualized by marking the inlet and outlet velocity profiles as
shown in Figure 2.6. The inlet flow is uniform while the outlet flow will have a non-uniform

shape due to localized loss of momentum. This loss of momentum is known as the drag

Unilerm velovity
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produced by the airfoil and may be indirectly calculated by solving the velocity profiles at either
end of the control volume. Alternatively, through the use of Bernoulli’s equation, localized
pressure measurements in the wake may be used instead. A non-dimensional analysis
considering normalized pressure was then used to solve for the coefficient of drag. This type of
arrangement will provide sufficient data to calculate the drag coefficient but differential forces

were not measured and thus lift and moment cannot be evaluated from this data.

L7T7S!C0!;.2&9+) '29&!U&#,12&@ &*+!
A more realistic method of predicting airfoil performance is to consider a finite length wingspan
mounted in the center of the test section. The 3D airfoil (wing) uses a sting balance that measures

the axial and normal reaction force imposed on the sting-airfoil structure due to the flow. The
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reduced constraints allow the airfoil to respond with the full six degrees of freedom and the finite

width of the airfoil will allow rotational flow over the sides of the wing.
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The San Jose State University wind tunnel (Figure 3.1) was designed by AEROLAB and is
specifically made for the educational environment. The wind tunnel is an open circuit or “Eiffel”
tunnel with a 12x12x12-inch test section where a force balance or table mounted models can be

used to obtain a variety of aerodynamics data.
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The maximum velocity that can be created is around 145 mph with a clear channel with near-
infinite adjustability above 10 mph with the 9 blade fan which is constructed of reinforced-
fiberglass. The blades are rated to a maximum rotational speed of 3437 rpm but maximum
rotational speed in the wind tunnel is 2345 rpm. The fan is mounted directly to the shaft of a
10HP motor which is controlled by heavy-duty variable frequency drive.

The tunnel ductings are composed of four major duct components which are the contraction, the
test section, the diffuser and then fan housing. A proprietary 9"™-order polynomial defines the
contraction contour. The contraction ratio (inlet area to outlet area) is 9.5:1 which allows the

tunnel to achieve high performance and low turbulence level at low speeds. Along with the
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contraction ratio, the shallow-angle (6° total-included divergence angle based on cross sectional
area) helps eliminate diffuser effects especially when large models are being tested (AEROLAB,
2007). Another contributing factor to the high performance of this tunnel is that flow conditioning
uses hexagonal matrixes which are 4 inches long and .25 inches wide to straighten the flow. The
hexagonal matrixes do little to eliminate small eddies, although the tunnel is equipped with two
turbulence-reducing screens immediately downstream of the hexagonal matrixes. They are made of
0.009 inch stainless steel wire spaced at 20 wires per inch. Small eddies in the air are broken into yet
smaller eddies by the screens. Comparatively speaking, smaller eddies dissipate faster than larger

eddies.

STL"&HI&KO+.* I 21>* +2 Q&> +#+."*

The test section of the AEROLAB wind tunnel is 12x12x12-inch (Figure 3.2) and is equipped
with diverging walls that diverge 0.0625 inches from the test section inlet to the outlet. The
diverging walls mitigate the test section buoyancy effect resulting from the growing boundary

layer thickness.
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The test section is also equipped with a manually-operated yaw table for models needing to be

mounted to the floor of the test section usually for pressure models. These models can be
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connected to a 24-tube multi-manometer that does not require the DAC or to the two solid-state
differential pressure transducers. When using the 24-tube multi-manometer, it only required reading
of the change of pressure from the tubes manually. The vertical glass tubes provide pressure
measurement as well as visualization. Along the bottom, these tubes connect to an anodized
aluminum reservoir. The reservoir remains at atmospheric pressure because the lid does not make a
perfect seal. To use models that require pressure transducers, a data acquisition (DAC) system is
supplied and is used with the pressure transducers and the sting balance. Also, there is a “sting”
Force/Moment Balance that is mounted to the top of the MPS (Motion Positioning System)
vertical arms. The wind tunnel’s three-component sting balance is mounted on a parallelogram-
type model positioning system. The model positioning system was designed specifically for the
EWT sting balance. It was dimensioned such that changes in pitch angle have little effect on
model height — the forward tip of the balance remains essentially stationary as pitch angle is
changed, therefore keeping the test model centered in the airflow. The pitch angle range is +/-
20°. Prior to shipment, the balance was calibrated (first order only) at AEROLAB.

The maximum load ranges are:

Normal Force (Side Force): 251bs. (111.2 N)
Axial Force: 10 Ibs. (44.5 N)
Pitching Moment (Yawing Moment): 50 inch-1bs. (5.65 N-m)

The use of the DAC is controlled by a program written in LabVIEW to control all tunnel
functions. This program is connected and used to control the two solid-state differential pressure

transducers and a three-component sting Force/Moment balance.
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The wind tunnel comes with a variety of models but the two models used to develop the
correction factors for the wind tunnel were the Clark Y-14 airfoil and wing. The Airfoil (Figure
3.3) is mounted vertically to the yaw table and spans the test section. The 18 flush-mounted

pressure tabs are connected to the pressure transducer array or can be connected to the 24-tube

multi-manometer. For this project, the pressure tabs are connected to the DAC to have the test runs

B

recorded through LabVIEW.
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The Clark Y-14 wing (Figure 3.4) can be mounted on sting balance only and has adjustable slats
and flaps for a wide variety of experiments that can be performed. The wing is 9.875 inches long
and has a span of 3.5 inches. For the purpose of this project, the wing will be left in a clean

configuration which entails the slats and flaps being left un-deployed.
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For an airfoil, there are several corrections that need to be performed to more accurately model
free-flight conditions. The four main wall corrections for an airfoil are buoyance, wake
blockage, solid blockage and streamline curvature. The buoyance corrections will have an
additive component to the drag force while the wake and solid blockage component are
dimensionless but are used in the correction for the streamline curvature. The streamline

curvature corrections are the most important for correcting airfoil data corrections for Aa, Acy,
. 5 . .
Acy, and includes the parameters; V., qc, Rec, 0., Cic, Cng and cqo. The velocities tested in the

wind-tunnel are 6.5, 30, 68 and 102 MPH and the Reynolds numbers are 100,000, 500,000,
1,200,000 and 1,800,000 respectively. Data and calculations for this chapter can be found in

Appendix B
T76!81'V#*9VI)'22&9+.™*!
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Closed-throat wind-tunnels have a variation of static pressure along the axis of the test section.
The variation of static pressure is due to a thickening of the boundary layer as the flow
progresses through the test section. As the flow approaches the end of the test section, the
pressure progressively becomes more negative. With the pressure turning more negative down
the length of the test section, the model tends to be sucked down the test section. The amount of
buoyancy is usually insignificant for wings and airfoils but the correction becomes more
important for fuselages and nacelles. The buoyancy corrections can be applied in the two-

dimensional or three-dimensional space. For the two-dimensional case, the cross-section area is
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shown in figure 4.1 and the static pressure variation along the test section length is graphed in
figure 4.2 as an example. It should be noted that for every velocity change, the static pressure
gradient through the test section will change. The static pressure can be determined
experimentally by measuring the pressure distribution over the airfoil or wing or by utilizing

equation 4.1 to determine the slope.

X a -1
=L F-6 (4.1)
X R »
CLARK Y AIRFOIL
03 : : :
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Wind tunnel designers employ slanted vertical walls along the test section length to mitigate the
effects of the buoyancy force on the model. The walls slightly widen from the narrowest point at
the mouth of the test section and opens to a determined width through calculations and then

verification of the results to ensure the test section exit has not over expanded.

T767LIF552'#94!
It can be seen that the variation of the static pressure in figure 4.2 from any two given station
along the airfoil is linear and therefore the pressure differential acts on the average area. The

resulting drag force for that segment of the airfoil is

1.>1
(&L olg F =t (4.2)
Equation 4.2 can be solved by plotting the local static pressure against the cross-section area as
in figure 4.2 and the area under the curve is found to be the buoyancy. If the static pressure

gradient is a straight line, equation 4.2 simplifies to
¢& L A5 @A @H (4.3)
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Graphing the static pressure gradient shows that the test section is effectively shrinking and this
can be illustrated by viewing streamlines transiting down the test-section. As the streamlines
approach the end of the test section, they are closer together than when entering the test section.
The squeezing effect should be accounted for in the corrected equation and added to the pressure

gradient effect. The total drag increment per span length with the included squeezing effect is
(& L EiP— (4.4)
where &can be found from figure 4.3. Without experimental data to find the values for the body

shape,! ¢,&,, can be determined easier by replacing & P with —Z & 9. With the substitution of

5
3 &% 1.8, becomes

(0] XA

(& L FEPT L L &dl 4.5)

e o G
where é L —S@A—g@; & -E—I - B:s F 2¢ ETIé; C@(, &can also be determined by Figure

5.4.
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A more rigorous approach is necessary if the pressure gradient is not given where the use of the
Bernoulli’s and continuity equations are needed. The pressure gradient can be determined by
using Bernoulli’s equation (Equation 4.6) and the continuity equation (Equation 4.7) by knowing
the velocity and pressure at the entrance of the wind tunnel. The velocity and pressure can be

then determined at the test section entrance and exit.
5E-68 L 2E-éEf (4.6)
&8 #s L €58 4.7)
To begin, the Re. will need to be determined for a given § for the experiment. Re,; for a flat
plate, which taking one side of the test section can be assumed, is 500,000. For Re < 500,000, the

flow is considered to be laminar and for Re > 500,000, the flow is considered to be turbulent. The

Reynolds number for a length is found by

4 pL—2lef ‘('@@0 (4.8)
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Once the Reynolds number is found for the test section length, the determination if the flow is
laminar or turbulent can be made. If the flow is laminar the test section length, the boundary

layer displacement can be found directly from

1) 546
The exit velocity is needed at the test section exit which depends on the cross-sectional area at

the exit. The cross-sectional area is dependent on the boundary layer displacement. Since the

boundary layer displacement has been found, the effective area at the exit can also be found by

e gub PW®,4 (4.10)

For the case where flow turns turbulent before exiting the test section, the x., will need to be

found to determine the boundary layer displacement. (Figure 4.3)
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The transition point, X, is determined by using the critical Reynolds number for a flat plate in
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ele
With the transition point found, the laminar boundary layer displacement can be found at that
point by using equation 4.9. The laminar boundary layer displacement at the transition point can

also be assumed to be the thickness of the turbulent boundary layer displacement. With that

assumption,

Roal Balgge (4.12)
Solving for X.q, the starting point of turbulent boundary layer can be found by subtracting Xq
from Tg gSince the turbulent boundary layer start point has been identified, equation 4.12 can be
used to find the turbulent boundary layer displacement at the test section exit by replacing x.q in
the equation with the length of the turbulent boundary layer. Using equation 4.10 and replacing
L'Jz?» with Lf"» & the effective exit area can be found.
The test section exit area can now be used in equation 4.7 but the other parameters also need to
be found. Some assumptions need to be made to simplify the problem 1) by ignoring the losses
through the contraction of the inlet of the test section, 2) ignoring the losses through the flow
screen at the wind-tunnel entrance, 3) assuming incompressible flow and the pressure at the
entrance of the test section is actually lower than the pressure calculated at the test section

entrance. The known parameters for equation 4.6 are 24, a€ = J @wBich are assumed to be

. _U(;
STD and 8;is 0 — 50
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Since the boundary conditions at the entrance of the wind-tunnel are known, equation 4.6 can be
utilized to find P, at station 1 but realize P, is actually less than P;. (Figure 4.6) V| is also known
since it is measured at station 1 with the DAC. All variables are now known for station 0 and 1
but unknown for station 2. V; at station 2 will need to be calculated by equation 4.7 and the
cross-sectional area that was calculated for section 2, the test section exit by the process of
determining the boundary layer displacement. (Figure 4.7) The last variable that needs to be
found is P, which can be easily calculated by equation 4.6. Once all six variables have been

calculated, the longitudinal static pressure gradient can be found for any free-stream velocity.
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By using the P; and P», the longitudinal static pressure gradient is calculated by
xd, E?E

x 3 1

(4.13)

Xe .
This process can be repeated as many times as needed to obtain a wve for the wind-tunnel.

. . . . xa
A code to complete this task is shown in Appendix A and can be used to output a range of Tr;to

excel file. Now that the pressure gradient through the test section is known, this allows for the

application of a simplified equation for the buoyancy correction (Equation 4.14) for an airfoil.

(& L F@:>K@ UHRKA (4.14)
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To determine the 2D buoyancy correction, the cross-sectional exit area of the test section is

shown in figure 4.8.
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Equation 4.14 is used along with equation 4.6 and 4.6 to determine the static pressure gradient

through the test section (Figure 4.9).
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The airfoil has a model volume of .0068 ft* by recreating an exact model of the airfoil in
SolidWorks. The 2D buoyancy correction, as shown on the chart below, was calculated for a

velocity range of 0 — 334 a%;agd is plotted in figure 5.6. The maximum velocity plotted

correspondsto / L &t sea level.
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As seen in figure 4.10, the buoyancy drag contributes very little to the overall drag on the airfoil.
The largest amount of drag for what is considered “low speed” is approximately .9 lbs. per span
length and could be omitted from the wall corrections if a high degree of fidelity is not required.
With the assumptions that the boundary layer starts at station 1 in figure 4.6, this creates a certain
amount of error in the calculations. Since the boundary layer actually starts at the entrance of the
wind-tunnel, by the time the flow reaches the test section entrance, it could already be turbulent.
The assumption was made because the exact equation used to create the inlet is not known nor
the actually roughness of the inner surface. Also, the wind-tunnel has a flow straightening system
at the entrance. The entering air first passes through a matrix of parallel passages that are shaped as
a hexagonal matrix, like a “honeycomb”. The honeycomb cells are 4 inches long and serve to

straighten the flow — to eliminate most flow angularity. The “honeycomb” matrix does little to
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eliminate small eddies and it is hard to account for these eddies which effects on the boundary layer
thickness. The tunnel is equipped with two turbulence-reducing screens immediately downstream of
the honeycomb and even though they help keep the flow straight, it is hard to calculate the screens
effects on the boundary layer.

The effective cross-sectional exit area of the test section is affected by the wind-tunnel inlet
conditions. The effective area is more susceptible to the inlet conditions at very low speeds as
seen in figure 4.8. At approximately 90 ft/sec, the test section exit turns from laminar to turbulent
which reduces the boundary layer displacement and which causes the pressure gradient slope to
decrease slightly. Once the flow turns turbulent in the test section, the effective cross-sectional
exit area stabilizes and at approximately 140 ft/sec, the area becomes equal to .9962 ft* for M <

3.
T7L13'%.?!18%'9:#0&!)'22&9+."*!
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With a two-dimensional model in the test section, the flow is semi-blocked and the flow area is
reduced. In order for continuity and Bernoulli’s equation to be satisfied, the flow must increase
in velocity to maintain the same mass flow rate through the test section. The increase of velocity
is considered solid blockage and is a function of model thickness, thickness distribution and
model size. The camber of the airfoil is independent of the solid blockage. “The solid blockage
velocity increment at the model is much less (about ’4 ) than the increment one obtains from the
direct area reduction.” (Pope, 1984) The streamlines furthest from the model are also impacted

by the increment velocity since they are displaced more due to the confines of the test section.
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In solving solid-blockage problems, it is important to determine the axial velocity. One case to
examine is where a circular cylinder is placed into a two-dimensional test section. The circular
cylinder can be simulated as doublet of certain strength and is contained by an infinite vertical

series of doublets of the same strength. Using this simulation of doublets, the axial velocity can

be found by

<L

I'a

C)l O

(4.15)

Since the velocity produced by a doublet varies inversely with the square of the distance from the

doublet, then doubly infinite doublet series may be summed as

o

Daed—-lc}_;;gagéé- @3_5 L

a

C>| O

<5 (4.16)

(e}

To use a 2-ft diameter cylinder in a tunnel that is 10-ft high would have a solid blockage that
would cause the flow velocity to be increased by 3.3% over the true free-stream velocity. In the

case of an airfoil, the solid-blockage velocity increment (Glauert, 1933) is show be
. .I. . . . . ~
Bed Tricacok DAGAIOA L dgitta (4.17)

where values of 8gan be found in figure 4.9. Another variation to determine the solid-blockage
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on an airfoil is from a report that uses some factors associated with the buoyancy correction

(Allen and Vincenti, 1944). The following result is from their work where
Bk &€ (4.18)
. = € .
where € L —S@A—S@; & L é%éA simpler equation for the solid-blockage correction for a

two-dimensional tunnel is given by

AaaxgR éaBRead;

Exb (4.19)

l
Ya
where - is .74 for a wing spanning the tunnel test section horizontally and -5is .52 for a span

that is spanning vertically and a good approximation for an airfoil model volume is

Faaxgel 8PY; aZxoi™> (4.20)
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The approximation of the airfoil model volume is only appropriate at a 0 angle of attack. For
any other angle of attack, the model thickness becomes

P L ? e«Ecav{ (4.21)
where the .49 is the thickness of the airfoil due to the chord line of the Clark Y-14 being the
bottom edge of the airfoil. The model chord becomes

Zaxgh 20 e U; (4.22)
and the model span remains unaffected. The variable, C, can be used but if greater accuracy is
desired, the geometric area of the exit of the test section should be used less the boundary layer
displacement thickness around the perimeter. The boundary layer displacement can be calculated
by using the process in section 4.1. But if an approximation is adequate, the approximation of the
displacement thickness is .6 of the boundary layer thickness, since the boundary layer turns

turbulent at some point in the test section. The boundary layer thickness can be found by
“ Oe
Uul—@u (4.23)
l®
For an example of boundary layer thicknesses, wind tunnels with the general size of 7x10-ft have

: : 5, 7.
displacement thicknesses of % F—8 inch.

T7L7S!D&,1%-+,!

For the 2D solid blockage correction, equation 4.19 is used to determine the correction factor for
the solid blockage. Since the airfoil is mounted vertically in the wind tunnel, a - g5value of .52
was used. C is the effective area at the exit of the test section and figure 4.8 can be used to find
the effective area for a plotted velocity. The model volume is estimated with equations 4.20,
4.21, 4.22 and is plotted in figure 4.12. With the model volume and test section exit effective

arca
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calculated for angle of attacks from -4 to 16 degrees, the solid blockage is calculated and plotted

in figure 4.13a. A more detailed view of solid blockage curve is plotted in figure 4.13b.
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The two-dimensional solid blockage is a dimensionless quantity and increases with angle of
attack as seen in figure 4.12 and 4.13. The plot shows the solid blockage at very low speeds
jumps dramatically but continues in a decreasing slope as the flow speed increases. At a velocity
of approximately 83 feet per second, the boundary layer turns turbulent at the exit of the test
section and causes the solid blockage to drop and stay flat for the remainder of the velocities
used in calculations.

A fundamental source of error in the solid blockage used in section 4.2.2 is the simulation of the
body by doublet system to develop the equations. It may be possible to circumvent the error if

the pressure at the tunnel wall is measured with the model in place and then with the model
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removed. The resultant velocity increment can be computed and the image system theory can be
used to compute the ratio between blockage at the wall and at the tunnel centerline. The
AEROLAB wind tunnel has two holes in the walls of the test section used for pitot tube insertion
to measure pressure. When the pitot tube is not installed, the holes are left open and can actually
lead to a reduction in the solid blockage since pressure can be naturally increased or decreased

depending on tunnel conditions.

T7SIC# &!18%'9:#9&!)'22&9+. *!

T7S76!"&2 \!

All bodies create a wake with the fluid they are moving through and bodies in wind tunnels are
not exempt. The law of continuity states the velocity outside the wake in a closed tunnel must be
higher than the free stream velocity in order for a constant volume of fluid to flow through the
test section. (Figure 4.14) The velocity in the mainstream will be higher due to Bernoulli’s
principle. Bernoulli’s principle states that a pressure gradient derived because of the boundary
layer growth along the model induces a velocity increment on the model. Wake blockage may be

neglected for the case of open top and bottom of the test section. The natural tendency for the

[. 012&!T76 T=HO2#@!'(1+ & <&%'M52(.%&,! . *1#&,+!,&9+."H.+4!H#: & TBW'5&K!6NT

wake is toward the axial symmetry which permits a single correction.
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In order to calculate the wake effect due to the model, we must first simulate the wake and the
tunnel boundaries. For the two-dimensional case, a line source is needed to be placed at the
wing’s trailing edge with some hypothetical different colored fluid which can mark the wake
region. The region to be emitted (Q) may be determined by

& L é38 (4.24)
To preserve continuity, a sink must be placed at least 4 body lengths downstream. This
simulation of the wake must be contained between the upper and lower surface of the test section
walls by an infinite vertical row of sink-source combinations. The sources will not produce an

axial velocity on the model but the sinks will induce a horizontal velocity in the amount of

—
|9‘| >

¢ 8 (4.25)

[o)]

where h; is the spacing between sources. The one-half in equation 4.25 is due to half of the sink
velocity increment will be felt upstream and downstream. The incremental velocity is produced
at the model due to the walls and it should be added to the measured velocity. A handy equation

for the incremental velocity is

®

Bold L i (2.26)

i
where 1 I%p. Maskell’s two-dimensional method calculates the wake blockages correction by

Boli LEo, 2.27)
To be able to utilize equation 2.27, the ? gmust be known or be able to be calculated. One

method for calculating the % ais by

5.0 X1 o Xlx,

AL B F 2 @ TH VaE 4@ T (2.28)
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This method requires that the shear stresses from the upper and lower surfaces of the airfoil to be
measured. The AEROLAB wind-tunnel is incapable of measuring the shear stresses and with
only the c, available, only the pressure drag can be measured which is a very small part of the

total drag. The shear stresses on the surface of the airfoil dominate the additive component of the

drag. An alternate method is to calculate the ? sfrom the wake that is created behind the airfoil.

Q iaxi
2 L2
2 L S F " (2.29)
This method does not have the additive component of skin friction drag but is more accurate

when using only pressure. To measure the wake, a “wake” rake is placed behind the airfoil as in

figure 4.15. The “wake” rake measures the pressure across 18 pressure ports, these pressures are

|

\\

L

.

[. 012&!T76NtHCT#:&e!12#.&!1$&4 . *?1H4&!)%#2N AGT!#.2(".%!

then converted to dynamic pressures by

ML F2 (4.30)
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Once the dynamic pressures across the rake have been calculated, a plot of the q is needed to

visually see where the wake is located. Taking the q’s that are in the wake, apply equation 4.31
=NA= KB EJ?NAHAIR T L (4.31)
where the ¢ Tis the distance between the pressure ports to find the area under the curve for each

q value and the area can then be summed to satisfy the 1 M @ dduation 2.29. After the

integration has been completed, the rest of the equation becomes trivial to calculate the 2 a

T7S7SID&,1%+,!

Figures 4.16 through 4.18 were plotted with the calculated data from using equation 2.29.
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Figure 4.19 is developed from the calculated cq of the pressure data corresponding to equation

4.30.
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Figure 4.20 is plotted with the calculated wake blockage from equation 2.27.

o)
(e}
=
'S

)

o)
o)

6.5 MPH
=30 MPH

w68 MPH

o]
[en]
[e»]

/
\
|

%

JOG# ('42G05#e,

ol
o
besd
=

(o)
[n]
D
No

e

(e}
(e}
(e}
()

6 11 16
;15'#%# 4*0++02@&>#5"##$-

=
[y

[.012&!T7LMIa!W%'+!"(1+4& | H# RHI& <, 7 1#*0% & ' (1#++#9:!

65



T7S7T!.,91,,."

The wake blockage for a two-dimensional shape depends heavily on the coefficient of drag and it
is important to have complete data relating to the drag (skin friction and pressure). Without all
the components for the drag, it is hard to calculate the correct wake blockage. It is also difficult
to get a complete picture of the drag without developing an equation to model the pressures to
integrate in equations 2.28 and 2.29. This point is illustrated in figure 4.19 where the cq4is greater
for the case of the 30 MPH flow compared with the 6.5 MPH flow but both are higher for the 68
MPH flow. This is confusing because it would be expected that the ¢4 would slowly increase
with flow speed to a certain point.

In figure 4.16, flow through the test section is so slow that that pressure sensors have a difficult
time measuring any pressure change over the noise created by the senor itself. Figure 4.17 shows
a more expect profile shape as the flow velocity increases. It can be seen that the flow is
becoming steadier and when the test section velocity is increased to 68 MPH, the wake profile
becomes very smooth and easily distinguishable from the normal flow conditions. Due to tunnel
limitations, a 102 MPH run could not be performed due to the wake and solid blockage
becoming so great, that it would “choke” the tunnel flow, and possibly damage some of the
equipment.

Also, a consideration needs to be made that the wake rake did not measure the entire wake and
therefore, the wake correction is left incomplete. This issue will lead to an incorrect cq from
being calculated. Since two of the main contributors of the wake blockage come from the wake

calculations, the error could be significant.
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For the streamlines, the presence of the ceiling and the floor prevents the normal curvature of the
free flow that occurs about any lifting body, and relative to the straightened flow, the body
appears to have more camber than it actually has. This is usually on the order of 1% for
customary sizes. Accordingly, the airfoil in a closed wind tunnel has too much lift and moment
force about the quarter chord at any given angle of attack as well as the angle of attack being too
large itself. This effect is not limited to cambered airfoils but to any lifting body that produces a
general curvature in the airstream.

To gain insight into the streamline curvature effect, it must be assumed that the airfoil in
question is small and may be approximated by a single vortex at its quarter-chord point. The
image system necessary to contain this vortex between the floor and ceiling consists of a vertical
row of vortices about and below the real vortex. The image system extends to infinity both above
and below and has alternating signs according to the section about the method of images that will
be discussed in a later section. With the method of images, it can be seen that by considering the
first image pair as shown in figure 4.22, it is apparent that the vortices induce no horizontal
velocity since the horizontal components cancel but the vertical components add induced

velocity.
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From simple vortex theory, the vertical velocity at a distance x from the lifting line will be

L

6 U>é

g L (4.31)
Substitution of reasonable values for x and h into the above equation reveals that the boundary-
induced upwash angle varies almost linearly along the chord, and hence the stream curvature is
essentially circular.

The chordwise load for an airfoil with circular camber may be considered to be a flat plate
loading plus an elliptically shaped loading. The magnitude of the flat plate loaded is determined
from the product of the slope of the lift curve and the boundary-induced increase in the angle of
the tangent at the half-chord point because for a circular camber the curve at this point is parallel

to the line connecting the ends of the camber line. The load is properly computed as an angle of

attack correction.
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To complete the corrections for the streamlines, the airfoil will need to be assumed to be a flat

plate. A correction for the angle of attack is developed by
UL+;% (4.32)
where

(4.33)

assuming that :—8; 6is small compared to h” which is the first image pair. The second pair of

vortices being twice as far away, will be roughly one-fourth as effective and the third pair, one-

ninth. So that so that for the images above and below the real wing, we have

Ueol €7 (4.34)
The additive lift correction is
% ob F L8269 (4.35)
and the additive moment correction is
2. .
% wd 5 B w0 (4.36)

The complete low-speed wall effects for two-dimensional wind-tunnel testing are located below
if only the corrected term is needed. The data with the subscript u are uncorrected data and bases
on free-stream, clear tunnel g, with the exception of drag which must have the buoyancy
correction due to the longitudinal static-pressure gradient removed before final correcting.
The velocity correction is

8 Lo:® E Yacén (4.37)
The dynamic pressure is

M LeME t@'ég@'[g (438)
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The Reynolds number is
4A L4As E Q.o (4.39)

The angle of attack is

Yo p0iar . .
U L E 6"" “re B W2 (4.40)

where ?, - , comes from the moment force measured during wing-tunnel testing. The measure of

0

?,- o 18 from the wing testing and needs to have its own correction due the moment force being

0

taken at a different spot than at the quarter-chord point. In figure 4.22, it can seen that the actual

point of force measurement is located behind the quarter-chord and the equation to

LOCKING SCREW
FOR ROTATING

REF. POINT BALANCE e
(Example, model C.G.) CENTER
| | ROTA(TE PIN 90°
! - - TO STOP FOR SIDE
' A FORCE AND YAWING
MOMENT MEASUREMENT
N
e i o
o D8 [ :
pZ ' [
AIRFOIL »
SECTION MODEL C
o (o]
+ ‘_—.’ -

Measure distance “C" from the end of the balance to a chosen
reference point. NOTE: "C" is positive for locations in front of the
end of the balance and negative for locatiocns behind the end of
the balance.

| 0128\ T7LAN2# Yott+ * (1@ @& +!+IF1H#2+@A4' 2215 *+1*1+48) Yo#2:\ABT!
GFPD_-F80

translate it to the quarter-chord point is
- . .
/1 LI—CF.# B4p0 (4.41)
0

where A is 1.135 inches for this wind-tunnel. With the / 1 determined, find / 1"by
0 0
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(4.42)
/ Tlis used to calculate 20
0
AP
) 0
2 _g L 20 (4.43)
The coefficient of lift is
R LgssFéFtYcon (4.44)

where the coefficient of lift is derived from the pressure distribution over the wing. The pressure

distribution is calculated by

B?:R?4;
% L % (4.45)

Once the 7?5 has been determined, summing the area under the curve created by the %on the

upper and lower surface of the airfoil, gives the %for a particular angle of attack and velocity.

The coefficient of moment is

2 . v Ve A
Bz L él._Oé.s Ftdacon

(4.46)
The coefficient of drag at 0 lift angle is

%4 L 2 is F uYsF ta¥; (4.47)

T7T7S!D&,1%+,!

The results below are created from equations 4.34 -4.46.
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The profile drag was created at the zero lift position of -3.5 degrees angle of attack and is in

Table 1.
Uncorrected
Uncorrected Angle of Uncorrected Corrected
Velocity, Vy Attack, |  Coefficient of Coefficient of
(ft/s) (degrees) Drag, Cyou Drag, Cqyo
9.53 3.46 0.080 0.08
44.00 3.67 0.150 0.15
99.73 3.51 0.010400 0.0104
"#$%&!161alh*9'22&9+&?1#*?19'22& 9EL?!
T7T7T.,91,,."*

The correction mainly depends on the calculated c; and the c;comes from the pressure
distribution over the airfoil. The airfoil has pressure ports from the 0 chord line position to the
80% of the chord line. The last 20% of the pressure distribution is not included due to any

pressure readings after the 80% chord length. This introduces an element of error into the
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calculations for total Cp, and filters through to the calculation of total ¢;. The corrected angle of
attack vs. uncorrected angle of attack is as expected in that the figure 4.25 shows for any
uncorrected angle of attack; the corrected angle of attack is lower. Also the 4;has a negative
slope for most test sections airspeeds and behaves as expected. All the 6.5 MPH cases produced
erratic results due to the flow speed itself and the very low Reynolds number plays an important
role in the results. The corrected coefficient of moment is negative as expected but again, the 6.5
MPH case shows 0 correction factor required.

The Cy calculations introduce the most error of all the corrections. The correction depends on
the solid blockage and the wake blockage which as discussed previously, the wake blockage has
a large error rate. The error is then multiplied by 3 times due to the equation used to calculate it.
Another source of error is coming from the plotting of the ¢ vs. cq4to determine the initial Cyto
correct. From published data for the Clark Y-12 and Clark Y-15, the correction is two orders of
magnitude higher than it should be. Also the wake calculated for the cqis incomplete at high

angles of attack due to the wake rake not being long enough to capture the whole wake.
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For a wing, there are several corrections that need to be performed to more accurately model
free-flight conditions when data is collected from a wind tunnel. The four main wall corrections
for an airfoil is buoyance, wake blockage, solid blockage and streamline curvature. The
buoyancy corrections will have an additive component to the drag force while the wake and solid
blockage component are dimensionless but are used in the correction for the streamline
curvature. The streamline curvature corrections are the most important for correcting wing data
and includes the corrections for 4t 4C;, &, and 4&p. The velocities used in testing in the
wind-tunnel are 6.5, 30, 68 and 102 MPH and the Reynolds numbers are 100,000, 500,000,

1,200,000 and 1,800,000 respectively. The data and calculations are located in Appendix C.
N76!81'V#*9V!)'22&9+."*!

N7676!"4&'2V!

Closed-throat wind-tunnels have a variation of static pressure along the axis of the test section.
The variation of static pressure is due to a thickening of the boundary layer as the flow
progresses through the test section. As the flow approaches the end of the test section, the
pressure progressively becomes more negative. With the pressure turning more negative down
the length of the test section, the model tends to be sucked down the test section. The amount of
buoyancy is usually insignificant for wings and airfoils but the correction becomes more
important for fuselages and nacelles. The buoyancy corrections can be applied in a three-
dimensional space. The philosophy behind the three-dimensional buoyancy correction is the

same as the two-dimensional.
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The approach to the three-dimensional case is very similar to the two-dimensional one. The

process can be followed in section 4.1.2 down to equation 4.14. At the point, the buoyancy

correction becomes

, ~x oy Xxa

The &;is determined by finding the fineness ratio of the shape being tested and in this case, the
Clark Y-14 wing. The fineness ratio is calculated by the length of the shape being tested divided

by the maximum thickness of the shape. The ratio is used to find the & by figure 5.1.

/ .012&!N76RB%1&," (1 <, 7!(*&*&,,12#+. "GW5&K!6YZTO!

N767S!D&o+,!
The buoyancy correction was calculated using equation 5.1 and using the methods in section

4.1.2 to determine the pressure gradient through the test section. The buoyancy correction is

plotted in figure 5.2 for M < .3.
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The buoyancy for the wing is lower than that of the airfoil. This could be due to the airfoil
covering the entire berth of the test section where the wing is only 80% of the test section berth.
The calculated drag due to the buoyancy is a really small component of the overall drag. This
small component is so small that it could be left out of the correction altogether and still

represent less than .1% of the error in drag force.

N7L!1J'%.?18%'9:#0&!)'22&9+."*!
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With a three-dimensional model in the test section, the flow is semi-blocked and the flow area is
reduced. In order for continuity and Bernoulli’s equation to be satisfied, the flow must increase

in velocity to maintain the same mass flow rate through the test section. The increase of velocity
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is considered solid blockage and is a function of model thickness, thickness distribution and
model size. The camber of the airfoil is independent of the solid blockage. “The solid blockage
velocity increment at the model is much less (about Y4 ) than the increment one obtains from the
direct area reduction.” (Pope, 1984) The streamlines furthest from the model are also impacted
by the increment velocity since they are displaced more due to the confines of the test section.
N7L7LIF552'#94
The solid blockage correction for a three-dimensional body follows the same procedures as in
section 4.2.2. The approach for solid-blockage of a wing defined by Thom’s short-form equation
is

p:e0au éareaw;

°I—'D' N (5.2)

where k is .90 for a wing and .96 for a body of revolution. Solid-blockage for a wing-body
system is a combination of simply the sum of each component as determined from their

respective equations. This will give you the total solid blockage for the entire system.

N7L7S!D&,1%+,!
Applying equation 5.2 to the Clark Y-14 wing and using a k value of .90, the solid blockage is
plotted in figure 5.3 for test section velocities of M < .3. The cross-sectional area was derived

from the process used in 4.1 and those C values were used in the solid blockage for a wing.
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The solid blockage is greater for the wing compared with the airfoil’s solid blockage in section
4.2. This makes sense because the wing blocks more area in the flow as the angle of attack
increases than an airfoil. But wing’s solid blockage follows the same pattern as the airfoil as the

velocity increases.
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All bodies, two-dimensional and three-dimensional, create wake with the fluid they are moving
through and bodies in wind tunnels are not exempt. The law of continuity states the velocity
outside the wake in a closed tunnel must be higher than the free stream velocity in order for a
constant volume of fluid to flow through the test section. For the three-dimensional case,
Maskell’s three-dimensional method is utilized. The Maskell’s method accounts for the effects of
momentum outside the wake when separated flow occurs. This added effect from the momentum
is added by the lateral wall constraint on the wake and results in lower wake and model base
pressure than what would occur in the free flow condition. (Maskell, 1965) Maskell
demonstrates that wake blockage yields results similar to their higher speed counter parts on the
same model. The natural tendency for the wake is toward the axial symmetry which permits a

single correction.

N7S7LIF552'#94!
The wake blockage correction for streamline flow follows the loci for the two-dimensional case

in section 4.3.2 as far as the wake is simulated by a source of strength

3 & (5.3)

which is matched for continuity by adding a downstream sink of the same strength. However for
the three-dimensional case, the image system consists of a doubly infinite course-sink system
space a tunnel height apart vertically and a tunnel width apart horizontally. The axial velocity
induced at the model by the image source system is again zero, and due to the image sink system

1S
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The increased drag due to the pressure gradient may be subtracted by removing the wing wake

pressure draw by

o % LA _:élHlLIJ ééBéér%é (5.5)

Ya

where K is derived from figure 5.4

[ .012&N7TB#%1&,"RI#*?IRJ( 2#*1@$&!'(1$'?.&,!!

The Cg, for the wing is calculated by using the force data generated by test completed in the
AEROLAB wind-tunnel. The force data is generated by the 3-component force/moment sting
balance. The normal and axial forces measured by the sting balance had equation 2.2 applied to

convert the raw data to a drag force. To convert the drag to into its coefficient form, apply

Ya
%L o (5:6)
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Using the %, galculated from the wind-tunnel data, the wake blockage and change to the %gdue

to the wake can be found.

N7S7SID&,1%+,!

The calculated Cp, is shown in figure 5.5 and the B} ,is shown is figure 5.6.
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When comparing figures 5.5 and 5.6 to each other, it can be seen that the two plots are highly
coupled together. The coefficient of drag is the dominating factor in the wake blockage
correction. The correction for the coefficient of drag could not be completed due to the Clark Y-
14 not being graphed in figure 5.4 even though the thickness ratio is known for the Clark Y-14.
Being able to determine the correction factor for the coefficient of the drag is extremely

important and without it, the drag cannot be corrected.

N7TIU&+4?I'(I>@#0&,!

N7T76!"4&'2V!

Method of images has many applications in modern engineering from aerospace to electrical.
Method of images can be used in any application where the item of interest is located inside a
field. In electrical engineering, one example of its use is to determine a conductor’s change in an
electromagnetic field whereas in aerospace, method of images can be used to determine the
downwash on a wing or airfoil in a wind-tunnel. A wing being flown in nature close to the
ground can have method of images applied to determine the downwash. Downwash is defined as
a small velocity component in the downward direction at the wing and is caused by the wing-tip
vortices downstream of the wing. The wing-tip vortices induce a small downward velocity
component in the neighborhood of the wing by the vortices “dragging” the surrounding air
around them and this motion induces a small downward velocity component on the wing.
(Anderson, 2007) The downwash then combines with the 8 to produce a local relative wind that
the wing encounters. The downwash caused by these wing-tip vortices become very important
when the wing is located in a confined space such as a wind-tunnel. When the airflow is confined

by the walls of the wind-tunnel, downwash produces a higher induced velocity ( ~) on the wing
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which creates a moment on the wing. Figure 4.1 illustrates what occurs when the induced
velocity from the downwash acts upon a finite wing. The moment created on the wing by the
induced velocity introduces the induced angle of attack ( U) component to the wing. While pilots
only care about the effective angle of attack ( Uy y)gengineers care greatly about the induced
angle of attack. The induced angle of attack adds to the effective angle of attack to equal the
geometric angle of attack ( r). The induced angle of attack reduces the local angle of attack the
wing encounters but adds to the drag (D) the wing experiences in the form of induced drag ( @.

The induced drag is defined as a component of the

Dr’
8 a — Geometric angle of attack
a; — Induced angle of attack
a.q — Effective angle of attack
A=~

[.012&INTMAMA&IE&L O+, (12" H*H#,41* #1(* +&IH.01+'152'?19 8.¥?19&?P2#H01GF*?&,*K!
LMM”O!
total drag on the wing due to the downwash of the airstream passing over it. The induced drag
can be approximated by equating the L multiplied by the tangent of the induced angle of attack.
(Anderson, 2007) Because of the confined space of the wind-tunnel, the downwash affects the

wing more than if it was unconfined, hence the need for a correction of the induced drag
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gathered from wind-tunnel data. An application of method of images is to correct for the inflated
induced drag on the wing due to the wind tunnel walls. To apply this method, the wing can be
replaced with a vortex system composed of a lifting line vortex and a pair of trailing vortices. A
solid body, like a wing, can be represented by a source-sink system where the body is located
and the wake can be represented by a source. (Pope, 1984) Using this vortex system can produce
accurate results to any degree necessary. The solid boundary of the wing is formed by the
production of a zero streamline matching the solid boundary. After the image system is
established for the wing, the system can be applied for a closed rectangular wind-tunnel. It
should be noted that the two-dimensional application of method of images only applies if the
downwash is needed along the lifting line and the three-dimensional application is necessary to
get induced upwash after the wing, the streamline curvature effect or the correction for the wing
with a lot of sweepback. (Pope, 1984)

To setup the image system, take the image and replicate the opposite sign of the image system as

demonstrated in figure 5.8!where one vortex A is bound by two walls 1 and 2. To correctly setup

o | B A C | B’

O o 0 o v

1 2

[.012&!IN7Z!A!J.*0%&!<2+&Q#22#* 0& @ &B N BH+.*1H.+41<&2+.9#%!$'1*?7#2 &,

the images, second vortex is created that is assigned the opposite sign of A to wall 1 which is
vortex B. Vortex C is the same sign as B and created opposite side of wall 2. The higher the

order of accuracy needed, more images are needed in the system in order for the system to be
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balanced. With the addition of vortex B and C, there images need to be created with vortex B’
and C’. Vortex B’ is added to the opposite side of vortex B and is assigned the opposite sign of
vortex B. The same concept is applied to vortex C and all additional vortices needed for the

desired accuracy. For the case of a rectangular test section of a wind-tunnel, figure 5.10

[.012&!N7Y!AI3'2+&@IO&! V8@ ! ('2!+484'2 X *+#%!,@ 1%#+."*I('H.* OL.*1#1 2&9+#1 %2+ & , +!
,&9+.* IGW'5&KIBNO!

demonstrates the vertical walls component and figure 5.9 demonstrates the horizontal walls and
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shows the image system becomes a doubly infinite system of vortices. (Pope, 1984) For a wing
in a closed rectangular test section where the three-dimensional quantities are required is shown

in figure 1.5.

N7T7L!IER'#94!

With the use of elementary vortex theory and the expression for the induced velocity due to the
vortex strength ( § at a distance (r) from each bound vortex. The expression applies to a semi-
infinite vortex starting at the lifting line and trailing to infinity in the aft direction. The induced

velocity is

&9



= {
n L T A (5.7)

and combined with the strength of a vortex equation which is formed from the relationship

between the circulation for a uniformly loaded wing and lift is

L :%%;%3 (5.8)
produces;
AL :l'?é%@ (5.9)

For each image of the vortex where the vortex applies a downwash on the wing, the induced
velocity is calculated. Since the positive direction is considered the down direction, the
calculated induced velocity is subtracted from the induced velocity calculated for the wing

simulated in the test section.

Rz

Ry

COCDCO

<

<D o

/. 012&8N766!a!3'2:9&,!. @#0&&+15!+"1 98100 #+& 1 +4Q19&?1<&Th V!

The wing in free flight produces an induced velocity on itself and that is found by

A

(oL~ L@% (5.10)
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The coefficient of lift for the wing is found by using the axial and normal forces measured in the
tunnel by the sting balance, then applying equation 2.1 to get the lift. Once the lift is calculated

for the wing, the Cy is found by
A
% L P (5.11)

The correction to the angle of attack comes from the summing of equation 5.10 of all the images
but does not include the wing itself. When the sum of the change of the angle of attack is added
the induced angle of attack that the wing experiences in free flight, the total induced angle of
attack is found for in the tunnel.

oYL A.—I. (5.12)
Now the corrected Ygeeds to be introduced to determine the ¢ % o calculate the corrected Yy
Since the cosine of the angle between the lift and lift component created in the wind-tunnel is
one, the

% %4 (5.13)
The induced drag coefficient can be written as

%, ok Ry % (5.14)
and the change in the induced drag caused by the boundary induced downwash becomes

¢ %ol M o (5.15)
This method will need to be modified to calculate the downwash on bigger models over the 80%

cross section length of the test section width.

N7T7S!D&,1%+,!
Using the method of images, figures 5.12 and 5.13 were plotted against the angle of attack for

the correction factor of 4 rand 4y, respectively.
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The method of images is an accurate way of determining corrections utilizing the image

methodology. As seen from these plots, the run at 6.5 MPH, gives the most problematic data but
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other runs seem to align with each other except at high angles of attack. At high angles of attack,
the correction becomes larger and is expected based on the method used to develop the

correction equations.
N7NIJ+28#@%.*&!)12<#+12&!)'22&9+."*!

N7N76!"4&'2V!

The corrections for the streamline curvature for three-dimensional testing follows the same as for
protocol the two-dimensional case in that they are concerned with the variation of the boundary-
induced upwash along the chord. Once again the variation turns out to be essentially a linear
increase in angle so that the streamlines curvature effects may be treated as the loading on a a
circular arc airfoil. Similarly, the loading is treated as a flat-plate effect based on the flow angle
change between the quarter and half chord, and an elliptic load based on the flow angle change
between the half and three-quarters chord but for the three-dimensional case, the image system is
vastly different from the simple system for two dimensions.

The three-dimensional image system as in figure 1.5 where basically it consists of the real wing
with its bound vortex and its trailing vortices. The vertical boundary is simulated by the infinite
system of horseshoe vortices and the horizontal boundaries by the infinite lateral system. Linking
the two systems are the infinite diagonal system. The effect of the doubly infinite image system
at the lifting line of the real wing is the main boundary upwash effect. Mostly the area of interest

is in the change of the upwash along the chord and along the span as well.

N7N7L!IF552'#94!

The total additive correction for the angle of attack is

e,léSL—S:(;@ (5.16)
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The additive lift correction is

c% ol F & 8; (5.17)
where a is the wing lift curve slope which is plotted from the data collected from wind-tunnel
test on the Clark Y-14 wing.

The additive correction to the moment coefficient is

%ol F g $tw, (5.18)

N7N7S!D&,1%+,!
The wing lift slope curves were created for each Reynolds number and is shown in figure 5.14 -

5.17.
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Figure 5.18 — 5.20 are derived from the corrections discussed in this section.
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Two grids were created to simulate the fluid flow inside the wind-tunnel and another to model
the ClarkY-14 in free flight conditions. The free flight grid was created in Pointwise and is
constructed by orthogonality (Figure 6.1). The airfoil is import from SolidWorks where a one-

step structured grid is placed around the Clark Y-14 Airfoil. The grid was stepped out to 10 body

lengths around the airfoil.

/. 012&![76'a! 2+4'0*#%D2.?21#2'1*?! +4&!)%# 2! AGT!F.2('C
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After the grid is formed around the airfoil, the main domain is divided into 5 smaller domains.
All five down have the volume setting set to fluid with the biggest domain outside boundary
being set as the inlet. All the remaining domains will have their outside boundary set to pressure

outlets. The last boundary condition to be set is the boundary around the airfoil needs to be set to

wall. The grid is now ready to be exported to Fluent.

/. 012&f7L'a!/2&&M"04+02.?7H.+4IN! 1SA@#.*,1('2! +4&!)%#22A!AGT!
The next grid to be created is for the airfoil inside the tunnel but instead of the grid being 2D, it
will be 3D due to an bug in the software that will not allow this grid type to be exported to Fluent
properly. This grid also be constructed out of an orthogonal grid located around the airfoil but
not stepped out to 10 body lengths. The step out should be in a multiple of 8+1. The grid in

figure 6.3 was stepped out 57 steps. The orthogonal grid is then divided up 6 sub-domains.
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From the boundary of the orthogonal grid, a new structured out to the boundaries of the test
section. All domains in figure 6.3 are assigned the volume condition of fluid. The boundary
conditions are also setup as the velocity inlet on the right side of the grid and a pressure outline
on the left. The upper and lower boundaries are set as walls as their boundary conditions as well

as the airfoil. Once the setup is complete, the grid is exported to Fluent.

[7L1J&25!

The setup for the grids is performed in Fluent where the grid was sized to the correct dimensions
of chord of 3.5 inches. After the grid is scaled, the boundary conditions are checked to ensure
they were properly imported into Fluent. The residuals were set for convergence at 1e-07. The

flow conditions are set at inviscid with air selected at the medium.
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In figures 6.4 — 6.9, the static pressure is plotted in the contour map for the Clark Y-14 at angle

of attacks of -4, 0, 4, 8, 12, and 16 at a free-stream velocity of 149.64 ft/sec..
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In figures 6.10 — 6.15, the C, over the airfoil is plotted and is used to calculate the coefficient of
lift over the airfoil at angles of attack of -4, 0, 4, 8, 12 and 16 and a flow velocity of 149.64

ft/sec.
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In figures 6.16 — 6.18, the coefficient of lift is graphed for -4, 0, 4, 8, 12 and 16 for corrected,

uncorrected, expected and CFD results.
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In figures , The streamlines are shown for only one velocity of 149.64 ft/sec at varies angles of

attack.
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The CFD was successful at plotting the c, over the Clark Y-14 for 9.533, 44.000, 99.732 and
149.642 ft/sec at -4, 0, 4, 8, 12 and 16 degrees of angle of attack. In figures 6.4 — 6.9 shows the
static pressure as the angle of attack increases. It can be seen that as the angle of attack increases,
the static pressure shifts over the airfoil as the airfoil stalls. The c,is used to calculate the c;as in
section 4.4 for use in comparing the data to corrected and expected results. In figures 6.16 — 6.18,
the graphs show how the correction factors compare with the CFD result and the expected
values. The graphs show that corrected c; is close to the expected values where the CFD is very
close to the corrected results. For the CFD cases for the a velocity of 9.533, 44.00 and 99.73
ft/sec, the CFD results are in Appendix C but mainly represents what is shown in figures 6.4 —

6.15.
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As our civilization relies more heavily on aircrafts and rockets, the use of wind-tunnels has
increasing been integrated as an important aeronautical tool in their design. Even though wind-
tunnels are great scientific tools, they do have their flaws. Based on the specific wind-tunnel
design, one of the main negatives is that wind-tunnels cannot simulate free-flight conditions
without having to correct the data for wall effects and other flow phenomena.

Both two and three-dimensional flows need to have corrections applied that are unique to that

wind-tunnels design. For two dimensional flows, corrections that can be obtain are for the

cUéagg?=1J s@with direct corrections available for a “a 1 adl & J- @lhe?
0 0

corrections are developed from the buoyancy, solid and wake blockages, and streamline

curvature corrections. For tree-dimensional flows, corrections can be obtain are ¢ U & g@ ? A ?
0

¢ Y =J @, @Hese corrections depend on the methods applied to the two-dimensional cases
along with the method of images.

The CFD can be a cheaper solution to wind-tunnels but as seen in the results throughout chapter
6, require an almost perfect grid. This can be very expensive due to grid building, setup and
supercomputer time to the point the cost match that of wind-tunnels. Wind Tunnel testing and the
corrections developed for that specific tunnel that are easily applied to any model, keep tunnels

operating and a competitive source of aeronautical information.
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/* This program determines the Pressure Gradient through the SISU Wind Tunnel Test
Section.*/

#define CRT _SECURE NO DEPRECATE
#include <stdio.h>

#include <math.h>

#define VISCOCITY 0.000000382f

#define DENSITY 0.002325f

#define PRESSURE 2.1162f

#define VELOCITY ZERO 0.0f

#define AREA ONE 1.0f

double reynoldsNumber(double velocity, double cord length) {
return (DENSITY * velocity * cord length) / VISCOCITY;
}

double criticalPoint(double velocity, double cord length, double reynolds number) {
return ((reynolds_number * VISCOCITY) / (DENSITY * velocity));
}

double laminarBoundaryDisplacement(double velocity, double cord length) {
return (1.72f * cord length)/pow(reynoldsNumber(velocity,cord length),0.5);
}

double turbulentBoundaryDisplacement(double velocity, double cord length, double
reynolds number) {
return (0.046f * cord length)/pow(reynolds number,0.2);

}

int
main(void)

double reynolds number = 0.0f;
double velocity = 0.0f;

double cord length = 1.0f;

double critical point = 0.0f;

double boundary displacement=0.0;
double effective area = 0.0;

double pressure _one = 0.0f;

double velocity two = 0.0f;

double pressure two = 0.0f;

double ts_length = 0.0f;
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double pressure grad = 0.0f;
double starting_velocity = 0.0;
double ending_velocity = 0.0;
double velocity increment = 0.0;
double velocity mph = 0.0;

int dummy;
FILE *file;

file = fopen("C:\\data.csv","w+");

printf("Enter the starting velocity (MPH) of the flow over flat plate > ");
scanf s("%lIf", &starting_velocity);

printf("Enter the ending velocity (MPH) of the flow over the flat plate > ");
scanf s("%If", &ending_velocity);

printf("Enter the velocity increment (MPH) > ");

scanf s("%lIf", &velocity increment);

fprintf(file,"MPS,FPS,Reynolds Number,Cross-Sectional Test Section Area (ft),Pressure
Gradient\n");
for (velocity mph = starting_velocity;velocity mph <= ending_velocity;
velocity mph+= velocity increment) {
velocity = velocity mph * 1.46666666666667;

reynolds number = reynoldsNumber(velocity,cord length);

//printf(""Reynolds Number -> %lf\n", reynolds_number);
critical point = criticalPoint(velocity,cord length,500000);
/lprintf("Critical Point (ft) -> %If\n", critical point);
if (reynolds_number < 500000.0f) {

/lprintf("Reynolds Number < 500000 - Laminar\n");

boundary displacement =
laminarBoundaryDisplacement(velocity,cord length);
effective_area = pow((cord length - boundary displacement),2.0);
//printf("Laminar Boundary Displacement (ft) ->
%If\n",boundary displacement);
//printf("Effective Area (ft"2) -> %lf\n\n", effective area);
}
else {
double delta_x = 0.0;
double turbulent start point = 0.0;
double new_start point = 0.0;
double new laminar boundary displacement = 0.0;
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double turbulent boundary displacement = 0.0;

//printf("Reynolds Number >= 500000 - Turbulent\n");

boundary displacement =
laminarBoundaryDisplacement(velocity,critical point);

delta_x = pow((boundary displacement * pow(((DENSITY * velocity) /

VISCOCITY),0.2) / 0.46),1.25);
/lprintf("Delta X (ft) -> %lf\n",delta_x);
turbulent start point = critical point - delta x;

new_start point = cord length - turbulent start point;

//printf("New Start Point Turbulent Boundary Distplacement (ft) ->
%If\n",new_start point);

turbulent_boundary displacement =
turbulentBoundaryDisplacement(velocity,new_start point, reynolds number);

//printf("Turbulent Boundary Displacement (ft) ->
%If\n",turbulent boundary displacement);

effective_area = pow(cord_length -
turbulent boundary displacement,2.0);

/lprintf("Effective Area (ft"2) -> %lf\n\n",effective area);

}

pressure_one = PRESSURE - .5 * DENSITY * pow((velocity),2);
/lprintf("Pressure at Test Section Entrance (1b/ft*2) -> %lf\n",pressure one);

velocity two = (velocity * AREA ONE) / effective area,;
//printf("Test Section Exit Velocity (ft/sec) -> %lf\n",velocity two);

pressure_two = pressure_one - .5 * DENSITY * pow((velocity two),2);
//printf("Pressure at Test Section Exit (Ib/ft*2) -> %If\n",pressure two);

//printf("Enter Test Section Axial Length (ft) >");

//scanf s("%lIf", &ts_length);

ts_length = 1.0;

pressure_grad = (pressure_two - pressure_one) / ts_length;

//printf("Pressure Gradient through the Test Section (1b/ft"3) ->
%If\n\n",pressure grad);

fprintf(file,"%lf, %lf,%If,%lIf,%I1f\n" ,velocity mph,velocity,reynolds number,effective ar

ea,pressure_grad);

}
printf("DONE.\n");

fclose(file);
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scanf s("%d",&dummy);
return (0);
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00 57 00 71 8 22 63 8 00 19 28 17 48 77 70 04 08 14 16
3 5 3 5 3 5 7 8 69 7 4 3 6 4 9 64 92 06 62
0.0 0.0 0.0 0.0 0.0 00 00 04 00 00 00 00 0.0 r r r r
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32 65 32 99 64 09 64 70 67 8 92 68 61 93 03 02 06 11 18
12 2 5 6 8 99 2 1 1 4 9 7 8 2 6 8 42 43 55 9
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77 79 81 00 76 00 76 21 31 99 26 12 31 00 00 02 00 00 0.0
54 08 05 83 67 73 01 46 56 80 72 63 25 20 12 14 03 10 18
16 8 1 1 24 2 17 6 7 2 6 7 1 8 53 43 1 11 12 88
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7)., 70 70 69 00 71 75
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V=6 MPH
o q c (ft) L' (Ibf)
o A 0597 0.104 0.292 0.01813
§ 0 0.060 0.104 0.292 0.00184
E ’3)3 4 0.084 0.104 0.292 0.00256
oS 8 0042 0104 0292 0.001269
:%1’ 12 0.666 0.104 0.292 0.020245
16 0489 0.104 0.292 0.014844
V =30 MPH
o A 0.037 2.378 0.292 0.025438
§ 0 0.248 2378 0.292 0.172002
Hz_ EB 4 0.793 2.378 0.292 0.550049
; 2 8 0.397 2378 0.292 0.275558
g 12 0.526 2.378 0.292 0.364578
16 0.673 2378 0.292 0.46697
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5 5 8 9 5 7 7 3 7
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34 13 38 52 46 74 54 05 15
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Dynamic Pressure
6 MPH 30MPH 68 MPH 102 MPH
2] 0.11 2.32 9.44 26.76
0 0.10 2.33 11.87 26.77
4 0.11 2.45 12.30 27.27
8 0.10 2.44 11.97 27.04
12 0.11 2.35 12.63 26.95
16 0.11 2.39 11.76 27.19
0.10 2.38 11.66 26.99
0.083333 ft
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V =68 MPH

0.175 11.660 0.292 0.594924
0.498 11.660 0.292 1.694392
0.834 11.660 0.292 2.835738
1.133 11.660 0.292 3.854591
12 0.678 11.660 0.292 2.30468
16 0.652 11.660 0.292 2.218262

0 ~ O PR

Angle of Attack
(deg)

0.156 26.995 0.292 1.226124
0.513 26.995 0.292 4.03888
0.864 26.995 0.292 6.799867
1.173 26.995 0.292 9.232991
12 1.282 26.995 0.292 10.09576
16 0.659 26.995 0.292 5.186853

o~ OB

Angle of Attack
(deg)

F55&*?.QN!
S;IC.*0lL#+#!
q V_ref Alpha NF/SF AF/AF2  PM/YM Mc/4
[psf] [mph] [deg] [1bf] [1bf] [in tbf] [in tbf]
0.1 6 4 0.03 rn.ol 0.01 ro.052
0.1 5 4 0.02 rr 0 0.02 ro.021

71



0.1 5 4 0.04 r0.02 0.01 ro.073
0.1 7 4 0.05 ro.o1 0.01 0.114
0.1 5 4 0 r o 0.01 ro.010
0.1 6 4 0.05 ro.02 0.01 r0.094
0.1 6 4 0.03 rr 0 0.01 r0.052
0.1 6 4 0.02 ro.o1 0.02 ro.021
0.1 6 4 0.02 rr 0 0.02 ro.021
0.1 5 4 0.03 rr 0 0.05 ro.012
0.1 6 4 0 r o 0.04 ro.010
0.1 6 4 0.05 rr 0 0.01 r0.094
0.1 5 4 0.04 rr 0 0.01 ro.073
0.1 6 4 0.03 rr 0 0.03 ro.032
0.1 6 4 0.02 rr 0 0 0.041
0.1 6 4 0.03 rr 0 0.02 0.082
0.1 5 4 0.03 ro.o1 0.03 r0.032
0.1 6 4 0.03 ro.o1 0.02 r0.042
0.1 5 4 0.04 ro.o1 0.03 ro.053
0.1 6 4 0.03 rr 0 0 0.062
0.1 5.7 4  0.029B 0.003 r 0.015 r0.047639
2.3 30 4 0.13 r0.02 0.07 0.199
2.4 31 4 0.08 r0.02 0.06 0.106
2.3 30 4 0 ro.o1 0.08 r0.080
2.3 30 4 0.02 r0.02 0.01 ro.051
2.5 31 4 0.12 r0.03 0.08 0.169
2.3 30 4 0.08 r0.04 0.06 0.106
2.4 31 4 0.04 r0.05 0.01 r0.093
2.4 31 4 0.04 r0.04 0.02 0.063
2.5 31 4 0.11 r0.03 0.05 0.178
2.4 31 4 0.07 r0.03 0.02 0.125
2.5 31 4 0.14 r0.03 0.06 0.230

72
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2.4 31 4 0.11 r0.02 0.04 0.188
2.5 31 4 0.12 r0.02 0.06 0.189
2.3 30 4 0.1 r0.02 0.05 0.157
2.5 31 4 0.05 r0.03 0.03 ro.134
2.5 31 4 0.05 r0.03 0.02 ro.124
2.5 31 4 0.08 ro.03 0.07 0.096
2.5 31 4 0.14 r0.03 0.08 0.210
2.4 30 4 0.11 r0.02 0.03 0.198
2.4 31 4 0.04 r0.02 0.01 r0.093
2.415 30.7 4  0.0815 0.027  0.0295 0.13941
12.1 69 4 0.39 ro.14 0.05 0.758
12.2 69 4 0.46 ro.17 0.17 0.783
12.1 69 4 0.35 ro.13 0.02 0.080
12.1 69 4 0.39 ro.14 0.04 0.768
11.9 68 4 0.22 ro.16 0.12 ro.576
12.1 69 4 0.51 ro.15 0.16 0.897
11.9 68 4 0.41 r 0.1 0.01 0.840
12.1 69 4 0.33 ro.14 0.05 r0.734
12 69 4 0.47 ro.12 0.12 0.854
12 69 4 0.4 ro.13 0.03 0.799
12.1 69 4 0.43 ro.16 0.11 0.781
12.3 69 4 0.42 ro.17 0.11 0.760
11.9 68 4 0.39 r0.09 0.05 0.758
12.2 69 4 0.49 r0.08 0.13 0.886
12 69 4 0.51 ro.13 0.15 0.907
11.9 68 4 0.5 ro.12 0.17 0.866
12.1 69 4 0.43 ro.11 0.1 0.791
11.9 68 4 0.35 ro.15 0.03 0.695
12.2 69 4 0.44 ro.13 0.1 0.812
11.9 68 4 0.36 ro.lil 0.06 0.686
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12.05 68.7 4 0.4125 01315 0.072 0.75164 Avg.
26.9 103 4 1 ro.14 0.13 1.943
26.8 102 4 0.91 r0.46 0.22 1.666
27.5 104 4 1.04 r 0.08 0.28 0.080
26.9 103 4 0.85 r 0.54 0.23 1.532
26.8 102 4 1.06 ro.13 0.29 1.907
26.7 102 4 1.02 ro.14 0.19 1.924
26.3 101 4 1.05 ro.21 0.32 1.856
27.3 103 4 1.05 ro.25 0.32 1.856
26.2 101 4 0.97 r0.27 0.26 1.750
26.3 101 4 0.95 r0.39 0.22 1.749
27.2 103 4 0.95 ro.51 0.3 1.669
26.1 101 4 1.02 r0.25 0.26 1.854
26.7 102 4 0.99 r0.25 0.31 1.742
26.5 102 4 1.04 ro.31 0.27 1.885
26.9 103 4 0.93 ro.28 0.34 1.587
26.3 101 4 1.02 ro.28 0.32 1.794
26.3 101 4 1.03 ro.21 0.33 1.805
26.9 103 4 0.99 ro.29 0.33 1.722
26.9 103 4 0.97 ro.42 0.21 1.800
27.3 103 4 0.95 r0.37 0.2 1.769

26.74 102.2 4 0.9895 0.289 0.2665 1.6944T Avg.

q V_ref Alpha NF/SF AF/AF2  PM/YM Mc/4

[psf] [mph] [deg] [1bf] [1bf] [in bf] [in fbf]
0.1 6 0 0 0.03 0.01 0.010 r
0.1 5 0 0.01 0 0.01 0.011 r
0.1 6 0 0.01 0.01 0.02 0.080 r
0.1 7 0 0.01 0.01 0.02 0.041
0.1 6 0 0.02 0.01 0.01 0.031
0.1 6 0 0 0.01 0.01 0.010
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0.1 6 0 0.03 0.01 r o 0.062
0.1 6 0 0.03 0.01 0.01 0.052
0.1 7 0 0.02 0.01 0.01 0.031
0.1 7 0 0.01 0.01 0.02 0.001
0.1 6 0 0 0.01 0.03 0.030
0.1 7 0 0.02 0.02 0 0.041
0.1 6 0 0 0.01 0 0.000
0.1 7 0 0.02 r o 0.01 0.051
0.1 6 0 0.01 0.01 0.02 0.041
0.1 7 0 0.01 0.01 0.01 0.011
0.1 6 0 0.01 0.02 0.03 0.051
0.1 7 0 0.01 0 0 0.021
0.1 6 0 0.01 0.01 0.01 0.011
0.1 6 0 0 0 0.03 0.030
0.1 6.3 0 0.006b 0.007 0.006 0.015435
2.4 31 0 0.23 0.04 0.3 0.177
2.3 30 0 0.2 0.02 0.22 0.195
2.3 30 0 0.19 0.02 0.18 0.080
2.3 30 0 0.24 0.01 0.28 0.217
2.3 30 0 0.23 0.04 0.26 0.217
2.3 30 0 0.23 0.03 0.26 0.217
2.4 30 0 0.2 0.04 0.21 0.205
2.3 30 0 0.2 0.05 0.2 0.215
2.3 30 0 0.22 0.04 0.24 0.216
2.4 30 0 0.25 0.03 0.28 0.238
2.3 30 0 0.27 0.01 0.29 0.270
2.4 31 0 0.21 0.03 0.2 0.235
2.3 30 0 0.19 0.03 0.2 0.194
2.4 31 0 0.23 0.04 0.24 0.237
2.4 31 0 0.28 0.04 0.28 0.300
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2.3 30 0 0.27 0.02 0.25 0.310 r

2.3 30 0 0.22 0.01 0.22 0.236 r

2.4 30 0 0.24 0.03 0.26 0.237 r

2.5 31 0 0.27 0.05 0.26 0.300 r

2.3 30 0 0.22 0.01 0.19 0.266 r

2.345 30.25 0 0.2295 0.0295 0.241  0.22795 Avg.

11.8 68 0 1.14 0.16 1.28 1.083 r

12 69 0 1.11 0.13 1.31 0.990 r
12.1 69 0 1.22 0.11 1.24 0.080 r
12.1 69 0 1.16 0.14 1.32 1.084 r
11.8 68 0 1.12 0.12 1.23 1.091 r
12.2 69 0 1.15 0.12 1.2 1.183 r

12 69 0 1.14 0.13 1.27 1.093 r
11.9 68 0 1.16 0.12 1.18 1.224 r
12.1 69 0 1.15 0.14 1.28 1.103 r
12.1 69 0 1.15 0.13 1.24 1.143 r
12.2 69 0 1.11 0.14 1.29 1.010 r

12 69 0 1.15 0.17 1.3 1.083 r
11.9 68 0 1.18 0.13 1.28 1.166 r
11.7 68 0 1.15 0.11 1.32 1.063 r
11.9 68 0 1.16 0.12 1.3 1.104 r
11.9 68 0 1.16 0.17 1.27 1.134 r
12.1 69 0 1.13 0.15 1.37 0.972 r
11.9 68 0 1.14 0.16 1.32 1.043 r
11.9 68 0 1.15 0.1 1.27 1.113 r
12.2 69 0 1.15 0.12 1.32 1.063 r

11.99 68.55 0 1.149 0.1335 1.2795 1.041138 Avg.

27.2 103 0.1 2.72 0.35 3.21 2.427 r
27.1 103 0.1 2.98 0.23 3.36 2.816 r
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26.9 103 0.1 2.58 0.39 2.98 0.080
26.6 102 0.1 2.47 0.42 3.03 2.089
27.1 103 0.1 2.52 0.43 3.05 2.173
26.9 103 0.1 2.69 0.26 3.18 2.395
27.1 103 0.1 2.9Y 0.35 3.45 2.581
26.5 102 0.1 2.68 0.29 3.2 2.354
27.6 104 0.1 2.6 0.43 3.09 2.299
27.4 103 0.1 2.672 0.48 3.21 2.220
27.3 103 0.1 3.07 0.3 3.31 2.949
27.5 104 0.1 2.79 0.32 3.36 2.422
26.5 102 0.1 2.53 0.42 2.99 2.253
26.1 101 0.1 2.48 0.37 3.01 2.130
26.9 103 0.1 2.65 0.3 2.98 2.512
27.1 103 0.1 2.7 0.32 3.24 2.356
26.9 103 0.1 2.95 0.21 3.47 2.644
27.6 104 0.1 3 0.21 3.41 2.808
27.1 103 0.1 2.63 0.39 3.07 2.381
26.5 102 0.1 2.54 0.42 3.12 2.144
26.995 102.85 0.1 2.703  0.3445 3.186  2.30162
q V_ref Alpha NF/SF  AF/AF2 PM/YM Mc/4
[psf] [mph] [deg] [Ibf] [Ibf]  [in fbf] [in tbf]
0.2 8 3.9 0 0.01 0.02 0.020
0.1 6 4 0.01 0.01 0.02 0.041
0.1 7 3.9 0.01 r o 0.01 0.080
0.1 7 3.9 0 0.01 0.03 0.030
0.1 6 4 0.01 0.02 0.02 0.041
0.1 5 4 0.01 0.01 0.03 0.009
0.1 6 3.9 0.01 0.01 0.01 0.031
0.1 5 3.9 0.03 r o 0 0.062
0.1 7 4 0.01 0.02 0.01 0.011
0.1 7 3.9 0.01 0.01 r o 0.021
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0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.11

2.3
2.3
2.4
2.4
2.4
2.4
2.3
2.4
2.3
2.4
2.3
2.4
2.4
2.3
2.4
2.4
2.5
2.3
2.4

N 00O 00O N NOoOY oy Oy O

6.55

30
30
31
30
30
31
30
31
30
30
30
31
31
30
31
31
31
30
31

3.95

w

w
AP OPAEEEAEEEEAEDMNDNDODMDDD» N

0.02
0.02
0.02

0.01
0.01
0.01
0.01
0.005

0.34
0.27
0.42
0.36
0.36
0.45
0.39
0.37
0.32
0.37

0.3
0.39
0.36
0.35
0.38
0.29
0.35
0.37
0.41

0.01
0.01
r o
0.01
r o
0.01

0.02

0.01

0.01
0.01
0.02
0.05
0.02
0.03
0.03

0.04
0.04
0.04
0.03
0.01
0.03
0.04
0.01

0

0.01
0.01
0.01

0.01
0.02
0.02
0.02
0.04
0.03
0.009

0.43
0.45
0.53
0.41
0.46
0.54
0.48
0.47
0.46
0.48
0.43
0.45
0.46
0.46
0.48
0.42

0.5
0.47

0.5

0.010
0.010
0.031
0.041
0.031
0.020
0.001
0.001
0.019
0.009
0.013826

0.275
0.110
0.080
0.336
0.286
0.393
0.328
0.297
0.203
0.287
0.192
0.358
0.286
0.265
0.308
0.181
0.225
0.297
0.350
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2.5 32 4 0.39 0.03 0.55 0.258 r

2.375 30.55 3.99 0.362 0.0205 0.4715 0.26572 Avg.
11.7 68 4 1.95 0 2.17 1.871 r
11.8 68 4 1.78 0.05 2.62 1.069 r
11.7 68 4 1.68 0.03 2.59 0.080 r
11.8 68 4 1.79 0.08 2.49 1.220 r
11.8 68 4 1.87 0.03 2.22 1.656 r
11.7 68 4 1.94 0.24 1.89 2.131 r
11.9 68 4 1.77 0.13 2.35 1.318 r
115 67 4 1.78 0.02 R.22 1.469 r
11.8 68 4 1.72 0.09 2.79 0.775 r
11.7 68 4 1.89 0.05 2.34 1.577 r
11.6 67 4 1.79 0.05 2.62 1.090 r
11.8 68 4 1.76 0.22 2.58 1.068 r
12.1 69 4 1.96 0.17 2.19 1.872 r
12.1 69 4 1.88 0.11 2.38 1.516 r

12 69 4 1.87 0.12 2.38 1.496 r
11.7 68 4 1.8 0.23 2.1 1.631 r
11.9 68 4 1.73 0.08 2.7 0.885 r

12 68 4 1.81 0.25 2.22 1.531 r
11.8 68 4 1.87 0.18 2.16 1.716 r
11.8 68 4 1.85 0.05 2.42 1.414 r

11.81 68.05 4  1.8245 0.107 23715 1.36919 Avg.

27 103 4 4.41 0.05 5.83 3.310 r
26.2 101 4 4.33 0.06 541 3.564 r
26.7 102 4 3.96 0.19 5.69 0.080 r
26.7 102 4 4.37 0.19 4.61 4.447 r
26.6 102 4 3.94 0.1 6.24 1.926 r
26.8 102 4 4.02 0.27 6.15 2.181 r
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26.7
26.8
26.7
26.5
26
26
25.8
26.2
26
26.6
26.2
26.6
26.6
26.3
26.45

[psf]
0.1
0.1
0.1
0.1
0.2
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1

102
102
102
102
101
101
100
101
101
102
101
102
102
101
101.6
V_ref

3
°
=

N N O NN N NOONOOOON OO

I

4.005
Alpha

Q
®
m,

00O 0O 0O 0O 0O 00O 00O OO0 00 OO0 00 OO0 00 o0

4.23
4.27
4.38
3.99
4.16
4.29
4.1
3.97
4.18
4.14
4.25
4.28
4.02
4.55
4.192
NF/SF
[Ibf]
0.05
0.03
0.04
0.03
0.04
0.03
0.04
0.04
0.03
0.02
0.02
0.03
0
0.03

0.56
0.05
0.27
0.06
0.26
0.16
0.07
0.42
0.12
0.22
0.23
0.24
0.1
0.41
0.1895
AF/AF2
[Ibf]
0.01
0.01
0.02
0.02
0
0.01
0.02
0
0.02
0.02
0.01
0.01
0
0.02

4.98
541
6.28
6.44
4.43
6.12
5.96
5.24
6.01
5.08
5.54
5.54
5.93
4.98
5.5935
PM/YM
[in fbf]
0.01
0.02
0.06
0.04
0.01
0
0.01
0.03
0.02
0.01
0

0

0
0.01

3.787
3.440
2.798
1.829
4.192
2.771
2.537
2.988
2.653
3.500
3.268
3.330
2.401
4.450
2.97257
Mc/4
[in tbf]
0.094
0.082
0.080
0.102
0.093
0.062
0.073
0.053
0.082
0.031
0.041
0.062
0.000
0.072
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0.1 6 8 0.01 0.01 0.03 0.051 r
0.1 6 8 0.04 0.01 0.01 0.073 r
0.1 7 8 0.01 0.01 0 0.021 r
0.2 8 8 0.04 0.02 0.01 0.073 r
0.1 7 8 0.05 0.01 0.01 0.094 r
0.2 8 8 0.04 0.03 0.02 0.063 r
0.12 6.9 8 0.031 0.011 0.004 r 0.0651 r Avg.
2.4 31 8 0.47 0.02 0.57 0.404 r
2.5 32 8 0.5 0.03 0.63 0.406 r
2.4 31 8 0.48 0.04 0.58 0.080 r
2.5 31 8 0.48 0 0.63 0.365 r
2.4 31 8 0.47 0.02 0.62 0.354 r
2.3 30 8 0.47 0 0.62 0.354 r
2.4 31 8 0.49 0.01 0.62 0.396 r
2.4 31 8 0.47 0.01 0.61 0.364 r
2.4 31 8 0.46 0 0.58 0.373 r
2.5 31 8 0.49 0.02 0.65 0.366 r
2.5 31 8 0.48 0.02 0.62 0.375 r
2.4 31 8 0.49 0.01 0.57 0.446 r
2.4 30 8 0.46 0.02 0.57 0.383 r
2.2 30 8 0.46 0 0.58 0.373 r
2.5 31 8 0.47 0 0.61 0.364 r
2.4 31 8 0.49 0.02 0.64 0.376 r
2.4 31 8 0.5 0.03 0.61 0.426 r
2.4 31 8 0.43 0.02 0.58 0.311 r
2.6 32 8 0.51 0.01 ro.6 0.457 r
2.4 31 8 0.49 0 0.63 0.386 r
2.42 30.95 8 0.478 0.003 r 0.606 0.36792 Avg.
12 69 8 2.34 0.03 B.37 1.480 r
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12.1
12.1
11.8
11.9
11.9
12.2
11.9
11.8
11.8
11.9
12
12
12
11.7
11.7
12.1
12.1
11.9
11.9
11.94

27.3
26.1
26.2
26.9
26.9
26.2
26.5

26
25.7
26.3

69
69
68
68
68
69
68
68
68
68
68
68
69
68
68
69
69
68
68
68.35

103
101
101
103
103
101
102
101
100
101

00O 00O 00O 00O 00O 00 OO0 00 OO0 00O OO 00O 00O 00O 00O 00O 0O 0O 00 00

00O 0O 0O 0O 0O 0O 0O 00 00 00

2.39
2.28
2.43
2.53
2.46
2.75
2.31
2.3
2.26
2.45
2.24
2.28
2.5
2.7
2.3
2.37
2.28
2.37
2.48
2.401

5.53
6.03
5.49
6.17
6.21
5.44
5.97
5.05
4.64
5.84

0.19
0.16
0.15
0.38
0.36
0.22
0.29
0.26
0.34
0.2
0.25
0.3
0.31
0.22
0.4
0.24
0.23
0.02
0.33
0.078

0.01
0.06
0.07
0.22
0.01

0.02
0.49
0.51

0.5

B.04
3.38
2.99
2.94
2.84
R.65
3.42
3.37
B.09
3.14
3.27
3.38
2.92
r2.6
3.19
3.3
3.59
3.25
2.92
3.1325

7.23
6.83
6.04

7.2
7.41

6.4
7.33
7.99
7.58
6.44

1.913
0.080
2.046
2.303
2.258
3.049
1.367
1.397
1.594
1.938
1.372
1.345
2.261
2.996
1.577
1.612
1.135
1.662
2.220
1.78031

4.231
5.667
0.080
5.587
5.460
4.874
5.043
2.476
2.036
5.663
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26.6 102 8 5.7 0.43 7.45 4.363 r
26.5 102 8 5.16 0.43 8.34 2.354 r
26.7 102 8 4.89 0.33 8.45 1.685 r
26.9 103 8 6.35 0.02 7.05 6.110 r
26.2 101 8 5.79 0.32 6.59 5.410 r
26.2 101 8 5.5 0.03 6.57 4.829 r
26.9 103 8 5.88 0.07 6.92 5.266 r
26.6 102 8 5.23 0.48 8.21 2.629 r
26.2 101 8 5.23 0.05 B.31 2.529 r
26.6 102 8 5.41 0.61 8.45 2.762 r
26.475 101.75 8 5.5755 0.133 7.3395 3.95282 Avg.
q V_ref Alpha NF/SF  AF/AF2 PM/YM Mc/4
[psf] [mph] [deg] [Ibf] [Ibf]  [in fbf] [in tbf]
0.1 7 12 0.05 0.01 0.04 0.064 r
0.1 7 12 0.05 0.01 0.03 0.074 r
0.1 7 12 0.02 0.01 0.01 0.080 r
0.2 8 12 0.04 0.01 0.02 0.063 r
0.1 7 12 0.04 0.01 0 0.083 r
0.1 7 12 0.06 0.02 0.03 0.094 r
0.1 6 12 0.07 0.01 0 0.145 r
0.1 6 12 0.04 0.01 0 0.083 r
0.1 6 12 0.03 0 0 0.062 r
0.1 6 12 0.03 0 0.02 0.042 r
0.1 7 12 0.04 0 0.02 0.063 r
0.1 7 12 0.04 0.01 0.04 0.043 r
0.1 6 12 0.04 0.01 0.02 0.063 r
0.1 6 12 0.04 0.02 0.03 0.053 r
0.1 7 12 0.04 0.02 0.02 0.063 r
0.1 7 12 0.03 0.02 0.01 0.052 r
0.1 7 12 0.03 0.01 0.02 0.042 r
0.1 6 12 0.03 0.02 0.03 0.032 r
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0.1
0.1
0.105

2.5
2.4
2.6
2.4
2.4
2.4
2.6
2.6
2.5
2.4
2.4
2.5
2.5
2.5
2.6
2.7
2.5
2.5
2.6
2.4
2.5

11.7
11.8
11.6
12.1
11.7

31
31
32
31
31
31
32
32
31
31
31
31
32
32
32
33
31
31
32
31
31.45

68
68
67
69
68

12
12
12

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

12
12
12
12
12

0.02
0.04
0.039

0.54
0.59
0.55
0.52
0.46
0.51
0.68
0.46
0.54
0.44
0.52
0.56
0.54
0.57
0.51
0.51
0.59
0.44
0.51
0.53
0.5285

2.79
3.06
2.69
2.81
3.31

0.01
0.01
0.01

0.06
0.06
0.01
0.02
0.08
0.01

0.07
0.06
0.02
0.03
0.05
0.04

0.04
0.07
0.01
0.05
0.08

0.036

0.21
0.21
0.01
0.11
0.22

0
0.03
0.0185

0.62
0.58
0.66
0.61
0.55
0.67
0.66
0.59
0.71
0.55
0.58
0.55
0.57
0.6
0.59
0.64
0.55
0.59
0.62
0.62
0.6055

291

3.5
2.49
2.99
3.18

0.041
0.053
0.06476

0.499
0.643
0.080
0.468
0.403
0.387
0.749
0.363
0.409
0.362
0.498
0.611
0.549
0.581
0.467
0.417
0.673
0.322
0.437
0.478
0.46982

2.872
2.842
0.080
2.834
3.680
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11.8
12
11.8
11.7
11.8
12.1
11.8
11.8
11.9
11.9
11.7
11.8
11.7
12.3
11.8
11.84

26.7
26.1

26
27.1
27.4
26.2
27.2
26.3
25.9
25.7
26.5
25.6
27.9
26.9

68
68
68
68
68
69
68
68
68
68
68
68
68
69
68
68.1

102
101
101
103
104
101
103
102
101
100
102
100
104
103

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9
11.9

2.54
2.66
3.24
2.95
2.34
2.78
3.12
2.7
3.2
3.35
2.84
2.67
2.8
3.06
2.72
2.8815

6.79
6.84
7.04
7.05
8.34
7.37
7.51
6.63
7.05
7.05

6.3
6.67
6.91
7.22

0.21
0.02
0.14
0.1
0.03
0.21
0.18
0.07
0.19
0.13
0.15
0.04
0.2
0.12
0.22
0.1155

0.68
0.07
0.13
0.45
0.44
1.2
0.94
0.34
0
0.69
1.01
0.27
0.27
0.3

3.05
341
3.09
2.68
3.24
3.03
B.76
2.09
2.95
3.11
3.75
B.74
3.58
3.68
2.88
3.1555

B.63
7.03
9.19
7.19
B.33
8.41
9.72
6.75
7.97
9.62
8.91
7.34
8.96
9.83

2.214
2.103
3.625
3.434
1.610
2.732
2.706
3.506
3.682
3.833
2.136
1.794
2.223
2.662
2.757
2.66616

5.442
7.146
0.080
7.421
8.955
6.864
5.844
7.991
6.641
4.991
4.147
6.484
5.361
5.133
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27.4 103 11.9 7.22 0.83 8.74 6.223 r
27.2 103 119 7.22 1.14 B.51 6.453 r
28.6 106 11.9 7.53 0.35 9.14 6.466 r
26.4 102 119 6.59 0.32 r8.o 4.758 r
27.3 103 11.9 6.74 0.51 8.34 5.629 r
27 103 119 6.66 0.02 6.31 7.493 r
26.77 102.35 11.9 7.0365 0.149 8.341 5.97613 Avg.
q V_ref Alpha NF/SF  AF/AF2 PM/YM Mc/4
[psf] [mph] [deg] [Ibf] [Ibf]  [in tbf] [in tbf]
0.1 7 16 0.01 0.01 0.02 0.001 r
0.1 7 16 0.05 0.01 0.02 0.084 r
0.2 8 16 0.02 0.02 0.03 0.080 r
0.1 7 16 0.04 0.02 0.02 0.063 r
0.1 7 16 0.01 0.01 0 0.021 r
0.1 7 16 0.03 0.01 0.01 0.072 r
0.2 8 16 0.03 0.01 0.03 0.032 r
0.1 7 16 0.02 0.01 0.03 0.011 r
0.1 8 16 0.03 0.02 0.02 0.042 r
0.1 7 16 0.03 0.01 0.01 0.052 r
0.1 7 16 0.03 0.01 0.01 0.052 r
0.1 7 16 0.03 0.02 0.03 0.032 r
0.1 7 16 0.04 0.01 0.04 0.043 r
0.2 8 16 0.01 0.01 0.01 0.011 r
0.1 7 16 0.03 0.01 0.01 0.052 r
0.1 6 16 0.03 0.01 0.03 0.032 r
0.1 7 16 0 0.01 0.03 0.030
0.1 7 16 0.02 0.02 0.03 0.011 r
0.1 7 16 0 0.01 0.02 0.020
0.1 7 16 0.01 0.01 0.01 0.011 r
0.115 7.15 16 0.0235 0.0125 0.0195 0.03263 Avg.
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2.5
2.2
2.3
2.2
2.4
2.5
2.5
2.3
2.3
2.4
2.5
2.4
2.5
2.3
2.4
2.5
2.5
2.5
2.3
2.4
2.395

115
11.9
11.9
11.9

12
11.8
11.8
11.9
11.6

31
30
30
30
31
31
31
30
30
31
32
30
31
30
31
31
31
31
30
30
30.6

67
68
68
68
69
68
68
68
67

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9

0.61
0.56
0.59

0.6
0.54
0.53
0.59
0.61
0.48
0.53
0.57
0.53
0.59
0.54
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0.53
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0.65
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0.594
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0.080
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2.364
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2.025
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11.8
12.1
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11.8
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11.9
11.91
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26.4
25.6

26
26.4
28.5

68
69
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101
102
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15.9
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7.96
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0.1
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0.6
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13.44
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2.115
2.788
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2.468
2.728
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5.216
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ro.131
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9.544
5.147
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8.596
5.743
8.715
12.282 r
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15.9 11.34
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r
16 27.045 8.600 r 0.717 r0.8708 2.003621
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