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N The purpose of this thesis is to initiate an investigation of the response of a
'’ . . . . . . . . .
N shipboard sur{ace-to-air missile launched vertically into a region of turbulence at high
! angles of attack. A review was conducted on the effects of asymmetric vortices,
)
o turbulent tlowfields. and the marine atmospheric environment on a slender bodyv of
" revelution. Turbulence mapping of a wind tunnel with installed turbulence-generating
b
B . grids was conducted using ho:-wire anemometry. The resultant turbulence intensities
)
and length scales were analvzed as a function of the downstream distance and the grid
:-_: mesh-width var-diameter ratio. Turbulence intensity was found to decrease, while the
o length scale increased, with increasing distance {rom the generating grid. Both the
turbulence intensity and length scale increased with an increase in the grid bar
i diameter. A generic, vertically-launched surface-to-air missile (VLSAM) model was
> developed and constructed for further wind tunnel testing, to include force, moment,
-2 i pressure and flow visualization studies.
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[. INTRODUCTION

A.  BACKGROUND

The recent introduction of a vertical launcher capability for ships carrving A
SUTtRCe-t0-air nussies reprosents a major advancement in weapon svstem reliablility
and fiexivilitv. Coaventional trainable launcher systems are extremely vulnerable to
wechanical failure: i osuch instances, a fully loaded missile magazine is rendered
useless, [Towever, each verticallv-launched missile is fired from its own storage
container, effectively increasing the redundancy of the launcher svstems. Additionaliv,
a vertcal launcher svstem has unimpeded access to any of the weapons in the
magazine: conventional launchers require cyvcling of the weapons until the desired
round s in position for launch.

The development of these new launcher systems, however, also creates problems
not previously encountered with conventionally trained launchers. Launching a missile
verticaily into the open ocean environment exposes the missile, while still at low launch
velocity, to potentionally significant crosswinds. The result is a missile flving at
reiatively low velocities at an effective high angle of attack. Under such conditicns.
largely unpredictable side forces can be generated, which pose a serious threat to flight
stability,

Jditionally, the airstream close to the ocean surface and over the deck of the
launching platform may be relatively turbulent. In determining the effect of turbulence
on boundary laver development, both the turbulence intensity and turbulence length
scale must be censidered. In the marine atmospheric boundary laver, the turbulence
intensity may be relatively high; values as high as 12 to 17 percent are possible.
Additionally, large scaie turbulence (of a scale comparable to the dimension of the
affected body) is present in marine environment. Large-scale turbulence has been

shown to be a primary cause for the rolling, pitching and vawing motion of bodies

subjected to such an environment. On the other hand, the degree to which high

i3

intensity small-scale turbulence is present in the atmosphere, and the consequent effect

*Na

it has cn nussiic boundary laver development, is largely unknown. [Ref. 1: pp. 3, 34}

AR R

The characteristics of out-of-plane forces and moments on unvawed slender

bodies of revolution at high angles of attack, caused largely by asymmetric vortex

A
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shedding, have been investigated for over three decades (sce Reference 2). Much of the
research 1o date has attempted to model or predict the flow about such bodics and to
exanmine the effect of design changes on the observed flow. Experimentally, several
methods dave been emploved to analvze both the cause and eflect of these asymmetric
vortices. These methods include direct measurement of forces and moments, pressure
measurenments, and fow visualization. Force meoment measurements permit an analysis
of the magnittde of the disturbances, while pressure Jdistributions and flow

visudiizaucon enakle the cbserver to study the location and development of the

The goat of this thesis is to rescarch and experimentally study the aerodynamic <;

characrenisties of a generic, verticallv-launched surface-to-air missile (VLSAM) in a

a2
e

wirbulent airstream at high angles of attack.  Although extensive research and
experimentai work has been conducted by the author in the development of this thesis,
it iy not a conclusive study of the problem outlined above. Further experimental work
wil be conducted at the Naval Postgraduate School in a continuing effort to

understand the effects of turbulence on slender bodies at high angles of attack.

l. Asymmetric Vortex Theory

The flow about a pitched, unvawed blunt-nosed slender cvlindrical body can
: be characterized in part as being similar to the flow behind a two-dimensional cvlinder
b at an angle of attack to the flowfield. As shown in Figure 1.1, a separation “bubble”
exisis at the nose of the body. Further down the length of the cylinder. two
svmmetrically disposed vortices begin to form on the lee side. These vortices are fed by
the vortex sheets of boundary laver fluid which have separated from the body. Further
along the length of the bodyv these vortices alternate in their separation [rom the
surfuce. The result is a side force on the body. relatively small in magnitude, which
appears as a consequence of the steadyv asymmetric vortices. The description above
assumed a blunt-nosed cylinder. In this instance, a nose-induced flow separation will
occur which prevents the formation of vortices in the area immediately aft of the nose.
{Refl 3: pp. 751-752]

With the addition of a slender ogive nose, the blunt-nose induced separation

will not occur. Consequently, large asymmetric vortices now appear at the nose of the
bodv. The aft portion of the cvlinder will still produce a side force as described above,
but the magnitude of that produced by the nose is a much greater proportion of the
overall side force. The net effect is that of a slender body with vortex formation now

occurring aleng the entire length of the body, as shown in Figure 1.2. [Ref. 4: p. 99]

i=
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Figure 1.1 Vortex Flow About an Unvawed Blunt-Nosed Cylinder.
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The point at which the transition from symmetric to asvmmetric vortex

|
|
4
" f shedding begins 1s dependent on several factors, notably the body length, the nose cone
_i' ! apex angle, the angle of attack, the flow Mach number, and the Revnolds number.
: ’ (The effects of the Mach and the Reynolds number will be covered in the follewing
"' ') I section.) The transition can actually be divided into four separate regions, as shown in
4 f Figure 1.3. Each of these regions can be described by the angle of attack a and
::_ characterized by the type of flow present (see Reference 5 pp. 22-23). Regime I (0° <
‘; a < 3°) represents a classical potential flowfield with no flow separation. Regime II
: (3° < a < 20°) shows flow separation in the form of two symmetric vortices on the lee
1':',: ‘ side of the body: no side forces or vawing moments are induced. In Regime I (20° <
:.“:.', '] @ < 60%), the vortices are now shed asvmmetrically. This effect produces both side
}:. f forces and vawing moments. Regime [V (60° < « < 90°) resembles wake-like flow in
L | the region behind a two-dimensional cvlinder. (The angles given are approximate and
n do not necessarily represent the actual points of transition.)
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Figure 1.2 Vortex Flow About an Unvawed Slender-Nose Cylinder.
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-

On a slender cyvlinder with a relatively fine tapered nose in a subsonic, low
turbulence (T less than one percent) flow, asymmetric vortex shedding usualiy appears
at an angle Ba. when the angie cf attack @ is approximately twice the nose semi-vertex
angle 5n. As the angle of attack is increased above the angle 93, the regicn of
svmmetrical wake decreases and the asvmumnetric flow pattern predominates. The result

! of this increasing tendency toward asymunetric flow is the appearance of out-of-plane

forces and moments. Steadv or unsteady asymmetric vortex shedding, or “flow
switching,” can occur as the angle of attack increases. Steady asymumetric vortex
shedding produces a side force Y which increascs to some maximum with increasing
angie of attack. The magnitude of the side force then decreases as the angle of attack
is increased. As the angle of attack is increased still further, steady vortex shedding
gives way to high frequency unsteady shedding, and the side forces disappear.
[Ref. 7: pp. 1-§]

Detailed descriptions of specific experimental results were intentionally
neglected in the above descriptions. The behavior of the asymmetric vortices is well

J documented for a vast number of models and shapes, yet their cause is still not

! 15
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Figure 1.3 Vortex Shedding on a Body at High Angles of Attack
(see Reference 6).

positiveiy  established.  Most theories suggest a rclationship between the flow
separation along the body and an inviscid interaction of the vortices [Ref. 8: pp. 2-3].
A prominent theory, put forth by Keener and Chapman, is that minute variations or

disturbances at the nose apex lead to the formation of asvmmetric vortices [Ref. 7: pp.

[3=)

2-3].

Several important generalizations can be made regarding the effect of
configurational changes on experimental results. The addition of a long cvlindrical
afterbody, as well as decreasing the nose apex angle, will result in a de.rease in the
asvmmetric vortex onset angle Oa [Ref. 7: p. 5]. The placement of long strakes along
the missile body and nose was found to reduce the forces and moments generated by
asvmmetric vortices [Ref. 6: pp. 5-7]. The use of small nose bluntness, nose booms and

boundary laver trips has also proven effective in reducing asymmetric vortex-induced

16




bt
.' ¢
.l‘ { icads {Ref. 9: p. 332]. Other methods are available for reducing the formation of
:‘:k l asymmetric vortices. Those listed above, however, are relatively simple to implement.
""‘" both in design and experimental work. While these methods have generally resulted in
: ,; a reduction of vortex generated side forces, thev do not necessarily work in
j::: ‘ combination, nor do thev alwavs give consistent results, even under similar test
“‘:: conditicns. Additionaily, the etfect of the changes mar adversely affect some other
B areas of concern, such as lift, drag, or stability.
N |
R ',\ ‘
P B. TURBULENCE
3‘ ‘ The term turbulence is best characterized by the presence of random, short-
‘ duration, small-scale variations in a flowfield with a given mean velocity. In
_ | calculating the effect of turbulence on a body in the flowfield, a comparison must be
‘3*3 | rmade between the scale of the body and that of the turbulence. In addition,
;h ' consideration must be given to the energy contained in the turbulent flowfield.
- ] 1. Turbulence Intensity and Length Scale |
\’ The turbulence intensity, T, is defined as the ratio of the root-mean-square ‘
,‘:: ' (rms) value of the fluctuating streamwise velocity component to the mean velocity
M ! component in a tlowfield. Mathematically presented as Equation 1.1,
ol
'. v Tu =uL (eqn 1.1)
B
S
O | the turbulence intensity gives a measure of the relative magnitude of the velocity
.‘ | fluctuations. The turbulence intensity also vields an indication of the kinetic energy of
: : the turbulence, via the term u’ in Equation 1.1. Therefore, high turbulence intensity
:‘ v correlates to high kinetic energy in the velocity fluctuations, i.e. more “turbulent” flow.
N The length scale of the turbulence is a measure of the dimension of the
,.; velocity fluctuation. The effect of the length scale on a body is a function of the
.‘:: ! relative dimensions of the turbulent eddies and the body itself. The length scale,
:":. ‘ despite the inference of a purely spatial measure, also represents the temporal character
'_'"' of the turbulent fluctuations. An increase in the spatial length of the turbulence
5 : ‘ corresponds to an increase in the time the body is exposed to the fluctuation.
: 'j: - The dimension of the length scale relative to a body can be regarded in three
" 1 broad categories; larger than the body, equal to the body, and smaller than the body.
By t
i
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For turbulent eddies of a scale much larger than the body, the effect is similar to that
experienced in the non-turbulent flowfield, where the deviations in the speed and
cirection would be of long duration. Thus, the motion of the body would be aflected
in the same manner as one in which the flowfield had changed for a long period of
tume.  In contrast, the unwanted rolling, pitching, and vawing motion of the body is
cadsed pnimarily by turbulent fluctuations of a scale comparable to the dimensions of
that body [Refl 11 p. 3], Both of these instances are similar in that the turbulence
iength scales impact the motion of the whole body.

Length scales of a dimension much smaller than the body, however, have a
distinctly difierent effect. These length scales have a magnitude comparable to the
thickness of the boundary laver on the surface of the body. Therefore, the effect of
small-scale turbulence is on the flow over the surface of the body. The development of
a boundary laver and flow separation over the body can thus be greatly affected by
such relativelv small-scale turbulence.

The length scale of a given velocity fluctuation, subject to interaction with
other fluctuations in the turbulent flowfield, is not constant. As described by
Bradshaw (sce Reference 10), the effect of vortex stretching tends to decrease the
length scale of turbulent eddies. This “cascade” effect is caused by a strain in one
direction affecting the orthogonal components due to the conservation of angular
momentum. For example, consider a vortex rotating in an X-v plane. Strain applied in
the z direction causes an increase in the velocity and a decrease in the length scales of
both the x and v components. The increase in the X and y velocity components then
similarly affects the velocity and length scales of the y-z and x-z components,
respectively. The “cascade” continues to decrease the scale of the eddies, until the
encrgy contained therein is finally dissipated due to viscosity. [Ref. 10: pp. 14-15]

The cascade effect therefore produces, from a single source, eddies of various
length scales. At any point in time, turbulence may be characterized by a
representative, or “average”, length scale. For turbulence generated at a single source,
the representative length scale may be relatively small due to the transfer of energy
from large to small eddies via cascading. However, as the turbulence decavs, the
energyv transfer also decreases. This causes the intensity of the smaller eddies to 7
decrease faster than the larger eddies. Thus, despite the formation of smaller eddies by

cascading, larger eddies predominate; as the smaller eddies disappear due to viscosity,

the dissipation rate decreases and the representative length scale increases. [Ref. 10: p.
48]
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2. Boundary Layer Effects

In view of the fact that small-scale turbulent length scales can affect the
nussile boundary laver Jdevelopment. the effects of such interactions should be
reviewed. An important factor to be considered is the point at which asvmmetric
vortices begin to form. More significant, however, is the point at which anv type of
flow separation occurs, be it svmmetric or asvmmetric. Deiaving ail tvpes of flow
separation will inevitably decrease the tendency toward the formation of asymmetric
vortices.

A dimensionless parameter useful in analyzing the boundaryv laver effects is the
skin [riction coeflicient, C. In general. a fluid which is moving over a relatively
smooth surface (low Cp) wili experience flow separation sooner than would the same
flow moving over a rough surface. This is a result of the turbulent flow close to the
rough surface. Such a boundary laver will resist separation longer due to the high
kinetic energy which reduces the tendency toward flow deceleration at that point.

Therefore, increasing C, generally delays the onset of flow separation.

¢

Experimental data presented by IHancock and Bradshaw (see Reference 11)
and Meier and Kreplin (see Reference 12) show an inverse relationship between
turbuicnce length scales and the skin friction coeflicient; as the length scale 1is
decreased. C, increases. More specifically, the maximum value of the skin friction
coefficient occurs when the length scale is on the order of the boundary laver thickness
4. Both of these experiments used turbulence grids in wind tunnels, which ideally
zenerate isotropic homogencous turoulence at a large distance from the plane of the
grid [Refl 100 p. 48]

Thus, as the ratio of dissipation length scale to boundarv laver thickness
iL, 8) approaches unity, the onset of flow separation is delaved. In other words, the
presence of small-scale turbulence (of a dimension comparable to the boundary laver)

decreases the tendency to form asvmmetric vortices.

3. Marine Environment
The atmospheric boundary laver into which the vertically launched surface-to-
air mussile (VLSAM) is launched is best described as turbulent [Ref. 13: p. 51]. In
general. the turbulence fluctuations are greater over land than over sca. However, the
characteristics of turbulence in the marine environment are not fullv understood, and

the effects on mussile boundary laver development deserve investigation.
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‘.:: The atmospheric boundary laver (ABL) is formed byv the interaction of the
‘;: ‘ atmosphere and the surface (land or sea) over which it flows. Turbulence in this region
!" ' 1s caused by a transfer of heat, momentum, and mass. The lowest segment of the ABL,
, . termed the surface laver, is characterized by mechanically produced turbulence .
}:&: | resulting from surface roughness. The surface laver comprises the lower ten percent of
dov ; the ABL. and is on the order of 50 meters in height. Furthermore, the majority of the )
'| 1 flow in the surface laver itself can be considered horizontally homogeneous.
’.: {Refl 1: pp. 4-5]

'_'::: } A measure of the general roughness of the surface is given by z_, the
',;:-: | roughness length. Its value is determined as a function of the mean wind velocity at
e various elevations above the surface of interest. Combining the roughness length with
oo the elevation and windspeed, both the turbulence intensity and length scale can be
:j}' , deternuned empirically [Ref. 14: p. 5]. Typical surface roughness lengths for the ocean
) } are 0.001 < z, < 0.01, where z, 1s measured in meters; at a ten meter elevation, this
'::':" ' can result in a turbulence intensity range between 13 and 17 percent (see Reference 14
*\:: : p- [1)

:w._';: " Apparently, the turbulence intensity in the marine surface laver can be
':E' .’ significant. However, the effect of such turbulence fluctuations is highly dependent
"""' ! upon the length scales present. For the range of roughness lengths (0.001 < z <
o ; 0.01) and the elevation (z = 10 m) given above, the length scale is approximately 85
: 1 meters (see Reference 14 p. 8). This value represents a scale very much larger than a
": | conventional nussile, and as such would have little effect on its boundary layer
'l l development. Yet, the cascade effect presented above allows for a decrease in the
.') P : length scale until viscous forces dissipate the energy. Therefore. it is possible that
“E: ' length scales which are initially much larger (for example, approximately 85 meters)
::E | than the dimension of a missile would decrease, or “cascade,” to scales where thev
»" : could aflect the development of the missile boundary layer.
o 4. Mach and Reynolds Number Effects

E:' A ! The effect of the Mach number M and the Revnolds number Re on the
:'. : 4 development of the missile boundary layer and asymmetric vortices is dependent largely
.r on the geometry of the body. Exhaustive research (see References 4, 7, 8, and 6) has
,,:: ; been conducted, often with mixed results. The many different combinations of slender
:ﬁ:\' noses and afterbodies make comparisons of data very diflicult. However, some
Vol generalities are possible.

A \)
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z"-i;_: With regard to the Mach number, the magnitude of the side force Y tends to
:\E;‘. decrease as M 1s increased. The degree to which the force is reduced, as well as the
point at which the reduction becomes significant, is determined by the shape of the
N body. At one extreme, a blunt-nosed cyvlinder experiences a rapid drop in Y as the
;}:‘\' Row approaches transonic velocities. This is caused by the tendencv to form a
l:::;' separation bubbie at the nose of the blunt cvlinder (see Figure 1.1). [Ref. 4: p. 99]
RS

On the other hand, a tangent ogive-nosed cvlinder may undergo asvmmetric
vortex shedding into the superscnic region. Due to the lack of a separation bubble,
strong side forces develop which can aftect the body significantly. In both the blunt-
and ogive-nosed cases, however, the side force Y tends to decrease with increasing
Mach number [Ref. 7: p. 3].

The effect of the Reynolds number is best summarized by Ericsson and Reding
[Ref. 4: p. 107] ; the vortex-induced side force reaches a maximum at a critical
! Revnolds number, when conditions are fully subcritical on one side of the body and
fullv supercritical on the other. A word of caution is necessary; the results for both the
Mach and Revnolds number effects are based on several different experiments.
Consistencies in data which hold for several body configurations would seem to
indicate a valid trend. However, slight changes in test conditions often reverse the
previously observed trends. Therefore, the tendency to draw broad conclusions in this
) arca can be severely misleading. Przirembel and Shereda present an enlightening view

of this problem in Reference 13.

C. EFFECTS ON VERTICALLY-LAUNCHED SURFACE-TO-AIR MISSILES

The use of vertically-launched surface-to-air missiles (VLSAM) is currently
receiving wide acceptance. The advantages presented above demonstrate distinct
improvements in reliability and flexibility. However, the flow regime into which a
VLSAM is launched is not fully understood. As a result, the aerodynamic effects are
difficult to predict. The effect of small-scale turbulence on asymmetric vortices has not
vet peen exanuned experimentally. Research into this area is the goal of this thesis.

It is usually desired that experimental research have general application in an
area of current interest. For this reason, a generic VLSAM model, similar to current

missile designs new in use, was developed by the author for this thesis. This generic

design will hereafter be referred to as “the VLSAM” or “the model.”
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I. Launch and Crosswind Velocities
In order that such research prove to be of current interest, is is necessary to
examine the relative velocities of the VLSAM at launch and the crosswind it
experiences. Although each tyvpe of missile has a different launch velocity vs. time

rofile, a generic launch profile is used here to demonstrate relative velocities. The

"J

eneric Jdata presented in Table T were provided by Farley (see Reference 16). The

1%

cata in Table 1 are presented graphically in Figure 1.4.

TABLE 1
GENERIC VLSAM LAUNCH VELOCITY HISTORY

Time (sec)*  Velocity (ft. sec)**

0.0 100
0.2 164
0.5 261
1.0 422

* tail clears launcher exit plane at 0.0 sec

e
g

assumes 10 g missile longitudinal acceleration (generic)

Examination of Figure 1.4 vields a slope of + 322 ft'sec?.

This corresponds to
the acceleration in the vertical direction, a,. Substitution into kinematic equations at
ume t = 0.2 seconds, with a launcher height z = 30 {t above the ocean surface, yields
a height z ~ 56 ft. Thus, while still in the surface laver (z ~ 50 m), the VLSAM has
a velocity of V, = 164 ft'sec.

The assignment of a crosswind velocity is somewhat more arbitrary. It is
dependent on the ambient wind speed, but also on the speed of the launch platform
itself. In simplifying the determination of the crosswind speed, a maximum and
muinimum speed can be selected. With the minimum obviously at zero, the maximum is
simply the sum of the mean wind speed and the ship’s speed. For a mean windspeed of
20 m sec [Ref. 1: p. 64] and a ship speed of 20 knots, the crosswind speed V. ~ 30
m sec (= 98 ft'sec).

In a two-dimensional cartesian coordinate system, let V_ = velocity in the x-
direction, and V| = velocity in the z-direction. Vector addition of the components

vields a resultant speed V= 191 ftsec at an angle a of 31° from the z-direction (see

[39)
(9]
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Figure 1.4 Generic VLSAM Launch Velocity versus Time.

Figure 1.3). The direction represents the angle of attack @ which the VLSAM
experiences while stll in the marine surface layer only 0.2 seconds after launch. This
piaces the VLSAM in Regime [II, the asvmmetric vortex region, almost immediately

after clearing the exit plane of the launcher.

2. Other Launch Considerations
There are many factors which affect the aerodvnamics of a missile during the
launch phase of its flight. Some are inherent to the design of the missile, while the
effect of other fuctors is determined by the ship’s orientation at launch. In the former
categorv arc plume (or jet) eflects of the missile’s engine, blast effects of the vented
exhaust gases, and activation of the flight control svstems. The latter category includes

shipboard roll, pitch, and yaw, and ship airwake turbulence.
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) { Plume and blast effects can affect the VLSAM in two wavs. The first is the
Wy . . .
N ; direct effect of the propulsion svstem gases or exhaust gases on the aerodynamic
. . .. . . \
OO surfaces of the missile. Additionally, the exhaust gases can directly impact the flowfield
i ' « . . . . . . « . .
" ! into which the nussile is launched, especially if the gases are vented upward into the
\
) ! vicinity of the accelerating missile.
D30 . . . ..
-"" The manner in which the control systems respond to changes in missile
WAL . S R . .
X orientation is another factor to be considered. Various systems arc emploved: some

use a simple ballistic flight during the boost phase, while others attempt to maintain
the missiie’s orientation to a reference plane. Matters are further complicated by
accounting for the motion of the ship as the missile travels along the guide rail prior to
clearing the launcher.

In addition to the turbulence generated in the marine atmospheric boundary
layer, turbulence is also present in the airwake generated by flow over the ship’s
superstructure. The effects of this turbulent ship airwake on the VLSAM are largely

unknown. Full understanding of the effects of the airwake on the missile boundary
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laver cannot be accomplished. however, without first studving the complex nature of

the ainwake 1tself.  Research by Healev (see Reference 14) outlines the need fer

AR
L 4

comprechensive experimental work which combines the osallatory motion of the

3 ‘ waunching platform with the bluff body turbulence generated by the superstructure.

353

The above considerations, while not fornung a complete description,

“'.". o i'

emphasize the multiple factors which impact upon the flight behavior of a missile

P
vy

during the launch phase. Except for the limited discussion in the preceding paragraphs,

-~ e
<\

rhese additicnal effects wili not be included in this thesis.
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H. EQUIPMENT AND PROCEDURES

A, APPARATUS

The major picces of equipment utilized in the experimental portion of this thesis
consisted of o wind tunnel, a nmussile model with associated support structures,
turbuience-generating  grids, and data acquisiion hardware software.  Infermation
concerning the specifications. construction, and configuration of all equipment used 1s
rrovided in tiis secuon.

1. Wind Tunnel

The wind tunnel utilized for the experimental data was a low-speed. single-
return horizontal tunnel installed in Halligan Hall at the Naval Postgraduate School in
Monterev, Californta (sce Iigure 2.1). [t 1s powered by a 100 horsepower clectric
motor coupled to a three-blade variable pitch fan via a four-speed Dodge truck
transmission. Turning vanes are instalied at all four corners, with two small-mesh wire
screens nstalled upstream of the settling chamber. A heavy wire screen is also installed
Jownstream of the test section to prevent damage to the {an blades or turning vanes in
tae event of model failure during operation. [Ref. 17: pp. 3-1 to 3-7]

The test section of the tunnel measures 43 inches bv 32 inches, with corner
tulets which house the test section lighting: the cross sectional area is 9.88 squarc feet.
The contraction ratio of settling chamber area to test section area is approximatelv ten.
The walls of the test section diverge shghtly to allow for boundary laver growth
witiiout a reduction in the f{reestream pressure along the test section. As the test
section 1s designed to operate at atmospheric pressure, a circumferential breather slot 1s
installed dJownstream of the test section to replenmish air lost through leaks in tie tunnel
walls. The tunnel was designed to provide velocities up to 290 fect per second in the
sest section. [Refl 17: pp. 3-4 to 3-0]

A reflection plane is installed in the floor of the test section, which decreases
the vertical dimension to 28 inches. In the center of the reflection plane is a flush-
mounted turntable {or adjustments in pitch angle. The angle of the turntable is

remotelv controlled with an electric motor installed beneath the tunnel.
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Figure 2.1 Schematic of Wind Tunnel.
2. Turbulence Grids

Four turbulence grids were used in the tunnel. Ideally, such grids would
generate isotropic homogeneous turbulence over a range of scales and intensities. All
four grids were constructed by the author, and were designed for rapid instaliation and
removal to facilitate maximum data acquisition with minimum tunnel occupation time.
Each grid was mounted in a wood frame, which was placed 73 inches ahead of the

pitch axis of the model support system (see Figures 2.2 and 2.3). The grids were

installed in the tunnel using flush-mounted bolts, which extended through the frame
and tunnel walls, and were securelv fastened from outside the tunnel. The
specificaticns of the four grids are listed in Table 2.

The wooden turbulence grids used were square-mesh, square-bar biplane grids

(see Figure 2.4), while the wire grid was also a square mesh but with round bars.

Experience reveals the biplane grid to be superior for the generation of nearlv-isotropic
p g ¥

-
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TABLE 2
GRID SPECIFICATIONS

’
"

Grid M * d ** Md Material

= e mm I e ma o e mw m— g DT mm = mm em mm o— mm e e mm mm e

<,
5% -

0 3502

*

* M = mesh width

-~

*d = bar diameter

Py

.N‘.\“‘-{A"

Ao
Rl

TURBULENCE
GENERATING
GRID

R

TOP VIEW

T ¥
LY

nsE,

REFLECTION PLANE

DOGLRN
i

MODEL

'
WA
M Al

Frx x T X ]
vy
'

L .

.-'
-

K% b 5]

P
o

e

73 inches
I’\

why | Figure 2.2 Position of Turbulence Grids in Wind Tunnel.
i
I
|

v | homogeneous turbulence. Both biplane grids with rectangular bars, and monoplane
» grids, have been shown to produce nonuniform and unsteady flow, possibly caused by

- the increase in the separated region downstream of each grid intersection [Refl L1: p.

2851 A drawbhack of grid-genecrated turbulence is the fact that 1t is only
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[Moure 2.3 Turbulence-Generating Grid Mounted in Wind Tunnel.

nearly - isotropie. Castro [Ref. 18: p. 300] shows the longitudinal rms velocity
cemponent te ke up to five percent greater than the lateral components. Tunno!

bicckage with the wooden grids was 20 percent, and 6.25 percent with the wire grid.

3. Missile Model and Support System

The VLSAM mocdel was designed by the author to be representative of current

.‘-’

o verticallv-iuunched surface-to-air mussiles. It is intended to model a cruciforn: tail-
'y control missile with long dorsal fins (see Figure 2.5); however, all of the “control”
e surfuces are fixed in position. It was constructed of 6961 and 2024 aluminum allov by
Nuaval Postgraduate School personnel. It is designed 0 permut force. moment. and
pres.ure measurements whije heing operated in a subsonic wind tunnel. The force and
nwoment measurenments are accomplished using an internal strain-gage balance mounted
onoa sung. Pressure measurements are made using pressure taps (ccated just aft of the
conve nese. Due to the dunensions of the model, pressure and torce ioment

snrasuraments cannct be made concurrentlv. The nose. tail, and dorsal fins are
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Figure 2.4 Square-Mesh Turbulence-Generating Grid.

removable., both for access to the measurement devices as well as for future

configurational changes. The dimensions of the model are summarized below:

Diameter = 1.75 inches
Length = 22.85 inches
Missile length diameter ratio = 13.06
Ogive nose length = 4.0 inches
Ogive length diameter ratio = 2.29
Decrsal span = 3.13 inches
Tail span = 5.50 inches
Center of pressure location ~ 13.5 inches aft of nose tip
The support system for the VLSAM missile model was adapted to this wind

tunne! by the author; its design and construction allow testing of different models of

various configurations. Rigidly mounted to the turntable and supported at the tunnel

ceiling. it permits simultaneous variation of the roll and pitch (or vaw) angles.
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e, ! transducers to a Paroscientific digital pressure computer. The hot-wire anemometer
Nz
:.:;: and the pressure computer were connected to a Hewlett-Packard PC Instruments
N . R . . . . .
A svsteml. consisting of a relay multiplexer, digital multimeter, digital input output device.
| and a system power unit. The instrument system interfaced with an IBM Personal
¥ .}
_:-";: | Computer AT.
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'-f}' ‘ Figure 2.6 Block Diagram of Hot-Wire Calibration Apparatus.
' T
O Another major component in the hot-wire calibration systermn was an
- interactive computer program designed to faciiitate data acquisition (see Reference 19).
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) Figure 2.7 Hot-Wire Sensor and Pressure Probes.

;': ; Minor modifications to this program were made by the author. The program, CALIBI
AN i 2s moduiied), is contained in Appendix A.

w) b. Turbulence Mapping Apparatus

) The apparatus used for the actual turbulence mapping is diagrammed in
Figure 2.8. The hot-wire and anemometer were the same as used in the calibration.
A Additional equipment included a Tektronix 465M oscilloscope and a Fluke S030A
Jigital muitimeter for acquiring true rms values. The hot-wire probe (see Figures 2.9
and 2.10) was mounted on an aluminum cylinder, approximately centered horizontally
::",i' «nd verucally in the wind tunnel. The probe could be positioned between 5 inches and
: 23 irnches upstream of the cyvlinder, which was rigidly mounted to the floor of the wind
tunncl. Additionally. the cylinder itself could be positioned longitudinally in the wind

. tunne!. Thus, the hot-wire sensor could be positioned in a region extending from the

- ¥

d downsiream end of the test section to approximately six inches downstream of the

turbulence 2rids.
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Figure 2.8 Block Diagram of Turbulence Mapping Apparatus.

B. PROCEDURE
I. Hot-Wire Calibration

The purpose of the hot-wire calibration was to generate a curve for correlating
voltage fluctuations to velocity fluctuations. The procedure used for hot-wire
calibration closely followed that outlined in the TSI anemometer instruction manual
and the hot-wire experiment manual [Ref. 19]. The following is a summary of the
procedure utilized.

The data acquisition svstem was configured as shown in Figure 2.6. The hot-
wire pressure probe was mounted on a rigid aluminum stand at the downstream end of
the test section. A shorting probe was inserted in the probe support and cable
resistance was measured and recorded by the anemometer.

The wire sensor probe was then installed in the probe support and probe
resistance R was measured. The operating resistance R of the probe was then
calculated using Equation 2.1,
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Figure 2.9 Hot-Wire Sensor Mounted For Turbulence Mapping.

~.

L = - ( — 5

= Ro= Ry = &y Ry (T = Tp) (eqn 2.1)
o

j::;- where @,, and R, are supplied with the wire sensor and T 1s selected by the operator.

The calculated value of R was entered into the hot-wire anemometer. The wind tunnel

Ui

o was started and placed in operation at a speed (100 knots) above that expected in the

&-. . . .

iy turbulence mapping. The anemometer Wheatstone bridge and cable compensation
o controls were adjusted, according to the instruction manual, for maximum frequency

:' response. The hot-wire calibration program CALIB! was then initiated on the

o microcomputer.  The wind tunnel was set to various speeds, using the

N . . . .
micromanometer, which extended through the range to be used with turbulence grids in

ININ' ’ . . N

w place. The following parameters were recorded for each speed set in the wind tunnel:

- anerometer output voltage, test section velocity, tunnel temperature, dJyvnamic

" pressure, static pressure, and air density in the test section. In addition, hot-wire
N voitage and wind tunnel velocity were stored in a data file for use in generating the
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aier obraining the turbulence mapping data.

2. Turbulence Mapping

The purpose of the turbulence mapping was to determine both the turbulence
intensity and length scales as a function of distance downstream of the turbulence-
generating grids. It was assumed that the biplanar, square-bar, square-mesh grids
generated nearlv-isotropic homogeneous turbulence at a large number of mesh widths
rom: the plane of the grid.  Therefore. single-wire hot-wire measurements were oniv
made in the center of the tunnel cross-sectional area.

A hot-wire calibration was conducted prior to the commencement of the
turbulence mapping. The hot-wire probe support and guide tube were mounted on the
alupinum cviinder and positioned in the tunnel. The data acquisition system was then
¢onitgured as shown in Figure 2.8, The cuble resistance previously determined was

enterad Into the hot-wire anemometer. The wire sensor probe was inserted in the
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r be and the prob R was calculated and entered |
o probe support, and the probe operating resistance R was calculated and entered into
-
A the anemometer.
-.\.- - - . - .
oY The digital multimeter provided an rms value of voltage fluctuations across
_“ the wire sensor.  As the value displaved changed five times every two seconds, an
A .- .
~ average based on the values displaved was calculated. Thus, the operator would record
b "
o the vaiees dispiaved, then compute the “average” rms voltage fluctuation depending on
‘)
» ~ ~ .
5" the number of values recorded. The output voltage was recorded from the displav on
t s - y . . . .
the hot-wire anemometer, and the signal was monitored on the oscilloscope displav.
::-j-ﬁ An imtial run was made with no grid in place. The wire sensor was at
l"l- P - - .
b, Position 0 (see Table 3) and 100 rms voltage readings were taken. Subsequent rms
o>
- . - . . . .
K. veliage averages were made with 30 values. This represented an observation period of
: f approximately 20 seconds.
L} -
O
AL
‘:':'. T
N ABLE 3
-
S . . .
o~y HOT-WIRE SENSOR LOCATION
L :
< Sensor Distance Downstream
o Pesition From Grid
> IR — -
<
o
e W .
"0 3 6.38 inches
o
A 7 13.88
b
A 6 20.88
\:h- | - = 1A
::J': i d 231.)
O 4 32.13
0
Rl 3 39.13
*) 2 50.63
L)
¢ _'fl' 1 57.63
)
Mo 0 64.63
) -
W A 75.13
@
o B §2.13
W ¢
-
J ~ . . . . .
S The following turbulence mapping runs were conducted with the grids in
WY . . . . - ..
N osiiton. Runs were made for each grid with the wire sensor at each of the positions
.
9. usted 1in Table 3. Once again, averages were computed for the rms voltage
s g g
- : . . :
e . fluctuations, while the output voltage was obtained directlv from the ancmometer
o displav. During each run, the micromanometer setting and the tunnel temperature
L) ‘l.
bW o
]
o
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were recorded. The atmospheric pressure was checked and recorded periodically. A

hot-wire calibration was conducted following the completion of the turbulence

mapping.
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1. RESULTS

A.  HOT-WIRE ANEMOMETRY

The results of the hot-wire anemometry are separated into two areas: hot-wire
calibration and turbulence mapping.

1. Hot-Wire Calibration

Hot-wire calibration was conducted both before and after the turbulence
mapping. The results of the two calibrations, presented in Table 4 and Figure 3.1,
show a siight divergence between the initial and final runs. Linear equations were
gencrated for each curve in the regions utilized in the turbulence mapping. For a given
vcltage, the iniual and final equations differed by approximatelv seven percent. The
turbulence mapping was evenly distributed over a three dav period; therefore, no
inference could be made as to which was the “better” curve. Since rms values are
presentad as a fraction of the local mean velocity, a small error in the calibration has
little effect. For this reason, an average of the two equations was used tor a.. (urther
calculations.

In addition, it was determi:..ed that the remote thermometer. which was used
as an nput to the calibration computer program, was unreliabie. As a result, a direct
reading thermometer was used to correct the velocity values gencrated by the
calibration program. The corrections are retlected in Table 4 and Figure 3.1.

2. Turbulence Mapping

The turbulence mapping vielded a large amount of data which was used in the
deternunation of turbulence intensities and length scales. As discussed in Chapter II,
the rms voltage resulting from velocity fluctuations was averaged from a large number
of readings (at least 30 for each run), each reading itself being a mean of values
performed internal to the true rms multimeter. A statistical analysis of the rms
readings at Position C vielded a mean standard deviation of less than 6 percent of the
average rms value for each grid. The hot-wire anemometry svstem electrical noise was
less than 0.5 millivolts; as a result, its effect was negligible. The results of the

turbulence mapping are presented in Tables S, 6, 7 and 8, as well as in Figure 3.2.
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TABLE 4
HOT-WIRE CALIBRATION RESULTS

’ l" -"J‘. ‘

% o o
,.!Sl
207

INTTIAL FINAL
Wire Voltage Velocity Wire Voltage Velocity
IR SN s ol T (i sec)

RO 0.00 1.394 63.52
1.27S 46,64 1.426 7359
1.3537 61.70 1.347 80.62
1384 0595 1.470 $7.14
1.-14 7373 1.502 98.51
1,433 $0.79 1.527 106.71
1.452 85.80 1.545 116.44
[.483 100,44 1.565 126.59
1310 108.94 1.577 132.98
1.528 116.14 1.592 142.97
1,342 125.21 1.604 149.61
1.360 134.69 1.613 156.93
1.370 141.68 1.620 163.05
1.5§1 147.43 1.629 170.71
1.393 156.52 1.634 175.62
1.601] 162.65

1.007 169.34

l.el2 175.24

1.618 181.70

1.624 190.16
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'. Figure 3.1 Hot-Wire Calibration Results.

The turbulence of the tunnel, with no grid in place. was calculated with a

mean voltage of 1.382 volts and an rms voltage of 0.86 millivolts: the turbulence
Q intensity of the tunnel was 0.23 percent. Each of the runs with the wood gnds (Grids
! =1, #2, and =3) was conducted with a dynamic pressure ¢ = 10.00 cm H,O. This
resulted in a fairly consistent mean voltage. (The dynamic pressure was used only to
ensure similar wind tunne! velocities for each run; with the grids in place the actual
value of the dynamic pressure, determined from the static rings, was in error due to the
grid frame disturbance.) The wire grid (Grid =4) had to be run at a significantly lower
; dynamic pressure, ¢ = 5.45 c¢m H,0, to obtain mean voltages which were similar to
" those obtained with the wood grids. The difference was caused by the much smalier
pressure loss across the wire grid (blockage = 6.25%) as compared to the wood grids

{blockage = 20%,).
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’ o TABLE 3
N TURBULENCE DATA FOR GRID =1
o
Senser X Meun Voltage RMS Voitage
Jong Pos:tion (nches) AYCHI COLI OIS

” = D D O =D D DN D &I I D m D =D =D =m I D =mom D mm DD D= = o=

%J;\ _

el S .88 [.511 () 3N
b.': - R .

e 13,58 1493 4551
h) 6 20.8% 49T 310
oY

Y 5 25.13 1.498 2756

A - N - -

ol J 3213 1.49" 2309
'*l'; | 3 .13 [.495 19.67

B 2 50.63 1.510 15.41
el ! 57.63 1.513 13.72
> 0 64.63 1.516 12.82

?\'J' ! . o .

'Civs A 513 1.536 11.36
5

' B $2.13 1.539 10.70
.' \'J
N N
o
R
N TABLE 6
e TURBULENCE DATA FOR GRID #2
NN

S Sensor X Mean Voltage RMS Voltage
s Position (inches) {volts) (millivolrs)

.‘. A - A B — R R BN S
; S 6.88 1.438 64.84
n 7 13.88 1.469 39.66
B
S 6 20.88 1.490 27.31
o 5 25.13 1.490 21.85
e 4 32.13 1.498 17.99
4 _-’ - -

o 3 39.13 1.508 15.56
L 2 50.63 1.525 12.77
1Y -
it 1 57.63 1.518 11.44
3 0 64.63 1512 10.45
l. ) ~

% A 75.13 1.532 9.71

o B 82.13 1.530 9.07
Wl

v &

R




5
e
)"
e TABLE 7
‘}2 TURBULENCE DATA FOR GRID =3
"oy
. Sensor X Mean Voltage RMS Voltage
e Povion - dinchesy wwolts) — (millivelts)
o | i
,:.\- p) 0.55 1453 d4.81
X - 1258 1,489 25,30
Pyt
) & 2088 1497 17.97
s 2313 1.512 14.53
(h™ "
v 3 2.0 1.515 11.79
N 3 9.13 1.510 10.28
|- -
2 50.63 1.518 $.44
s 1 $7.63 1.523 783
YAy
o 0 64.63 1.528 7.30
b
R 7513 1.537 6.62
o B $2.13 1.542 6.31
=
s
K" TABLE 8
X TURBULENCE DATA FOR GRID =4
‘A
‘g
(7 Sensor X Mean Voltage RMS Voltage
Oy vosition __(inches) (volts) _ _ _ _ ___ (millivolts)
::": ——————————————
B 8 6.88 1.480 5.99
N 7 13.88 1.490 5.69
N 6 20.88 1.491 4.30
A"
e 5 25.13 1.504 3.62
8 3 32.13 1.504 3.06
: 3 39.13 1.505 2.65
ko 2 50.63 1.523 2.11
o 1 57.63 1.524 1.94
R \ﬂ" ' <
Sy 0 64.63 1.521 1.81
i A 75.13 1.529 1.65
B $2.13 1.527 1.60
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}: a. Turbulence Intensity
.;5 The equation of the average calibration curve was used to determine the
it mean velocuty of thie wind tunnel at each position and corresponding mean voltage
Isted in Tables 3 - 80 Additonaily, the slope of the curve was calcuiated to vield the

.é ratio of the change in velocity to the change in voltage. This ratio was calceulated for
::‘, cach rosition and rms voltage in the above tables.
:" The hot-wire appuaratus measured the resultant of the longitudinal and

. . iateral compenents of the wrbulence. For grid-generated wurbulence, the ratio of the
-:: wongitudinal rms intensity to that of the lateral component is approximately 1.03

"CE [Rel: 18: p. 200]. This dilference was accounted for in calculating the iongitudinal
o wurbuience intensity u’ from the measured velocity fluctuation P* and the mean velocity
o L. Thus, the actual iongitudinal turbulence intensity was obtained from the measured,

:_:, two-component velocity fluctuation using Equation 3.1

N_

X u U= 0723(P U) (eqn 3.1)
‘_',»- The caiculated values for turbulence intensity are shown in Table 9 and Figure 3.2 (see

" also Appendix B).
3 Inspection of Figure 3.2 shows somewhat erratic behavior close to the
( grids.  Most notable is the magnitude of the turbulence intensity immediately
: ‘ downstream of Grids =1 and =2. The smaller-mesh Grid #2 generated higher T than
'.;__ the larger-mesh Grid =1. This discrepancy was most probably caused by the lateral

:: position of the sensor with respect to the grids. For Grid #1, the sensor was positioned

) Jdownstream of an “open” region between the square bars; for Grid #2, the sensor was

.,-5 downstream cf a grid intersection. The data from Table 5 show a relatively high mean

_j voitage for Grid =1 (Position 8), while Table 6 shows a relatively high rms voltage for

~,::: Grid =2 at the same position.

.‘ The above inconsistencies occurred within two mesh widths (2M) for both

"'% grids. Previous experimental data show a minimum of 6M is required for the flow to

N achieve reasonable homogeneity [Ref. 18: p. 300]. Thus, for all the grids evaluated, the
::' data should not be considered homogeneous for the first 30 inches; this corresponds to

s Positions S through 4. The relative turbulence intensity of the four grids at Position 0, ‘
L':f: which corresponds to a position on the nose of the mussile model, is shown in Figure
b 13 |
-~ ‘
% 44
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g‘s | TABLE 9
_';\ : GRID-GENERATED TURBULENCE INTENSITIES
SO
AL l Sensor Turbulence Intensity (percent)
X Position _ _ _ Grid=l _ __Grd=2 __Grid=} __ Grid=d
N v
NS S 17.42 20.66 13.93 1.80
R ; K 13.37 12.08 7.55 1.68
il 0 9.67 8.08 5.26 1.27
= 5 8.13 6.46 4.18 1.05
P 4 6.76 5.26 3.37 0.59
- | 3 5.78 4.49 2.96 0.77
" 2 4.44 3.60 2.40 0.60
R ! 3.93 3.25 2.22 0.55
o 0 3.66 3.00 2.05 0.51
| A 322 2.72 1.84 0.46
; B 2.97 2.54 1.74 0.45
' ’
":: | A final observation involves the “character” of the generated turbulence.
}.'J' For all data runs, with one exception, the oscilloscope displaved a “uniformly random”
.' pattern of high-frequency turbulence. In other words, the voltage fluctuations
% | appeared to be continuous and relatively uniform across the oscilloscope. However,
| for Grid =1. with the sensor close to the grid (Position 8), the voltage fluctuations were
,_, ; interspersed with periods of aimost no disturbance. The appearance was that of high-
a frequency turbulent fluctuations punctuated by bursts of laminar flow, indicating
“smooth” airflow between turbulent vortices. The disparity in turbulence between Grid
':: =] and Grid =2 is further explained by the appearance of these laminar bursts; as
v laminar flow increases, the rms voltage fluctuations decrease, which lowers the
Y rurbulence intensity.
'EE b. Turbulence Length Scale !
4 The turbulence length scales were calculated using the turbulence intensities :
:::. at the recorded positions. Meier [Ref. 20: p. 7] described a method for correlating the !
, decay of the turbulence intensity with the distance downstream of a generating grid.
if Furthermere, Hancock [Ref. 11: p. 283] and Castro [Ref. 18: p. 300] link the dissipation
E length scale L, with the decay of turbulence intensity.
”
o
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Figure 3.2 Grid-Generated Turbulence Intensity Curves.

Linear approximation of the curves ( Tu2 )03 versus downstream distance

‘ ‘X" yields lines of the form of Equation 3.2,

| (T2)%% = A(xM - B) (eqn 3.2)

where A and B are constants to be determined for each grid [Ref. I1: p. 285]. The

[‘ above linear approximations are combined with Equation 3.3

55 >

LYY

U(du? dx) = = @)L, (eqn 3.3)

C RS
)

and solved simultaneously [Ref. I1:p. 285]. The solution of these equations yields

vy

Equation 3.4,
Le M = 0.8 (A6 )(x M ~ BY37 (eqn 3.4)
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Figure 3.3 Turbulence Intensity at Position 0 in Wind Tunnel.

relating the length scale and the longitudinal distance. Thus, the constants A and B
were obtained for each grid. Substitution into Equation 3.4 gave the length scale L,
presented in Table 10 and Figure 3.4 (see also Appendix B).

These results show a gradual increase in the length scale with increasing
distance from the grid. As presented in Chapter I, this increase is due primarily to the
cascade effect. As the turbulent eddies “cascade” to smaller length scales, they decay
more rapidly due tc viscosity. In turn, the “avcrage” length scale, in effect, becomes
larger with increasing distance from the grid. Thus, the increase in length scales shown
in Table 10 also indicates the presence of smaller, more rapidly dissipated length scales.
It is the smaller length scales, on the order of the boundary layer thickness, which
affect the development of the boundary layver. The relative turbulence length scale of
the four grids at Position 0, which corresponds to a position on the nose of the missile

model. 1s shown in Figure 3.5.
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TABLE 10
GRID-GENERATED LENGTH SCALES

Sensor Length Scale (inches)

‘ Position ~ ~_ Gnd=l _ Grid=2 = Grd=3 _ Grid =
j $ 102 0.84 0.55 0.14
| 7 1.16 0.97 0.64 0.16
3 6 1.27 1.06 0.72 0.18

5 1.3 1.12 0.76 0.19
, J 1.43 1.20 0.82 0.21
| 3 1.51 1.27 0.87 0.22
; 2 1.64 1.3 0.95 0.24
;' I L7 144 0.99 0.25
| 0 1.77 .50 1.03 0.26
| A 1.86 1.57 1.09 0.27
1 B 1.91 1.62 .12 0.28

e, ; An additional observation {rom Table 10 and Figure 3.4 is the comparison
I between the bar diameter of the grid and the length scale at Position 8. At that point,
|

all of the square-bar grids (Grids #1, #2, and #3) vield a length scale which is only ten

{

’ o~ ! percent greater than the respective bar diameter. These three grids all have a M 'd ratio
’ | oi five. On the other hand, the wire grid (Grid #4) is a round-bar grid with a M/d ratio
I. . . . - . .

a of sixteen; at Position 8, its length scale is more than twice the bar diameter.
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[V. CONCLUSIONS AND RECOMNMENDATIONS

Phie experimental study has established a basis for turther research on a
verticaiivelaunched surface-to-air mussile in a turbulent flowiield at high angles of
ks The developnient oo a generic VESAM medet, as welt as the data collected and
anived during the wind tunnel turbulence mapping. serve as a foundation for the
contindution of this experimental work at the Naval Postgraduate School.

The wurbulence mapping vielded several important points relevant to the efiect of
rurbulence on the development of asvmmetric vortices and the missile boundary laver.
O nary importance was the determunation of the length scales for each of the grids.
Calctlatiens showed that the length scale increased with increasing distance from the
g:’i\i. This was caused by the dissipation of the smaller length scales which result from

e cascade effect. As the smaller eddies dissipate due to viscosity, the proportion of
larger eddies becomes greater, effectively increasing the “average” length scale.
Hewever, it is not the increase which 1s of interest, but rather the difference in the
magnitude of the scales generated by the various grids. Increasing the bar diameter d
resulted 1 increased length scale L. As the parameter of interest is the relaticn
lerween the length scale and boundary laver thickness, such a variation would appear
recessary to ailow testing of the model under different flow conditions.

The turbulence intensity was found 10 increase with increasing bar diameter. The
intent is to model turbulence intensities which might realistically be encountered during
the launch of a VLSAM. As with the length scales, variation of the turbulence
mtensities, between the extremes, is considered necessary for validating experimental
results. [n both instances (Le and Tu), however, it must be remembered that a suitable

distance must be maintained rom the grid to allow the tlow to develop reasonable

-
b3
O
g
—
o
@]
ag

cneity; data collected near the generating grid may be affected by vortices
triiling off of the gnd bars.

Although additional research and experimental studies of the VLSAM have
aireads begun, recommendations for additional research are included. As noted above,
the VLSAM model has been designed for force. moment and pressure measurements.
Therefore, a full set of experimental studies shculd be conducted. to include

foree moment duta and pressure measurements at ail roll angles and angles of attack.
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"= These experiments should be further supported by surface and flowficld flow
N . . . . . I

,,:_- visualizauon and hot-wire measurements of the vortex {lowfield. This would allow
¥ . . , - .

o cerrelation of the turbulence intensities and length scales with the boundary laver

) _—

cpatent, asvmmetric vortex formuation and the resultant side forces. Alterations
y an ] mvadiieariang ob ¢ ho IS N ayeive se and doreal il fins sva:rine the
o and modificatiens should be made to the ogive nose and dorsal tail fins to examine the
Wt

es on the development.  Finally, after obtaining extensive

g offect of such chang
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X oxperimental data, the results sheuld be compared with predictions or modcels of
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tields over slender bodies of revoluuion at high angles of attack.
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APPENDIX A
HOT-WIRE CALIBRATION COMPUTER PROGRAM

Tre computer program CALIBIL was utilized in the format shown below. The

progran shell which precedes the main program and configures the instruments, s not

Adivstments to the originan program (see Reference 19) were intended to

@ie ortons not required for the hot-wire calibraton, as well as to improve the

aecuracy of the data obtained. The call to the subroutines for reading and selecting
angie of attack «Lines 4920-33503 was deleted. Additionally, the arravs for the hot-wire
veitage and pressure differential were enlarged to accomodate a greater number of data
pomts for cach reading.

Aiter cotamning the calibration curves, however, it was discovered that several
additional corrections were necessary.  These included scaling the veioctties obtained to

cflect the use of a direct-reading thermometer. Additionally, Line 4860 adjusts the

(%

vnanue pressure, obtained from the pressure probes mounted adjacent to the hot-wire
senser (see Frgure 2.7), using the correction factor (0.93) for the tunnel static rings.
This ad;ustment was Jetermined to be incorrect, and the data obtained from the

program svere corrected accordingly.
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3Jd ' PROGRAM "CALIBLl"
10 OPTION BASE 1

20 WANTAOA = 0
3 1

104 '

1350 ' SET HP BOXES TO INITIAL SETTINGS FOR DATA ACQUISITION
'
t

1030 FILES = "HOTWIRE.HPC"

1090 CALL INITIALIZE.SYSTEM(FILES)
1100 CALL ENABLE.SYSTEM

1110 CALL SET.FUNCTION(DMM.O1l,DCVOLTS)
1120 CALL SET.RANGE(DMM.O1,AUTOM)

1130 CALL SET.SPEED(DMM.O1,R2.5)

1140 CALL ENABLE.INT.TRIGGER(DMM.OLl)

1151 CALL SET.NUM.BITS({DIG.IN.O1l,R16)

1142 LEVEL = 5

1143 CALL SET.THRESHOLD(DIG.IN.G1,LEVEL)

1150 !

1150 !

1170 ' PRINT FIRST SCREEN

1130 !

1190 !

1200 BEEP

1210 CLS

12290 COLOR 4: LOCATE 5[14: PRINT MhddhhhdhrhrkdkoAhdhhdkidhdihrddhdidkdkdhkhidkdhkhki
LA X 2 AL

1230 LOCATE 9,14: PRINT "hkhkmkkkkhkerkhthakdnk LTS TS AT PR 2L
1240 COLOR 1: LOCATE 9,37: PRINT "PART 1": LOCATE 10,33: COLOR 4: PRINT "#*#%%x%
%k ok gk ok !t

12302 LOCATE 6,14: PRINT "#*%“: LOCATE 7,14: PRINT "*": LOCATE 8,14: PRINT "#*"

1263 LOCATE 6,65: PRINT "=*": LOCATE 7,65: PRINT "*": LOCATE 8,65: PRINT "="

27D COLOR 1: LOCATE 7,18: PRINT "WELCOME TO THE HOT WIRE FLOW MEASUREMENT LAB"
280 LOCATE 12,27: PRINT "THESIS BY LT GREG DOREMUS™

1290 LOCATE 15,20: PRINT "THIS PROGRAM IS USED IN CALIBRATING THE "

1330 LOCATE 17,13: PRINT "HOT WIRE SYSTEM FOR WIND TUNNEL AIR FLOW MEASUREMENTS"

1

1310 COLOR 4: LOCATE 21,24
1223 INPUT "ENTER 1 TO CONTINUE, 2 TO ABORT": ANS1
L3220 IF ANS1 <> 2 GOTO 1340 ELSE 5950
1240 CLS: LOCATE 10,36: COLOR 20: PRINT "WAIT...": COLOR 1
1390
1400
1410 ' PRINT SECOND SCREEN
1:20
1430 !

1459 CLS: LOCATE 6,10: PRINT "TO START THIS EXPERIMENT YOU MUST FIRST SET UP THE
HCT WIRE"

1457 LOCATE 8,12: PRINT "SYSTEM. THE HOT WIRE LABORATORY MANUAL WILL EXPLAIN THI
Sll

1+60 LOCATE 10,6: PRINT "PROCEDURE IN DETAIL. ONCE THE SYSTEM SET UP IS TO YOUR

SATISFACTION"

1479 LOCATE 12,10: PRINT "YOU MUST MANUALLY START THE WIND TUNNEL AND SET THE SL
TwWEST"

1332 LOCATE 14,16: PRINT "TUNNEL VELOCITY YOU WILL USE IN YOUR EXPERIMENT."

1439 COLOR 4: LOCATE 20,24: PRINT "ENTER 1 TO CONTINUE, 2 TO ABORT"

L,JO LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE";ANS2

COLOR 1: ON ANS2 GOTO 1560,5950,1210

' PRINT THIRD SCREEN - START WIND TUNNEL

54




CLS: LOCATE 10,22: PRINT "IF HOTWIRE SYSTEM IS SET UP PROPERLY"
370 COLOR 4: LOCATE 12,29: PRINT "START WIND TUNNEL NOW"
1380 LOCATE 20,24: PRINT "ENTER 1 TO CONTINUE, 2 TO ABORT"
1590 LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE": ANS3
1600 COLOR 1: ON ANS3 GOTO 1610,5950,1440
L]

1550 '
1560 CLS: LOCATE 10,22: PRINT "IF HOTWIRE SYSTEM IS SET UP PROPERLY"
1570 COLOR 4: LOCATE 12,29: PRINT "START WIND TUNNEL NOW"
1580 LOCATE 20,24: PRINT "ENTER 1 TO CONTINUE, 2 TO ABORT"
1590 LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE"; ANS3
1600 COLOR 1: ON ANS3 GOTO 1610,5950,1440
]

)

1630 ' PRINT FOURTH SCREEN
v
1

1660 CLS: LOCATE 8,13: PRINT "A SERIES OF WIND VELOCITY MEASUREMENTS IS TO BE TaA
1670 LOCATE 10,12: PRINT "AT WIND SPEEDS VARYING FROM THE SLOWEST TUNNEL VELOCIT
1680 LOCATE 12,11: PRINT "TO BE USED IN YOUR EXPERIMENT UP TO THE HIGHEST VELOCI

1690 LOCATE 14,15: PRINT "A MINIMUM OF 10 READINGS SHOULD BE TAKEN TO CREATE"
1700 LOCATE 16,29: PRINT "THE CALIBRATION CUFE."
1710 COLOR 4: LOCATE 20,24: PRINT "ENTER 1 TO CONTINUE, 2 TO ABORT"
1720 LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE";ANS4
1730 COLOR 1: ON ANS4 GOTO 1790,5950,1560
'

)
1760 ' ENTER DATA POINTS FOR CALIBRATION CURVE
]

1780 !

1790 CLS: LOCATE 12,12: PRINT "ENTER THE YOU WILL TAKE TO
CREATE"

1800 COLOR 4: LOCATE 12,22: PRINT "NUMBER OF DATA POINTS": COLOR 1

1310 LOCATE 14,19: INPUT "THE CALIBRATION CURVE FOR THIS EXPERIMENT.";POINTS
1820 CLS

1330 TEST = 1

1840 CALL OUTPUT(RELAY.MUX.01l,TEST)

1350 DIM Z(POINTS,2), X(POINTS), Y(POINTS), C(100), D(100), KNOTS(POINTS,2), DEC
(l6)

1860 '

1870 '

1880 ' OPEN DATA FILES

1830 '

1900 ! ]
1310 TIMES = "00:00:00"

1920 COLOR 4

1930 LOCATE 14,18: PRINT "CREATING DATA FILES FOR CALIBRATION VOLTAGES"

1940 COLOR 1

1950 OPEN "HOTWIRE.DAT" FOR OUTPUT AS #1

19560 CLOSE 41

f
SH W BN

- 1970 TIME = VAL(RIGHTS(TIMES,2))
> 1980 IF TIME < 5 GOTO 1970 ELSE 1990
e '
1990
@ 2000
- 0 2010 ' START DATA ACQUISITION
\v)h
:?l
WO
>
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2020
2030 !
2040 READING = 0: CHANNEL = 0
2050 FOR READING = 1 TO POINTS
2051  CLS: LOCATE 10,15: PRINT "DEPRESS BUTTON ON THE PARASCIENTIFIC TRANSDU
CER"
2052 COLOR 4: LOCATE 10,30: PRINT "P1l": COLOR 1
2020
2030 '
2040 READING = 0: CHANNEL = 0
2050 FOR READING = 1 TO POINTS
2051 CLS: LOCATE 10,15: PRINT "DEPRESS BUTTON ON THE PARASCIENTIFIC TRANSDU
CER"
2052 COLOR 4: LOCATE 10,30: PRINT "P1": COLOR 1
2053 LOCATE 12,15: PRINT "MAKE SURE NO OTHER FUNCTION BUTTONS ARE DEPRESSED"
2054 COLOR 4: LOCATE 21,28: PRINT "PRESS ENTER TO CONTINUE"
2055 A$ = INKEYS: IF AS$ = "" THEN 2055
2060 CLS: LOCATE 8,17: COLOR 1
2070 IF READING = 1 GOTO 2080 ELSE 2100
2080 PRINT "IS THE PROBE POSITIONED FOR YOUR FIRST READING?"
2090  GOTO 2110
2100 LOCATE 8,19: PRINT "IS THE PROBE POSITIONED FOR A NEW READING?"
2110 COLOR 4: LOCATE 9,36: INPUT "1 = YES":ANSS
2120 IF ANS5 <> 1 GOTO 2060
2130 COLOR 1
2140 CLS: LOCATE 16,19: COLOR 1: PRINT "IS THE TUNNEL SET FOR A NEW FLOW VELOC
ITY?"
2150 COLOR 4: LOCATE 17,36: INPUT "1 = YES";ANS6
2160 IF ANS6 <> 1 GOTO 2140
2170 CLS: COLOR 20: LOCATE 8,35: PRINT "“STAND BY"
2180 COLOR 1: LOCATE 13,24: PRINT "DATA VALUES FOR HOT WIRE VOLTAGE"
2190 LOCATE 15,25: PRINT "AND TEST SECTION VELOCITY ARE"
2200 LOCATE 17,30: PRINT "NOW BEING COLLECTED"
2210 FOR CHANNEL = 1 TO 2
2220 ON CHANNEL GOTO 2230,2342
2230 CALL OUTPUT(RELAY.MUX.01,CHANNEL) '
2240 CALL SET.RANGE(DMM.01,R20)
2250 I =0: SUM1 = 0: FOR I = 1 TO 100
2260 IF I = 1 GOTO 2270 ELSE 2290
2270 TIME = .5
2280 CALL DELAY(TIME)
2290 CALL MEASURE (DMM.01,C(I))
2300 SUM1 = SUM1 + ABS(C(I))
N 2310 NEXT I
=~ 2220 AVGl = SUM1/100
fo 2330 Z (READING, CHANNEL) = AVGl
v 2340 GOTO 2780
~ 2342 I =0
s
y 2344 SUM2 = 0
ek 2370 FOR I = 1 TO 100
2410 CALL MEASURE(DIG.IN.01,D(I))
2420 SUM2 = SUM2 + D(I)
2430 NEXT I
2440 DN = SUM2/100
2442 GOSUB 5480
2450 2 (READING, CHANNEL) = PRESS
2460 GOSUB 4270
2470 GOSUB 4700
2480 Z (READING,CHANNEL) = VEL
2490 KNOTS (READING, CHANNEL) = XTS
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8 2500 BEEP: CLS: LOCATE 2,32: PRINT "CALIBRATION DATA"

cY 2510 LOCATE 4,17: PRINT "HOT WIRE VOLTAGE"
Uﬁ\H 2520 LOCATE 4,46: PRINT "WIND TUNNEL VELOCITY": COLOR 4
‘}\ﬁ 2530 LOCATE 6,19: PRINT USING "#.###4";Z(READING,1): COLOR 1
&ﬁ\' 2540 LOCATE 6,26: PRINT "VOLTS": COLOR 4
\.'\: 2550 LOCATE 6,41: PRINT USING "###.##4";Z(READING,2): COLOR 1
- 2500 BEEP: CLS: LOCATE 2,32: PRINT "CALIBRATION CATA"
e 2510 LOCATE 4,17: PRINT "HOT WIRE VOLTAGE"

LOCATE 4,46: PRINT "WIND TUNNEL VELOCITY": COLOR 4
LOCATE 6,19: PRINT USING "#.####";Z (READING,1): COLOR 1
LOCATE 6,26: PRINT "VOLTS": COLOR 4
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" LOCATE 6,41: PRINT USING "###. 444" ;Z(READING,2): COLOR 1
. . 2560 LOCATE 6,49: PRINT "FT/SEC": COLOR 4
> 2570 LOCATE 6,58: PRINT USING "###.###"; KNOTS(READING,2): COLOR 1
A 2580 LOCATE 6,66: PRINT "KNOTS": LOCATE 6,56: PRINT "=0
S 2590 LOCATE 8,15: PRINT "THIS IS DATA POINT ";READING:" OF ";POINTS
2600 LOCATE 10,32: PRINT "WIND TUNNEL DATA"
2610 LOCATE 12,15: PRINT "TUNNEL TEMP ="
2620 COLOR 4: LOCATE 12,29: PRINT USING "##.#4":TF: COLOR 1
2630 LOCATE 12,35: PRINT "DEG F"
2640 LOCATE 14,15: PRINT "TUNNEL STATIC PRESSURE ="
2650 COLOR 4: LOCATE 14,40: PRINT USING "“####.#4";PSTAT: COLOR 1
2660 LOCATE 14,48: PRINT "LB/FT"2"
2670 LOCATE 16,15: PRINT "TUNNEL AIR DENSITY ="
2680 COLOR 4: LOCATE 16,36: PRINT USING "#.###44";DENSITY: COLOR 1
2690 LOCATE 16,44: PRINT "LB/FT~3"
2700 LOCATE 18,15: PRINT "DYNAMIC PRESSURE ="
2710 COLOR 4: LOCATE 18,34: PRINT USING "##.#4";Q: COLOR 1
2720 LOCATE 18,40: PRINT "LB/FT~2"
2730 IF READING = POINTS GOTO 2750
2740 COLOR 20: LOCATE 21,24: PRINT "SET NEW FLOW VELOCITY IN TUNNEL"
2750 COLOR 4: LOCATE 23,27: PRINT "PRESS ANY KEY TO CONTINUE"
2760 AS = INKEY$: IF A$ = "" THEN 2760
2770 COLOR 1
2780 NEXT CHANNEL
2790 NEXT READING
2800 BNUM1 = Z(1,2)
2810 BNUM2 = Z(POINTS,2)
2820 BNUM3 = KNOTs(1,2)
2830 BNUM4 = KNOTS (POINTS,2)
2840 !
2850 '
2860 ' STORE DATA IN DATA FILE LABELED "HOTWIRE.DAT"
2870
2880 !

2890 CLS: LOCATE 8,15: PRINT "DATA VALUES ARE BEING STORED IN DATA FILE LABELED"

2900 COLOR 4: LOCATE 10,34: PRINT "HOTWIRE.DAT": COLOR 1
2910 I = 0Q0: C1l = Q0: C2 = 0: D1 = 0: D2 =0

2920 FOR I = 1 TO POINTS

2930 X(I) = SQR(Z(I,2))

2940 ¥Y(I) = (2(I,1))"~2

2950 Cl = C1 + X(I)

2960 C2 = C2 + X(I)~2
2970 Dl = D1 + Y(I)

2980 D2 = D2 + X(I)*Y(I)
2990 NEXT I

3000 OPEN "HOTWIRE.DAT" FOR APPEND AS #1
3010 J = 0: FOR J = 1 TO POINTS
3020 PRINT #1,USING"##4#.#4#4";Y(J), X(J)
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3030 NEXT J

3040 CLOSE #1 .
3050 !

3060 '

3070 ' SOLVE FOR SLOPE AND Y-INTERCEPT OF REGRESSION LINE

3080 '

3090 !

3030 NEXT J

3040 CLOSE #1

3050 !

3060 '

3070 ' SOLVE FOR SLOPE AND Y-INTERCEPT OF REGRESSION LINE

3080 '

3090 !

3100 A = (POINTS*D2-C1#D1)/(POINTS*C2-C1"2)

3110 IF ABS(A) < lE-08 THEN A=0

3120 B = (D1-A#*Cl)/POINTS

3130 IF ABS(B) < 1E-08 THEN B=0

3140

3150 !

3160 '

3170

3180 !

3190 LCCATE 16,12: PRINT "WOULD YOU LIKE TO SEE A SUMMARY OF YOUR CALIBRATION DA
'rAll

3200 LOCATE 18,33: PRINT "ON THE SCREEN?": COLOR 4

3210 LOCATE 20,27: INPUT "ENTER 1 FOR YES, 0 FOR NO";ANS7

3220 IF ANS7 <> 0 GOTO 3230 ELSE 3640

3230 COLOR 1: CLS: LOCATE 2,32: PRINT "CALIBRATION DATA"

3240 LOCATE 4,9: PRINT "HOT WIRE VOLTAGE (VOLTS)"

3250 LOCATE 4,41: PRINT “WIND TUNNEL VELOCITY (FT/SEC)": COLCR 4

32603 =0

3270 FOR J = 1 TO POINTS

3280 LOCATE J+5,18: PRINT USING #.3##%";2(J,1)

3290 LOCATE J+5,52: PRINT USING"###.##4":2(J,2)

3300 NEXT J

3310
3320
3330
3340
3350

3360 COLOR 1: LOCATE 22,20: PRINT "WOULD YOU LIKE A HARD COPY OF THIS DATA?"
3370 COLOR 4: LOCATE 23,27: INPUT "ENTER 1 FOR YES, 2 FOR NO'";ANS8

3380 IF ANS8 <> 2 GOTO 3390 ELSE 3640

3390 CLS: LOCATE 12,26: PRINT "DATA SENT TO LASER PRINTER": COLOR 1

3400 TIMES = "00:00:00"

3410 TIME = VAL(RIGHTS(TIMES,2))

3420 IF TIME < 5 GOTO 3410 ELSE 3430

3430 LPRINT: LPRINT

3440 LPRINT TAB(32): LPRINT "CALIBRATION DATA"

3450 LPRINT

PRINT SUMMARY OF CALIBRATION DATA ON SCREEN

)/ﬁﬁ'
APy

/
L

-

-
o
; v

-
.

SEND CALIBRATION DATA TO HP LASER JET PRINTER

3460 LPRINT TAB(9): LPRINT "HOTWIRE VOLTAGE (VQLTS) WIND TUNNEL VELO '
cITY"

3470 LPRINT TAB(42): LPRINT "(FT/SEC) (KTS) "

3480 LPRINT

3490 J = O

3500 FOR J = 1 TO POINTS

3510 LPRINT TAB(18);

3520 LPRINT USING"#.##44";2(J,1): .
3530 LPRINT TAB(43):
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3540 LPRINT USING"3#3.#88";2(J,2):

3550 LPRINT TAB(61):

3560 LPRINT USING"###.##4";KNOTS(J,2)

3570 NEXT J

3580 LPRINT CHR$(1l2)

3590 !

3540 LPRINT USING"###.4#4";2(J,2):

3550 LPRINT TAB(61);

3560 LPRINT USING"###.##4";KNOTS(J,2)

3570 NEXT J

3580 LPRINT CHRS$(12)

3590 '

3600 !

3610 ' PRINT VIEW PLOT OF CALIBRATION CURVE ON THE SCREEN

3620 '

3630 !

3640 COLOR 1: CLS: LOCATE 12,13: PRINT "WOULD YOU LIKE TO SEE A PLOT OF THE CALI
BRATION CURVE?"

3630 COLOR 4: LOCATE 14,27: INPUT "ENTER 1 FOR YES, 2 FOR NO";ANSS

3660 COLOR 1l: IF ANS9 <> 2 GOTO 3670 ELSE 3730

3670 CLs: SHELL "COMMAND/C HOT1.BAT"

3680 !

3690 !

3700 ' SEND HARD COPY OF CALIBRATION CURVE TO HP LASER JET PRINTER

3710 !

3720 !

3730 COLOR 1: CLS: LOCATE 12,19: PRINT "WOULD YOU LIKE A HARD COPY OF THIS GRAPH
2

3740 LOCATE 14,27: COLOR 4: INPUT "ENTER 1 FOR YES, 2 FOR NO";ANS10

3750 COLOR 1: IF ANS10 <> 2 GOTO 3760 ELSE 3840

3760 CLS: COLOR 1: LOCATE 10,21: PRINT "THIS PROGRAM WILL AUTOMATICALLY LEAVE"
3770 LOCATE 12,22: PRINT "BASICA AND ENTER A GRAPHICS PROGRAM."

3780 LOCATE 14,14: PRINT "THE PLOT TAKES APPROXIMATELY 4-6 MINUTES TO COMPLETE"
3790 COLOR 4: LOCATE 21,27: PRINT "PRESS ANY KEY TQ CONTINUE"

3800 AS$ = INKEYS$: IF A$ = "" THEN 3800

3810 COLOR 1

3820 SHELL "HOT2.BAT"

3830 BEEP

3840 OPEN "CHAIN.DAT" FOR OUTPUT AS #1

3850 PRINT #1 USING"#4#4.444"; A, B, BNUM1l, BNUM2, BNUM3, BNUM4, TF

3860 CLOSE #1

3870 !

3880 '

3890 ' PRINT CONCLUDING SCREEN AND SUMMARY OF CALIBRATION RANGE

3900 !

3910 !

3920 CLS: LOCATE 8,14: PRINT "THIS CONCLUDES THE CALIBRATION CURVE PORTION OF YO
UR"

3930 LOCATE 10,10: PRINT "EXPERIMENT. THE HOT WIRE SYSTEM IS NOW ACCURATELY CALI
BRATED"

3940 LOCATE 12,13: PRINT "WITHIN A WIND TUNNEL VELOCITY RANGE OF"

3950 COLOR 4: LOCATE 12,52: PRINT USING ###.#44":2(1,2)

3960 LOCATE 12,61: PRINT “FT/SEC": COLOR 1

3970 LOCATE 14,17: PRINT "(": LOCATE 14,18: PRINT USING "###.###" ;KNOTS(1,2)
3980 LOCATE 14,26: PRINT "KTS) TO": COLOR 4

3990 LOCATE 14,34: PRINT USING "###.###";2(POINTS,2): LOCATE 14,42: PRINT "FT/SE
C": COLOR 1: LOCATE 14,49: PRINT " ("

4000 LOCATE 14,50: PRINT USING "###.##4";KNOTS (POINTS, 2)

4010 LOCATE 14,58: PRINT "KTS)"

4020 COLOR 4: LOCATE 20,24: PRINT "ENTER 1 TO CONTINUE, 2 TO ABQRT"
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4030
4040
4050
4060
4070
4080
4030

LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE";ANS1ll
ON ANS11 GOTO 4100,5950,3730
1

' PRINT LAST SCREEN AND CALIBRATION EQUATION

LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE";ANS1l

4040 ON ANS11l GOTO 4100,5950,3730

4050 '

4060 *

4070 ' PRINT LAST SCREEN AND CALIBRATION EQUATION

4080 '

4090 '

4100 CLS: LOCATE 8,30: PRINT "Y = "

4110 LOCATE 8,34: PRINT USING "##.###":A: LOCATE 8,40: PRINT "X"

4120 IF B>=0 THEN LOCATE 8,42: PRINT "+": LOCATE 8,44: PRINT USING "##.3#32":;B EL
SE LOCATE 8,42: PRINT "-": LOCATE 8,44: PRINT USING "###.###";ABS(B)

4130 COLOR 1: LOCATE 10,10: PRINT "THIS IS THE STRAIGHT LINE EQUATION OF THE CAL

IBRATION CURVE"

4140
4150
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4340
4350
4360
4370
4380
4390
4400
4410
4420
4430
4440
4450
4460
4470
4480
44930
4500
4510
4520
4530
4540

LOCATE 12,19: PRINT "IT WILL AUTOMATICALLY BE ENTERED IN PART 2"
LOCATE 14,26: PRINT "OF YOUR HOT WIRE EXPERIMENT"

COLOR 4: LOCATE 20,27: PRINT " ENTER 1 TO START PART TWO"
LOCATE 21,32: PRINT "ENTER 2 TO ABORT"

LOCATE 22,25: INPUT "OR ENTER 3 TO GO BACK ONE PAGE";ANS12

COLOR 1

ON ANS12 GOTO 4210,5950,3920

LOAD "PART2",R

1

' SUBROUTINE FOR MEASURING WIND TUNNEL TEMPERATURE

38.7094574
.0370855664%
5.649552E-05
.10086091#
25727.943€9%
-767345.8295#
78025595.814
~9247486589%
6.97688E+11
-2.66192E+13
3.94078E+14
0
o]
REF.OUT = 8
CALL OUTPUT (RELAY.MUX.Q1,REF.OUT)
CALL ENABLE.OUTPUT(RELAY.MUX.01)
CALL SET.FUNCTION(DMM.O1l,DCVOLTS)
CALL SET.RANGE(DMM.O1,R2)
CALL DISABLE.INT.TRIGGER(DMM.O1l)
COUNT = .5
TIMES = "00:00:00"
IF TIMER < COUNT GOTO 4480 ELSE 4490
CALL MEASURE(DMM.O01,V)
TR = 100*V
ER = (TR*(Al+TR*(A2+TR*A3)))*10"-6
CALL SET.RANGE(DMM.O01,R200MILLI)
TC = 7
CALL OUTPUT(RELAY.MUX.01,TC)

w
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4550 COUNT = .5
- 4560 TIMES$ = "00:00:00"
) 4570 IF TIMER < COUNT GOTO 4570 ELSE 4580
1o 4580 CALL MEASURE(DMM.O01,ET)
o 4590 E = ER + ET
N 4600 Z = BS+E*(B6+E*(B7+E*(B8+E*B9)))
> 4550 COUNT = .5
2 4560 TIMES = "00:00:00"
; 4570 IF TIMER < COUNT GOTO 4570 ELSE 4580
! 4580 CALL MEASURE(DMM.O01,ET)
B 7 4590 E = ER + ET
g 4600 Z = BS+E* (B6+E* (B7+E* (B3+E*B9)))
oy 4610 T = BO+E*(B1+E*(B2+E* (B3+E*(B4+E*Z))))
¥ 4620 TF = (1.8*T) + 32
v 4630 RETURN
> 4640 '
} 4650 !
4660 ' SUBROUTINE FOR WIND TUNNEL DATA:
" 4670 ' STATIC PRESS IN TEST SECTION
v 4680 ' AIR DENSITY IN TEST SECTION
,:j 4690 ! DYNAMIC PRESSURE IN TEST SECTION
) 4700 ! TEST SECTION VELOCITY, FT/SEC AND KTS
fﬁ 4710 '
‘ 4720 !
X 4722 CLS: COLOR 1: LOCATE 10,15: PRINT "DEPRESS BUTTON ON THE PARASCIENTIFIC
o TRANSDUCER"
= 4724 COLOR 4: LOCATE 10,3G: PRINT "P2": COLOR 1
o 4726 LOCATE 12,15: PRINT "MAKE SURE NO OTHER FUNCTION BUTTONS ARE DEPRESSED"
- 4728 COLOR 4: LOCATE 21,28: PRINT "PRESS ENTER TO CONTINUE"
. 4730 AS = INKEYS$: IF A$ = "" THEN 4730
- 4800 CALL MEASURE (DIG.IN.O01,DN)
= 4802 GOSUB 5480
" 4810 PSTAT = PRESS*144
b 4820 TTEMP = TF + 459.67
- 4830 GASCONST = 53.3
o 4840 DENSITY = PSTAT/ (GASCONST*TTEMP)
- 4850 DELTAP = Z(READING,CHANNEL)*144
X 4860 Q = DELTAP/.93
B 4870 IF Q < 1.5 THEN Q = 0
. 4880 GC = 32.174
e 4890 VEL = SQR(ABS((2*Q*GC)/DENSITY))
4900 KTS = VEL * .5924
- : 4910 RETURN
- 4920 '
" 4930 '
n% 4940 ' SUBROUTINE FOR READING AOA
o 4950
N 4960 '
}, 4970 INPUT.CH = 5
' 4980 CALL OUTPUT (RELAY.MUX.O0l, INPUT.CH)
4990 CALL ENABLE.QUTPUT (RELAY.MUX.01)
>, 5000 TIME = 3
'O 5010 CALL DELAY (TIME)
& $020 CALL MEASURE (DMM.O1,AOQA)
. 5030 HAVEAOA = (ACA=-.003)*1000/10
S 5040 RETURN
' 5050 '
z‘ 5060 '
5070 ' SUBROUTINE FOR AOA SELECTION
h} 1
y 5080
»
-
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5090 !
5100 WHILE (CINT(ABS(WANTAOA - HAVEAOA) * 10) / 10) >= .25 -
5110  ABSDIFF = ABS(WANTAOA - HAVEAOA)
5120 IF ABSDIFF > 36 THEN ABSDIFF = 36
5130  SWITCH.1 = 1
5090 !
5100 WHILE (CINT(ABS(WANTAOA - HAVEACA) * 10) / 10) >= .25
5110  ABSDIFF = ABS(WANTAOA - HAVEAOA)
5120 IF ABSDIFF > 36 THEN ABSDIFF = 36
5130 SWITCH.1 = 1
5140  SWITCH.2 = 2
S150 CALL OPEN.CHANNEL(RELAY.ACT.O01,SWITCH.1)
5160 CALL OPEN.CHANNEL(RELAY.ACT.O01,SWITCH.2)
5170 IF WANTAOA > HAVEAOA GOTO 5210 ELSE 5340
L}

[}

5180
5190 ' THIS PART OF THE SUBROUTINE MOVES THE TURNTABLE FORWARD
5200 '
5210 IF (CINT(ABSDIFF*10)/10) >= .4 THEN TIMING = 100 ELSE TIMING = 1
. 5220 COUNT = ((ABSDIFF * TIMING) + 190) / 1000
N 5230 IF COUNT > 3 THEN COUNT = 3
e 5240 CALL CLOSE.CHANNEL(RELAY.ACT.O0l,SWITCH.1)
e 5250 CALL DELAY (COUNT)
e 5260 CALL OPEN.CHANNEL(RELAY.ACT.O01,SWITCH.1)
A 527 TIME = .5
5280 CALL DELAY (TIME)
® 5290 GOSUB 4940
S 5300 GOTO 5440
W 5310 !
N 5320 ' THIS PART OF THE SUBROUTINE MOVES THE TURNTABLE IN REVERSE
. 5330 '
:f- 5340 IF (CINT(ABSDIFF*10)/10) >= .4 THEN TIMING = 100 ELSE TIMING = 1
Ko 5350 COUNT = ((ABSDIFF* TIMING) + 190)/1000
K 5360 IF COUNT > 3 THEN COUNT = 3
; 5370 CALL CLOSE.CHANNEL{RELAY.ACT.D1,SWITCH.?2)
K- - 5380 CALL DELAY (COUNT)
K-, 5390 CALL OPEN.CHANNEL(RELAY.ACT.O01,SWITCH.2)
R 5400 TIME = .5
N 5410 CALL DELAY(TIME)
N 5420 GOSUB 4940
SN 5430 GOTO 5440
- 5440 WEND
“) 5450 RETURN
g 5460 °
~ S 5470 '
N 5480 ' SUBRCUTINE FOR CONVERTING DECIMAL PRESSURE VALUES TO NUMERIC VALUES
h 3490 !
5500 '
5510 COUNT = 0: PRESS = 0
5520
5530 ' DN IS THE MEASURED DECIMAL NUMBER
5540 ' DEC IS THE DECIMAL TRANSFORM MATRIX
5550 ' PRESS IS THE CONVERTED NUMERIC PRESSURE VALUE
5560 !
5570 DEC(16) = 10: DEC(15) = 8: DEC(14) = 4: DEC(13) = 2: DEC(12) =1
5580 DEC(1l) = .8: DEC(10) = .4: DEC(9) = .2: DEC(8) = .1: DEC(7) = .08

3590 DEC(6) = .04: DEC(5) = .02: DEC(4) = .01: DEC{3) = B.000001E-03
5600 DEC{2) = .004: DEC(l) = .002
v

5620 IF DN < 0 THEN PRESS = DEC(16) ELSE GOTO 5640
5630 COUNT = -32768!
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5640 IF (DN-COUNT)/16384 >= 1 THEN PRESS = PRESS =+ DEC(15) ELSE GOTO 3660
5650 COUNT = COUNT + 16384
5660 IF (DN-COUNT},/8192 >= 1 THEN PRESS = PRESS + DEC(l4) ELSE GOTO 5680
S670 COUNT = COUNT + 812
5680 IF (DN-COUNT)/4096 >= 1 THEN PRESS = PRESS + DEC(13) ELSE GOTO 5700

5690 COUNT = COUNT + 4096

5700 IF (DN-COUNT),/2048 >= 1 THEN PRESS = PRESS + DEC(12) ELSE GOTO 5720
5710 COUNT = COUNT + 2048

5720 IF (DN-COUNT)/1024 >= 1 THEN PRESS = PRESS + DEC(1ll) ELSE GOTO 5740
5730 COUNT = COUNT + 1024

5740 IF (DN-COUNT)/S512 >= 1 THEN PRESS = PRESS + DEC(10) ELSE GOTO 5760
5750 COUNT = COUNT + 512

5760 IF (DN~-COUNT)/256 >= 1 THEN PRESS = PRESS + DEC(9) ELSE GOTO 5780
5770 COUNT = COUNT + 256

5780 IF (DN-COUNT)/128 >= 1 THEN PRESS = PRESS + DEC(8) ELSE GOTO 5800
5790 COUNT = COUNT + 128

3800 IF (DN-COUNT)/64 >= 1 THEN PRESS = PRESS + DEC(7) ELSE GOTO 5820
5810 COUNT = COUNT + 64

5820 IF (DN-COUNT)/32 >= 1 THEN PRESS
5830 COUNT = COUNT + 32

5840 IF (DN-COUNT)/16 >= 1 THEN PRESS = PRESS + DEC(S) ELSE GOTO 5860
5850 COUNT = COUNT + 16

5860 IF (DN-COUNT)/8 >= 1 THEN PRESS = PRESS + DEC(4) ELSE GOTO 5880
5870 COUNT = COUNT + 8

5880 IF (DN-COUNT)/4 >= 1 THEN PRESS = PRESS + DEC(3) ELSE GOTO 5900
5890 COUNT = CQUNT ~ 4

5900 IF (DN-COUNT)/2 >= 1 THEN PRESS = PRESS + DEC(2) ELSE GOTO 5920
5910 COUNT = COUNT + 2

5920 IF (DN-COUNT) = 1 THEN PRESS = PRESS + DEC(1)

5930 RETURN

5940 STOP

5950 CLS: SYSTEM

5960 END

PRESS + DEC(6) ELSE GOTO 5840

\k—;
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APPENDIN B
TURBULENCE MAPPING RESULTS

Tho comined results of the turbulence mapping were precented in Chapter 111

S polow wre the mdnviduad graphs which represent the wurbulence intensity and
vt s duae for the four rurbulence-generating gridse Attention should be given to
2aowas b the graphs
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