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An OpenFoam Analysis 

The lift and drag acting on the tether of a high-altitude kite 

 

Lots of kites fly near the ground, at altitudes of 500 feet or less.  The forces of the wind and gravity acting 

on the tether are small compared with the forces acting on the kite.  The tether is simply an instrument for 

control (in stunt kites) or for transmitting force to ground-level (in the case of traction kites).  But, the 

tether itself makes a negligible contribution to the forces. 

 

A high-altitude kite is quite different.  A kite flying at 15,000 feet will have a tether tens of thousands of 

feet long.  Seen from the side, the shape of the tether will deviate significantly from a straight line.  If 

there was no wind, the tether would hang in a curve known mathematically as a “catenary curve”.  This is 

the shape a flexible line takes when subjected to a uniform transverse force like gravity.  Of course, if 

there was no wind, the tether would not be in the air at all. 

 

When there is wind, the tether will be subject to drag (the force acting downstream) and to lift (the force 

acting upwards or downwards) as well as gravity.  The drag and lift depend on the speed of the wind, but 

they also depend on the angle which the tether makes with respect to the wind.  Since the tether has a 

curved shape, the lift and drag will vary along its length.  The drag will always act in the direction of the 

wind, which we call “downstream”.  Except at extremely small angles of attack, the lift will be 

“negative”, meaning that it points downwards, towards the ground.    

 

The following figure shows some of the parameters we will consider in this paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The tether itself is rendered in red.  It runs from a winch near the ground up to the kite.  The ground 

reference is parallel to the surface of the Earth and establishes an -axis.  We will assume that the wind 

always blows horizontally to the Earth’s surface, in the direction of the positive -axis.  The -axis points 

straight up.  Altitude will be measured with respect to sea level.   

 

We are going to look at segments of the tether which are short enough to be considered straight.  Even 

though the tether is continuously curved, it is so long that even segments several meters long are for all 

intents and purposes straight.  A detail of one such segment is shown in the circle.  The segment has an 

angle of attack represented by the symbol .  The angle of attack is measured with respect to the wind 

direction in the vicinity of the segment.  The force  is the force on this segment acting downstream, 

parallel to the wind’s direction.  The force  is the force on this segment acting perpendicular to the 

wind, and will normally be algebraically negative. 
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In this paper, we are going to use CFD (computational fluid dynamics) to estimate the aerodynamic forces 

acting on a segment of the tether.  We will use OpenFoam, which is a popular open-source CFD program.  

We are going to take a short piece of tether and position it inside a virtual wind tunnel, as shown in the 

following figure.  Because the virtual wind tunnel is three-dimensional, we need to add a third axis – the 

-axis – which completes a conventional right-handed co-ordinate frame of reference.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specifications of the tether  

 

Before we go any further, we need to specify the tether material.  In this paper, we are going to simulate a 

line made of Spectra and rated for a 500-pound pull.  It is braided from 16 solid strands.  One 

manufacturer of this product, Goodwinds LLC in Mount Vernon, Washington, gives a nominal diameter 

of 1.7 millimeters and a nominal weight of 8.213 ounces per 500 feet length.  The diameter cannot be 

given with precision because Spectra stretches slightly under load, and its diameter decreases as the line is 

stretched.  The picture on the left shows the end of a piece of Spectra line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

I have chosen to model the tether segment as a 16-sided cylinder with the cross-section shown above on 

the right.  To be conservative, I made the inner radius of the polygon, to the center of each face, equal to 

the nominal radius of the tether.  The angle subtended by each of the 16 faces is 360° / 16 = 22.5°.  

Therefore, the outer radius of the polygon, to the edges which separate the faces, is equal to: 

 

 

 

 

 

 = 0.85 mm 

face angle = 22.5° 
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12.5cm length of tether 

same flow at top end 

same flow at bottom end 

more representative flow in middle 

The length of a segment 

 

We are trying to find the force per unit length along a continuous tether.  An easy way to do this involves 

a little trick.  First, imagine a short piece of the tether, say 10 centimeters long, placed at an arbitrary 

angle of attack to the wind.  The airflow will have the characteristics shown in the following figure. 

 

 

 

 

 

 

 

 

 

 

 

 

The airflow over the two blunt ends will be different from and more complicated than the flow near the 

middle of the segment.  Now, consider a slightly longer piece of the tether, say, a length of 12.5 

centimeters, held at the same angle of attack. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The airflow at the ends of both segments will be the same.  The only difference will be the existence of a 

greater length of representative flow near the middle of the segment.  The flow here is more 

“representative” in the sense that it more closely matches the airflow which will occur when this segment 

is merged into a continuous tether, and does not have any “ends” at all. 

 

We can have OpenFoam calculate the  and  forces in both cases.  Both cases will include the same 

contribution from the ends.  Therefore, subtracting the forces which act on the shorter segment from the 

forces which act on the longer segment will give the forces acting on the added length. 

 

This approach will be valid so long as the two ends are far enough apart that the airflow in their vicinity 

does not materially affect the representative airflow near the middle.  Whether or not this is a valid 

assumption depends not just on the lengths – 10 cm and 12.5 cm – but on the angle of attack as well.  At 

very small angles of attack, the assumption will likely not be valid because turbulence from the bottom, or 

upstream end, will pass over the whole segment.   

 

To examine this matter quantitatively, I ran a few preliminary OpenFoam cases.  I used the “simpleFoam” 

solver, which calculates a steady-state solution, with the “k-omega-SST” turbulence model.  I used the 

complicated flow at top end 

complicated flow at bottom end 

representative flow near middle 

10cm length of tether 
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density and kinematic viscosity of air at sea level.  I used a 30 mile per hour wind speed and a 45° angle 

of attack.   I also placed the tether in a “face on” roll orientation, which I will describe in more detail 

below.   And, finally, I tried four different lengths of tether: 7.5 cm, 10 cm, 12.5 cm and 15 cm.  The 

following graph shows the -direction and -direction forces.  More details about these cases are set out 

in Appendix “A”. 

The  and  forces from the four OpenFoam cases lie on straight lines, as far as the naked eye can tell.  

I have extended the lines using dashed lines, which appear to go through the origin (0, 0) or, at least, very 

close to the origin.  Be advised that the forces shown are not the sums of the forces on all 18 faces of the 

piece of tether.  They are the sums of the forces on the 16 cylindrical faces only.  When setting up the 

OpenFoam cases, I asked that the forces on only these 16 faces, excluding the two end-faces, be summed.  

Note also that the  and  forces include the viscous forces as well as the pressure-difference forces.   

 

Even though the forces on the two end-faces are not included in the forces plotted, it is still surprising that 

the forces on the 16 cylindrical faces fall on a line which runs so closely through the origin.  One would 

expect that some of the turbulence on the end-faces would spill over onto the sides.  If so, then one would 

expect there to be a non-zero bias on the ordinate.  That there is not suggests that the end-effects are small 

and / or localized to the end-faces.  (I reject the alternative hypothesis that the forces acting on one end 

are exactly equal and opposite to the forces acting on the other end.)    

 

If I could be sure that the end-effects are truly confined to the end-faces, then the origin (0, 0) could be 

used as one of the two points needed to calculate the slope of the lines.  That would mean that a single 

OpenFoam case would suffice for each wind condition.  However, I am not so confident about the 

confinement of the end-effects, particularly at smaller angles of attack, to avail myself of that potential 

savings.  All the production cases were run at both 10 cm and 12.5 cm lengths, and the difference taken.  

 

The slopes of the straight lines are the quantities of interest.  The following table shows how we can 

compare the forces on the 10 cm and 12.5 cm segments and calculate the slope. 
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wind 

sub-segment A 

sub-segment B 

sub-segment C 

sub-segment D 

sub-segment E 

Length = 10 cm Length = 12.5 cm Change in length = 2.5 cm Slope 

Fx = 0.0002907812 N Fx = 0.0003670641 N Change in Fx = 7.6283e-5 N 0.00305 N/m 

Fy = -0.0001644507 N Fy = -0.0002073719 N Change in Fy = -4.2921e-5 N -0.00172 N/m 

 

Because the lines in the graph above are straight to the naked eye, we could calculate the slope using any 

pair of the data points.  Or, alternatively, we could calculate the best-fit straight line running through all 

of the available data points.  However, having more than two data points per line is a luxury which time 

does not permit.  I say this because each of these OpenFoam cases took four to five hours to run, 

notwithstanding that they were decomposed and run in parallel on an eight processor computer.  

Generating the four point-pairs shown in the graph took about a day.  As we will see, we will need to 

repeat the simulation at a variety of different angles of attack, wind speeds and altitudes.  Practicality 

demands that we limit ourselves to two point-pairs for each wind condition.  I chose to use the 10 cm – 

12.5 cm pair of lengths.  Longer segments might be more accurate, especially at smaller angles of attack, 

but longer segments mean more elements in the mesh and longer computation times. 

 

As an aside, I want to describe an alternative approach to this problem.  It has important benefits but did 

not work for me.  Suppose we start with a line segment like the one above but then divide it notionally 

into sub-segments, like those shown in the following diagram.  It shows the 12.5 cm piece of tether 

divided into five sub-segments, each one being 2.5 cm long.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sub-segments themselves do not affect the aerodynamics.  They are artificial divisions built into the 

mesh for the sole purpose of allowing OpenFoam to calculate the forces acting on each sub-segment 

separately.  One could use the forces on the central sub-segment (sub-segment C) as a proxy for the forces 

per unit length.  One could compare those forces with the forces acting on sub-segments B and C, and 

then with the forces acting on sub-segments A and E, to inspect how the forces change over the length of 

the segment.  Only one OpenFoam run would be needed for each wind condition. 

 

This approach did not work for me because of problems creating the mesh.  I used the (free, but not open 

source) program GMesh to generate the mesh but my failure is not necessarily attributable to the program.  

GMesh generates volume elements which are tetrahedra – three-dimensional four-sided pyramids.  When 

the segment consists of only 16 rectangles arranged in a circle, and two polygonal end-faces, GMesh can 

lay out the tetrahedra along the segment’s axial length with relative freedom.  The only axial constraints it 

encounters occur at the two ends, where the edges of the bottom faces of the tetrahedra on the sides must 

be lined up with the perimeters of the end-faces.  When five sub-segments are defined, there are in effect 

six “ends”, at each of which the bottom faces of the tetrahedra must be lined up to match the border 
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 = 0.85 mm 

11.25° 
0.33815 mm 

six tetrahedra 

between sub-segments.  Dealing with this additional geometry takes GMesh an enormous amount of time 

and probably results in a significant increase in the number of elements in the mesh.  In fact, I cannot say 

how much time it does take – I terminated the first test of this process after six hours, still with no mesh. 

 

I have described in Appendix “B” an entirely different approach to the problem, which might be possible 

for someone having more skill using OpenFoam than I have. 

 

The size of the mesh on the surface of the tether 

 

In the production runs, I set the characteristic length of the mesh on the surface of the tether to one-sixth 

of the width of each face.  To the extent it is able to, GMesh uses this characteristic length as the length of 

the edges of the tetrahedra in the mesh.  The width of the 16 faces around the perimeter of the tether can 

be found by looking at a cross-section of the 16-sided polygon, shown here. 

 

 
 

 

 

 

 

 

 

 

Each tetrahedron will have an edge-length of about one-sixth of 0.33815 mm, or about 0.05 mm. 

 

To examine the effect of the mesh size quantitatively, I ran a few preliminary OpenFoam cases.  I used 

the same parameters as in the test cases described above: the simpleFoam solver, the k-omega-SST 

turbulence model, air density and viscosity at sea level, a 30 mile per hour wind speed, a 45° angle of 

attack and the “face on” roll orientation.  I tested five different mesh sizes, in which the characteristic 

length was set equal to the face width and to fractions of one-half, one-quarter, one-fifth and one-sixth of 

the face width.  The following graph shows the -direction and -direction forces.  More details about 

these cases are set out in Appendix “C”. 
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Reducing the size of the tetrahedra in the mesh changes the results of the simulation, but the change 

becomes quite small once the edges of the tetrahedra become less than about one-quarter of the face 

width.  On the basis that the results of interest to us are the differences between the forces produced in 

separate runs, rather than the magnitudes of the forces themselves, I chose to use a smaller rather than 

larger edge length.  In the production runs, the edge length was set equal to one-sixth of the face width. 

 

Incidentally, this graph shows more clearly than the previous one the asymmetry between the magnitudes 

of the  and  forces.  In all of the cases shown here, the tether is at a 45° angle of attack.  The pressure 

force has the same magnitude in the - and - directions, as one would expect.  But the viscous force does 

not.  In the -direction, the viscous force and pressure both act downstream, and so are added together.  In 

the -direction, the pressure force acts downwards but the viscous force acts upwards.  The viscous drag 

acts (substantially) along the tether’s axial direction, and so pulls the segment downstream and upwards. 

 

The orientation of the tether with respect to the on-coming wind 

 

Our model for the tether has a polygonal cross-section.  It can be oriented so that one of the edges 

between the cylindrical faces points due upwind.  Or, it can be oriented so that one of the faces is flat-on 

to the wind.  Or, it can be oriented at any angle between these extremes.  It turns out that the difference 

between the extremes is quite small.  To examine the matter quantitatively, I compared the forces in the 

“face-on” and “edge-on” configurations in three cases, at three different angles of attack.  The other 

parameters of these test runs were kept the same as before: a 10 centimeter long piece of tether in a 30 

mile per hour wind, the simpleFoam solver with the k-omega-SST turbulence model, sea level conditions 

and a characteristic mesh size equal to one-sixth of the face width.  The following chart shows the 

outcome.  Additional details may be found in Appendix “D”. 

The difference between the forces acting on this 10cm piece in the one orientation and the other cannot be 

distinguished on this graph.  The following table sets out the percentage difference between the forces in 

the two orientations, which never exceed 1.5%. 
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Angle of Percentage difference 

attack Fx Fy 

15° 0.8999% 1.4792% 

45° 0.0737% 0.1064% 

75° 0.3285% 0.4691% 

 

Meshing 

 

Meshing was done using GMesh.  A typical input text file is set out in Appendix “E”, for the case with a 

10-centimeter length of tether at a 45° angle of attack, placed in the face-on orientation.  The virtual wind 

tunnel is a cube 30 centimeters on each side.  The piece of tether is positioned with its mid-point at the 

center of the cube.  The (0, 0, 0) origin for the OpenFoam co-ordinate frame of reference is set at the 

center of the cube as well. 

 

Note that the GMesh file does not specify a wind speed or physical properties for the air.  The mesh is 

constructed using only the geometry of the situation. 

 

The following figure shows the mesh on the surface of the piece of tether.  One end-face and three of the 

cylindrical sides are shown. 
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Visualization of the airflow 

 

The figures in this section show the airflow around the 10cm tether segment, when it is at a 45° angle of 

attack in a 30 mile per hour wind at sea level.  The first figure is a side view, looking at the piece from a 

distance of 20 centimeters to its left.  The wind blows from the left side of the page to the right side.  

Three sets of streamlines are shown.  They all emanate from vertical source lines 5 centimeters upstream 

from the mid-point of the segment.  The light blue streamlines come from the source line which is closest 

to the central vertical plane – this line is located one-tenth of a millimeter towards “our” side of the piece.  

The light violet streamlines originate from a source line which is two-tenths of a millimeter from the 

central plane.  The white streamlines are the outermost ones shown.  They come from a source line which 

is three-tenths of a millimeter from the central plane.  Since the tether has a radius of about 0.85 

millimeters, the outermost source line is about three-eighths of a radius off center. 

 

It can be seen that the disturbance at the lower (upstream) end of the piece is greater than that at the upper 

(downstream) end.  At both ends, though, the disturbance is quite localized.  The airflow over the middle 

part of the piece is remarkably regular, given that the piece is not so very long.  In any event, the addition 

of another 2.5 centimeters to the length of the piece will add, in effect, another 2.5 centimeters to the 

central “regular” region.  That is exactly what we want. 

 

The following figure is a close-up of the airflow around the tether in the central regular region.  The scale 

of the figure is set by the diameter of the tether: 1.7 millimeters.  One can make out some of the 16 

rectangular faces which constitute the cylindrical surface.  The blue streamlines are those closest to the 

surface, emanating from the vertical source line 0.1 millimeter towards “our” side of the central plane.  
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These streamlines are deflected more than the violet ones, which start off twice as far from the central 

plane.  The white streamlines are closest to us and the least deflected.  It is apparent from comparing the 

size of the tether with the nature of the streamlines that a change in the tether’s orientation, from face-on 

to edge-on, for example, will make only a minor change to the pattern of the airflow.  This is what we 

concluded above.  

 

The following figure shows how streamlines in a horizontal plane make their way around the tether. 
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These streamlines emanate from a horizontal source line located level with the mid-point of the piece and 

5 centimeters upstream.  The out-of-plane component of the wake is small.  In other words, the interaction 

between parallel horizontal sheets of streamlines is small if they are located more than, say, 5 millimeters, 

apart.  It is this characteristic of the airflow which permits us to compare a 12.5-centimeter length of 

tether with a 10-centimeter length, and to attribute all of the difference to the “regular” flow over the 

additional 2.5 centimeters. 

 

The range of wind conditions to be considered 

 

The tether being studied is the tether of a high-altitude kite.  We will be interested in wind speeds up to 40 

miles per hour and altitudes up to 15,000 feet.  The slope of the tether may vary from the horizontal to the 

vertical, covering the complete range of angles of attack from 0° to 90°.  A reasonable set of cases for us 

to examine is given in the following table. 

 

Wind speed (mph) 
Altitude (feet) 

0 5,000 10,000 15,000 

10     

20     

30     

40     

 

 

 

 

 

 

 

Four wind speeds and four altitudes define 16 different wind conditions.  For each wind condition, we 

will examine seven angles of attack.  And, for each of these 16  7 = 112 combinations, we need to run 

two OpenFoam cases, one using a 12.5-centimeter length of tether and a comparison one using a 10-

centimeter length.  

 

Files in each case directory 

 

The files in each starting OpenFoam case directory are as follows. 

 
case_directory/ 

| 

|---0/ 

|   | 

|   |---k 

|   |---omega 

|   |---nut 

|   |---p 

|   |---U 

| 

|---constant/ 

|   | 

|   |---polyMesh/ 

|   |---RASProperties 

|   |---transportProperties 

|   |---turbulenceProperties 

Seven angles of attack in each case 

0°, 15°, 30°, 45°, 60°, 75°, 90° 
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|    

|---system/ 

|   | 

|   |---controlDict 

|   |---decomposeParDict 

|   |---fvSchemes 

|   |---fvSolution 

 

I have set out in Appendix “F” a typical sample of each of these files.  When setting up the files for a 

particular case, one must: 

(i) set the wind speed in the file “/0/U”,  

(ii) set the kinematic viscosity in the file “/constant/transportProperties” and 

(iii) set the density in the file “/system/controlDict”. 

 

The following density and viscosity figures are part of the U.S. Standard Atmosphere and were used here. 

 
// U.S. Standard Atmosphere 

// Altitude---   Density-----  Dynamic visc---  Kinematic visc- 

//      0 feet   1.225 kg/m^3  1.789E-5 Ns/m^2  1.4604E-5 m^2/s 

//  5,000        0.7364        1.628E-5         2.2108E-5 

// 10,000        0.4135        1.458E-5         3.5260E-5 

// 15,000        0.1948        1.422E-5         7.2998E-5 

 

The conversion from miles per hour to meters per second is as follows: 

 
//  5mph = 2.2352 m/s 

// 10mph = 4.4704 m/s 

// 15mph = 6.7056 m/s 

// 20mph = 8.9408 m/s 

// 25mph = 11.1760 m/s 

// 30mph = 13.4112 m/s 

// 35mph = 15.6464 m/s 

// 40mph = 17.8816 m/s 

 

One additional note.  The file “/constant/polyMesh/boundary” defines the nature of the surfaces which 

bound the air in the virtual wind tunnel.   For the wind tunnel used here, the upstream and downstream 

faces were defined as “patches”, the top, bottom and side faces of the wind tunnel were defined as 

“symmetryPlanes” and the 18 surfaces of the piece of tether were defined as “walls”.  A typical sample of 

this file is set out in Appendix “G”. 

 

Results from the OpenFoam runs 

 

I have set out in Appendix “H” the unprocessed results from the 224 OpenFoam runs.  For each 

combination of angle of attack, wind speed and altitude, I have recorded the three spatial components of 

the pressure force and the three spatial components of the viscous force for the 10-centimeter piece of 

tether and for the 12.5-centimeter piece.  I have not recorded the mechanical moments – the tether is 

flexible and cannot resist transverse moments.  The -components of the force are extremely small and 

are randomly distributed in the  and  directions.  They give some insight into the side-to-side 

turbulence to which the tether may be subject, but are not examined further in this paper. 

 

The forces reported are the sums of the forces acting on the 16 cylindrical side-surfaces of the piece.  The 

result of subtracting the 10-centimeter force from the 12.5-centimeter force, and then multiplying by 40, 

is the force acting per unit length along the tether, in Newtons per meter. 
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The following graph shows the forces per meter at various angles of attack, at sea level, when the wind 

speed is 30 miles per hour. 

 

 

The black and red lines are the pressure forces acting in the  (downstream) and  (vertical upwards) 

directions, respectively.  The blue and green lines are the viscous forces acting in the  and  directions, 

respectively.  Before commenting on the shapes of these curves and the implications of the shapes, let me 

say that the same characteristics appear in the forces at all wind speeds (in the range 10 to 40 miles per 

hour) and at all altitudes (from 0 to 15,000 feet).  The following two graphs are samples which show this.  

The first is the corresponding graph for a 30 mile per hour wind speed at 15,000 feet and the second is the 

corresponding graph for a 10 mile per hour wind speed at sea level. 
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The relative magnitude of the forces at different angles of attack is remarkably similar under very 

different wind conditions.  Some of the common characteristics are the following. 

1. The -direction (downstream) pressure force is zero at a zero angle of attack and increases, not 

quite linearly, to a maximum at a 90° angle of attack, when the axis of the tether is perpendicular 

to the wind.   

2. The -direction pressure force always acts downwards.  It is zero when the axis of the tether is 

aligned with the wind (a zero angle of attack) and again when the axis is perpendicular to the 

wind (a 90° angle of attack).  This force reaches its maximum when the angle of attack is 

somewhere between 45° and 60°. 

3. Both viscous forces are relatively constant over the complete range of angles of attack, although it 

can be argued that the -direction (downstream) viscous force is greater at greater angles of 

attack. 

4. Compared with the other forces, the -direction viscous force is almost negligible. 

5. The maximum magnitude of the -direction (downstream) pressure force is about twice the 

maximum magnitude of the -direction (downwards) pressure force. 

 

Although the relative magnitudes of the forces are very similar, the absolute magnitudes differ widely 

with wind condition.  For example, compare the maximum magnitude of the -direction (downstream) 

pressure force in the three cases above.  The greatest occurs with a 30 mile per hour wind at sea level.  

This is a strong wind and a low altitude, and they give rise to a force of about 0.15 Newtons per meter.  At 

an altitude of 15,000 feet, where the air is much thinner, the same 30 mph wind speed gives rise to a force 

of only 0.027 Newtons per meter, less than one-fifth of its sea level value.  In the third case, the lower 

wind speed (10 miles per hour) offsets much of the advantage of greater air density, and gives a force of 

about 0.021 Newtons per meter. 

 

A Newton is a measure of force about equal to the weight of a one-quarter pound mass on the surface of 

the Earth.  0.15 Newtons per meter is therefore approximately equal to 0.0375 pounds per meter.  A piece 

of this tether 27 meters long, held cross-wise to this wind, will experience a pressure drag of about one 
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pound.  A high-altitude kite will have hundreds or perhaps thousands of meters of tether exposed to the 

wind.  The total drag will be significant. 

 

A two-step process to extract a closed-form representation for the -direction pressure force 

 

One of the goals of this paper is to produce a closed-form expression which can be used to calculate the 

forces per unit length acting on the tether at an arbitrary angle of attack, wind speed and altitude.  In my 

application for this data, closed-form expressions will be much more convenient than trying to interpolate 

among entries in the tables of raw data.  In fact, we will seek four closed-form expressions, one for each 

of the pressure and viscous forces in each of the two spatial directions.   

 

The similarity between the curves at different wind speeds and altitudes suggests that a two-step process 

may be a good approach.  In Step #1, we will normalize the curves to remove the impact of wind speed 

and altitude.  This will produce a common curve for the forces with respect to the angle of attack.  In Step 

#2, we will try to find a closed-form representation for the common curve, in which the forces are treated 

as functions of the angle of attack only.  Let me illustrate.  The following graph contains 16 curves of the 

pressure force in the -direction, for which I will use the symbol , plotted against the angle of attack.  

There is one curve for each of the 16 combinations of wind speed (10, 20, 30 or 40 miles per hour) and 

altitude (0, 5000, 10,000 or 15,000 feet).  The values of  in each case have been divided by the value 

of  at the 90° angle of attack, where this component of force reaches its maximum value. 

 

 
 

These curves are said to be “normalized” – the normalized value of  rises from zero to one as the 

angle of attack increases from zero to 90°.  The difference between the curves is at most a few percent, 

certainly less than the inaccuracy arising from the numerical process used to model the aerodynamics.  In 

Step #1, we will need to find an expression which captures the normalizing process.  In Step #2, we will 

need to find a suitable equation for the common curve shown in the figure.  In fact, because the common 

curve is shown right here, let’s reverse things and start with Step #2.   

 

The customary approach to curve-fitting assumes that the curve can be represented as a polynomial in 

various orders of the independent variable, which in this case is the angle of attack .  Unfortunately, the 
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curve shown is not well represented by a polynomial.  Any order of polynomial high enough to cause the 

curve to pass reasonably close to the data points begins to exhibit unusual behavior between them.  A 

more useful approach is to start with a function which already exhibits the principal characteristics of the 

curve.  In this case, the function  is a good candidate.  It has a zero value and a zero slope at 

, an inflection point at  and a maximum at .  However,  has a zero slope at 

 and our curve does not.  That can be remedied by adjusting the period (so the peak value occurs 

at ) or by adjusting the order away from two, or both.  In other words, let us look for a curve with 

the general form , where the constants ,  and  are chosen for best fit. 

 

Even though the proposed function is not a polynomial, we can still apply the “least-squares” philosophy 

to determine the closeness of fit.  In our case, the data set consists of 16 observations at each of seven 

angles of attack.  For any combination of constants ,  and , the error at each data point is defined, as 

is usual, as the difference between the calculated value of   and the known value.  The 112 

errors are squared, which puts negative errors on the same footing as positive errors and gives added 

weight to larger errors, and then added together.  The sum of the squares of the errors is a measure of how 

closely the function comes to the data points.  The combination of constants ,  and  which gives rise 

to the lowest sum of squared errors is the one sought.   

 

I carried out the calculation using a direct search, where the unknown constants ,  and  were selected 

at random from given possible ranges of values, and the ranges were reduced in size in successive 

iterations.  That procedure is described in another paper.  The best fit curve was found to be the following. 

 

 

 

The factor  is the normalizing factor – the value at  by which all the points on each curve 

are divided.  That the leading coefficient  is close to one indicates that the proposed function 

 has pretty much the same range (0, 1) as the curve we are trying to represent.  Reducing the 

temporal frequency by a factor of  is equivalent to lengthening the period by the factor 

, which pushes the peak value out to .  Increasing the order from two to 

 has the effect of, well, making the function fit better. 

 

Now, let’s circle back and look at the normalizing process.  We normalized by diving each curve by its 

value at 90°, so the normalizing factors are simply the values of the curves at an angle of attack equal to 

90°.  Having removed the angle of attack from the mix, the data set which remains is a function of only 

two variables, the altitude and the wind speed.  The data set can be plotted as a surface as shown here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Altitude dependence 
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The surface seems to have a quadratic dependence on the wind speed, that is, that  looks to be 

proportional to , where I have used the symbol  for the wind speed.  In the other dimension,  

decreases with increasing altitude but somewhat less than linearly.  I have added to the graph a heavy 

black line showing the altitude dependence.  I recognize this curve – it is the density of air.  The black 

line in the following graph shows the density in the U.S. Standard Atmosphere. 

The red points in the graph are evaluations of the following function: 

 

 

 

In Equation ,  is the air density in kg/m
3
 and  is the altitude in feet.  Equation  is the best-fit 

curve of form  where, as before, the constants are selected for the lowest sum of the squared 

errors. 

 

Now, back to the surface.  I propose to represent the surface using a function with the following general 

form: 

 

 
 

where we expect the dependence on density  to be close to one and the dependence of wind speed  to 

be close to two.  The least-sum-of-the-squared-errors procedure gives: 

 

 

 

The wind speed  is expressed in miles per hour and is divided by ten in Equation  to give the 

exponent more expressive power.  (For the same reason, the altitude  in Equation  was divided by 

1000.)  The following graph shows how well Equation  works. 
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All 16 different wind conditions are plotted in this graph.  The solid lines connect the actual data points 

and the square dots are the evaluations of the formula in Equation .  The fit is quite good. 

 

Here is what we now have for the pressure force in the  (downstream) direction.  For any given angle of 

attack  (in degrees), wind speed  (in miles per hour) and altitude  (in feet), we proceed by: (i) 

calculating the air density  using Equation , (ii) calculating the pressure force at 90° using Equation 

 and, then, (iii) calculating  using Equation .  The following graph compares the actual data 

with the calculated values at four extreme combinations of wind conditions: 10 and 40 miles per hour at 

sea level and 15,000 feet. 
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The next step – Step #3 if you like – is to assess the residual errors.  If there are any systematic 

characteristics in the errors, they can perhaps be accommodated using a correction term.  There is a 

graphical way to look at the errors in 112 data points, by using a “hash code”.  For each wind condition, 

we can define a hash code as, for example, the sum of the altitude and one hundred times the wind speed.   

An altitude of 5,000 feet and a wind speed of 30 miles per hour would have the hash code 8,000.  For our 

set of data, the hash codes will be unique.  The wind speed data points will be transformed into the 

intervals between the altitude data points.  The following graph shows the errors, being the differences 

between the  forces from the OpenFoam runs and the forces calculated using Equations  through 

, plotted against the hash codes. 

I have rendered the low angles of attack (0°, 15° and 30°) using dotted lines to distinguish them from the 

higher angles of attack (45° through 90°).  There is no doubt that the errors at the low angles of attack are 

uniformly less than those at the high angles of attack.  Perhaps that is not surprising, since the magnitude 

of the force is always less at low angles of attack.  In each case, too, the error increases as the wind speed 

increases.  Again, the force is greater at higher wind speeds so the error could be expected to be greater as 

well.  But, is there a systematic error?  It is not clear than there is.  The trend of the errors at 60° and 90° 

look similar, but both are quite different from the errors at 75° midway between them.  The errors at sea 

level and 10,000 feet have some similarities, but they are different from the similarities which seem to 

exist at 5,000 feet and 15,000 feet. 

 

As a quick test to determine whether any regularities do exist, I tried to fit three general forms of curves 

to the errors.  I found that: 
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One could describe the three forms of curves as being exponential correction, linear regression and 

quadratic regression, respectively.  None of them reduces the maximum error by more than a few percent.  

To be precise, I mean that the magnitude of the error itself is only reduced by a few percent – the error in 

representing the underlying curve is reduced hardly at all.  A look at a histogram of the distribution of the 

errors confirms that none of these proposed corrections does very much.  We will let the approximation 

for  given by Equation  stand. 

 

Approximating the -direction pressure force 

 

Let us turn to .  Since the -direction pressure force reaches its maximum at an angle of attack not too 

far from 45°, it makes sense to normalize all the data points by dividing them by the 45° value at their 

respective wind conditions.  Unlike the -direction pressure force,  decreases to nearly zero at an 

angle of attack of 90°, so there is no point to normalizing there.  The following graph shows the 

normalized  for all 16 wind conditions. 

There appear to be three, or perhaps four, separate curves.  After unraveling the curves which are plotted 

over one, one finds that it is the wind speed which separates the curves into four bands.  The band which 

lies above the others at the low angles of attack has a 10 mile per hour wind speed.  The reddish band in 

the lower middle has a 20 mile per hour wind speed.  The bands for 30 and 40 miles per hour are almost 

coincident in the graph, but can just be distinguished.   

 

The fact that the normalized curve depends on the wind speed as well as the angle of attack does not 

present any problem.  It simply means that the form of the expression we choose to represent the 

normalized curves must also include a factor or term in the wind speed.  That was not needed in the case 

of  but it is needed here. 

 

Let’s begin with Step #1 and find out how the normalization works for .  As we did before, we can 

plot the values of the forces at 45° versus the altitude and wind speed.  The following graph shows the 

surface.  Since the values of  are algebraically negative, I have plotted  to show the surface 

sloping upwards. 



~ 21 ~ 

 

 

The shape of this surface is very similar to that for .  That suggests that we propose the same form 

of expression as we used before, namely, .  Using the least squares procedure 

gives the following coefficients: 

 

 

 

The following graph shows how well Equation  represents the normalized values.  The solid lines 

connect the actual data points and the square dots are the evaluations of the formula in Equation . 
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Now, let’s return to the normalized curve.  At first blush, the curve looks like a half-period of the sine 

function.  On the other hand, the slope decreases noticeably at low angles of attack and, in that respect, 

resembles the square of the sine function.  On the basis that the curves share characteristics of both sine 

and its square, we will propose an expression with the general form .  That is the same starting 

point as we used for .  However, there is a third characteristic of the  curves – the peak seems to 

be shifted towards the right.  We can achieve such an effect by multiplying the basic curve by a function 

which is low at low angles of attack and high at high angles of attack.  That will emphasize the values at 

the higher angles of attack and de-emphasize those at lower angles of attack, with the net result that the 

curve will appear shifted towards the right.  Any curve which is proportional to the angle of attack  or a 

power of  will have this property.  When we apply the least-squares procedure, we get: 

 

 

 

(I did not point it out above, but, since the angle of attack  is expressed in degrees, it is necessary to 

convert it into radians by multiplying it by the factor  in the argument of the sine function.) 

 

The following graph compares the actual data for  with the values calculated using Equation  for 

four extreme combinations of wind conditions: 10 and 40 miles per hour at sea level and 15,000 feet. 

The fit is reasonably good, but what is missing is the anomaly due to wind speed shown in the normalized 

curves.  The previous equation was labeled Equation  in expectation that there would be a 

subsequent Equation , which would deal with the anomaly.   

 

I believe it appropriate to approach the anomaly as an additive correction to Equation  rather than as 

a multiplicative correction.  This is because the anomaly’s principal dependence is on the wind speed, not 

on the angle of attack.  Therefore, simply scaling the curve will not be sufficient – we need to add 

something to it.  Compare the formula values (the square dots) with the actual data (the lines) in the graph 

above.  It seems that the additive term is greatest for angles of attack between 15° and 45°.  An expression 

of form , which is a “Gaussian bump” centered on , might be a good starting point.  It 

will emphasize the correction in the neighbourhood where it is most needed.  The correction itself can be 

represented as a power of the wind speed.  And, of course, the leading coefficient of the starting curve in 
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Equation  must be allowed to vary to give the additive term some room in which to act.  A couple of 

tests showed that the fit improved if the center of the Gaussian bump was moved a little to the left, so its 

effect on the higher angles of attack would be reduced.  The best-fit curve I found was: 

 

 

 

The following graph shows the actual data once again, but uses the formula in Equation . 

The Gaussian bump does not provide as much correction as desired, particularly at the angles of attack of 

15° and 60°.  Investigation shows that making the bump wide enough to correct over a suitable range of 

angles of attack causes unnecessary and adverse changes at angles of attack outside the range.  The graph 

shows the best compromise, but it is still not satisfactory. 

 

I therefore tried a different kind of additive bump: a simple sine function.  A sine function has an 

additional advantage.  If the sine function has the right period, it can actually increase the magnitude at 

60° while decreasing it at 15° through 30°.  The best-fit curve using a sinusoidal bump is the following. 

 

 

 

The corresponding curve is shown below.  Interestingly, this curve gives a non-zero  at angles of 

attack of 0° and 90°.  This is, of course, not physically realistic.  At both extremes, the tether is symmetric 

with respect to the vertical and there will not be any net pressure force in the vertical direction.  Despite 

this flaw, I have chosen to use this representation.  In my application – flying a kite – a tether is rarely 

vertical or horizontal.  Although it can in some circumstances reach either extreme, the slope of a tether is 

almost always in the range 15° to 75°.  Because this is the most common operating range in my 

application, I am prepared to accept small errors at the extremes if it improves precision in the middle of 

the range.  
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Approximating the -direction viscous force 

 

Let us turn to .  The -direction viscous force is not exactly constant over the full range of angles of 

attack, but it varies much less than either  or .  We have considerable leeway in our choice of an 

angle of attack to use for normalization purposes.  I have chosen to use 45°.  I made this choice for two 

reasons: (i) the magnitude of the viscous force is greater at 45° than it is at 0°, which is an argument in 

favour of the former, and (ii) I have a little concern about the nature of the viscous force at 90°.  When a 

piece of tether is presented at 90° to the wind, the viscous force acting downstream arises solely from the 

boundary layer of the airflow around the circular cross-section of the tether.  The model we used in the 

OpenFoam simulation is not circular.  It is a 16-sided polygon.  It is possible that the difference between 

the face-on orientation and the edge-on orientation is more significant at this angle of attack than in the 

test cases I looked at.  Furthermore, real Spectra line is not circular either.  Its generally circular shape is 

punctuated by the bumps of the individual strands.  I do not know the implications of all these issues, but 

dealt with them by choosing to use the 45° angle of attack.  At 45°, a greater component of the viscous 

force arises from flow along the axis of the tether rather than around its cross-section. 

 

The graph at the top of the next page shows  for all 16 wind conditions, where the forces at each data 

point are divided by the value at 45° at its particular wind condition. 

 

There is some dispersion around the central trend.  In this case, one can make out the 16 individual 

curves.  That means that there are some effects from both the wind speed and the altitude which 

normalization does not remove.  Let’s deal with the normalization first.  I will not show the surface 

obtained by plotting the values of  against wind speed and altitude because the surface has virtually 

the same shape as the two we have seen before.  Using the least-squares process again gives the following 

expression for the normalized values. 
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I tried two different approaches to represent the normalized curves.  In the first approach, I considered a 

rising exponential waveform.  By this, I mean a waveform which starts at zero and rises exponentially, 

and asymptotically, to some constant value.  Of course, a constant offset would be added since  is 

not zero at a zero angle of attack.  The general form of such a waveform is .  The least-squares 

process gave the following coefficients. 

 

 

 

The following graph compares the actual data for  with the calculated values at the same four extreme 

combinations of wind conditions: 10 and 40 miles per hour at sea level and 15,000 feet.  In this curve, the 

values are calculated using Equation . 
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I was not happy with this representation, which seems too “flat” to capture the clear break in the trend 

which occurs near an angle of attack of 30°.  As an alternative approach, I divided the curves into two 

halves, the angles of attack less than 45° and those greater than 45°.  For the latter, it seems that a good 

representation would be a simple constant, equal to the value of the force at 45°.  For the angles of attack 

less than 45°, I used a downwards-facing parabola.  I used the expression  

as the general form for the curve.  Centering the curve at  ensures that it will merge nicely into 

the constant value for angles of attack greater than 45°.  Least-squares gave the following. 

 

 

 

The following graph compares the actual values with the calculated values, using Equation , for the 

four extreme wind conditions. 

 

There remains the “dip” which occurs at an angle of attack of 75°.  Neither of the approaches described 

captures this dip.  Nor did I make any attempt to do so.  I have already described my concern that the 

downstream viscous force at the 90° angle of attack is not accurate.  I have wondered if the dip at 75° is 

the start of some trend which should continue all the way to 90°.  It may be that my use of OpenFoam 

fails at this extreme and that whatever phenomenon might cause such a trend has been lost.  More study is 

needed. 

 

Approximating the -direction viscous force 

 

Let us turn to .  The -direction viscous force is almost negligible over the entire range of wind 

conditions I examined.  Nevertheless, to be complete, let us find an expression to represent the data.  As 

before, I first normalized the curves using the 45° angle of attack for each wind condition.  The least-

squares normalizing expression is as follows. 
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The leading coefficient is a factor of ten less than any we have seen before, confirming that  is very 

small.  The following graph shows the normalized curves for the 16 wind conditions, in the same manner 

as the normalized curves for other forces were plotted. 

Curve fitting turned out to be more troublesome for this force than for the others.  I used the same starting 

point as before: a sinusoid with an unknown period raised to an unknown power.  I multiplied this basic 

sinusoid separately by factors depending on the angle of attack, the wind speed and the altitude.  The 

following table shows the form of the expressions and the errors of the best-fit curve.  The reported error 

is the square root of the sum of the squares of the errors at all 112 data points, calculated without taking 

the average. 

 

 

 

The third approach, where the dependence is on altitude, not only has the greatest error but also – 

remarkably – requires that coefficient  be zero.   

 

I then tried expressions with the same starting sinusoid, multiplied this time by two factors depending on 

the three independent variables.  The most successful was the following. 

 

 

 

The error for this representation was 1.232.  The following graph shows the points calculated using this 

expression at the same four extreme wind conditions used previously. 

 

 



~ 28 ~ 

 

 
 

The fit is not that good.  The formula tends to be a little “peaky” and gives too much right shift.  One 

should be able to remedy that.  The reader will recall that we did something similar above.  A 

multiplicative factor based on either  or  will tend to shift the curve towards one side or the 

other.  However, Equation  already includes such a term, and so the least-squares process has already 

applied the amount of shift it thought best.  It is possible that the remaining errors, which are systematic, 

arise from the dependence on altitude.  Regrettably, I was not successful in my efforts to include altitude 

dependence in the formula.  Every one of the expressions I proposed which included terms like  

required that the constant  be identically equal to zero. 

 

If more time was available, I would try to sort this out.  Because  is so small, however, I have chosen 

to accept the representation in Equation . 

 

A discussion about  

 

 is a mysterious quantity, and guards many secrets.  I am an initiate into only a few of them. 

 

 is a “figure of merit” used to estimate how well a turbulence model simulates the flow of a fluid which 

has been discretized into a mesh.  In this section, we are going to talk about the OpenFoam simulation 

and, in particular, about the k-omega-SST turbulence model which was used in this paper. 

 

 is a dimensionless number.  It is the ratio of the size of the elements in a mesh which are next to a 

physical surface to the depth of the boundary layer in the fluid flowing along the surface.  For a given 

fluid flow, reducing the size of the mesh will result in smaller values of .  A separate value for  can 

be calculated for each discrete volume element in a mesh.  One can think of  as the ratio of the distance 

from the element’s center to the surface divided by the depth of the boundary layer.  In a complicated 

flow, the boundary layer is not a single layer per se, but is often thought of as being comprised of two or 

more layers with substantially different characteristics.  Very large values of , say, more than 30, mean 

that the mesh elements are big compared with the boundary layer.  Very small values of , say, less than 

0.1, means that there are several elements located at various depths in the boundary layer.   



~ 29 ~ 

 

Very small values of  may give the turbulence model the data it needs to figure out variations in the 

fluid flow throughout the boundary layer.  This is called “resolving the boundary layer” right down to the 

surface.  That is not possible for very large values of .  When  is large, the turbulence model will 

have to use some empirical model to approximate what is going on in the boundary layer.  Such an 

empirical model is called a “wall function”.  In fact, one of the main features which distinguishes one 

turbulence model from another is the form of its empirical model and the constants in its mathematical 

representation. 

 

One of the benefits of the k-omega-SST turbulence model used in this paper is that it is quite forgiving 

about this issue.  It is able to switch automatically between using an empirical wall function and resolving 

the boundary layer directly, based on the local value of .  Some turbulence models cannot switch and 

care needs to be taken that the mesh is sized so that the resulting  values are in a range suited for that 

particular model. 

 

It is always possible for a mesh to be too coarse, and the  values so large, that the turbulence model’s 

ability to simulate the flow is impaired.  As I understand things, the transition from an acceptable 

representation to an unacceptable representation takes place somewhere in the range of  from 30 to 

300.  For some turbulence models, it is also possible for  to be too small.  I believe that the cut-off  

for those turbulence models is usually between five and ten.   

 

Since the development of a boundary layer along a plane surface commences at the leading edge, it is the 

value of  near the leading edge, or even at the leading edge, which is determinative.  When the 

geometry of a problem permits, it may be possible to scale the size of the mesh elements, so they are 

small near the leading edge and bigger further along the surface where the boundary layer will have 

deepened.  This was not possible with the piece of tether studied in this paper.  The sharp edges between 

the 16 rectangles on the cylindrical surface are natural places where the flow will separate, presenting any 

downstream surface with a partially-developed boundary layer right from the get-go.  In addition, when 

the piece is inclined to the flow at a non-zero angle of attack, the air will “touch down” on the surface at 

every point along the axis. 

 

So, what are the  values for the mesh and wind conditions used in this paper?  As I have said, there are 

16 plane surfaces (rectangles) along the piece of tether.  The mesh was constructed so that there would be 

approximately six mesh elements (tetrahedrons) across each face.  Dividing the length of the piece (10 

centimeters or so) with the diameter of the tether (1.7 millimeters) shows that there are approximately 500 

mesh elements along the axis of the piece.  Each face, then, is covered by about 3,000 mesh elements.  

Every one of them is the potential starting point for a new boundary layer. 

 

Let me begin with the same case whose streamlines were shown in several pictures above.  For that case, 

the wind speed was 30 miles per hour, the altitude was zero and the angle of attack was 45°.  The value of 

 on the surface was: 

 Maximum anywhere on the surface   2.17 

 Minimum anywhere on the surface   0.079 

 Average values on the 16 sides were in the range  0.239 to 0.566   

 

The values of  vary with the angle of attack.  The following table compares the three measures of  

for three angles of attack (0°, 45° and 90°) when the tether is at an altitude of 15,000 feet and the wind 

speed is 30 miles per hour. 
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Angle of attack 

0° 45° 90° 

Maximum anywhere 0.324 0.571 0.492 

Minimum anywhere 0.012 0.010 0.012 

Range of face averages 0.0378 to 0.0383 0.0323 to 0.0603 0.0340 to 0.0633 

 

The values of  also vary with the wind speed.  When the altitude is 15,000 feet, as in the previous table, 

but the wind speed is only ten miles per hour,  at the 45° angle of attack was: 

 Maximum anywhere on the surface   0.179 

 Minimum anywhere on the surface   0.0070 

 Average values on the 16 sides were in the range  0.0181 to 0.0338   

 

 

The simulation in this paper was done to provide lift and drag data which can be used to calculate the 

shape of the tether of a high-altitude kite.  There is an accompanying paper with that name. 

 

The closed-form expressions which represent the lift and drag data are summarized on the next page. 

 

Jim Hawley 

June 2013 

 

An e-mail setting out errors and omissions would be appreciated. 
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Summary of the formulae 

 

The given variables are: 

  is the angle of attack, in degrees and in the range from 0° to 90° 

  is the wind speed, in miles per hour and in the range from 10 mph to 40 mph 

 is the altitude, in feet and in the range 0 feet to 15,000 feet 

 

First calculate the local air density , in kg/m
3
, using 

 

 

 

Then calculate one force value (the normalized value) on each angle of attack curve, using 

 

 

 

Lastly, calculate the force, in Newtons per lineal meter of the tether, for any angle of attack using 

 

 

 

where 

subscript  denotes the downstream direction 

subscript  denotes the vertical direction, algebraically positive when upwards 

suffix  identifies the pressure force  

suffix  identifies the viscous force 
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Appendix “A” 

 

Test cases for the length of a tether segment 

 

Key settings: 

 “simpleFoam” solver with “k-omega-SST” turbulence model 

 Altitude = 0 feet, with density  = 1.225 kg/m
3
 and  = 1.48498e-05 m

2
/s 

 Wind speed = 30 mph and angle of attack = 45° 

 Roll orientation = face on 

 Wind tunnel = 30 cm  30 cm  30 cm with 1 cm characteristic mesh length on faces 

 Characteristic mesh length on tether surface = one-sixth of face width 

 Mesh generated using GMesh, with one iteration of “Optimize3D” and “Optimize3D (Netgen)” 

 The cases were decomposed and run in parallel on eight processors until residuals < 1e-5 

 S.I. units were used, so forces and moments are reported in N and Nm, respectively 

 Forces were computed for the 16 cylindrical faces only, excluding the ends 

 

Segment Number of   Iterations  

  length tetrahedra  to converge 

  7.5 cm   2,909,625        428 

10.0 cm   4,718,621        562 

12.5 cm   4,746,597        535 

15.0 cm   5,664,447        566 

 

Segment Pressure forces--------------------------------- Viscous forces----------------------------------- 

  length Fx Fy Fz Fx Fy Fz 

  7.5 cm 0.004525064 -0.004525064  7.415318e-5 0.001783912 0.0002668363  3.050147e-6 

10.0 cm 0.005884602 -0.005884602 -5.466599e-5 0.002340616 0.0003670631 -5.062365e-7 

12.5 cm 0.007393104 -0.007393104  4.482582e-5 0.002946036 0.0004619683  3.127690e-6 

15.0 cm 0.008815859 -0.008815859 -0.0002282475 0.00352401 0.0005580981 -8.563607e-6 
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-axis 

-axis 

-axis 

cylinder through wind tunnel 

Inlet and outlet slanted 

at same angle as cylinder 

Appendix “B” 

 

An alternative approach to simulating a swept cylinder 

 

Consider a straight piece of the tether at an angle of attack greater than, say, 30°.  Let’s make it long 

enough so that it pierces the top and bottom of the virtual wind tunnel.  Make the wind tunnel a 

parallelepiped, but not a rectangular parallelepiped.  Slant the inlet and outlet faces so that they have the 

same angle with respect to the horizontal as the angle of attack.  The configuration is as shown in the 

following figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, let’s define a horizontal plane (in the -  plane) with the same dimensions as the top and 

bottom faces of the wind tunnel.  We will place this plane through the geometric center of the wind 

tunnel.  This plane is shown in light red in the following figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Run the OpenFoam case for one or two hundred iterations, until the physical variables are established on 

the central plane.  Then, stop OpenFoam.  Take the state of the fluid on the central plane, and adopt it as 

new boundary conditions on the top and bottom faces of the wind tunnel. 

 

Now, re-start OpenFoam and run the case for another one or two hundred iterations.  Once again, use the 

state of the fluid on the central plane as new boundary conditions on the top and bottom faces.   

 

Continue OpenFoaming, and renewing the top and bottom faces with the fluid state on the central plane, 

until done. 

 

-axis 

-axis 

-axis 
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A similar process can be used for low angles of attack, by using a vertical central plane, and setting the 

top and bottom faces on a slant, as shown in the following figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

-axis 

-axis 

-axis 

Every few hundred iterations, 

the fluid state on the central 

plane becomes the new inlet 

and outlet BCs. 
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Appendix “C” 

 

Test cases for the size of the mesh 

 

Key settings: 

 Length of tether segment = 10 cm 

 “simpleFoam” solver with “k-omega-SST” turbulence 

 Altitude = 0 feet, with density  = 1.225 kg/m
3
 and  = 1.48498e-05 m

2
/s 

 Wind speed = 30 mph and angle of attack = 45° 

 Roll orientation = face on 

 Wind tunnel = 30 cm  30 cm  30 cm with 1 cm characteristic mesh length on faces 

 Mesh generated using GMesh, with one iteration of “Optimize3D” and “Optimize3D (Netgen)” 

 The cases were decomposed and run in parallel on eight processors until residuals < 1e-5 

 S.I. units were used, so forces and moments are reported in N and Nm, respectively 

 Forces were computed for the 16 cylindrical faces only, excluding the ends 

 

   Characteristic  

length as fraction Number of   Iterations  

   of face width  tetrahedra to converge 

            1     2,909,625        284 

           1/2     4,718,621        336 

           1/4     4,746,597        425 

           1/5                                   n/a        448   

           1/6     5,664,447        562 

 

 Char. Pressure forces--------------------------------- Viscous forces----------------------------------- 

length Fx Fy Fz Fx Fy Fz 

    1 0.005171041 -0.005171041 -0.0001461525 0.00148105 0.0001475354 -2.031518e-6 

  1/2 0.005108952 -0.005108952 -8.749931e-5 0.0018233 0.0002187024  1.564915e-7 

  1/4 0.005676575 -0.005676575 -5.646862e-5 0.002395378 0.0003411752 -1.635101e-6 

  1/5 0.005820781 -0.005820781 -0.0002163896 0.002389476 0.0003637308 -4.18925e-6 

  1/6 0.005884602 -0.005884602 -5.466599e-5 0.002340616 0.0003670631 -5.062365e-7 
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Appendix “D” 

 

Test cases for the orientation of the tether 

 

Key settings: 

 Length of tether segment = 10 cm 

 “simpleFoam” solver with “k-omega-SST” turbulence 

 Altitude = 0 feet, with density  = 1.225 kg/m
3
 and  = 1.48498e-05 m

2
/s 

 Wind speed = 30 mph 

 Roll orientation = face on 

 Wind tunnel = 30 cm  30 cm  30 cm with 1 cm characteristic mesh length on faces 

 Characteristic mesh length on tether surface = one-sixth of face width 

 Mesh generated using GMesh, with one iteration of “Optimize3D” and “Optimize3D (Netgen)” 

 The cases were decomposed and run in parallel on eight processors until residuals < 1e-5 

 S.I. units were used, so forces and moments are reported in N and Nm, respectively 

 Forces were computed for the 16 cylindrical faces only, excluding the ends 

 

For the face-on orientation 

 

Angle Pressure forces--------------------------------- Viscous forces----------------------------------- 

attack Fx Fy Fz Fx Fy Fz 

   15° 0.0004523201 -0.001688083  3.798105e-6 0.00184751 4.517992e-5 -7.011858e-7 

   45° 0.005884602 -0.005884602 -5.466599e-5 0.002340616 0.0003670631 -5.062365e-7 

   75° 0.01364669 -0.003656619  2.925050e-5 0.002197927 0.0002532135  2.522494e-6 

   

For the edge-on orientation 

 

Angle Pressure forces--------------------------------- Viscous forces----------------------------------- 

attack Fx Fy Fz Fx Fy Fz 

   15° 0.0004457239 -0.001663463 -1.701897e-5 0.001833411 4.486177e-5 -8.509065e-8 

   45° 0.005880627 -0.005880627 -9.785685e-5 0.002338532 0.0003689564 -1.64058e-6 

   75° 0.01360096 -0.003644367  7.591713e-5 0.002191613 0.0002569271  1.562491e-6 
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Appendix “E” 

 

Sample input file for GMesh 

 
// GMesh file for a 16-strand 500-pound Spectra kite line 

// Diameter = 1.7 mm 

// Weight = 8.213 ounces per 500 feet 

// Manufactured by Goodwinds 

// Mathematical model of cross-section as a 16-sided regular polygon: 

//   Subtended angle per side = 360 / 16 = 22.5 degrees 

//   Radius to face centers = 1.7 / 2 = 0.850 mm 

//   Radius to face edges = 0.85 / cos(11.25 degrees) = 0.86665 mm 

// 

Mesh.RandomFactor = 1e-6; 

Geometry.Tolerance = 1e-6; 

//  

// Wind tunnel size and discretization 

WTLength = 0.3;  // Wind tunnel is 0.3 meter long 

WTHeight = 0.3;  // Wind tunnel is 0.3 meter high 

WTWidth = 0.3;  // Wind tunnel is 0.3 meters wide 

lcWT = 0.01;  // Characteristic length on wind tunnel is 1 cm 

// 

// Specify the orientation and length of the piece of tether 

AngleAttack = 45; // Angle of attack, in degrees 

LenTether = 0.1; // Length of the piece of tether, in meters 

RadTether = 0.00086665; // Outer radius of tether is 0.86665 mm 

FaceAngle = 22.5; // Subtended angle of each face, in degrees 

OffsetAngle = 11.25; // Offset of first edge from L.E., in degrees 

// 

// Calculate the characteristic length as one-sixth the face width 

lcTether = (2 / 6) * RadTether * Tan(0.5 * FaceAngle * 3.141592654 /180); 

// 

// Calculated quantities 

WTHalfLength = WTLength / 2; 

WTHalfHeight = WTHeight / 2; 

WTHalfWidth = WTWidth /2; 

AngleAttack = AngleAttack * 3.141592654 / 180; 

HalfLenTether = LenTether / 2; 

FaceAngle = FaceAngle * 3.141592654 / 180; 

OffsetAngle = OffsetAngle * 3.141592654 / 180; 

// Co-ordinates of the edges around the circumference 

Z1 = RadTether * Cos(OffsetAngle + (0 * FaceAngle)); 

Y1 = RadTether * Sin(OffsetAngle + (0 * FaceAngle)); 

Z2 = RadTether * Cos(OffsetAngle + (1 * FaceAngle)); 

Y2 = RadTether * Sin(OffsetAngle + (1 * FaceAngle)); 

Z3 = RadTether * Cos(OffsetAngle + (2 * FaceAngle)); 

Y3 = RadTether * Sin(OffsetAngle + (2 * FaceAngle)); 

Z4 = RadTether * Cos(OffsetAngle + (3 * FaceAngle)); 

Y4 = RadTether * Sin(OffsetAngle + (3 * FaceAngle)); 

Z5 = RadTether * Cos(OffsetAngle + (4 * FaceAngle)); 

Y5 = RadTether * Sin(OffsetAngle + (4 * FaceAngle)); 

Z6 = RadTether * Cos(OffsetAngle + (5 * FaceAngle)); 

Y6 = RadTether * Sin(OffsetAngle + (5 * FaceAngle)); 

Z7 = RadTether * Cos(OffsetAngle + (6 * FaceAngle)); 

Y7 = RadTether * Sin(OffsetAngle + (6 * FaceAngle)); 

Z8 = RadTether * Cos(OffsetAngle + (7 * FaceAngle)); 
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Y8 = RadTether * Sin(OffsetAngle + (7 * FaceAngle)); 

Z9 = RadTether * Cos(OffsetAngle + (8 * FaceAngle)); 

Y9 = RadTether * Sin(OffsetAngle + (8 * FaceAngle)); 

Z10 = RadTether * Cos(OffsetAngle + (9 * FaceAngle)); 

Y10 = RadTether * Sin(OffsetAngle + (9 * FaceAngle)); 

Z11 = RadTether * Cos(OffsetAngle + (10 * FaceAngle)); 

Y11 = RadTether * Sin(OffsetAngle + (10 * FaceAngle)); 

Z12 = RadTether * Cos(OffsetAngle + (11 * FaceAngle)); 

Y12 = RadTether * Sin(OffsetAngle + (11 * FaceAngle)); 

Z13 = RadTether * Cos(OffsetAngle + (12 * FaceAngle)); 

Y13 = RadTether * Sin(OffsetAngle + (12 * FaceAngle)); 

Z14 = RadTether * Cos(OffsetAngle + (13 * FaceAngle)); 

Y14 = RadTether * Sin(OffsetAngle + (13 * FaceAngle)); 

Z15 = RadTether * Cos(OffsetAngle + (14 * FaceAngle)); 

Y15 = RadTether * Sin(OffsetAngle + (14 * FaceAngle)); 

Z16 = RadTether * Cos(OffsetAngle + (15 * FaceAngle)); 

Y16 = RadTether * Sin(OffsetAngle + (15 * FaceAngle)); 

// 

// Points on upstream end of tether, counterclockwise w.r.t. to X-axis 

Point(1) = {-HalfLenTether, Y1, Z1, lcTether}; 

Point(2) = {-HalfLenTether, Y2, Z2, lcTether}; 

Point(3) = {-HalfLenTether, Y3, Z3, lcTether}; 

Point(4) = {-HalfLenTether, Y4, Z4, lcTether}; 

Point(5) = {-HalfLenTether, Y5, Z5, lcTether}; 

Point(6) = {-HalfLenTether, Y6, Z6, lcTether}; 

Point(7) = {-HalfLenTether, Y7, Z7, lcTether}; 

Point(8) = {-HalfLenTether, Y8, Z8, lcTether}; 

Point(9) = {-HalfLenTether, Y9, Z9, lcTether}; 

Point(10) = {-HalfLenTether, Y10, Z10, lcTether}; 

Point(11) = {-HalfLenTether, Y11, Z11, lcTether}; 

Point(12) = {-HalfLenTether, Y12, Z12, lcTether}; 

Point(13) = {-HalfLenTether, Y13, Z13, lcTether}; 

Point(14) = {-HalfLenTether, Y14, Z14, lcTether}; 

Point(15) = {-HalfLenTether, Y15, Z15, lcTether}; 

Point(16) = {-HalfLenTether, Y16, Z16, lcTether}; 

// 

// Points on downstream end of tether, counterclockwise w.r.t. to X-axis 

Point(21) = {HalfLenTether, Y1, Z1, lcTether}; 

Point(22) = {HalfLenTether, Y2, Z2, lcTether}; 

Point(23) = {HalfLenTether, Y3, Z3, lcTether}; 

Point(24) = {HalfLenTether, Y4, Z4, lcTether}; 

Point(25) = {HalfLenTether, Y5, Z5, lcTether}; 

Point(26) = {HalfLenTether, Y6, Z6, lcTether}; 

Point(27) = {HalfLenTether, Y7, Z7, lcTether}; 

Point(28) = {HalfLenTether, Y8, Z8, lcTether}; 

Point(29) = {HalfLenTether, Y9, Z9, lcTether}; 

Point(30) = {HalfLenTether, Y10, Z10, lcTether}; 

Point(31) = {HalfLenTether, Y11, Z11, lcTether}; 

Point(32) = {HalfLenTether, Y12, Z12, lcTether}; 

Point(33) = {HalfLenTether, Y13, Z13, lcTether}; 

Point(34) = {HalfLenTether, Y14, Z14, lcTether}; 

Point(35) = {HalfLenTether, Y15, Z15, lcTether}; 

Point(36) = {HalfLenTether, Y16, Z16, lcTether}; 

// 

// Rotate the piece of tether to the angle of attack 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{1}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{2}; } 
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Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{3}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{4}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{5}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{6}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{7}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{8}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{9}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{10}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{11}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{12}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{13}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{14}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{15}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{16}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{21}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{22}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{23}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{24}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{25}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{26}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{27}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{28}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{29}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{30}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{31}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{32}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{33}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{34}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{35}; } 

Rotate {{0,0,1}, {0,0,0}, AngleAttack} { Point{36}; } 

// 

// Lines along cylindrical surface of tether, upstream to downstream 

Line(1) = {1, 21}; 

Line(2) = {2, 22}; 

Line(3) = {3, 23}; 

Line(4) = {4, 24}; 

Line(5) = {5, 25}; 

Line(6) = {6, 26}; 

Line(7) = {7, 27}; 

Line(8) = {8, 28}; 

Line(9) = {9, 29}; 

Line(10) = {10, 30}; 

Line(11) = {11, 31}; 

Line(12) = {12, 32}; 

Line(13) = {13, 33}; 

Line(14) = {14, 34}; 

Line(15) = {15, 35}; 

Line(16) = {16, 36}; 

// 

// Lines around perimeter of upstream end of tether 

Line(21) = {1, 2}; 

Line(22) = {2, 3}; 

Line(23) = {3, 4}; 

Line(24) = {4, 5}; 

Line(25) = {5, 6}; 

Line(26) = {6, 7}; 

Line(27) = {7, 8}; 
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Line(28) = {8, 9}; 

Line(29) = {9, 10}; 

Line(30) = {10, 11}; 

Line(31) = {11, 12}; 

Line(32) = {12, 13}; 

Line(33) = {13, 14}; 

Line(34) = {14, 15}; 

Line(35) = {15, 16}; 

Line(36) = {16, 1}; 

// 

// Lines around perimeter of downstream end of tether 

Line(41) = {21, 22}; 

Line(42) = {22, 23}; 

Line(43) = {23, 24}; 

Line(44) = {24, 25}; 

Line(45) = {25, 26}; 

Line(46) = {26, 27}; 

Line(47) = {27, 28}; 

Line(48) = {28, 29}; 

Line(49) = {29, 30}; 

Line(50) = {30, 31}; 

Line(51) = {31, 32}; 

Line(52) = {32, 33}; 

Line(53) = {33, 34}; 

Line(54) = {34, 35}; 

Line(55) = {35, 36}; 

Line(56) = {36, 21}; 

// 

// Line Loops on cylindrical surface of tether, directed outwards 

Line Loop(61) = {1, 41, -2, -21}; 

Line Loop(62) = {2, 42, -3, -22}; 

Line Loop(63) = {3, 43, -4, -23}; 

Line Loop(64) = {4, 44, -5, -24}; 

Line Loop(65) = {5, 45, -6, -25}; 

Line Loop(66) = {6, 46, -7, -26}; 

Line Loop(67) = {7, 47, -8, -27}; 

Line Loop(68) = {8, 48, -9, -28}; 

Line Loop(69) = {9, 49, -10, -29}; 

Line Loop(70) = {10, 50, -11, -30}; 

Line Loop(71) = {11, 51, -12, -31}; 

Line Loop(72) = {12, 52, -13, -32}; 

Line Loop(73) = {13, 53, -14, -33}; 

Line Loop(74) = {14, 54, -15, -34}; 

Line Loop(75) = {15, 55, -16, -35}; 

Line Loop(76) = {16, 56, -1, -36}; 

// 

// Line Loop on upstream end of tether, directed outwards 

Line Loop(81) = {21, 22, 23, 24, 25, 26, 27, 28, 

                 29, 30, 31, 32, 33, 34, 35, 36}; 

// 

// Line Loop on downstream end of tether, directed outwards 

Line Loop(82) = {-56, -55, -54, -53, -52, -51, -50, -49, 

                 -48, -47, -46, -45, -44, -43, -42, -41}; 

// 

// Planar Surfaces on cylindrical surface of tether 

Plane Surface(91) = {61}; 

Plane Surface(92) = {62}; 
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Plane Surface(93) = {63}; 

Plane Surface(94) = {64}; 

Plane Surface(95) = {65}; 

Plane Surface(96) = {66}; 

Plane Surface(97) = {67}; 

Plane Surface(98) = {68}; 

Plane Surface(99) = {69}; 

Plane Surface(100) = {70}; 

Plane Surface(101) = {71}; 

Plane Surface(102) = {72}; 

Plane Surface(103) = {73}; 

Plane Surface(104) = {74}; 

Plane Surface(105) = {75}; 

Plane Surface(106) = {76}; 

// 

// Planar Surfaces on ends of the tether 

Plane Surface(107) = {81}; // Upstream end 

Plane Surface(108) = {82}; // Downstream end 

// 

// Surface Loop for the piece of tether 

Surface Loop(110) = {91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 

                     101, 102, 103, 104, 105, 106, 107, 108}; 

// 

// Define physical surfaces for OpenFoam's use 

Physical Surface("TetherSurface.1") = {91}; 

Physical Surface("TetherSurface.2") = {92}; 

Physical Surface("TetherSurface.3") = {93}; 

Physical Surface("TetherSurface.4") = {94}; 

Physical Surface("TetherSurface.5") = {95}; 

Physical Surface("TetherSurface.6") = {96}; 

Physical Surface("TetherSurface.7") = {97}; 

Physical Surface("TetherSurface.8") = {98}; 

Physical Surface("TetherSurface.9") = {99}; 

Physical Surface("TetherSurface.10") = {100}; 

Physical Surface("TetherSurface.11") = {101}; 

Physical Surface("TetherSurface.12") = {102}; 

Physical Surface("TetherSurface.13") = {103}; 

Physical Surface("TetherSurface.14") = {104}; 

Physical Surface("TetherSurface.15") = {105}; 

Physical Surface("TetherSurface.16") = {106}; 

Physical Surface("TetherEnds.1") = {107}; 

Physical Surface("TetherEnds.2") = {108}; 

// 

//****************************************************** 

// 

// Define the 8 vertices of the parallelepiped 

Point(1001) = {-WTHalfLength, -WTHalfHeight, WTHalfWidth, lcWT}; 

Point(1002) = {WTHalfLength, -WTHalfHeight, WTHalfWidth, lcWT}; 

Point(1003) = {WTHalfLength, WTHalfHeight, WTHalfWidth, lcWT}; 

Point(1004) = {-WTHalfLength, WTHalfHeight, WTHalfWidth, lcWT}; 

Point(1005) = {-WTHalfLength, -WTHalfHeight, -WTHalfWidth, lcWT}; 

Point(1006) = {WTHalfLength, -WTHalfHeight, -WTHalfWidth, lcWT}; 

Point(1007) = {WTHalfLength, WTHalfHeight, -WTHalfWidth, lcWT}; 

Point(1008) = {-WTHalfLength, WTHalfHeight, -WTHalfWidth, lcWT}; 

// 

// Define the 12 edges of the parallelepiped 

Line(1001) = {1001, 1002}; 
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Line(1002) = {1002, 1003}; 

Line(1003) = {1003, 1004}; 

Line(1004) = {1004, 1001}; 

Line(1005) = {1001, 1005}; 

Line(1006) = {1002, 1006}; 

Line(1007) = {1003, 1007}; 

Line(1008) = {1004, 1008}; 

Line(1009) = {1005, 1006}; 

Line(1010) = {1006, 1007}; 

Line(1011) = {1007, 1008}; 

Line(1012) = {1008, 1005}; 

// 

// Define the 6 faces of the parallelepiped, directed outwards 

Line Loop(1013) = {1001, 1002, 1003, 1004};  // Left side 

Line Loop(1014) = {1006, 1010, -1007, -1002};  // Outlet 

Line Loop(1015) = {-1012, -1011, -1010, -1009};  // Right side 

Line Loop(1016) = {-1004, 1008, 1012, -1005};  // Inlet 

Line Loop(1017) = {1007, 1011, -1008, -1003};  // Top 

Line Loop(1018) = {1005, 1009, -1006, -1001};   // Bottom 

// 

// Define 6 surfaces of the parallelepiped 

Plane Surface(1019) = {1013};    // Left side 

Plane Surface(1020) = {1014};    // Outlet 

Plane Surface(1021) = {1015};    // Right side 

Plane Surface(1022) = {1016};    // Inlet 

Plane Surface(1023) = {1017};    // Top 

Plane Surface(1024) = {1018};    // Bottom 

// 

// Define the exterior surface of the wind tunnel, directed inwards 

Surface Loop(1025) = {-1019, -1020, -1021, -1022, -1023, -1024}; 

// 

// ************************************************************************* 

// Define the Volume of the wind tunnel.  The first item is the surface loop 

// of the wind tunnel.  The second item is the hole created by the tether. 

Volume(1026) = {1025, 110}; 

// 

***************************************************************************** 

// 

// Define physical surfaces for OpenFoam's use 

Physical Surface("Inlet") = {1022}; 

Physical Surface("Outlet") = {1020}; 

Physical Surface("LeftWall") = {1019}; 

Physical Surface("RightWall") = {1021}; 

Physical Surface("Top") = {1023}; 

Physical Surface("Bottom") = {1024}; 

// 

// Define physical volume for OpenFoam's use 

Physical Volume("Internal") = {1026}; 
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Appendix “F” 

 

Sample OpenFoam control files 
 

File “/0/k” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       volScalarField; 

    location    "0"; 

    object      k; 

} 

 

// In the original k file, the tether surfaces were defined with type 

// zeroGradient.  simpleFoam automatically upgraded the file to use the 

// kqRWallFunction wall function instead.   

 

dimensions      [0 2 -2 0 0 0 0]; 

 

internalField   uniform 0.675; 

 

boundaryField 

{ 

    Inlet 

    { 

        type            fixedValue; 

        value           uniform 0.675; 

    } 

    Outlet 

    { 

        type            zeroGradient; 

    } 

    LeftWall 

    { 

        type            symmetryPlane; 

    } 

    RightWall 

    { 

        type            symmetryPlane; 

    } 

    Top 

    { 

        type            symmetryPlane; 

    } 

    Bottom 

    { 

        type            symmetryPlane; 

    } 

    "TetherSurface.*" 

    { 

        type            fixedValue; 

        value           uniform 1e-10; 

    } 
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    "TetherEnds.*" 

    { 

        type            kqRWallFunction; 

        value           uniform 1e-10; 

    } 

} 

 

 

File “/0/nut” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       volScalarField; 

    location    "0"; 

    object      nut; 

} 

 

// I did not prepare a nut file.  simpleFoam automatically created 

// this file, with the default nutkWallFunction coefficients shown. 

 

dimensions      [0 2 -1 0 0 0 0]; 

 

internalField   uniform 0; 

 

boundaryField 

{ 

    Inlet 

    { 

        type            calculated; 

        value           uniform 0; 

    } 

    Outlet 

    { 

        type            calculated; 

        value           uniform 0; 

    } 

    LeftWall 

    { 

        type            symmetryPlane; 

    } 

    RightWall 

    { 

        type            symmetryPlane; 

    } 

    Top 

    { 

        type            symmetryPlane; 

    } 

    Bottom 

    { 

        type            symmetryPlane; 

    } 

    "TetherSurface.*" 
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    { 

        type            nutkWallFunction; 

        value           uniform 0; 

    } 

    "TetherEnds.*" 

    { 

        type            nutkWallFunction; 

        value           uniform 0; 

    } 

} 

 

 

File “/0/omega” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       volScalarField; 

    location    "0"; 

    object      omega; 

} 

 

// In the original omega file, the tether surfaces were defined with type 

// zeroGradient.  simpleFoam automatically upgraded the file to use the 

// omegaWallFunction wall function instead, with the default coefficients 

// shown. 

 

dimensions      [0 0 -1 0 0 0 0]; 

 

internalField   uniform 96.6; 

 

boundaryField 

{ 

    Inlet 

    { 

        type            fixedValue; 

        value           uniform 96.6; 

    } 

    Outlet 

    { 

        type            zeroGradient; 

    } 

    LeftWall 

    { 

        type            symmetryPlane; 

    } 

    RightWall 

    { 

        type            symmetryPlane; 

    } 

    Top 

    { 

        type            symmetryPlane; 

    } 
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    Bottom 

    { 

        type            symmetryPlane; 

    } 

    "TetherSurface.*" 

    { 

        type            fixedValue; 

        value           uniform 1e-10; 

    } 

    "TetherEnds.*" 

    { 

        type            fixedValue; 

        value           uniform 1e-10; 

    } 

} 

 

 

File “/0/p” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       volScalarField; 

    object      p; 

} 

dimensions      [0 2 -2 0 0 0 0]; 

internalField   uniform 0; 

boundaryField 

{ 

    Inlet 

    { 

        type zeroGradient; 

    } 

    Outlet 

    { 

        type fixedValue; 

        value uniform 0; 

    } 

    LeftWall 

    { 

        type symmetryPlane; 

    } 

    RightWall 

    { 

        type symmetryPlane; 

    } 

    Top 

    { 

        type symmetryPlane; 

    } 

    Bottom 

    { 

        type symmetryPlane; 

    } 
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    "TetherSurface.*" 

    { 

        type zeroGradient; 

    } 

    "TetherEnds.*" 

    { 

        type zeroGradient; 

    } 

} 

 

 

File “/0/U” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       volVectorField; 

    location    "0"; 

    object      U; 

} 

//  5mph = 2.2352 m/s 

// 10mph = 4.4704 m/s 

// 15mph = 6.7056 m/s 

// 20mph = 8.9408 m/s 

// 25mph = 11.1760 m/s 

// 30mph = 13.4112 m/s 

// 35mph = 15.6464 m/s 

// 40mph = 17.8816 m/s 

dimensions      [0 1 -1 0 0 0 0]; 

internalField   uniform (13.4112 0 0); 

boundaryField 

{ 

    Inlet  

    { 

 type fixedValue; 

 value uniform (13.4112 0 0); 

    } 

    Outlet 

    { 

 type zeroGradient; 

    } 

    LeftWall 

    { 

        type symmetryPlane; 

    } 

    RightWall 

    { 

        type symmetryPlane; 

    } 

    Top 

    { 

        type symmetryPlane; 

    } 

    Bottom 

    { 
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        type symmetryPlane; 

    } 

    "TetherSurface.*" 

    { 

        type fixedValue; 

 value uniform (0 0 0); 

    } 

    "TetherEnds.*" 

    { 

        type fixedValue; 

 value uniform (0 0 0); 

    } 

} 

 

 

File “/constant/RASProperties” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      RASProperties; 

} 

RASModel        kOmegaSST; 

turbulence      on; 

printCoeffs     on; 

 

kOmegaSSTCoeffs 

{ 

    alphaK1     0.85034; 

    alphaK2     1.0; 

    alphaOmega1 0.5; 

    alphaOmega2 0.85616; 

    beta1       0.075; 

    beta2       0.0828; 

    betaStar    0.09; 

    gamma1      0.5532; 

    gamma2      0.4403; 

    a1          0.31; 

    c1          10.0; 

} 
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File “/constant/transportProperties” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      transportProperties; 

} 

 

// U.S. Standard Atmosphere 

// Altitude---   Density-----  Dynamic visc---  Kinematic visc- 

//      0 feet   1.225 kg/m^3  1.789E-5 Ns/m^2  1.4604E-5 m^2/s 

//  5,000        0.7364        1.628E-5         2.2108E-5 

// 10,000        0.4135        1.458E-5         3.5260E-5 

// 15,000        0.1948        1.422E-5         7.2998E-5 

 

transportModel  Newtonian; 

nu              nu [0 2 -1 0 0 0 0] 1.4604e-05; 

 

 

File “/constant/turbulenceProperties” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      turbulenceProperties; 

} 

simulationType  RASModel; 
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File “/system/controlDict” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      controlDict; 

} 

application     simpleFoam; 

startFrom       latestTime; 

startTime       0; 

stopAt          endTime; 

endTime         5000; 

deltaT          1; 

writeControl    timeStep; 

writeInterval   250; 

purgeWrite      0; 

writeFormat     ascii; 

writePrecision  7; 

writeCompression off; 

timeFormat      general; 

timePrecision   6; 

runTimeModifiable true; 

functions 

{ 

    forcesTether 

    { 

        type   forces; 

        functionObjectLibs ( "libforces.so" ); 

        patches   ( "TetherSurface.*" ); 

        rhoName          rhoInf; 

        pName   p; 

        UName     U; 

        log       true; 

        rhoInf    1.225; 

        CofR   ( 0 0 0 ); 

        outputControl  timeStep; 

        outputInterval       1; 

    } 

}; 
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File “/system/decomposeParDict” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      decomposeParDict; 

} 

numberOfSubdomains 8; 

method   scotch; 

scotchCoeffs 

{} 

distributed  no; 

roots 

    (); 

 

// To run a case in parallel, do this: 

// 1.  <prompt> decomposePar 

// 2.  <prompt> mpirun -np 8 simpleFoam -parallel | tee ofLog.txt 

// 3.  When done, <prompt> reconstructPar 

 

 

File “/system/fvSchemes” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      fvSchemes; 

} 

ddtSchemes 

{ 

    default         steadyState; 

} 

gradSchemes 

{ 

    default         Gauss linear; 

    grad(p)         Gauss linear; 

    grad(U)         Gauss linear; 

} 

divSchemes 

{ 

    default            none; 

    div(phi,U)         Gauss upwind; 

    div(phi,k)         Gauss upwind; 

    div(phi,epsilon)   Gauss upwind; 
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    div(phi,R)         Gauss upwind; 

    div(R)              Gauss linear; 

    div(phi,nuTilda)    Gauss upwind; 

    div((nuEff*dev(T(grad(U)))))  Gauss linear; 

    div(phi,omega)   Gauss upwind; 

} 

laplacianSchemes 

{ 

    default            none; 

    laplacian(nuEff,U)    Gauss linear corrected; 

    laplacian((1|A(U)),p)   Gauss linear corrected; 

    laplacian(DkEff,k)    Gauss linear corrected; 

    laplacian(DepsilonEff,epsilon)  Gauss linear corrected; 

    laplacian(DREff,R)    Gauss linear corrected; 

    laplacian(DnuTildaEff,nuTilda)  Gauss linear corrected; 

    laplacian(DomegaEff,omega)  Gauss linear corrected; 

} 

interpolationSchemes 

{ 

    default         linear; 

    interpolate(U)  linear; 

} 

snGradSchemes 

{ 

    default         corrected; 

} 

fluxRequired 

{ 

    default         no; 

    p               ; 

} 

 

 

File “/system/fvSolution” 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      fvSolution; 

} 

solvers 

{ 

    p 

    { 

        solver             GAMG; 

        tolerance          1e-20; 

        relTol             0.01; 

        maxIter            20; 

        smoother           GaussSeidel; 

        nPreSweeps         1; 

        nPostSweeps        3; 

        nFinestSweeps      3; 

        scaleCorrection   true; 

        directSolveCoarsest  false; 
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        cacheAgglomeration  on; 

        nCellsInCoarsestLevel  6; 

        agglomerator       faceAreaPair; 

        mergeLevels        1; 

    } 

    U 

    { 

        solver           PBiCG; 

        preconditioner   DILU; 

        tolerance        1e-20; 

        relTol           0.05; 

        maxIter  20; 

    } 

    k 

    { 

        solver           PBiCG; 

        preconditioner   DILU; 

        tolerance        1e-20; 

        relTol           0.05; 

        maxIter  20; 

    } 

    omega 

    { 

        solver           PBiCG; 

        preconditioner   DILU; 

        tolerance        1e-20; 

        relTol           0.05; 

        maxIter  20; 

    } 

} 

SIMPLE 

{ 

    nNonOrthogonalCorrectors  2; 

    residualControl 

    { 

        p                1e-5; 

        U                1e-5; 

        k                1e-5; 

        epsilon          1e-5; 

    } 

} 

relaxationFactors 

{ 

    p                0.3; 

    U                0.7; 

    k                0.7; 

    omega           0.7; 

} 
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Appendix “G” 

 

Sample OpenFoam “/control/polyMesh/boundary” file 
 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.1.1                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       polyBoundaryMesh; 

    location    "constant/polyMesh"; 

    object      boundary; 

} 

24 

( 

    Inlet 

    { 

        type            patch; 

        nFaces          2348; 

        startFace       9644265; 

    } 

    Outlet 

    { 

        type            patch; 

        nFaces          2350; 

        startFace       9639579; 

    } 

    LeftWall 

    { 

        type            symmetryPlane; 

        nFaces          2336; 

        startFace       9637243; 

    } 

    RightWall 

    { 

        type            symmetryPlane; 

        nFaces          2336; 

        startFace       9641929; 

    } 

    Top 

    { 

        type            symmetryPlane; 

        nFaces          2336; 

        startFace       9646613; 

    } 

    Bottom 

    { 

        type            symmetryPlane; 

        nFaces          2338; 

        startFace       9648949; 

    } 

    TetherSurface.1 

    { 

        type            wall; 

        nFaces          25562; 

        startFace       9223197; 
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    } 

    TetherSurface.2 

    { 

        type            wall; 

        nFaces          25734; 

        startFace       9248759; 

    } 

    TetherSurface.3 

    { 

        type            wall; 

        nFaces          25694; 

        startFace       9274493; 

    } 

    TetherSurface.4 

    { 

        type            wall; 

        nFaces          25580; 

        startFace       9300187; 

    } 

    TetherSurface.5 

    { 

        type            wall; 

        nFaces          25628; 

        startFace       9325767; 

    } 

    TetherSurface.6 

    { 

        type            wall; 

        nFaces          25626; 

        startFace       9351395; 

    } 

    TetherSurface.7 

    { 

        type            wall; 

        nFaces          25556; 

        startFace       9377021; 

    } 

    TetherSurface.8 

    { 

        type            wall; 

        nFaces          25586; 

        startFace       9402577; 

    } 

    TetherSurface.9 

    { 

        type            wall; 

        nFaces          25478; 

        startFace       9428163; 

    } 

    TetherSurface.10 

    { 

        type            wall; 

        nFaces          25498; 

        startFace       9453641; 

    } 

    TetherSurface.11 

    { 

        type            wall; 

        nFaces          25578; 

        startFace       9479139; 

    } 

    TetherSurface.12 

    { 
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        type            wall; 

        nFaces          25730; 

        startFace       9504717; 

    } 

    TetherSurface.13 

    { 

        type            wall; 

        nFaces          25762; 

        startFace       9530447; 

    } 

    TetherSurface.14 

    { 

        type            wall; 

        nFaces          25750; 

        startFace       9556209; 

    } 

    TetherSurface.15 

    { 

        type            wall; 

        nFaces          25740; 

        startFace       9581959; 

    } 

    TetherSurface.16 

    { 

        type            wall; 

        nFaces          25650; 

        startFace       9607699; 

    } 

    TetherEnds.1 

    { 

        type            wall; 

        nFaces          1944; 

        startFace       9633349; 

    } 

    TetherEnds.2 

    { 

        type            wall; 

        nFaces          1950; 

        startFace       9635293; 

    } 

) 
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Appendix “H” 

 

Unprocessed results from the OpenFoam runs 
 

//////////////////////////////////////////////////// 

// Principal Results                              // 

// Wind tunnel: 30 x 30 x 30 x lcWT=1 centimeters // 

// Mesh size: 6 tetrahedra across each face       // 

// RASModel: kOmegaSST                            // 

// Orientation: Face on to wind                   // 

//////////////////////////////////////////////////// 

 

//////////////////////////////////////////////////// 

// 10mph at 0 feet ///////////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1873    -8.943416e-13   3.372667e-8   -5.996683e-8    0.000267608   -2.978326e-8    6.46657e-8  

  15     1639     0.000104472   -0.000389895   -2.864618e-7    0.0003929904  -9.07967e-6    -6.931393e-8 

  30     1221     0.0003973042  -0.000688151    4.123982e-7    0.0004532177   1.613287e-5    9.973142e-8 

  45     1273     0.0008658223  -0.0008658223   1.621805e-6    0.0004690914   3.834391e-5    1.020055e-7 

  60     1162     0.001413099   -0.0008158529   8.331815e-6    0.0004606138   4.662253e-5    3.359303e-7 

  75     1189     0.001865717   -0.0004999174   2.508107e-6    0.0004466237   3.239907e-5    2.793722e-7 

  90     1694     0.002016552    5.390529e-13   1.866699e-6    0.0004345601  -2.204209e-8    2.590255e-7 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1982    -6.085683e-13  -7.984485e-8    6.232226e-8    0.0003236564  -4.677868e-9   -3.885987e-8 

  15     1701     0.000128843   -0.0004808488   1.900565e-7    0.0004880893  -1.066955e-5    2.714775e-8 

  30     1190     0.0004992855  -0.0008647879  -1.314062e-6    0.0005699047   2.022673e-5   -1.862337e-7 

  45     1261     0.001079662   -0.001079662   -6.531344e-6    0.0005859382   4.874704e-5   -5.97465e-8  

  60     1126     0.001775447   -0.001025055    6.648872e-6    0.0005770481   5.900354e-5    1.747669e-7 

  75     1113     0.002327539   -0.0006236623   4.733043e-6    0.000555274    4.114836e-5    3.920686e-7 

  90     1507     0.002544019    1.106922e-12  -1.369462e-5    0.0005476339   5.645198e-8   -6.607605e-7 

 

//////////////////////////////////////////////////// 

// 10mph at 5000 feet ////////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1693    -6.107939e-13   2.12384e-8    -2.520544e-8    0.0001880326  -1.894025e-8    3.949127e-8 

  15     1599     6.414261e-5   -0.0002393836  -2.383411e-7    0.0002705919  -7.830209e-6   -5.848218e-8 

  30     1212     0.0002454225  -0.0004250842   3.602652e-7    0.0003128897   7.43065e-6     7.935881e-8 

  45     1117     0.0005335569  -0.0005335568   9.202132e-7    0.0003258518   2.072622e-5    6.789579e-8 

  60     1086     0.0008686072  -0.0005014906   4.540773e-6    0.000323339    2.614982e-5    2.199419e-7 

  75     1114     0.001145578   -0.0003069568   1.445391e-6    0.000316939    1.831666e-5    1.656011e-7 

  90     1595     0.0012377      3.419299e-13   9.967454e-7    0.000309878   -1.381782e-8    1.362967e-7 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1732    -4.074496e-13  -4.343629e-8    1.975857e-8    0.0002273502  -1.949364e-9   -2.768154e-8 

  15     1676     7.912049e-5   -0.0002952818   5.641276e-8    0.0003359469  -9.349549e-6    1.365022e-8 

  30     1188     0.000308503   -0.0005343428  -7.792489e-7    0.0003933053   9.337113e-6   -1.238698e-7 

  45     1138     0.0006656871  -0.0006656871  -3.123615e-6    0.000407022    2.642674e-5    6.076066e-8 

  60     1050     0.001091596   -0.000630233    3.402417e-6    0.0004051441   3.306664e-5    8.987781e-8 

  75     1042     0.001429431   -0.000383015    2.925986e-6    0.0003941503   2.331612e-5    2.586531e-7 

  90     1463     0.001561373    6.906079e-13  -8.340781e-6    0.000390559    3.187932e-8   -4.484703e-7 

 

//////////////////////////////////////////////////// 

// 10mph at 10000 feet ///////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1604    -4.036521e-13   1.867431e-8   -9.329709e-9    0.0001268567  -1.15422e-8     2.288815e-8 

  15     1528     3.698639e-5   -0.0001380352  -1.757032e-7    0.0001779082  -6.292447e-6   -4.655716e-8 

  30     1206     0.0001428657  -0.0002474507   2.619731e-7    0.0002064676   2.264101e-6    6.109421e-8 

  45      961     0.0003103807  -0.0003103807   4.588934e-7    0.0002170593   9.842073e-6    3.479294e-8 

  60      870     0.0005040623  -0.0002910205   2.230625e-6    0.0002179184   1.31226e-5     1.165688e-7 

  75     1003     0.0006636447  -0.0001778231   8.230831e-7    0.0002160714   9.302602e-6    9.879591e-8 

  90     1375     0.0007167319   2.042374e-13   5.807796e-7    0.0002123556  -9.520158e-9    9.507343e-8 

Second length = 12.5 centimeters 
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Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1797    -2.664441e-13  -2.362987e-8    1.619254e-10   0.0001534039  -1.329242e-9   -2.175987e-8 

  15     1658     4.562929e-5   -0.0001702909  -5.747008e-9    0.0002207488  -7.596994e-6    2.446104e-9 

  30     1187     0.0001796183  -0.0003111081  -4.116379e-7    0.0002594105   2.851264e-6   -7.520531e-8 

  45     1060     0.0003873546  -0.0003873546  -1.097615e-6    0.0002710319   1.258219e-5    1.275539e-7 

  60      847     0.0006335546  -0.0003657829   1.536928e-6    0.0002730949   1.656264e-5    3.365484e-8 

  75      931     0.0008282438  -0.0002219272   1.596152e-6    0.0002687945   1.186628e-5    1.641547e-7 

  90     1338     0.0009041344   3.999243e-13  -4.430825e-6    0.0002676554   1.455275e-8   -2.046649e-7 

 

//////////////////////////////////////////////////// 

// 10mph at 15000 feet ///////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1796    -2.587664e-13   1.374451e-8   -3.586154e-9    8.191066e-5   -7.770859e-9    1.294789e-8 

  15     1471     1.842874e-5   -6.877704e-5   -1.088946e-7    0.0001099803  -4.719934e-6   -3.422759e-8 

  30     1198     7.250688e-5   -0.0001255856   1.55907e-7     0.0001285039  -7.527859e-7    4.238006e-8 

  45      966     0.0001577653  -0.0001577653   1.13842e-7     0.0001372716   3.07148e-6     2.208622e-9 

  60      739     0.0002552897  -0.0001473916   5.314428e-7    0.0001402366   4.889612e-6   -3.281228e-8 

  75      715     0.0003350342  -8.977214e-5    3.893154e-7    0.000141079    3.546052e-6    4.651198e-8 

  90     1036     0.0003615937   1.096727e-13   4.646001e-7    0.0001395842  -4.044237e-9    7.68851e-8  

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     2008    -1.692698e-13  -1.095183e-8   -2.263874e-9    9.908339e-5   -5.325846e-10  -1.684798e-8 

  15     1629     2.273719e-5   -8.485638e-5   -3.051325e-8    0.0001363206  -5.756664e-6   -3.876482e-9 

  30     1181     9.113851e-5   -0.0001578565  -1.697723e-7    0.000161273   -9.588129e-7   -3.718382e-8 

  45     1081     0.0001969634  -0.0001969634  -3.135783e-8    0.0001713565   3.947677e-6    1.49508e-7  

  60      741     0.0003208706  -0.0001852547   3.105961e-7    0.0001757354   6.141808e-6   -6.535409e-8 

  75      730     0.0004181974  -0.0001120557   6.243352e-7    0.0001756024   4.552786e-6    6.49586e-8  

  90      900     0.0004560925   2.013904e-13  -1.397029e-6    0.0001758944   1.343701e-9    2.09184e-8  

 

//////////////////////////////////////////////////// 

// 20mph at 0 feet ///////////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1498    -2.46511e-12    1.693681e-7    2.190571e-8    0.0006219253  -1.199992e-7    2.651278e-7 

  15      959     0.0002446485  -0.0009130414  -2.366877e-7    0.0009995466   9.667245e-6   -4.17327e-7  

  30      723     0.001137725   -0.001970598   -7.067405e-6    0.001179037    9.375274e-5   -2.181018e-7 

  45      738     0.002795851   -0.002795851   -2.262621e-6    0.001243015    0.000168401    3.996259e-7 

  60      726     0.004791971   -0.002766646    4.644028e-5    0.001215207    0.0001837398   1.90076e-6  

  75      777     0.006448448   -0.001727857    1.074691e-5    0.001169035    0.000123947    1.123946e-6 

  90     1060     0.00700555     1.751955e-12   8.219207e-6    0.001130231   -2.191836e-7    1.147943e-6 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1542    -1.547442e-12  -3.235089e-7    5.268379e-7    0.0007507164  -1.722114e-8   -9.932437e-8 

  15     1089     0.0002997126  -0.001118543    2.50097e-6     0.001239583    1.492933e-5   -3.731975e-8 

  30      640     0.001428431   -0.002474114   -4.742284e-6    0.001484735    0.000115934   -5.158393e-7 

  45      839     0.003473447   -0.003473447   -3.495742e-5    0.001551301    0.0002129079  -1.555091e-6 

  60      695     0.006012997   -0.003471605    5.300303e-5    0.001522868    0.0002333022   2.443915e-6 

  75      765     0.008032313   -0.002152252    9.953405e-6    0.001451269    0.0001556948   8.201344e-7 

  90      936     0.008854501    3.758729e-12  -7.060668e-5    0.001426721   -1.058309e-7   -3.332852e-6 

 

//////////////////////////////////////////////////// 

// 20mph at 5,000 feet //////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1444    -1.580401e-12   3.542063e-8   -3.98933e-8     0.0004339639  -7.07255e-8     1.425655e-7 

  15      938     0.0001504203  -0.0005613766  -5.957141e-7    0.0006831838   2.51448e-6    -3.04293e-7  

  30      691     0.0006984901  -0.00120982    -2.654252e-6    0.000806223    5.20004e-5    -9.811598e-8 

  45      679     0.001711731   -0.001711731    3.543595e-6    0.0008578705   9.811125e-5    4.685645e-7 

  60      690     0.002932031   -0.001692809    2.564335e-5    0.0008487046   0.0001096008   1.62399e-6  

  75      748     0.003948659   -0.00105804     5.443906e-6    0.0008242852   7.454222e-5    6.268867e-7 

  90      974     0.004289534    1.063455e-12   5.705312e-6    0.0007998643   1.449831e-8    5.12585e-7  

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1527    -9.787868e-13  -1.585653e-7    1.910615e-7    0.0005238116   2.677195e-10  -6.651877e-8 

  15     1006     0.0001842613  -0.0006876729   9.853748e-7    0.0008469963   4.942728e-6   -2.3875e-8   

  30      605     0.0008772722  -0.00151948    -2.393098e-6    0.001015453    6.426746e-5   -3.167099e-7 

  45      724     0.002128172   -0.002128172   -2.322956e-5    0.001070955    0.0001244556  -1.374363e-6 



~ 59 ~ 

 

  60      655     0.003681021   -0.002125238    2.680566e-5    0.001063846    0.0001393923   1.779528e-6 

  75      722     0.004920201   -0.001318364    7.448977e-6    0.001023732    9.422458e-5    5.720667e-7 

  90      850     0.005421897    2.309769e-12  -4.07697e-5     0.001010275   -6.018042e-9   -2.877198e-6 

 

//////////////////////////////////////////////////// 

// 20mph at 10,000 feet /////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1281    -9.847477e-13   1.519896e-9   -3.727796e-8    0.0002902026  -4.238027e-8    7.240891e-8 

  15      857     8.688638e-5   -0.0003242646  -5.778261e-7    0.0004465167  -1.389282e-6   -2.361087e-7 

  30      663     0.0004031463  -0.0006982698  -9.10709e-7     0.0005270364   2.513215e-5   -2.519019e-8 

  45      595     0.0009832434  -0.0009832433   2.935126e-6    0.000566095    5.090406e-5    3.349076e-7 

  60      636     0.001678352   -0.000968997    1.334443e-5    0.0005681675   5.85559e-5     1.090738e-6 

  75      684     0.002256448   -0.0006046135   2.653896e-6    0.0005591196   3.997214e-5    3.481404e-7 

  90      949     0.002449696    6.109739e-13   2.477786e-6    0.0005456985   3.893274e-8    1.849556e-7 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0      1438   -6.063514e-13  -7.566592e-8    4.992508e-8    0.0003497714   3.403519e-9   -4.928766e-8 

  15       956    0.0001064512  -0.0003972818   2.91169e-7     0.0005532734  -6.685551e-7   -3.852325e-8 

  30       566    0.0005066189  -0.0008774897  -1.127345e-6    0.000663987    3.104205e-5   -1.954062e-7 

  45       629    0.001223436   -0.001223436   -1.263382e-5    0.0007069051   6.487042e-5   -8.590057e-7 

  60       604    0.002107716   -0.001216891    1.311962e-5    0.0007123666   7.45529e-5     1.07518e-6  

  75       644    0.002812648   -0.0007536468   4.898138e-6    0.0006946827   5.102502e-5    4.120289e-7 

  90       815    0.003096698    1.326537e-12  -2.37772e-5     0.0006895361   5.986331e-9   -2.00805e-6  

 

//////////////////////////////////////////////////// 

// 20mph at 15000 feet ///////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1404    -5.880394e-13   7.59851e-9    -9.527219e-9    0.0001835282  -2.495694e-8    3.547352e-8 

  15      841     4.345891e-5   -0.000162191   -4.31173e-7     0.0002736355  -3.195325e-6   -1.732845e-7     

  30      648     0.0002017151  -0.0003493807  -1.33074e-7     0.0003248554   8.263261e-6    3.569513e-8 

  45      507     0.0004875903  -0.0004875903   1.322195e-6    0.0003531314   1.972618e-5    1.684752e-7 

  60      474     0.0008270714  -0.0004775099   5.291786e-6    0.0003615227   2.443991e-5    5.327048e-7 

  75      516     0.001108351   -0.0002969817   1.290568e-6    0.0003621635   1.670805e-5    1.85104e-7  

  90      775     0.001201804    3.105421e-13   7.421372e-7    0.0003563786   1.074054e-8    7.834738e-8 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1628    -3.682149e-13  -2.978473e-8   -1.097406e-8    0.0002213028   4.3249e-9     -4.107166e-8 

  15      940     5.330031e-5   -0.0001989196  -3.074406e-8    0.0003387941  -3.432435e-6   -4.830635e-8  

  30      544     0.0002537139  -0.0004394454  -5.415844e-7    0.0004092241   1.019896e-5   -1.160406e-7 

  45      618     0.0006073809  -0.0006073809  -4.50582e-6     0.0004408537   2.524986e-5   -3.056274e-7 

  60      450     0.00103919    -0.0005999768   4.72862e-6     0.0004534402   3.116808e-5    4.536232e-7 

  75      536     0.001382005   -0.0003703072   2.539143e-6    0.0004501837   2.162368e-5    2.81461e-7  

  90      740     0.00151948     6.393818e-13  -1.051153e-5    0.0004504056   2.899049e-8   -9.373455e-7 

 

//////////////////////////////////////////////////// 

// 30mph at 0 altitude ///////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1411    -4.897336e-12   8.380406e-7    4.962731e-7    0.001106493   -3.194969e-7    6.862801e-7 

  15      744     0.0004523201  -0.001688083    3.798105e-6    0.00184751     4.517992e-5   -7.011858e-7 

  30      585     0.002322539   -0.004022755   -4.131886e-5    0.002222375    0.0002242297  -1.396981e-6 

  45      562     0.005884602   -0.005884602   -5.466599e-5    0.002340616    0.0003670631  -5.062365e-7 

  60      568     0.01014371    -0.005856472    0.0001246184   0.002283564    0.000384159    3.035499e-6 

  75      606     0.01364669    -0.003656619    2.92505e-5     0.002197927    0.0002532135   2.522494e-6 

  90      983     0.01483279     3.542838e-12   8.254353e-6    0.002126156    1.734046e-7    2.963179e-6 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1352    -3.006993e-12  -7.446178e-7    1.668098e-6    0.001333597   -1.673943e-7   -2.954506e-7 

  15      844     0.0005524194  -0.002061659    1.013983e-5    0.002288382    6.290893e-5    8.943897e-8 

  30      510     0.002916629   -0.005051749   -6.877181e-6    0.002800375    0.0002773695  -9.823631e-7 

  45      626     0.007295009   -0.007295009   -5.129534e-5    0.002918888    0.0004624782  -1.853292e-6 

  60      540     0.01271844    -0.007342997    0.000187021    0.002862405    0.0004871682   5.94687e-6  

  75      615     0.01699134    -0.004552815    1.021179e-5    0.002727914    0.0003225609   1.544826e-6 

  90      792     0.01875923     7.851863e-12  -0.0002034191   0.002683205   -1.876466e-6   -5.327241e-6 

 

//////////////////////////////////////////////////// 



~ 60 ~ 

 

// 30mph at 5,000 feet ///////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1410    -3.080007e-12   2.624469e-7    1.275734e-7    0.0007597671  -1.680405e-7    3.696505e-7 

  15      733     0.0002787449  -0.001040291    1.128472e-6    0.001250901    2.362882e-5   -4.878108e-7 

  30      554     0.001429221   -0.002475484   -1.471984e-5    0.00151077     0.0001336904  -6.940512e-7 

  45      516     0.003626579   -0.003626579   -1.074476e-5    0.001605893    0.0002273661   3.537926e-7 

  60      544     0.006288772   -0.003630824    6.453677e-5    0.001578765    0.0002444255   3.156773e-6 

  75      587     0.008509112   -0.00228001     1.030155e-5    0.001525074    0.0001639513   1.211989e-6 

  90      849     0.009257518    2.270772e-12   1.112669e-5    0.001475425    1.210591e-7    1.33122e-6  

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1472    -1.851087e-12  -3.798559e-7    6.643718e-7    0.000915277   -3.908444e-8   -1.542824e-7 

  15      825     0.0003403622  -0.00127025     5.379251e-6    0.001548931    3.361304e-5    1.014736e-7 

  30      467     0.001795455   -0.003109818   -5.500667e-6    0.001903702    0.0001651116  -6.242826e-7 

  45      545     0.004501124   -0.004501124   -4.191485e-5    0.002003442    0.0002873514  -2.525844e-6 

  60      516     0.007890066   -0.004555331    8.265191e-5    0.001979082    0.0003109626   4.461187e-6 

  75      581     0.01059515    -0.002838962    1.01738e-5     0.001894067    0.000209942    9.178099e-7 

  90      720     0.0117061      4.912956e-12  -9.954599e-5    0.001863848   -8.323238e-7   -5.450617e-6 

 

//////////////////////////////////////////////////// 

// 30mph at 10,000 feet //////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1330    -1.847271e-12   3.932547e-8   -2.9711e-9      0.000503158   -9.010953e-8    1.749281e-7 

  15      714     0.0001610195  -0.0006009335   2.845254e-9    0.0008084512   9.228734e-6   -3.624215e-7 

  30      545     0.0008219404  -0.001423643   -5.213479e-6    0.0009779954   6.968119e-5   -3.291936e-7 

  45      447     0.00207619    -0.00207619     3.709135e-6    0.001051749    0.000124132    6.491018e-7 

  60      503     0.00359479    -0.002075453    3.361714e-5    0.001047628    0.0001360402   2.485642e-6 

  75      546     0.004865551   -0.00130372     5.040593e-6    0.001023123    9.198814e-5    6.156448e-7 

  90      742     0.005292626    1.2898e-12     6.549609e-6    0.0009942521   2.734415e-7    4.627007e-7 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1426    -1.090459e-12  -1.714187e-7    1.953407e-7    0.0006055401   3.956229e-9   -8.868943e-8  

  15      813     0.0001965834  -0.0007336599   2.21562e-6     0.001000626    1.396524e-5    3.661962e-8 

  30      453     0.001032984   -0.001789181   -2.744597e-6    0.001232496    8.587942e-5   -3.755752e-7 

  45      489     0.002578971   -0.002578971   -3.016221e-5    0.001312396    0.0001573987  -2.200677e-6 

  60      469     0.004512092   -0.002605057    3.759127e-5    0.001313481    0.000173383    2.895665e-6 

  75      547     0.006060431   -0.001623888    8.338389e-6    0.001270671    0.0001174552   6.654839e-7 

  90      681     0.006693816    2.831175e-12  -5.46908e-5     0.001256885   -2.913424e-7   -4.333085e-6 

 

//////////////////////////////////////////////////// 

// 30mph at 15,000 feet //////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1267    -1.034778e-12  -7.249416e-9   -1.649187e-8    0.0003130996  -4.96905e-8     7.246965e-8 

  15      717     8.033366e-5   -0.0002998096  -4.404984e-7    0.0004891118   4.538489e-7   -2.856208e-7 

  30      565     0.0004066355  -0.0007043134  -1.302558e-6    0.000591996    2.617735e-5   -9.204412e-8 

  45      431     0.001016926   -0.001016925    3.465479e-6    0.0006465133   5.191683e-5    4.43925e-7  

  60      407     0.00174826    -0.001009358    1.386292e-5    0.0006577077   5.964291e-5    1.397741e-6 

  75      446     0.002357706   -0.0006317454   1.941303e-6    0.0006545952   4.014178e-5    2.865018e-7 

  90      676     0.002561692    6.302338e-13   1.630726e-6    0.0006417538   2.803652e-8    8.67583e-8  

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1526    -6.221978e-13  -6.418597e-8   -4.259525e-9    0.0003765758   1.073386e-8   -6.933663e-8 

  15      818     9.812863e-5   -0.0003662213   4.893063e-7    0.0006049069   1.82957e-6    -3.777995e-8 

  30      465     0.0005114874  -0.0008859222  -1.06806e-6     0.0007460959   3.210664e-5   -2.290432e-7 

  45      477     0.00126467    -0.00126467    -1.303353e-5    0.000807048    6.62825e-5    -1.120982e-6 

  60      386     0.002195165   -0.001267379    1.388353e-5    0.0008249349   7.627742e-5    1.400008e-6 

  75      455     0.002937831   -0.0007871895   5.173684e-6    0.0008133434   5.238127e-5    5.118019e-7 

  90      599     0.003241135    1.36425e-12   -2.63387e-5     0.0008117949   7.216214e-8   -2.494413e-6 

 

//////////////////////////////////////////////////// 

// 40mph at 0 altitude ///////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1274    -8.273111e-12   2.184199e-6    1.420584e-6    0.001737329   -6.509639e-7    1.287571e-6 



~ 61 ~ 

 

  15      672     0.0007321321  -0.002732356    1.279479e-5    0.002950016    9.324227e-5   -1.015802e-6 

  30      567     0.003918717   -0.006787416   -0.0001304328   0.003560134    0.000390448   -3.874372e-6 

  45      590     0.009971467   -0.009971467   -0.00013523     0.003734491    0.0006075075  -1.491746e-6 

  60      479     0.01709641    -0.009870617    0.0002424864   0.003639313    0.0006169848   2.797832e-6 

  75      527     0.0228972     -0.006135287    0.0001041102   0.003506774    0.0003962041   5.466791e-6 

  90      941     0.0248719      5.468118e-12  -1.7274e-5      0.003400317   -5.408903e-7    5.651661e-6 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1347    -5.074e-12     -1.242084e-6    3.605155e-6    0.002093364   -5.245181e-7   -6.305771e-7 

  15      742     0.0008928823  -0.003332285    2.05041e-5     0.003653177    0.0001278909   3.466758e-7 

  30      475     0.004919829   -0.008521394   -2.484418e-5    0.00448838     0.0004839379  -2.252656e-6 

  45      584     0.01233984    -0.01233984    -9.598543e-5    0.004654141    0.0007633867  -1.739163e-6 

  60      498     0.02142977    -0.01237248     0.000427573    0.004561191    0.0007805629   8.979048e-6 

  75      581     0.02851124    -0.007639564   -1.059724e-5    0.004351155    0.0005070314   2.819905e-6 

  90      727     0.03147675     1.312591e-11  -0.0004493358   0.004288255   -3.877106e-6   -5.590255e-6 

 

//////////////////////////////////////////////////// 

// 40mph at 5,000 feet ///////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1368    -5.124533e-12   8.359716e-7    5.008428e-7    0.001172981   -3.5742e-7      7.488139e-7 

  15      641     0.0004523806  -0.001688309    5.20133e-6     0.00198104     5.431325e-5   -5.922745e-7 

  30      534     0.002430305   -0.004209411   -4.808985e-5    0.002413091    0.0002452133  -1.956706e-6 

  45      471     0.006247046   -0.006247046   -5.4172e-5      0.002556025    0.0003982713  -4.411332e-7 

  60      475     0.0108486     -0.006263439    0.0001275442   0.002504539    0.0004196858   4.335778e-6 

  75      505     0.01466351    -0.003929075    2.248566e-5    0.002415812    0.0002785972   2.294961e-6 

  90      852     0.01595485     3.822808e-12   1.304003e-5    0.002336155    4.468213e-7    2.850833e-6 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1286    -3.04984e-12   -6.342307e-7    1.549847e-6    0.001411113   -1.924304e-7   -3.475562e-7 

  15      725     0.000551614   -0.002058653    1.219625e-5    0.002451802    7.515258e-5    3.380384e-7 

  30      439     0.003053693   -0.005289151   -6.833103e-6    0.003042285    0.0003032956  -9.807976e-7 

  45      507     0.007743534   -0.007743534   -5.343215e-5    0.003186954    0.0005019971  -2.896127e-6 

  60      447     0.01360508    -0.007854897    0.000193228    0.003140163    0.0005334791   7.865922e-6 

  75      538     0.01825386    -0.004891107    8.180193e-6    0.002999239    0.0003568503   1.374934e-6 

  90      664     0.02017866     8.380123e-12  -0.0002029568   0.002950144   -9.177676e-7   -7.528781e-6 

 

//////////////////////////////////////////////////// 

// 40mph at 10,000 feet //////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1338    -3.018537e-12   2.070091e-7    1.319143e-7    0.0007654213  -1.649995e-7    3.503009e-7 

  15      640     0.000261421   -0.0009756372   1.662239e-6    0.001268394    2.579806e-5   -4.310052e-7 

  30      516     0.001398257   -0.002421851   -1.498769e-5    0.001552246    0.0001340063  -8.664816e-7 

  45      424     0.003587298   -0.003587298   -6.524863e-6    0.001663351    0.0002262155   5.578942e-7 

  60      439     0.006248823   -0.00360776     6.312491e-5    0.001647323    0.0002436967   3.950855e-6 

  75      475     0.008480094   -0.002272234    7.676012e-6    0.001600232    0.0001647367   9.884141e-7 

  90      747     0.009232356    2.23466e-12    1.216191e-5    0.001550555    5.081136e-7    1.072755e-6 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1376    -1.75124e-12   -3.152261e-7    4.984212e-7    0.0009196143  -2.512757e-8   -1.626982e-7 

  15      738     0.0003186934  -0.001189381    6.041247e-6    0.001569028    3.653782e-5    2.119392e-7 

  30      431     0.001757768   -0.003044543   -5.076013e-6    0.001956955    0.000165376   -6.066564e-7 

  45      443     0.00445166    -0.00445166    -4.477722e-5    0.00207483     0.0002861826  -3.23938e-6  

  60      416     0.007840926   -0.004526961    8.091845e-5    0.002065396    0.0003106217   5.350905e-6 

  75      509     0.01055827    -0.002829079    1.07024e-5     0.001987013    0.0002100411   9.17109e-7  

  90      635     0.01167754     4.877283e-12  -9.912765e-5    0.001960005   -7.656943e-7   -6.794534e-6 

 

//////////////////////////////////////////////////// 

// 40mph at 15,000 feet //////////////////////////// 

//////////////////////////////////////////////////// 

First length = 10 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1220    -1.613122e-12   2.205129e-9    8.499187e-10   0.0004702304  -7.937485e-8    1.313541e-7 

  15      674     0.0001298978  -0.0004847857  -9.700886e-8    0.0007557979   6.374409e-6   -3.732903e-7 

  30      539     0.0006872329  -0.001190322   -3.617589e-6    0.0009262892   5.385527e-5   -2.960104e-7 

  45      407     0.001745344   -0.001745344    5.65728e-6     0.001009768    9.869321e-5    7.632121e-7 

  60      385     0.00302125    -0.00174432     2.689745e-5    0.001021183    0.0001099391   2.546966e-6 

  75      395     0.004089844   -0.00109587     2.636625e-6    0.00101084     7.413693e-5    4.014858e-7 



~ 62 ~ 

 

  90      602     0.004448938    1.071752e-12   3.647285e-6    0.0009879721  -5.071842e-8    1.644921e-7 

Second length = 12.5 centimeters 

Attack  NumIter   FxP            FyP            FzP            FxV            FyV            FzV         

   0     1482    -9.396904e-13  -1.145423e-7    4.413672e-8    0.0005642252   1.553829e-8   -1.014284e-7 

  15      775     0.0001583691  -0.0005910419   1.690772e-6    0.0009342861   1.018727e-5    3.805372e-8 

  30      445     0.0008646153  -0.001497558   -1.860148e-6    0.001167807    6.610213e-5   -3.522905e-7 

  45      430     0.002168299   -0.002168299   -2.51229e-5     0.001260282    0.0001257649  -2.17481e-6  

  60      368     0.0037924     -0.002189543    2.88376e-5     0.001280662    0.0001404637   2.773216e-6 

  75      445     0.005094282   -0.001365009    8.05754e-6     0.001255412    9.563408e-5    7.397768e-7 

  90      534     0.005629924    2.367543e-12  -4.820005e-5    0.001250023    1.999461e-7   -4.483577e-6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


