
VERTICALLY-LAUNCHED MISSILE AT NIGH ANGLES OF ATTACK-A9 (U) NAVAL POSTGRADUATE SCHOOL MONTEREY CA D P ROANE

UNCLASSIFIED DEC 87 FjG 1612 M

INE



II8 12.5
- 2 111112.2

11611

.25 11111j.4 ll 6

w~~~~ .W w

'.4

.i " A ? 4W * q' -?.. .



0

NAVAL POSTGRADUATE SCHOOL
Monterey, California

I

E l ~TATFS4/'

D Ti-C G R.,A,0

ELECTE-
M A Y 1 2 1 9 8 8 "T H E S I S% JTHESIS

THE EFFECT OF A TURBULENT AIRSTREAM
ON A VERTICALLY-LAUNCHED MISSILE

AT HIGH ANGLES OF ATTACK

by

Donald P. Roane, Jr.

December 1987

Thesis Advisor Richard M. Howard

Approved for public release; distribution is unlimited.

-- --. -, , --- , .- , , . -,. ' i-_ , "



UNCLASS IF IED
SECURIT CLASS FCATON )F '%,S AC.

REPORT DOCUMENTATION PAGE Ie
h,. %  Ia. REPORT SECURITY CLASSIFCAflON 10 RESTRICTIVE MARKINGS

UNCLASSIFIED N/_
, 2a. SECURITY CLASSIFIrATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT

N/A Approved for public release;
2b DECLASSIFICATION / DOWNGRADING SCHEDULE

N/A Distribution unlimited.
4 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S)

6a NAME OF PERFORMING ORGANIZATION 6o OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION
(If applicable)

Naval Postgraduate School Code 33 Naval Postgraduate School

6c. ADDRESS (Cry, State, and ZIP Code) 7b. ADDRESS (City.. State. and ZIP Code)

Monterey, California 93943-5100 Monterey, California 93943-5100

8a. NAME OF FUNDiNG,SPONSORING 8b OFFiCE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

8c. ADDRESS (City. State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

-' PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO NO ACCESSION NO

11 TITLE (Include Security Classification) TH E EFFECT OF A TURBULENT AIRSTREAM ON A

VERTICALLY-LAUNCHED MISSILE AT HIGH ANGLES OF ATTACK

12. PERSONAL AUTHOR(S) Roane, Donald P ) . -:. -t.'..,R.-ane, D n l P. (Jr.). .
13a. TYPE OF REPORT 13b TIME COVERED .DATE OF REPORT (Year Month, Day) . COUNT
Master's Thesis FROM TO 1987 December 72 "
16. SUPPLEMENTARY NOTATION-.

17 COSATI CODES 1I SUBJECT )VMS (Continue on reverse if necessary and identify by block number)

FIELD% GROUP SUB-GROUP Vertical Launch, Missile, Turbulence,
- High Angle)pAttack, Vortices <--

19. ABSTR (Continue on reverse if necessary and identify by block number)

The purpose of this thesis is to initiate an investigation of the
response of a shipboard surface-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, turbulent flowfields, and the
marine atmospheric environment on a slender ., body of . revolution.

1W e.Turbulence mapping of a wind tunnel with installed turbulence-generating
grids was conducted using hot-wire anemometry. The resultant turbulence
intensities and length, scales were analyzed as a function of the
downstream distance and the grid mesh-width/bar-diameter ratio.
Turbulence intensity was found to decrease, while the length scale

. increased, with increasing distance from the generating grid. Both the
turbulence intensity and length scale increased with an increase in the
.rid bar diameter. A generic, vertically-launched surface-to-air

20 DISTRIBUTION/AVAILABILITY OF ABSTRA "  21. ABSTRACT SECURITY CLASSIFICATION
93CUNCLASSIFIED/UNLIMITED C] SAME A4 RPT C] OTIC USERS UNCLASSIFIED

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL

Richard M. Howard (408)-646-2870 Code 679o 1
DO FORM 1473, 84 MAR 3 APR edition may be used until exlausted. SECURITY CLASSIFICATION OF THIS PAGE -

Allother editions are obsolete . ..... i.. "I oice: 116"d -24

UNCLASSIFIED

E>

k1



UNCLASSIFIED
SECURITY CLASSIFICAION OF THIS PAGE

Item 19. - continued

missile (VLSAM) model was developed and constructed for further
wind tunnel testing, to include force, moment, pressure and flow
visualization studies.

Accetioin For.

NTIS CRAMI

DTIC TAB 0
Justificator

By......
Distrib:tion I

Av3ilr't-y CO eS

ItZidlo

00

UNCLASSIFIED
2 SECURITY CLASSIFICA TION OF THIS PAGE



Approved for public release; distribution is unlimited.

The Effect of a Turbulent Airstream
on a Vertically-Launched Missile

at High Angles of Attack

by

Donald P. Roane. Jr.
Lieutenant, United States Navy

B.S., United States Naval Academy, 1981

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN ENGINEERING SCIENCE

from the

NAVAL POSTGRADUATE SCHOOL
December 1987

Author: _
Donald P. Roateijr.

A pproved by: M '-"is
Richard M Howard, Thesis Adisor

J Healey, Second Rel der

Max F. Platzer, Chairman.
Department of Aeronautics

Gordon E. Schacher,

Dean of Science and Engineering

3



ABSTRPACT

The purpose of this thesis is to initiate an investigation of the response of a

shipboard suri'ace-to-air nissiie launched vertically into a region of turbulence at high

angles of attack. A review was conducted on the effects of asynmetric vortices.

turbulent flowfields. and the marine atmospheric environment on a slender body of

revolution. Turbulence mapping of a wind tunnel with installed turbulence-generating

grids was conducted using hot-wire anemometr3y. The resultant turbulence intensities

and length scales were analyzed as a function of the downstream distance and the grid

mesh-width bar-diameter ratio. Turbulence intensity was found to decrease, while the

length scale increased, with increasing distance fIrom the generating grid. Both the

turbulence intensity and length scale increased with an increase in the grid bar

diameter. A generic, vertically-launched surface-to-air missile (VLSAM) model was

developed and constructed for further wind tunnel testing, to include force, moment,

pressure and flow visualization studies.
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a. acceleration in z-direction
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6 boundary layer thickness
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I. INTRODUCTION

A. BACKGROUND

Thlz :cc: introduction of a vertical launcher capability for ships carrying

ls.rX'ce-to-air nussi'es represents a major advancement in weapon system reliablilitV

and .,ex oihtv. Conventional trainable launcher systems are extremely vulnerable to

.c....ical failure: in such instances, a fullh loaded missile magazine is rendered

_,,eless. I lowevcr. each vertically-launched missile is fired from its own storage

container. effectivehy increasing the redundancy of the launcher systems. Additionaly.

-€ a vertical launcher system has unimpeded access to any of the weapons in the

rniagazine: conventional launchers require cycling of the weapons until the desired

round is in position for launch.

*l The development of these new launcher systems, however, also creates problems

not previously encountered with conventionally trained launchers. Launching a missile
ia into the open ocean environment exposes the missile, while still at low launch

-veloci:y. to potentionallv sienificant crosswinds. The result is a missile fl-ing at

reiatively low velocities at an effective high angle of attack. Under such conditions.

largely unpredictable side forces can be generated, which pose a serious threat to flight

" ] s:abilitv.

Additionaly. 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 layer development, both the turbulence intensity and turbulence length

scale must be considered. In the marine atmospheric boundary layer, the turbulence

intensity may be relatively high: values as high as 12 to 17 percent are possible.

Additionally, large scale 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 yawing motion of bodies

subjected to such an environment. On the other hand, the degree to which high
intensity small-scale turbulence is present in the atmosphere, and the consequent effect

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

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

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

-,
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sedding. have been investigated for over three decades (see Reference 2). Much of the

research to date has attempted to model or predict the flow about such bodies and to

examine the effect of design changes on the observed flow. Experimentally, several

mcdhodS have been employed to analyze both the cause and effect of these asymmetric

6 vcrt;ce . These methods include direct measurement of' forces and moments, pressure

::11 -17 . and fow visualization. Force moment measurements perniit an analysis

o :'., magnitUde of the disturbances, while pressure distributions and flow

\;\::Ahia,:on enable the observer to study the location and development of the

The oai of this thesis is to research and experimentally study the aerodynamic

cra'tcristics of a ,.,neric,. vertically-launched surface-to-air missile (VLSAM) in a

tturbulcn: airstream at high angles of attack. Although extensive research and

exper:nental work has been conducted by the author in the development of this thesis,

i: Is no, a conclusive study of the problem outlined above. Further experimental work

w"l 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.

1. Asy mmetric Vortex Theor'

The flow about a pitched, unyawed blunt-nosed slender cylindrical body can

chara=,-rize' in part as being similar to the flow behind a two-dimensional cylinder

at an anale of attack to the flowfield. As shown in Figure 1.1, a separation "bubble"

sxists at the nose of the body. Further down the length of the cylinder. two

svmrezrically disposed vortices begin to form on the lee side. These vortices are fed by

the vortex sheets of boundary layer fluid which have separated from the body. Further

along the length of the body these vortices alternate in their separation from the

surface. The result is a side force on the body. relatively small in magnitude, which

appears as a consequence of the steady 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 inunediately aft of the nose.
.[R " 3: pp. 751-7521

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

will not occur. Consequently, large asymnetric vortices now appear at the nose of the

body. The aft portion of the cylinder 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

over,,l side force. The net effect is that of a slender body with vortex formation now

occurring alcng the entire length of the body, as shown in Figure 1.2. [Ref. 4: p. 991

Fi 13
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Figure 1.1 Vortex Flow About an Unyawed Blunt-Nosed Cylinder.

The point at which the transition from symmetric to asymetric vortex
shedding begins is dependent on several factors, notably the body length. the nose cone
apex ang!e, the anzle of attack, the flow Mach number, and the Reynolds number.

(The effects of the Mach and the Reynolds number will be covered in the following

seMtion.) The transition can actually be divided into four separate regions, as shown in
Figure 1.3. Each of these regions can be described by the angle of attack ot and
characterized by the type of flow present (see Reference 5 pp. 22-23). Regime 1 (00 <
a < 5') represents a classical potential flowfield with no flow separation. Regime II
(50 < a < 20") shows flow separation in the form of two symmetric vortices on the lee

side of the body: no side forces or 'awing moments are induced. In Regime II (20' <
a < 6o'), the vortices are now shed asymmetrically. This effect produces both side

forces and yawing moments. Regime IV (600 < a < 900) resembles wake-like flow in

the region behind a two-dimensional cylinder. (The angles given are approximate and

do not necessarily represent the actual points of transition.)

! 14
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Figure 1.2 Vortex Flow About an Unyawed Slender-Nose Cylinder.

% On a slender cylinder with a relatively fine tapered nose in a subsonic, low

turbulence (' u less than one percent) flow, asynmmetric vortex shedding usually appears

at an angle 0 a' when the angle of attack a is approximately twice the nose semi-vertex

angle 6 * As the angle of attack is increased above the angle 0a, the region of

symmetrical wake dccrcases and the asymnetric flow pattern predominates. The result

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

forces and moments. Steady or unsteady asymmetric vortex shedding, or "flow

a swi.:ching." can occur as the angle of attack increases. Steady asyrrunetric vortex

shedding produces a side force Y which increases to some maximum with increasing

an2ie 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. 1-5]

Detailed descriptions of specific experimental results were intentionally

, neglected in the above descriptions. The behavior of the asymmetric vortices is well

documented for a vast number of mode!s and shapes, yet their cause is still not

15
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VORTEX-FPEE SYMMETRIC
FLW VOR C FM

I REGIME III REGIME IV

ASYMMETRIC KELE
VORT'EX FLOW FLCW

Fieure 1.3 Vortex Shedding on a Body; at High Angles of Attack
(see Reference 6).

Positivelv establishecd. Most theories suevest a relationship between the flow
separation along the body and an inviscid interaction of the vortices [Ref 8: pp. 2-3].
A prominnent theory, put forth by Keener and Chapman, is that minute variations or

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

Several important generalizations can be made regarding the effect of

configurational changes on experimental results. The addition of a long cylindrical

k afterbody, as wvell as decreasing the nose apex angle, will result in a de.crease- in the

asymmetric vortex onset angle 0a [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

asymmric vortices [Ref. 6: pp. 5.7]. The use of small nose bluntness, nose booms and

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

J 16
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lcads jRef. 9: p. 552]. Other methods are available for reducing the formation of

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, they do not necessarily work in

combination. nor do they alwavs give consistent results, even under similar test

conditions. Additionally, the effect of the changes ma- adversely affect some other
areas of concern, such as lift, drag, or stability.

B. TURBULENCE
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
nmade between the scale of the body and that of the turbulence. In addition,

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

component in a flowfield. Mathematically presented as Equation 1.1,

Tu = u'U (eqn 1.1)

the turbulence intensity gives a measure of the relative magnitude of the velocity

fluctuations. The turbulence intensity also yields an indication of the kinetic energy of

the turbulence, via the term u' in Equation 1.1. Therefore, high turbulence intensity
correlates to high kinetic energy in the velocity fluctuations, i.e. more "turbulent" flow.

The length scale of the turbulence is a measure of the dimension of the
6 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 temporpi character
of the turbulent fluctuations. An increase in the spatial length of the turbulence

corresponds to an increase in the time the body is exposed to the fluctuation.

The dimension of the length scale relative to a body can be regarded in three
broad categories; larger than the body, equal to the body, and smaller than the body.

17
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I or turbulent eddies of a scale much larger than the body, the effect is similar to that

experienced In the non-turbulent fiowlield, where the deviations in the speed and

':ection ,.%ould be of' long duration. Thus, the motion of the body would be affected

in :-e ane manner as one in which the flowfleld had changed for a long period of

ti-e. In contrast, the unwanted roiling, pitching, and yawing motion of the body is

ca.ased primarilv by turbulent fluctuations of a scale comparable to the dimensions of

that body [Rcfl 1: p. 3]. Both of these instances are sinilar in that the turbulence

length scales :mpact the motion of the whole body.

Length scales of a dimension much smaller than the body, however, have a

distinctly different effect. These length scales have a magnitude comparable to the

thickness of the boundary layer 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 relatively 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 (see 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-y 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

* , energy 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

A 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 decays, the

energy transfer also decreases. This causes the intensity of the smaller eddies to

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]

[nsn
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2. Boundary Layer Effects
In view of the fact that small-scale turbulent length scales can affect the

niissile boundary layer development. the effects of such interactions should be

re% iewed. An important factor to be considered is the point at which asymmetric

-vorti..s begin to form. More sienificant. however, is the point at which any type of

flow separation occurs, be It svmmnetric or asymmetric. Deiaying all types of flow

separation will inevit ,ablv decrease zhe tendcncy toward the formation of asymmetric

vortices.

A dimensionless parameter useful in analyzing the boundary layer effects is the
skin friction coefficient. Cc In general. a fluid which is moving over a relatively

smooth surface (low Cf) wili experience flow separation sooner than would the same

t ow moving over a rough surface. This is a result of the turbulent flow close to the

rough surface. Such a boundary layer will resist separation longer due to the high

kinetic enere which reduces the tendency toward flow deceleration at that point.

Therefore. increasing Cr generally delays the onset of flow separation.

Experimental data presented by Hancock and Bradshaw (see Reference 11)
and Meier and Kreplin (see Reference 12) show an inverse relationship between

turbulence length scales and the skin friction coefficient; as the length scale is

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 layer thickness
. Both of these experiments used turbulence grids in wind tunnels, which ideally

generate isotropic homogeneous turbulence at a large distance from the plane of the

grid [Ref. 10: p. 4S].

Thus. as the ratio of dissipation length scale to boundary layer thickness

' L 6) approaches unity, the onset of flow separation is delayed. In other words, the

presence of small-scale turbulence (of a dimension comparable to the boundary layer)

[ decreases the tendency to form asymm-etric vortices.

3. Marine Environment

The atmospheric boundary layer into which the vertically launched surface-to-

air missile (VLSAM) is launched is best described as turbulent [Ref. 13: p. 511. In

general. the turbulence fluctuations are greater over land than over sea. However, the

characterist:cs of turbulence in the marine environment are not fully understood, and

t1-e efIects on missile boundary laver development deserve investigation.

.. , 19

Ei " o ' , , ' ' " / . ' 'r " " '' " ' " " , - - -.. ,, ., .-b - -,



- S r r r r n wrw w ,-U - . .. 7 . 7,- . 2. , , 
•  

- r = , , = = :

The atmospheric boundary layer (ABL) is formed by the interaction of the

atmosphere and the surface (land or sea) over which it flows. Turbulence in this region

is caused by a transfer of heat, momentum, and mass. The lowest segment of the ABL.

terried the surface layer, is characterized by mechanically produced turbulence

resulting from surflce roughness. The surface laver comprises the lower ten percent of

the A\BL. and is on the order of 50 meters in height. Furthermore, the majority of the

flow in the surlace laver itself can be considered horizontally homogeneous.

[Ref. 1: pp. 4-51

A measure of the general roughness of the surface is given by zo, the

roughness length. Its value is determined as a function of the mean wind velocity at

various elevations above the surface of interest. Combining the roughness length with

thle elevation and windspeed, both the turbulence intensity and length scale can be

determined empirically [Ref. 14: p. 5]. Typical surface roughness lengths for the ocean

are 0.001 < z < 0.01, where z is measured in meters; at a ten meter elevation, this

can result in a turbulence intensity range between 13 and 17 percent (see Reference 14

J. p. 11).

Apparently, the turbulence intensity in the marine surface layer can be

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 <

0.01) and the elevation (z = 10 m) given above, the length scale is approximately 85

meters (see Reference 14 p. 8). This value represents a scale very much larger than a

conventional missile, and as such would have little effect on its boundary layer

dev,:lopment. Yet. the cascade effect presented above allows for a decrease in the

len:th scale until viscous forces dissipate the energy. Therefore. it is possible that

length scales which are initially much larger (for example, approximately 85 meters)

than the dimension of a missile would decrease, or "'cascade," to scales where they

could alfect the development of the missile boundary layer.S
4. Mach and Reynolds Number Effects

The effect of the Mach number M and the Reynolds number Re on the

development of the missile boundary layer and asymmetric vortices is dependent largely

on the geometry of the body. Exhaustive research (see References 4. 7, S. and 6) has

been conducted, often with mixed results. The many different combinations of slender

noses and afterbodies make comparisons of data very difficult. However. some

g eneralities are possible.
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With regard to the Mach number, the magnitude of the side force Y tends to

decrease as M is 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

body. At one extreme, a blunt-nosed cylinder experiences a rapid drop in Y as the

flow approaches transonic velocities. This is caused by the tendency to form a

separation bubble at the nose of the blunt cylinder (see Figure 1.1). [Ref. 4: p. 99j

On the other hand, a tangent ogive-nosed cylinder may undergo asymmetric

vortex shedding into the supersonic region. Due to the lack of a separation bubble,

strong side forces develop which can affect 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. 5].

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

Reynolds number, when conditions are fully subcritical on one side of the body and

flallv supercritical on the other. A word of caution is necessary; the results for both the

.Mach and Reynolds 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

area can be severely misleading. Przirembel and Shereda present an enlightening view

of this problem in Reference 15.

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. Hlowever, 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 been examined 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 VLSANI" or "the model."
'p21

0-%,- p ''...r . d ~ \. W P' P ~ ~ -



1. Launch and Cross~sind Velocities

In order that such research prove to be of current interest, is is nccessary to

examine the relative velocities of tihe VLSAM at launch and the crosswind it

experiences. Although each type of missile has a different launch velocity vs. time

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

generic data presented in Table I were provided by Farley (see Reference 16). The

data in Table I are presented graphically in Figure 1.4.

TABLE I

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

assumes 10 g missile longitudinal acceleration (generic)

Examination of Figure 1.4 yields a slope of + 322 ft/sec2 . This corresponds to

the acceleration in the vertical direction, az . Substitution into kinematic equations at

time t = 0.2 seconds, with a launcher height zi = 30 ft above the ocean surface, yields

a height z - 56 ft. Thus, while still in the surface layer (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

ninimum 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

2( m sec [Ref. 1: p. 64] and a ship speed of 20 knots, the crosswind speed Vc  30

m sec (= 98 ft sec).

In a two-dimensional cartesian coordinate system, let Vc = velocity in the x-

direction, and V, = velocity in the z-direction. Vector addition of the components
% yields a resultant speed Vr  191 ft sec at an angle v of 31' from the z-direction (see{r

V
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TAIL CLEARS LAUNCHER AT T =0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

TIME (SECONDS)

Figure 1.4 Generic VLSAM Launch Velocity versus Time.

Figure 1.5). The direction represents the angle of attack ( which the VLSAM

experiences while still in the marine surface layer only 0.2 seconds after launch. This

places the VLSAM in Regime III, the asymmetric vortex region, almost immediately

after clearing the exit plane of the launcher.

2. Other Launch Considerations

There are many factors which affect the aerodynamics of a missile during the

launch phase of its flight. Some are inherent to the design of the missile, while the

effect of other factors is determined by the ship's orientation at launch. In the former

category arc plume (or jet) effects of the missile's engine, blast effects of the vented

exhaust gases, and activation of the flight control systems. The latter category includes

shipboard roll, pitch, and yaw. and ship airwake turbulence.

23

0



-" . CROSSWIND VELCCITY V
C

I VTSAM LAUNCH RESULTANT
VELOCITY MISSILE VELCITY

V1  V
r

a

z
I 

Xx

I , Figure 1.5 Resultant Missile Velocity Vector.

Plume and blast effects can affect the VLSAM in two ways. The first is the

direct effect of the propulsion system gases or exhaust gases on the aerodynamic

surfaces of the mr.issile. Additionally, the exhaust gases can directly impact the flowfield

into which the missile is launched. especially if the gases arc vented upward into the

vicinity of the accelerating missile.

The manner in which the control systems respond to changes in missile

orientaion is another factor to be considered. Various systems arc employed: some

use a simple ballistic flight during the boost phase, while others attempt to maintain

the missile'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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layer cannot be accomplished, however, without first studying the complex nature of

the airwake itself. Research by Hea!ev (see Ref'erence 14) outlines the need lcr

comprehensive experimental work which ccmbines the oscillatorv motion of the

launching platform with the bluff body turbulence generated by the superstructure.

The above considerations, while not forming a complete desLription.

emphasize the multiple factors which impact upon the flight behavior of a mis Ie

during the launch phase. Except lor the limited discussion in the preceding paragraphs.

these additional effects wiii net be included in this thesis.

:'p
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11. EQUIPMENT AND PROCEDURES

A. APPARATUS
I :e :1.or Pieces of equlient utilized in the experimental portion of this thesis

consisted o! a wind tunnel, a missile model with associated support structures.
enc- ce,.rati.e rnds, and data acquisition hardwarc soltware. Information

r Inc er, - the specifications. construction, and configuration of all equipment used is
r'rcvidcd i:n this ec:ion:.

1. Wind Tunnel

The wind tunnel utilized for the experimental data was a low-speed, single-

return horizontal tunnel installed in I lalligan Hall at the Naval Posteraduate School in

Mlonterev. Caliornia (see Fi,ure 2.1). It is powered by a 100 horsepower electric

motor coupled to a three-blade variable pitch fan via a four-speed l)odge truck

transmission. Turning vanes are installed at all four corners, with two small-mesh wire

screens :hstalled upstream of the settling chamber. A heavy wire screen is also installed

o'.vnzrec.m of the test section to prevent damage to the f"an blades or turning vanes in

Ix:e event of model failure during operation. [Ref. 17: pp. 3-1 to 3-71

The test section of the tunnel measures 45 inches by 32 inches, with corner

ii,,s wh-ich house the test section liehtine: the cross sectional area is 9.88 square feet.

The contraction ratio of settling chamber are:a to test section area is approximately ten.

-The walls of the test section diver,e slightly to allow for boundary laver erowth

Iithout a reduction in the freestream pressure along the test section. As the test

secton is designed to operate at atmospheric pressure, a circumferential breather slot is

intalled downstream of the test section to replenish air lost through leaks in the tunnel
walls. The tunnel was designed to provide velocities up to 290 feet per second in the

test section. [ReE 17: pp. 3-4 to 3-01

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 for adjustments in pitch angle. The angle of the turntable is

remotely controlled with an electric motor installed beneath the tunnel.
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~Figure 2.1 Schematic of Wind Tunnel.

2Turbulence Grids

~generate isotropic homogen:eous turbulence over a range of scales and intensities. All

four grids were constructed by the author. and were designed for rapid installation and
removal to facilitate mnaximium data acquisition with minimum tunnel occupation time.

Each gri1d was mnounted 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 securely fastened firom outside the tunnel. The
specificationis of the four grids are listed in Table 2.

77 Th.- 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 thle biplane grid to be superior for the generation of nearly- is otropic
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I TABLE 2

GRID SPECIFICATIONS

Grid M* d *M I d Material
No. in. in.

1 5.0 1.0 5 wood

2 3.75 0.75 5 wood

3 2.5 0.5 5 wood
4 1.0 0.0625 16 wire
-I = mesh width

" d bar diameter

TURBULENE
GENERATINGGR TI 'TOP VIEW

*GRID

.4., REFLECtION PLANE

MODEL

Figure 2.2 Position of Turbulence Grids in Wind Tunnel.

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 [Rer. I: p.

-Sf23]. A drawback of grid-generated turbulence is the fact that it is only

"28
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777

Fr-ure 2.3 Turbulence-Generating Grid Mfounted in Wind Tunnel.

ne~r~ ~o~roic.Castro [Ref. 1S: p. 30011 shows the longitudinal rr-.s velocitv

ccmpornent to 1-e up to thec percent greater than thc lateral components. Tunin'l

-xcac ith the wooden grids was 20 percent. ad6.2pecnwihteIesrd

3.Missile Model and Support Systemn

T ;e VLSAMI model was desiencd by the author to be representative of current

verjcllv>ir~ccdSurface-to-air missiles. It is intended to model a cruciforn- tail-

contrc. isil with long dorsal fns (,;ee Figure 2.5); however, all of the 'control-

* su:~csoreFixed in position. It was constructe d of 001 and 2024 dlUnlinuni alloy 1-1

N. l)ostera-dUate School personel. Iz is designed to permit for, miomnt. an

pr&~.re ttasurcmnt while bneing operated In a subsonic wind tunnel. The fore anid

:nuc:~ ro~saenintsare accomplished using an Internal strain-gage balan c mounted

In. a szting. Pressure mneasurcernits are made Using pressure taps ocated iu.st ifL of' the

C :10e Du-e to the dimensions or the modei. pressure and force mnoment

o~i~mr'tscannot be ma~de concurrntly. Th moe ti, n do-:al tn r
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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 diamecter ratio = 13.06

0 Ogive nose length = 4.0 inches

0 Ogive length diameter ratio = 2,29

* Dorsal 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
- tunnel 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

ceiing, it permits simultaneous variation of the roll and pitch (or yaw) angles.
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transducers to a Paroscientific digital pressure computer. The hot-wire anemometer

and the pressure computer were connected to a I-ewlett-Packard PC Instruments
sy'stem. 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.

A
._ . DIFFERENTIAL PRESSURE

STATIC PRESSURE

HOTI-WIRE SENSOR

" :HOT-WIRE PRESSURE

INSTRUMENT SYSTEM
".". RELAY MULTIPLEXER

DIGITAL MULTIMETER

N, DIGITAL INPUT/OUTPUT

INSTRIL1ENT SYSTEM
PO-W'JER UNIT

MI MUTER

Figure 2.6 Block Diagram of Hot-Wire Calibration Apparatus.

Another major component in the hot-wire calibration system was an

interactive computer program designed to facilitate data acquisition (see Reference 19).
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The apparatus used for the actual turbulence mapping is diagrammed in

, Figzure 2.S. Tihe hot-wire and anemometer were the same as used in the calibration.

". Ad~ditionai equipment included a Tektronix 465M1 oscilloscope and a Fluke 8050A
J iLgital m'uitinietcr for acquiring true rms values. The hot-wire poe(see Fgrs2.9

~and 2. l10) was mounted on an aluminum cylinder, approximately centered horizontally

'-.:d vericaliv ;n the wind tunnel. The probe could be positioned between 5 inchies and

23' ittsUpstream of the cylinder, which was rigidly mounted to tile floor of" tile wind

tanr'cl. Additionallyv. the cvlinder itself could be positioned lon, itudina. • in tilewn

II,, tu'nnel. Thus, the hot-wire sensor could be positioned in a region extending lrom the
downs'rean crnd of the test section to approximately six inches downstreamn of the

.turbulence grids.
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H(Yr-WIRE SENSOR

HOar-WIRE
ANEMMETER

OSCILLOSCOPE DIGITAL
* !JLTIMETER

Figure 2.S Block Diagram of Turbulence Mapping Apparatus.

B. PROCEDURE

1. 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 closelv followed that outlined in the TSI anemometer instruction manual

and the hot-wire experiment manual [Ref. 191. The following is a summary of the

procedure utilized.

The data acquisition system 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 Rtot was measured. The operating resistance R of the probe was then

calculated using Equation 2.1,
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Flaure 2.9 Hot-Wire Sensor Mounted For Turbulence Mapping.

R Rtot - a'O R,0 (T, - T.) (eqn 2.1)

where (10 and R are supplied with the wire sensor andT isectdbthopro.

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

w.as started and placed in operation at a speed (100 knots) above that expected in the

- turbulence mapping. The anemometer Wheatstone bridge and cable compensation

controls wvere adjusted. according to the instruction manual, for maximum frequency

resz~onse. The hot-wire calibration program CALIBI was then initiated on the

b ~ rmc;rocornputer. The wind tunnel was set to various speeds, using the

~~crmanmetr, hich extended through the range to be us ed with turbulence grids In

pace, The following parameters were recorded for each speed set in the wind tunnel:

~ 'anemometer output voltage, test section velocity, tunnel temperature. dynamr~ic

nresslare-. S!-'a::c pressure, and air density in the test section. In addition, hot-wire

vItaze and wind tunnel velocitv were stored in a data file for use in gzenerating the
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""" Figure 2.10 Hot-Wire Sensor Downstream of Turbulence Grid.

Lot-wire caibration curve. This calibration procedure was conducted both prior to and

.N4 I cm:a:nin :he turbulence mapping data.

2. Turbulence Mapping

Ite purpose of the turbulence mapping was to determine both the turbulence

.. si n cneth scales as a function of distance downstream of the turbulence-

.r-neratinz orids. It was assumed that the biplanar, square-bar, square-mesh grids

,cnera :z nearly-isotropic homogeneous turbulence at a large number of mesh widths

'O from t he plane of the grid. Therefore. single-wire hot-wire measurements were only

ne in the center of the tunnel cross-sectional area.

A hot-wire calibration was conducted prior to the commencement of the

. . turbu:cnt mapping. The hot-wire probe support and guide tube were mounted on the

aOu. unnt c!vnder and positioned in the tunnel. The data acquisition system was then

c:u",urea js shown in Figure 2.S. The cab!e resistance previously determined was

-:; *..ed into the not-vire anemometer. The wire sensor probe was inserted in the

V.%
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probe support. and the probe operating resistance R was calculated and entered into

the anemometer.

The digital multimeter provided an rms value of voltage fluctuations across
,he wire sensor. As the value displayed changed five times every two seconds, an

.iverage based on the values displayed was calculated. Thus, the operator would record

ti-e vacs disp'.aved, then compute the "average" rms voltage fluctuation depending on

t.e number of values recorded. The output voltage was recorded from the display on

th, 'oz-wlre anemometer, and the signal was monitored on the oscilloscope display.
An initial run was made with no grid in place. The wire sensor was at

Position () (see Table 3) and 100 rns voltage readings were taken. Subsequent rms

vlcae averages were made with 50 values. This represented an observation period of'

approximately 20 seconds.

TABLE 3

HOT-WIRE SENSOR LOCATION

Sensor Distance Downstream
Position From Grid

8 6.88 inches

7 13.88

6 20.88

5 25.13

4 32.13

3 39.13

2 50.63

1 57.63

0 64.63

A 75.13

B 82.13

The following turbulence mapping runs were conducted with the grids in

position. Runs were made for each grid with the wire sensor at each of the positions

isted in Table 3. Once again, averages were computed for the rms voltage

fLictuations. while the output voltage was obtained directly from the anemometer

display. During each run. the micromanometer setting and the tunnel temperature

.37
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were recorded. The atmospheric pressure was checked and recorded periodicall%. A

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

moapping.
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III. RESULTS

S"A. HOT-WIRE ANEMOMETRY
The reslts, of the hot-wire aneniometrv are separated into two areas. hot-wire

calibrat:on and turbulence mapping.

1. Hot-Wire Calibration
-. Hot-wire calibration was conducted both before and after the turbulence

mappin. The results of the two calibrations, presented in Table 4 and Figure 3.1,

show a slight divergence between the initial and final runs. Linear equations were

,e ncrated for each curve in the regions utilized in the turbulence mapping. For a given

voltage, the initial and final equations differed by approximately seven percent. The

turbulence mapping was evenly distributed over a three day period; therefore, no

inference could be made as to which was the "'better" curve. Since rms values are

presented 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 for a.. further

calculations.

In addition, it was determi:.,ed that the remote thermometer, which was used

as an input to the calibration computer program, was unreliable. As a result, a direct

reading thermometer was used to correct the velocity values generated bv the

calibration program. The corrections are reflected in Table 4 and Figure 3.1.

2. Turbulence Mapping

The turbulence mapping yielded a large amount of data which was used in the

determination of turbulence intensities and length scales. As discussed in Chapter II,

the rms voltage resulting from velocity fluctuations was averaged from a large number

S10.of readings (at least 50 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 0 yielded a mean standard deviation of less than 6 percent of the

average rms value for each grid, The hot-wire anemometry system 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 5. 6. 7 and 8, as well as in Figure 3.2.
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TABLE 4

HOT-WI RE A CALIBRATION RESULTS

INI II\L F INA.L

.:rc Vcotaeoe VIocjtv \Vire Voltae Velocityol-. ,' C sod { lts) (ft ')

.' ,,S 0)0 1.394 65.S2

1 2-3 4',,.(:4 1.426 73.50

1.33 61.70 1.447 8o.62

.3S4 65.95 1.470 S"7.14

1.414 73.-5 1.502 9S.S1

10433 S0.79 1.527 106.71
1.45_ S5.SO 1.545 116.44
l.4S 1 100.44 1.565 126.59

1.510 108.94 1.577 132.98
1.52,S 116.14 1.592 142.97

1.5-2 125.21 1.604 149.61

134.69 1.6 13 156.93
1.5-0 141.68 1.620 163.05
1.53 1 147.43 1.629 170.71
1.503 156.52 1.634 175.62

1.6(l 162.63
1 .60( 169.34

1. (12 175.24

1.61S 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 1.5S2 volts and an rrns voltage of 0.S6 millivolts; the turbulence

intensity of the tunnel was 0.23 percent. Each of the runs with the wood grids (Grids

=1. =2, and "3) was conducted with a dynamic pressure q = 10.00 cm HO. This

resulted in a fairly consistent mean voltage. (The dynamic pressure was used only to

ensure similar wind tunnel 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

2 'd frame disturbance.) The wire grid (Grid "4) had to be run at a significantly lower

dvnaniic pressure, q = 5.45 cm H2O, to obtain mean voltages which were similar to

those obtained with the wood grids. The difference was caused by the much smaller

pressure loss across the wire grid (blockage = 6.25?%) as compared to the wood grids

- (blockage 20" ).
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TABL 5

TURBULENCY )AT\ IOR GRII) =1

Sen,;cr X \lein VoIta,_'e R\IS \':e1- 3lso tIon ( inches I v{'; nu..im~. ,

S .SS 1 1 1

.13 1.49S 2.51

4 32.13 1.49" 2" w)

39.13 1.495 19.67

2 50.63 1.510 15.41

1 57.63 1.513 13.72

0 64.63 1.516 12.S2

A 75.13 1.536 11.56

B 2.13 1.539 10.70

w

TABLE 6

TURBULENCE DATA FOR GRID z2

Sensor X Mean Voltage RM S Voltage
Position (inches) (volts) (millivoltS)

S 6.8S 1.438 64.84

7 13.88 1.469 39.66
6 20.88 1.490 27.31

5 25.13 1.490 21.85

0 4 32.13 1.498 17.99

3 39.13 1.508 15.56

2 50.63 1.525 12.77

1 57.63 1.518 11.44

0 64.63 1.512 10.45

A: 75.13 1.532 9.71

B 82.13 1.530 9.07
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TABLE 7

TLRBUI_NCE I).ATA FOR GRID =3

Senzor X Mean Voltage RNIS Volta2e.3v . Ptkofl (inches)t v..lhs ) ( .nialivclt-

,, . So.SS I .-14 1 .S 1

I "441
S I3s .,s 15.507

" 1 1.512 1-.55

4 32.V 1.515 Ii-.9

39.13 1.510 10.2s

2 50.63 1.518 3.44

, -. 1 57.63 1.523 .S3

S6-4.63 1.523 7.30

75.13 1.537 6.02

[ B 32.13 1.542 6.31

TABLE 8

TURBULENCE DATA FOR GRID t4

Sensor X Mean Voltage RNIS Voltage
P o sit ion (inches) (volts) (n'illivols)

S 6.S3 1.4S0 5.99
1 13.88 1.490 5.69

6 20.83 1.491 4.30

5 25.13 1.504 3.62

4 32.13 1.504 3.06

3 39.13 1.505 2.65

2 50.63 1.523 2.11

1 57.63 1.524 1.9-4

0 64.63 1.521 1.31

A 75.13 1.529 1.65

B S2.13 1.527 1.60
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a. Turbulence Intensity

The ecuaion of the average calibration curve was used to determinc the

:nmean velocitV of th,:e wind tunnel at each position and corresponding mean voltage

!:scd In Tables 5 - S. Additionall1, the slope of the curve was calcuiated to vield the

ratio of th',e ch',an:ge in velociv to the change in voitage. This ratio was calculated fr

each .i:ion -nd rns voltage in the above tables.

I1he hot-wire apparatus measured the resultant of' the longitudinal and

ia:eral com.ponents of the turbulence. For grid-generated turbulence, the ratio of the

ionei'udinal rms intCnsity to that of' the lateral component is approximately 1.05

[ReP IS: p. 30u]. This difference was accounted for in calculating the longitudinal

turbulence intensitv u from the measured velocity fluctuation P' and the mean velocity

U. Thus, the actual iongitudinal turbulence intensity was obtained from the measured,

two-component velocity fluctuation using Equation 3.1

u' U 0.724 (P' U) (eqn 3.1)

The calc-lated values for turbulence intensity are shown in Table 9 and Figure 3.2 (see

also Appendix B).

Inspection of Figure 3.2 shows somewhat erratic behavior close to the

ngr1ds. Most notable is the magnitude of the turbulence intensity immediately

donstream of Grids -1 and 42. The smaller-mesh Grid 42 generated higher Tu than
AU

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 .41, the sensor was positioned

dovnlstream of an 'open" region between the square bars; for Grid #2, the sensor was

downstream of a grid intersection. The data from Table 5 show a relatively high mean

voltage for Grid =1 (Position S), 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

rids. Previous experimental data show a minimum of 6\1 is required for the flow to

achieve reasonable homogeneity [Ref. IS: p. 300]. Thus, for all the grids evaluated, the

data should not be considered homogeneous for the first 30 inches; this corresponds to

Positions S through 4. The relative turbulence intensity of the four grids at Position 0.

wfiica corresponds to a position on the nose of the missile model, is shown in Figure

4.4
3.%
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TABLE 9

GRID-GENERATED TURBULENCE INTENSITIES

Sensor Turbulence Intensity (percent)

Position Grid =1 Grid =2 Grid =3 Grid =4

S 17.42 20.66 13.93 I.S0

13.37 12.08 7.55 1.68

6 9.67 8.08 5.26 1.27

5 8.15 6.46 4.IS 1.05

4 6.76 5.26 3.37 0.89

3 5.78 4.49 2.96 0.77

2 4.44 3.60 2.40 0.60
1 3.93 3.25 2.22 0.55
0 3.66 3.00 2.05 0.51

A 3.22 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,
For all data runs, with one exception, the oscilloscope displayed 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-
frequency turbulent fluctuations punctuated by bursts of laninar flow, indicating
's;n ooth" airflow between turbulent vortices. The disparity in turbulence between Grid

=1 and Grid =2 is further explained by the appearance of these laminar bursts; as

laminar flow increases, the rms voltage fluctuations decrease, which lowers the

turbulence intensity.

b. Turbulence Length Scale

The turbulence length scales were calculated using the turbulence intensities

at the recorded positions. Meier [Ref. 20: p. 71 described a method for correlating the

decay of the turbulence intensity with the distance downstream of a generating grid.

Furthermcre, Hancock [Ref. 11: p. 285] and Castro [Ref 18: p. 300] link the dissipation

!ength scale L with the decay of turbulence intensity.
e
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Figure 3.2 Grid-Generated Turbulence Intensity Curves.

x'iesLinear approximation of the curves ( Tu2 ) versus downstream distance
x' yields lines of the form of Equation 3.2,

( Tu2 )0.8 = A (x,'M - B) (eqn 3.2)

where A and B are constants to be determined for each grid [Ref. 11: p. 2851. The
above linear approximations are combined with Equation 3.3

U ( du' 2 ,dx ) - (u') 1-5 Le (eqn 3.3)

and solved simultaneously (Ref. II: p. 2851. The solution of these equations yields

Equation 3.4,

Le, N = 0.8 ( A" 6' 5 )(x NI - (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

I were obtained for each grid. Substitution into Equation 3.4 gave the length scale L

j 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 to viscosity. In turn, the "average" 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.

lw, It is the smaller length scales, on the order of the boundary layer thickness, which

affect the development of the boundary layer. The relative turbulence length scale of

the four grids at Position 0, which corresponds to a position on the nose of the missile

model, is shown in Figure 3.5.
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TABLE 10

GRID-GENERA\TED LENGTH SCALES

Sensor Length Scale (inches)

Position Grid =1 Grid =2 Grid =3 Grid -4

S 1.02 0.84 0.55 0.14

7 1.16 0.97 0.64 0.16

6 1.27 1.06 0.72 0.18

1.34 1.12 0.76 0.19

-% 4 1.43 1.20 0.82 0.21

3 1.51 1.27 0.87 0.22

2 1.64 1.38 0.95 0.24

1 1.70 1.44 0.99 0.25

0 1.77 1.50 1.03 0.26

A 1.86 1.57 1.09 0.27

B 1.91 1.62 1.12 0.28

An additional observation from Table 10 and Figure 3.4 is the comparison

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) yield a length scale which is only ten

percent greater than the respective bar diameter. These three grids all have a M 'd ratio

o " five. On the other hand. the wire grid (Grid #4) is a round-bar grid with a M, d ratio

of' sixteen: at Position 8, its length scale is more than twice the bar diameter.
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IV. CONCLUSIONS AND RECOMMENDATIONS

'vzmnLai stud, has established a basis for further research on a

\e .. . ,.J surface-to-air missile 'n a turbLienIt flowiIeId at hzIh angles of

T.,ck. Ihe de p..c:t a:a generic VLSAYI mcde', as weli as the data collected and
-the ind tunnel turbulence mapping, serve as a foundatic'n for the

Ci th:s experimental work at the Naval Postgraduate School.

hel:, tblenco mapping yielded several important points relevant to the effict of

,,tu:brice On he development of asymmetric vortices and the missile boundary layer.

O: ::. "v mportance was the determination of the length scales for each of the grids.

....c .ions shov.ed that the length scale increased with increasing distance from the

ii. This was caused by thne dissipation of the smaller length scales wvhich result from

* ::c C,,aJe Ae.t..s the smaller eddies dissipate due to viscosity, the proportion of

,'""er eddes becomes greater, effectively increasing the "average' length scale.

*.' " lot'w ever. it is not the increase which is of interest, but rather the difference in the

r i- in I itudc of the scales generated by the various grids. Increasing the bar diameter d

rs:" in increased length scale L As the parameter of interest is the relation

Sc:.veen thie lencth scale and boundary layer thickness, such a variation would appear

ecessary to ahlow testing of the model under different flow conditions.

The turbulence intensity was found to increase with increasing bar diameter. The

i'tent is to model turbulence intensities which might realistically be encountered durinlg

A the launch of a VLSAM. As with the leneth scales, variation of the turbulence

intensities, between the extremes, is considered necessary for validating experimental

res;ults. In both instances (Le and T), however, it must be remembered that a suitable
di stanc must be maintained from the grid to allow the Row to develop reasonable

homogeneity; data collected near the generating grid may be affected by vortices

tri"n, . off of the grid bars.

Although additional research and experimental studies of the VLSAM have

.are,, begun, recommendations for additional research are included. As noted above.

thle VLSANI model has been desizned for force. moment and pressure measurements.

Ti,,erefoe.a 1"lN set of experimental studies should be conducted, to include

: .,omncnt data and pressure IleaSWiements it all rol an-les and anlzles of attack.

. . .. . . . ..0. -, .- : - - ,,' ...,, .'
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These experiments should be further supported by surface and flowfleld flow

vtsuahzation and hot-wire measurements 01 the vortex flowheld. This would allow

3$ corr.Aat.on Ci the turbulence ~atensities and leneth scales with the boundarx layer

development. asymmetric vortex formation and the resultant side forces Alterations
.4-

4- ma : odifications should be made to the ocive nose and dorsal tail fins to examine the
*1*.* ~.. of such chances on the devefonment. Finalk, after obtainine extensive

experimental data, the re~uits shculd be compared with predictions or models Of

zLtr:ulm: fiowl iJ s ovcr slender bodies of revolution at hich andes of attack.
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APPENDIX A
HOT-WIRE CALIBRATION CO:\PLTER PROGRAM

[Ue cc: ate'r rrogrdri CA LIB13 was utilized in the formal~t shown below. The

cern sc~.\v 2~!re~~esthe mnain program and configures the instruments. is not

:\>atnnsto thL orn Inal programn see Ref'erene 19) were intended to

cptoas noz reqal air for thle hot-wire calibration, as well as to improve thle

~vo, the data obrainc-J. The call to the subroutines For reading and selectine

anceof atackLins 49()-5§1)was deleted. Ad3itionallv, the arrays for the t\vr

o~aC111: a rcssu-re differential were enlarged to accomiodate a greater number of data

points for each realinkz.

Arrcotain1ne me cai.ration curves, however, itwas discovered that several

aJ itin ~correc:ions were necessary. These included scalina the veliocities obtained to

reflect: the use of a direct-readinz thermometer. Additionally., Line 4860 adjusts the

J oicpres,;ure. obtained fromn the pressure probes mounted adjacent to thle hot-wire

sensocr (see Ficure 2.7). usina the correction factor (0.93) for the tunnel static rin-s.

This, aJustmenz was determined to be incorrect, and the data obtained fromn the

progeram wxere corrected accordingly.
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1000 PROGRAM "CALIBI"
1213 OPTION BASE 1
1920 WANTAOA = 0
1030
1040
1050 ' SET HP BOXES TO INITIAL SETTINGS FOR DATA ACQUISITION

1070
1280 FILES = "HOTWIRE.HPC"
1090 CALL INITIALIZE.SYSTEM(FILE$)
1100 CALL ENABLE.SYSTEM
1110 CALL SET. FUNCTION(DMM. 01, DCVOLTS)
1120 CALL SET.RANGE(DMM.01,AUTOM)
.130 CALL SET.SPEED(DMM.01,R2.5)
1140 CALL ENABLE.INT.TRIGGER(DMM.01)

1141 CALL SET.NUJM.BITS(DIG.IN.01,R16)
1142 LEVEL = 5
1143 CALL SET.THRESHOLD(DIG.IN.01,LEVEL)

-. 1150
1160'

11-0 'PRINT FIRST SCREEN
1130
1190
1220 BEEP
1210 CLS
1223 COLOR 4: LOCATE 5,14: PRINT *
* *... * ,,
1230 LOCATE 9,14: PRINT ********************
1240 COLOR 1: LOCATE 9,37: PRINT "PART 1": LOCATE 10,33: COLOR 4: PRINT "*******

1252 LOCATE 6,14: PRINT "*": LOCATE 7,14: PRINT "*": LOCATE 8,14: PRINT "*"
1260 LOCATE 6,65: PRINT '*": LOCATE 7,65: PRINT "*": LOCATE 8,65: PRINT "*"
_23- COLOR 1: LOCATE 7,18: PRINT "WELCOME TO THE HOT WIRE FLOW MEASUREMENT LAB"
1280 LOCATE 12,27: PRINT "THESIS BY LT GREG DOREMJS"
1290 LOCATE 15,20: PRINT "THIS PROGRAM IS USED IN CALIBRATING THE "
1300 LOCATE 17,13: PRINT "HOT WIRE SYSTEM FOR WIND TUNNEL AIR FLOW MEASUREMENTS"

1310 COLOR 4: LOCATE 21,24
13 INPUT "ENTER 1 TO CONTINUE, 2 TO ABORT" ;ANS1

330 IF ANSI <> 2 GOTO 1340 ELSE 5950
1340 CLS: LOCATE 10,36: COLOR 20: PRINT "WAIT...": COLOR 1
1390
1430
1413 ' PRINT SECOND SCREEN
1420
1430
1440 CLS: LOCATE 6,10: PRINT "TO START THIS EXPERIMENT YOU MUST FIRST SET UP THE
HCT WIRE"
1452 LOCATE 8,12: PRINT "SYSTEM. THE HOT WIRE LABORATORY MANUAL WILL EXPLAIN THI

• s"
1460 LOCATE 10,6: PRINT "PROCEDURE IN DETAIL. ONCE THE SYSTEM SET UP IS TO YOUR

*"' SATISFACTION"
14-0 LOCATE 12,10: PRINT "YOU MUST MANUALLY START THE WIND TUNNEL AND SET THE SL

"- " :WES."

14.3 LOCATE 14,16: PRINT "TUNNEL VELOCITY YOU WILL USE IN YOUR EXPERIMENT."
1490 COLOR 4: LOCATE 20,24: PRINT "ENTER I TO CONTINUE, 2 TO ABORT"
150 LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE";ANS2
1510 COLOR 1: ON ANS2 GOTO 1560,5950,1210

- . 1-32; ' PRINT THIRD SCREEN - START WIND TUNNEL
*." o
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1540
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
1540
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 I 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
1610

1630 ' PRINT FOURTH SCREEN
1640
1650
1660 CLS: LOCATE 8,13: PRINT "A SERIES OF WIND VELOCITY MEASUREMENTS IS TO BE TA
KEN"
1670 LOCATE 10,12: PRINT "AT WIND SPEEDS VARYING FROM THE SLOWEST TUNNEL VELOC:T

* *.

1680 LOCATE 12,11: PRINT "TO BE USED IN YOUR EXPERIMENT UP TO THE HIGHEST VELOC:
TY."

* 1690 LOCATE 14,15: PRINT "A MINIMUM OF 10 READINGS SHOULD BE TAKEN TO CREATE"
1700 LOCATE 16,29: PRINT "THE CALIBRATION CUF'E."
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
1740
1750
1760 ' ENTER DATA POINTS FOR CALIBRATION CURVE
1770
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
1810 LOCATE 14,19: INPUT "THE CALIBRATION CURVE FOR THIS EXPERIMENT.";POINTS
1820 CLS
1330 TEST = 1
1840 CALL OUTPUT(RELAY.MUX.01,TEST)
1850 DIM Z(POINTS,2), X(POINTS), Y(POINTS), C(100), D(100), KNOTS(POINTS,2), DEC
(16)
1860
1870
1880 ' OPEN DATA FILES
1890
1900
1910 TIMES = "00:00:00"

O 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
1960 CLOSE #1
1970 TIME = VAL(RIGHT$(TIME$,2))
1980 IF TIME < 5 GOTO 1970 ELSE 1990
1990

S.. 2000
2010 ' START DATA ACQUISITION
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2020
2030
2040 READING = 0: CHANNEL = 0
2050 FOR READING = I TO POINTS
2051 CLS: LOCATE 10,15: PRINT "DEPRESS BUTTON ON THE PARASCIENTIFIC TRANSDU
CER"

2052 COLOR 4: LOCATE 10,30: PRINT "Pi": 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 AS = INKEY$: IF A$ = "" 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?"

N' 2090 GOTO 2110
. 2100 LOCATE 8,19: PRINT "IS THE PROBE POSITIONED FOR A NEW READING?"

2110 COLOR 4: LOCATE 9,36: INPUT "i = YES";ANS5
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 "I = 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 - I 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

a"'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))
2310 NEXT I
2220 AVG1 - SUM1/100
2330 Z(READING,CHANNEL) = AVG1

4.1 2340 GOTO 2780
2342 I - 0
2344 SUM2 = 0
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 Z(READING,CHANNEL) - PRESS
2460 GOSUB 4270
2470 GOSUB 4700

. 2480 Z(READING,CHANNEL) - VEL
2490 KNOTS(READING,CHANNEL) = KTS

5.56
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2500 BEEP: CLS: LOCATE 2,32: PRINT "CALIBRATION DATA"
2510 LOCATE 4,17: PRINT "HOT WIRE VOLTAGE"
2520 LOCATE 4,46: PRINT "WIND TUNNEL VELOCITY": COLOR 4
2530 LOCATE 6,19: PRINT USING "#.####";Z(READING,1): COLOR 1
2540 LOCATE 6,26: PRINT "VOLTS": COLOR 4
2550 LOCATE 6,41: PRINT USING "###.###";Z(READING,2): COLOR 1
2500 BEEP: CLS: LOCATE 2,32: PRINT "CALIBRATION DATA"
2510 LOCATE 4,17: PRINT "HOT WIRE VOLTAGE"
2520 LOCATE 4,46: PRINT "WIND TUNNEL VELOCITY": COLOR 4
2530 LOCATE 6,19: PRINT USING "#.####";Z(READING,1): COLOR 1
2540 LOCATE 6,26: PRINT "VOLTS": COLOR 4
2550 LOCATE 6,41: PRINT USING "###.###";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
2580 LOCATE 6,66: PRINT "KNOTS": LOCATE 6,56: PRINT "="
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 "##.##";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 "*###.##";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 "#.#####";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 "##.##";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 = 0: Cl = 0: C2 - 0: Dl = 0: D2 - 0
2920 FOR I = 1 TO POINTS
2930 X(I) = SQR(Z(I,2))
2940 Y(I) = (Z(I,I))^2
2950 Cl = Cl + X(I)
2960 C2 = C2 + X(I)-2
2970 D1 = D1 + Y(I)
2980 D2 = D2 + X(I)*Y(I)
2990 NEXT I
3000 OPEN "HOTWIRE.DAT" FOR APPEND AS #1

O 3010 J = 0: FOR J - I TO POINTS
3020 PRINT #1,USING"###.####";Y(J), X(J)
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k 3030 NEXT J
3040 CLOSE #1K):3050

%'.- 3060 '
3070 ' SOLVE FOR SLOPE AND Y-INTERCEPT OF REGRESSION LINE
3080
3090
3030 NEXT J
3040 CLOSE 41
3050
3060
3070 ' SOLVE FOR SLOPE AND Y-INTERCEPT OF REGRESSION LINE
3080
3090
3100 A = (POINTS*D2-C1*D)/(POINLTS*C2-CI2)
3110 IF ABS(A) < 1E-08 THEN A=O
3120 B = (D1-A*C1)/POINTS
3130 IF ABS(B) < 1E-08 THEN B=0
3140
3150

"A- '3160 ' PRINT SUMMARY OF CALIBRATION DATA ON SCREEN
.. 31.70

3180
3190 LOCATE 16,12: PRINT "WOULD YOU LIKE TO SEE A SUMMARY OF YOUR CALIBRATION DA
TA"
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)": COLOR 4
3260 J = 0
3270 FOR J = 1 TO POINTS
3280 LOCATE J+5,18: PRINT USIfG"#.##*#";Z(J,1)
3290 LOCATE J+5,52: PRINT USING"###.###";Z(J,2)

" 3300 NEXT J
3310
3320
3330 ' SEND CALIBRATION DATA TO HP LASER JET PRINTER
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(RIGHT$(TIME$,2))
3420 IF TIME < 5 GOTO 3410 ELSE 3430
3430 LPRINT: LPRINT
3440 LPRINT TAB(32): LPRINT "CALIBRATION DATA"
3450 LPRINT
3460 LPRINT TAB(9): LPRINT "HOTWIRE VOLTAGE (VOLTS) WIND TUNNEL VELO
CITY"
3470 LPRINT TAB(42): LPRINT "(FT/SEC) (KTS)"
3480 LPRINT
3490 J = 0

1T 3500 FOR J = 1 TO POINTS

3510 LPRINT TAB(18);
3520 LPRINT USING"#.####";Z(J,1);
3530 LPRINT TAB(43);
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3540 LPRINT USING"*##.###";Z(J,2);
3550 LPRINT TAB(61);
3560 LPRINT USING"###.###";KNOTS(J,2)
3570 NEXT J
3580 LPRINT CHR$(12)
3590
3540 LPRINT USING"###.###";Z(J,2)
3550 LPRINT TAB(61);
3560 LPRINT USING"##. ###" ;KNOTS (J, 2)
3570 NEXT J
3580 LPRINT CHR$(12)
3590 C
3600
3610 ' PRINT VIEW PLOT OF CALIBRATION CURVE ON THE SCREEN
3620

Jb %3630'

3640 COLOR 1: CLS: LOCATE 12,13: PRINT "WOULD YOU LIKE To SEE A PLOT OF THE CALI
BRATION CURVE?"
3650 COLOR 4: LOCATE 14,27: INPUT "ENTER 1 FOR YES, 2 FOR NO";ANS9
3660 COLOR 1: IF ANS9 <> 2 GOTO 3670 ELSE 3730
3670 CLS: SHELL "COMMAND/C HOTI.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
? .

3740 LOCATE 14,27: COLOR 4: INPUT "ENTER 1 FOR YES, 2 FOR NO";ANS10
3750 COLOR 1: IF ANSIO <> 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 TO CONTINUE"
3800 AS - INKEY$: IF AS """ THEN 3800
3810 COLOR 1
3820 SHELL "HOT2.BAT"
3830 BEEP
3840 OPEN "CHAIN.DAT" FOR OUTPUT AS #1
3850 PRINT #1,USING"###V.#*#"; A, B, BNUMI, 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"

b. 3950 COLOR 4: LOCATE 12,52: PRINT USING"###.###";Z(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

.e. 3990 LOCATE 14,34: PRINT USING "###.###";Z(POINTS,2): LOCATE 14,42: PRINT "FT/SE
C": COLOR 1: LOCATE 14,49: PRINT "("
4000 LOCATE 14,50: PRINT USING "###.###";KNOTS(POINTS,2)

U. 4010 LOCATE 14,58: PRINT "KTS)"
4020 COLOR 4: LOCATE 20,24: PRINT "ENTER 1 TO CONTINUE, 2 TO ABORT"
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4030 LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE";ANS11
4040 ON ANS11 GOTO 4100,5950,3730

ij7 NPRINT LAST SCREEN AND CALIBRATION EQUATION

400LOCATE 21,28: INPUT "OR 3 TO GO BACK ONE PAGE" ;ANSl1

4070 PRIT LST SREE AN CALBRAIONEQUATION

-'4100 CLS: LOCATE 8,30: PRINT 11Y 11
4110 LOCATE 8,34: PRINT USING "##.###",*A: LOCATE 8,40: PRINT "X",

4.% ~47?0 IF B>=O THEN LOCATE 8,42: PRINT "1+": LOCATE 8,44: PRINT USING "##.*#";B EL
SE LOCATE 8,42: PRINT "1-": 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 LOCATE 12,19: PRINT "IT WILL AUTOMATICALLY BE ENTERED IN PART 2",
4150 LOCATE 14,26: PRINT "OF YOUR HOT WIRE EXPERIMENT"
4160 COLOR 4: LOCATE 20,27: PRINT "1 ENTER 1 TO START PART TWO"
4170 LOCATE 21,32: PRINT "ENTER 2 TO ABORT"
4180 LOCATE 22,25: INPUT "OR ENTER 3 TO GO BACK ONE PAGE";ANS12
4190 COLOR 1
4200 ON ANS12 GOTO 4210,5950,3920
4210 LOAD "PART2",R
4220
4230
4240 'SUBROUTINE FOR MEASURING WIND TUNNEL TEMPERATURE
4250
4260
4270 Al = 38.709457#
4280 A2 = .037085566#
4290 A3 = 5.649552E-05

*4300 80 = .10086091#
4310 81 = 25727.94369#
4320 82 = -767345.82950
43308B3 = 78025595.81#
4340 B4 - -9247486589*
4350 85 - 6.97688E+11
4360 86 =-2.66192E-13

4370 B7 =3.94078E+14

4380 8 0
4390 89 F= 0
4400 REF.OUT = 8
4410 CALL OUTPUT(RELAY.MUX. 01,REF.OUT)
4420 CALL ENABLE.OUTPUT(RELAY.MUX. 01)
4430 CALL SET.FUNCTION(DMM.01,DCVOLTS)

*4440 CALL SET.RANGE(DMM.01,R2)
4450 CALL DISABLE.INT.TRIGGER(DMM.01)
4460 COUNT -. 5

'P4470 TIMES - "100:00:00"1
'P4480 IF TIMER < COUNT GOTO 4480 ELSE 4490

N 4490 CALL MEASURE(DMM.01,V)
4500 TR -100*V
4510 ER - (TR*(A1+TR*(A2+TR*A3)))*10--6

*4520 CALL SET.RANGE(DMM.01,R200MILLI)
4530 TC = 7
4540 CALL OUTPUT(RELAY.MUX.01,TC)
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4550 COUNT = .5
4560 TIMES = "00:00:00"
4570 IF TIMER < COUNT GOTO 4570 ELSE 4580
4580 CALL MEASURE(DMM.01,ET)
4590 E = ER + ET
4600 Z = B5+E*(B6 E*(B7+E*(B8+E*B9)))
4550 COUNT = .5
4560 TIMES = "00:00:00"
4570 IF TIMER < COUNT GOTO 4570 ELSE 4580
4580 CALL MEASURE(DMM.01,ET)
4590 E = ER + ET
4600 Z - B5+E*(B6+E*(B7+E*(B8+E*B9)))
4610 T - BO+E*(Bl+E*(B2+E*(B3+E*(B4+E*Z))))
4620 TF = (1.8*T) + 32
4630 RETURN
4640
4650
4660 SUBROUTINE FOR WIND TUNNEL DATA:
4670 STATIC PRESS IN TEST SECTION
4680 AIR DENSITY IN TEST SECTION
4690 DYNAMIC PRESSURE IN TEST SECTION
4700 TEST SECTION VELOCITY, FT/SEC AND KTS
4710
4720
4722 CLS: COLOR 1: LOCATE 10,15: PRINT "DEPRESS BUTTON ON THE PARASCIENTIFIC
TRANSDUCER"
4724 COLOR 4: LOCATE 10,30: PRINT "P2": COLOR 1
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 = INKEY$: IF AS = "" THEN 4730
4800 CALL MEASURE(DIG.IN.01,DN)
4802 GOSUB 5480
4810 PSTAT = PRESS*144
4820 TTEMP = TF + 459.67
4830 GASCONST = 53.3
4840 DENSITY = PSTAT/(GASCONST*TTEMP)
4850 DELTAP = Z(READING,CHANNEL)*144
4860 Q = DELTAP/.93
4870 IF Q < 1.5 THEN Q = 0
4880 GC 32.174
4890 VEL = SQR(ABS((2*Q*GC)/DENSITY))
4900 KTS = VEL * .5924
4910 RETURN
4920

1 4930
4940 ' SUBROUTINE FOR READING AOA
4950
4960
4970 INPUT.CH = 5
4980 CALL OUTPUT(RELAY.MUX.01,INPUT.CH)
4990 CALL ENABLE.OUTPUT(RELAY.MUX.01)
5000 TIME = 3
5010 CALL DELAY(TIME)
5020 CALL MEASURE(DMM.01,AOA)
5030 HAVEAOA = (AOA-.003)*1000/10
5040 RETURN
5050
5060
5070 ' SUBROUTINE FOR AOA SELECTION
5080 '
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5200 WHILE (CINT(ABS(WANTAOA - HAVEAOA) 1 0) 1 0) >=.25
5110 ABSDIFF = ABS(WANTAOA - HAVEAOA)

.5120 IF ABSDIFF > 36 THEN ABSDIFF = 36
.,5130 SWITCH.1 - I5090

5100 WHILE (CINT(ABS(WANTAOA - HAVEAOA) * 10) / 10) >= .25
5110 ABSDIFF = ABS(WANTAOA - HAVEAOA)
5120 IF ABSDIFF > 36 THEN ABSDIFF = 36

5130 SWITCH.) = 1
5140 SWITCH.2 = 2
5150 CALL OPEN.C2ANNEL(RELAY.ACT.OI,SWITCH.1)
5160 CALL OPEN.CHANNEL(RELAY.ACT.01,SWITCH.2)

5170 IF WANTAOA > HAVEAOA GOTO 5210 ELSE 5340
5180 1

.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
5230 IF COUNT > 3 THEN COUNT = 3
5240 CALL CLOSE.CHANNEL(RELAY.ACT.01,SWITCH.1)
5250 CALL DELAY(COUNT)
5260 CALL OPEN.CHANNEL(RELAY.ACT.01,SWITCH.1)
5270 TIME = .5
5280 CALL DELAY(TIME)
5290 GOSUB 4940
5300 GOTO 5440
5310
5320 THIS PART OF THE SUBROUTINE MOVES THE TURNTABLE IN REVERSE
5330
5340 IF (CINT(ABSDIFF*1O)/1O) >= .4 THEN TIMING 100 ELSE TIMING = 1
5350 COUNT - ((ABSDIFF* TIMING) + 190)/1000
5360 IF COUNT > 3 THEN COUNT = 3
5370 CALL CLOSE.CHANNEL(RELAY.ACT.O1,SWITH.2)
5380 CALL DELAY(COUNT)
5390 CALL OPEN.CHANNEL(RELAY.ACT01,SWITCH.2)
5400 TIME = .5
5410 CALL DELAY(TIME)
5420 GOSUB 4940
5430 GOTO 5440
5440 WEND
5450 RETURN
5460
5470
5480 SUBROUTINE FOR CONVERTING DECIMAL PRESSURE VALUES TO NUMERIC VALUES
5490
5500

,%, a5510 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(ll) - .8: DEC(1O) - .4: DEC(9) - .2: DEC(8) = .1: DEC(7) - .08
5590 DEC(6) - .04: DEC(5) = .02: DEC(4) - .01: DEC(3) = 8.000001E-03

A' 5600 DEC(2) - .004: DEC(l) = .002
. 5610

5620 IF DN < 0 THEN PRESS = DEC(16) ELSE GOTO 5640
5630 COUNT = -32768!
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5640 IF (ON-COUNT)/16384 >= 1 THEN PRESS = PRESS DEC(15) ELSE 5010 5660
5650 COUNT = COUNT + 16384
5660 IF (DN-COUNT)/8192 >= 1 THEN PRESS = PRESS DEC(14) ELSE GOTO 5680
5670 COUNT = COUNT + 81j2
5680 IF (ON-COUNT)/4096 >- 1 THEN PRESS = PRESS + DEC(13) ELSE GOTO 5700

5690 COUNT = COUNT + 4096
5700 IF (ON-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(1) ELSE GOTO 5740
5730 COUNT = COUNT + 1024
5740 IF (DN-COUNT)/512 >- 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
5800 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 = PRESS + DEC(6) ELSE GOTO 5840
5830 COUNT - COUNT + 32
5840 IF (DN-COUNT)/16 >= 1 THEN PRESS = PRESS + DEC(5) 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 = COUNT 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(l)
5930 RETURN
5940 STOP
5950 CLS: SYSTEM
5960 END

P
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