
UNCLASSIFIED

AD NUMBER
AD355284

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential

LIMITATION CHANGES

TO:
Approved for public release, distribution
unlimited

FROM:

Distribution authorized to U.S. Gov't.
agencies and their contractors; Specific
Authority; Oct 64. Other requests shall be
referred to Air Force Flight Dynamics
Lab., Research and Technology Div., Air
Force Systems Command, Wright-Patterson
AFB, OH 45433.

AUTHORITY
AFFDL ltr., dtd July 13, 1971.; AFFDL
ltr., dtd July 13, 1971.

THIS PAGE IS UNCLASSIFIED



U NCLASS! FR ED

CLASSIFICATION CHANGED

TO: UNCLASS1IFRLED.
FROM: CONHFIDENE'IAL
AUTHORITY:

NJCLASSE FHEDL)
•J3f



.'•vernment or other drawines, speci-
S T.h-IL data are used for any purpose

Puinection with a definitely related
-1.-'renxe•nt operation, the U. S.

_ _ . t-y incurs no responsibility, nor any
n. -.,)ever; and the fTut ttUwh the Govern-

i.'inflated, furnished, or In any way
31--V: drawings, specificatio-L S, or other

rr t'egarded by implicatior or other-
"ur:.er licensing the holder or any

Jr '..cx-poration, cr conveying any rights
. ae:nufacture, use or se2J. any

- that may in any way bE related

,a a

rV'r7 CE:
|., '-a

":UJMEN•' CONTAINS INFORMATI )N

':., THL BATIONAL DEFENSE 0?

-_ht UW'FAS WITHIN THE MEAT-

'AB ESPTONAGE LAWS, TITLE 18,

- .ECTT•r•-.- 793 and 794. T.

"* "-Ou OR THE REVELATION V'

-t1'i-NTS .1N ANY MANNER TO AN

• :-.ED ERSON IS PROBIBITE)



C RTD-TDR-63-4219

11 (Unclassified Title)

ot HYPERSONIC FLUTTER MODEL TESTS OF ADVANCED WING

CONFIGURATIONS AT INITIAL ANGLES OF ATTACK

TECHNICAL PfOUMENTARY REPORT NO. RTD-TDR-63-4219

October 19614

LC-3
Li'!
r r:9

< ' Air Force Flight Dynamics Laboratory
.[Research and Technology Divi-ion

Air Force Systems Command
C/) Wright-Patterson Air Force Base, Ohio

Project No. 1370, Task No. 137003

DOWNGRADED AT 3 YEAR INTERVALS;
DECLASSIFIED AFTER 12 YEARS

DOD DIR. 5200.10 . .

' '1 V: ',Ii

,Prepared under Contract No. AF33(616)-7770
by North American Aviation, Inc.,

4300 East Fifth Avenue
Columbus, Ohio

Author: S. R. Hurley)

THIS DOCUMENT CONTAINS INFORMATION

AFFECTING THE NATIONAL DEFENSE OF THE
UNITED STATES WITHIN THE MEANING OF
THE ESF;ONAGE LAWS T'TLE 18 U.S.C SEC-
TIONS 793 AND 794 ITS TRANSMISSIORN O
THE R.VELATION OFD ITS CONTENTS IN ANY
MANNER TO AN UNAUTHORIZED PERSON IS
PROHIBITED BY LAW.

Af.W NOV 64 1..:_ ': " - 6FD-724
644. 1::.= - o,



UNCLASSIFIED

NDJICES

W-hen Government drawings, specifications, or other data are
used for any purpose other than in connection with a definitely
related Government procurement operation, the United States
Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the Government may have formulated,
furnished, or in any way supplied the said drawings, specifications,
or other data, is not to be regarded by implication or otherwise
as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture,
use, or sell any patented invention that may in any way be releted
thereto.

This document contains information affecting the National
defense of the United States within the meaning of the Espionage
Laws, Title 18, U.S.C., Sections 793 and 794. Its transmission
or the revelation of its contents in any manner to an unauthorized
person is prohibited by law.

Qualified requesters may obtain copies of this report from
the Defense Documentation Center (DDC), (formerly ASTIA), Cameron
Station, Bldg. 5, 5010 Duke Street, Alexandria, Virginia, 22314.

Copies of this report should not be returned to the Research
and Technology Division, Wright-Patterson Air Force Base, Ohio,
unless return is required by security considerations, contractual
obligations, or notice ou u soeciftc documenit.

UNCLASSIFIED



UNCLASSIFIED

FOR•WORD

The research work in this report was performee by North
American AviOation, inc., Columbus, Ohio, for the Aerospace
Dynamics Branch, Vchicle Dynanics Division, Air Forte Flight
Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio
under Contract AF33(616)-7770. This research is part of a
continuing effort to advance the aeroelastic state-of-the-art
for flight vehicles and is part of the Research and Technology
Division, Air Force Systems Command's exploratory development
program. This work 'as performed under Project No. 1370,
"Dynamic Problems in Flight Vehicles" and Task No. 137003,
"Predi ction and Prevention of Aerotherraoelastic Instabilitics."
Mr. James J. Olsen of the Aerospace Dynamics Branch was Task
Engineer. The research program was conducted by the Dynamics
Group of the Applied Mechanics Section, Research and Develop-
ment Division, of North American Aviation, Inc., Columbus,
Ohio. This work was performed by the Contract Project
Engineer, Mr. S. R. Hurley and with the assistance of 11r.
D. A. Brown.

The author wishes to express h39• appreciation to all
personnel at the Columbus Division of North American Aviation
•ho have contributed to the accomplishment of the work reported
herein. Additionally, mention should be made of the excellent
assistance and services provided by the personnel at Arnold
Engineering Development Center during the experimental phases
of this contract.

This report is classifMd CONFTDNTIAL since it contains
experimental tesb data and significant results and conclusions
which are pertinent to the development of military weapon systemrs,
the unauthorized disclosure of which is considered to be nre-
judicial to the defense interests of the United States.

This technical documentary report has been reviiwnd nnd is

app roved.

Asst. for Research & Technology

Vehicle Dynamics Division

I TD-TDR-63-h219 UNCLASSIFIED



COU.IDENT'AL

This abstract is classified CONFIDENTIAL

ABSTRACT

This report presents an experimental and analytical flutter
investigation of a low aspect ratio lifting surface with a 70*
leading edge sweep angle, and thickness ratios of 3%, 6%, and 9%
in the hypersonic speed range from M = 5.0 to ? = 8.0. The 6%
thickness ratio models were tested at uncoupled frequency ratios
of .60, .75, and .90. The models used were of the semi-rigid
type with a double wedge leading edge to 15% chord with constant
thickness from the 15% chord to a blunt trailing edge.

All experimental flutter configurations were analyzed using
an analog representation of a quasi-steady flutter solution. The
aerodynamic representations investigated were experimentally
obtained static aerodynamic force coefficients and aerodynamic
force coefficients derived from steady-state, two-dimensional,
"shock-expansion' techniques witb sweep angle corrections.
Additionally, the relative effect on the flutter characteristics
of inclusion of 'piston theory" derived rate terms in the aero-
dynamics was investigated for several configurations.

The results indicate that some aerodynamic flow disturbance
was generated by the splitter plate mounting system which in-
fluenced certain aerodynamic force coefficients. A pronounced
effect on the pitching moment coefficient was observed at M = 7.0
due to shock detachment and was reflected in flutter characteristics.
It was concluded that the "modified shock-expansion" theory pre-
dictions exhibit poor correlation with experiment in the case of
pitching moment coefficient, but excellent agreement with experiment
in the case of rolling moment coefficient. Increasing airfoil
thickness ratio and angle-of-attack result in depreciating agreement
between experimental and "shock-expansion" aerodynamics.

A stabilizing effect in flutter velocity is noted at M = 7.0,
relative to M = 5, 6, and 8. The effect of increasing angle-of-
attack was found to be slightly destabilizing at all Mach numbers
over the experimental range inves.tigated. For the modal frequency
ratios investigated, a slight destabilizing effect was noted with
increasing frequency ratio.

Abstract Continued on page iv
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ABSTRACT CONT'JD

In general, flutter analyses using experimental aerodynamic
force coefficients are sufficiently accurate to predict flutter
speed trends for preliminary design purposes. The prediction of
flutter frequencies using this technique, however, is inadequate.

Flutter analyses using "modified shock-expansion" techniques
are a very inexpensive, simple preliminary design tool and re-
sulted in increased accuracy over results obtained from "piston
theory."

The effect of including aerodynamic rate terms, as derived
from "piston theory," in the theoretical studies performed was
negligible.

Certain improvements in similar eoeri mental studies are
recom•ended.

RTD-TDR-63-h219 iv
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Thickness Ratio at M$ch Number = 6.0;
Basic Planform cs,/wJ = .60; ao = 00

104 Experimental and Theoretical, Quasi- 144
Steady (Using Shock-Expansion Aero-
dynamics) Flutter Velocity Parameter vs.
Thickness Ratio at Macn Number = 8.0;
Basic Planform -hw,, = .60; ao a 00

105 Experimental and Theoretical, Quasi- 145
Steady (Using Shock-Expansion Aero-
dynamics) Flutter Frequency Ratio vs.
Thickness Ratio at Mach Number = 8.0;
Basic Planform &4,/1w, = .60; a0c - 0o

i06 Theoretical, Quasi-Steady (Using Shock- 146
Expansion Aerodynamics) Flutter Velocity
Parameter vs. Modal Frequency Ratio at
Mach Number = 7.0; Basic Planform,
t/c = .06, xo = 00

107 Theoretical, Quasi-Steady (Using Shock- 147
Expansion Aerodynamics) Flutter
Frequency Ratio vs. Modal Frequency
Ratio at Macb Number = 7.0; Basic
Planform, t/c = .06, ao = 00

108 TheoreLical Quasi-Steady Flutter Velocity 148
Parameter vs. Product of Inertia (Using
Shock-Expansion Aerodynamics and Experi-
mental Aerodynamics) Mach Number = 8.0,
Basic Planform, t/c = .06

109 Shock Expansion Aerodynamic Areas of 149
Influence
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Figure No. Description Page No.

Al Experimental Lift Coefficient vs. 151
Angle-of-Attack; Configuration #,
Mach Number = 6.0

A2 Experimental Pitching Moment Coefficient 152
vs, Angle-of-Attack; Configuration A,
Mach ý{uTNer = 6.0

A3 Experimental Rolling Moment Coefficient 153
vs. Angle-of-Attack; Configuration #4,
Mach Number = 6.0

Experimental Lift Coefficient vs. 154
Angle-of-Attack; Configuration #4,
Mach Number - 8.0

A5 Experimental Pitching Moment Coefficient 155
vs. Angle-of-Attack; Configuration #4,
Mach Number = 8.0

A6 Experimentul Rolling Moment Coefficient 156
vs. Angle-of-Attack; Configuration A,
Mach Number = 8.0

A7 Experimental Lift Coefficient vs. 157
Angle-of-Attack; Configuration #5,
Mach Number = 6.0

A8 Experimental Pitching Moment Coefficient 158
vs. Angle-of-Attack; Configuration #5,
Mach Number = 6.0

A9 Experimental Rolling Moment Coefficient 159
vs. Angle-of-Attack; Configuration #5,
Mach Number = 6.0

AIC Experimental Lift Coefficient vs. Angle- 160
of-Attack; Configuration #5, Mach
Number = 8.0
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Figure No. Description Page No.

All Experimental Pitching Moment Coefficient 161
vs. Angle-of-Attack; Configuration #5,
Mach Number = 8.0

A12 Experimental Rolling Moment Coefficient 162
vs. Angle-of-Attack; Configuration #5,
Mach Number = 8.0

A13 Experimental Lift Coefficient vs. Angle- 163
of-Attack; Configuration #6, Mach
Number = 6.0

Al4 Experimental Pitching Moment Coefficient 164
vs. Angle-of-Attack; Configuration #6,
Mach Number = 6.0

A15 Experimental Rolling Moment Coefficient 165
vs. Angle-of-Attack; Configuration #6,

Mach Number = 6.0

A16 Experimental Lift Coefficient vs. Angle- 166
of-Attack; Configuration #6, Mach
Number = 8.0

A17 Experimental Pitching Moment Coefficient 167
vs. Angle-of-Attack; Configuration # 6 ,
Mach Number = 8.0

A18 Experimental Rolling Moment Coefficient 168
vs. Angle-of-Attack; Configuration #6,
Mach Number = 8.0

A19 Experimental Lift Coefficient vs. Angle- 169
of-Attack; Configuration #7, Mach
Number : 6.0

A20 ExnerimcntrI Pitching Moment Coefficient 170
vs. Angle-of-Attack; Configuration #7,
Mach Number = 6.0

RTD-TDR-63-421i9 xxi

UNCLASSIFIED



UNCLASSIFIED

Figure No. Description Page No.

A21 Experimental Rolling Moment Coefficient 17k
vs. Angle-of-Attack; Configuration #7,
Mach Number = 6.0

A22 Experimental Lift Coefficient vs. Angle- 172
of-Attack; Configuration #7, Mach
Number = 8.0

A23 Experimental Pitching Moment Coefficient 173
vs. Angle-of-Attack; Configuration #7,
Mach Number = 8.0

A24 Experimental Rolling Moment Coefficient 174
vs. Angle-of-Attack; Configuration #7,
Mach Number = 8.0
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SUNMMPRY

A series of semi-rigid flutter models were tested in the Mach
number range 5.0 to 8.0 to evaluate the cffects of:

1. Initial angle-of-attack
2. Thickness ratio
3. Modal frequency ratio

on the flutter characteristics of highly swept, low aspect ratio
lifting surfaces having roll and pitch degrees of freedom.

Correlative analog studies vere performed using the quasi-
steady flutter analysis techniques in conjunction with

1. Experimentally determined total aerodynamic force
coefficients

2. Aerodynamic force coefficients derived from "shock-
expansion" techniques, modified by sweep angle corrections
and an assumed elliptical spanwise lift distribution

Generalized aerodynamic trends are noted with certain devia-
tion phenomena occurring in the experimental coefficients. The analog
studies were concluded to predict flutter velocities and trends
sufficient for preliminary design purposes, the use of "shock-
expansion" aerodynamics providing the least complex and inexpensive
tool.

Recommendations were made to initiate further research relative
to the aerodynamic representation in the interest of providing
further refinements to the techniques used during this investiga-
tion.
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LIST OF SYMBOLS

a Speed of sound, in/sec

ARApect ratio,e , non-dimensional

BC Bellorank

(b/2) Model semi-span, inches

b Model span, inches

bo Root semi-chord, inches

C Local chord, inches

CR Root chord, inches

CT Tip chord, inches

C Mean aerodynamic chord, inches

Cavg. Average chord, inches

Cm Pitching moment coefficient, measured about pitch
axis, positive nose up, nondimensional

C[ Rolling moment coefficient about root chord, non-
dimensional, positive tip up, nondimensional

Rolling moment coefficient referenced to the roll
axis, positive tip up, nondimensional

CL Lift coefficient, non-dimensional

C T Lift curve slope, per degree

dp Length of forward arms of pitch bellcranks, inches

dR Length of forward arms of roll bellcranks, inches

ghl Damping in first un-coupled mode, non-dimensional
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gcyl Dampirg in second un-coupled mode, non-dimensional

GR Equivalent viscous damping in roll, inch-lb.-second

Gp Equivalent viscous damping in pitch, inch-lb.-second

hlR, h2R Roll arm heights, upper and lower, inches

hl½) h2p Pitch arm heights, upper and lower, inches

ICP Total system roll inertia about roll axis, inch-lb.-
second

2

Io Model roll inertia about center of gravity, inch-lb.-
second2

I 'BC Inertia of roll bellcrank about its axis of rotation,
inch-lb.-second2

I01 Total system pitch inertia about the pitch axis,
inch-lb.-becond

2

I010 Model pitch inertia about center of gravity,
inch-lb.-second

2

I• Inertia of pitch bellcrank about its axis of rotation,TYBC inhl2inch-lb.-second2

ICVC roduct of inertia with respect to intersection of
roll axis and pitch axis, incb-ib.-second?

(ITa)NM Product of inertia of nominal constant model with
respect to intersection of roll axis and pitch axis,
inch-lb.-second

2

(TaIo) Product of inertia of model with respect to center of
0avinty aNs parallel to pitch axis and roll axis, inch-
.D-secondi

Ky Roll stiffness, inch-lb./radian

(YP)EFF Effective roll stiffness, inch-lb./radlan

K8  Pitch stiffness, inch-lb./radian

(KO) EFF Effective pitch stiffness, inch-lb./radian
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Linear spring rate of upper roll spring, lb./inch

KES2 Linear spring rate of lower roll spring, lb./inch

Kp3I Linear spring rate of upper pitch spring, lb./inch

KPS21 Linear spring rate of lower pitch spring, lb./iuch

L Lift, lb.

iR Roll arm length, distance from roll axis to point
of attachment of roll bellcranks, inches

Pitch arm length, inckws

it Spanwise distance from roll axis to tip chord of
model, measure normal to roll axis, inches

M Mach Number, U/a, non-dimensional

Mmodel Mass of Model, lb.-second2 /inch

MASI, MRS 2  Mass of upper and lower roll springs, lb.-second2 /inch

t6HIP MSH2 Mass of upper and lower spring hooks, lb.-second2 /inch

MKGC Mass of roll collar, lb.-second2 /inch

MPSIj, MPS 2  Mass of upper and lower pitch springs, lb.-second2 /inch

Po Wind tunnel stagnation pressure, lb./inch2

F Local pressure, lb./inch2

P 0 Freestream pressure, lh/inch2

A P Pressure difference between upper and lower surfaces,
lb./inch

2

pis P2 Motor cable pulleys

P.M. Pitching moment about pitch axis, inch-lb.

?B Pitch bearing
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QR Generalized aerodynamic force in roll, in.-ib.

QP Generalized aerodynamic force in pitch, in-lb.

Qi Generalized aerodynamic force

q Dynamic pressure, lb./inch2

YF Dynamic pressure at flutter condition, lb./inch2

R.M. Rolling moment about root chord, inch-lb.
I

R.M. Rolling moment about model roll axis, inch-lb.

r. Effective system pitch radius of gyration, inches

((r )AIR Effective pitch radius of gyration for VAIR, inches

RT Roll tube

RBC1 , RBR2  Roll bellcrenks, upper and lower

RS1, RS2  Roll spring, upper and lower

RMD Roll motor drum

RB1 , RB2 Roll bearings, upper and lower

RC Roll collar

RF Roll flexure

RLO Roll lock out mechanism

S.E.T. Shock expansion theory

SS Suspension system

SW Area of one wing panel, inches 2

SH1, SH2  Spring hooks

t/c Thickness ratio, non-dimensional

U Free-stream velocity, inches/second
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UF Free-stream velocity at flutter condition, inches/second

Flutter velocity parameter, non-dimenaional

VAiR Volume of air contained within the frustrum of a
truncated cone with the maximum radius being the
root semi-chord, the minimum radius being the
tip semi-chord and the height being the model
semi-span, inches 3

X Chordwise coordinate variable, positive aft of the
pitch axis, inches

Xo Distance from intersection of the model root chord
and leading edge to the pitch axis, inches

"I Chordwise coordinate variable, positive aft of
leading edge, inches

Xcg Chordwise center of gravity, positive aft of pitch
axis, inches

(XCF/C-)TOTAL_ Chordwise center of pressure, fraction of mean aero-
c•nyamic chord

Xc?/C Chordwive center of pressure, fraction of local chord

Xcg/C Center of gravity, fraction of local chord

Ycg Spanwise center of gravity measured from model root
chord, inches

y Spanwise coordinate variable, positive outboard of
root chord, inches

Yl Spanwise coordinate variable, positive outboard of
roll axis, inches

Yo Distance from roll axis to model root chord., inches

0(0 Model angle of attack, degrees
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Ratio of specific heats, non-dimensional

17F Spanwise center of pressure, non-dimensional

SNon-dimensional spanwise coordinate variable, y

qe Spanwise location of mean aerodynamic chord, non-dimensional

SWS Leading edge wedge angle of model in streamwise direction,
degrees

wi, Leading edge wedge angle of model normal to leading

edge, degrees

OR Roll angle, positive tip up, degrees

6R Roll rate, radians/second

9R Roll acceleration, radians/second2

(p Pitch angle, positive leading edge up, radians
6F Pitch rate, radians/second

Op Pitch acceleration, radians/second2

ePYLON Wedge angle of splitter plate pylon section, 220 24'

GWS Leading edge wedge semi-angle, degrees

e.p Splitter plate wedge angle, 3.5O

A Taper ratio, CT/CR, non-dimensional

_A_ L.E. Leading edge sweep angle, degrees

Aj Ratio of total system pitch inertia to pitch inertia
of the volume of air as defined for VAiK, non-
dimensional

Density of air, b.-second2_/inch3

inch
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ftni Uncoupled roll frequency, radians/second

%I Uncoupled pitch frequency, radians/second

aWi First coupled frequency, radians/second

0)2 Second coupled frequency, radians/second

Whic/,t Ratio of uncoupled roll frequency to uncoupled
pitch frequency, non-dimensional

WF Flutter frequency, radians/second

)F/Oabl Ratio of flutter frequency to uncoupled pitch
frequency, non-dimensional
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INTRODUCTION

The current and near future class of ultra-performance flight
vehicles such as missiles and re-entry vehicles with lifting
surfaces has produced an urgent need for advancing the state-of-
the-art relative to reliable prediction of the flutter characteristics
in the early design stages of such vehicles. TIypical lifting sur-
faces of such vehicles tend to employ configurations having low
aspect ratios, large leading edge sweep angles and wedge type leading
edges. Each of these configuration characteristics amplifies the
difficulties encountered by the aeroelastician in the mathematical
representation of the unsteady aerodynamic forces experienced by
these surfaces in the hypersonic speed range. A further complication
evolves from the fact that the vehicles under consideration must
perform flight missions which include operation with the lifting
surfaces oriented at relatively large angles of attack,

Refec= 1tl-results of an investigation made by
Mr. D. A. Brown relative to planform configurations identical to
those investigated in the study covered by this report. The inves-
tigation made by Mr. Brown covered the transonic and supersonic
speed range; evaluating the adequacy of "piston theory" flutter
analyses, "tquasi-steady"~ flutter analyses using experimentally
obtained static aerodynamic force coefficients, and "subsonic kernel
function" flutter analyses. The conclusions reached in Reference 1
state that "piston theory" is inadequate to reliably predict the
flutter characteristics of the configuration investigated. In view
of this conclusion it was apparent that the mathematical limitations
inherent in "piston theory' Mould be more seriously violated as
Mach number increased. It was therefore elected to investigate the
reliability of "shock-expansion" techniques as recommended in
Reference 1.

The theoretical methods evaluated in this report make use of an
analog computer simulation of the dynamic system using quasi-steady
flutter analyses techniques based on

A. Experimentally determined static aerodynamic force coeffi-
cients.

B. Steady-state, two-dimensional aerodynamic force coefficients
based on "shock-expansion" techniques with sweep angle
corrections and assumed spanwise variations.

Manuscript released by the author I April !964 for publication
as tin IRTD Technical Documentary Report.
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C. The aerodynamics defined in A and B, above, were also
investigatecd with and without the inclusion of rate terms
derived from "piston theory" methods.

The parameter variations investigated during this study include
initial angle of attack, thickness ratio, frequency ratio, and Mach
number.

RTD-TDR-63-4219 2
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SECTION I

MODEL DESIGN AND CONSTRUCTION

A. Environmental Conditions

The design and construction of wind tunnel models relative to
this study was radically different than the construction techniques
used during the study reported in Reference (1). These differences
were necessitated to obtain proper model life while subjected to
the high stagnation temperatures experienced in tunnel E-2 at the
Arnold Engineering Development Center. Test section stagnation
temperatures experienced were as high as 900'F.

B. Static Force Models

Static force models of all model configurations were machined
from a solid plate of PH-15-7M0 stainless steel. The geometry of
the model configurations which were fabricated for use in the static
aerodynamic force tests is presented in Figures I and 2.

C. Semi-Rigid Flutter Models

The final construction techniques used for the semi-rigid flutter
models consisted of machining a basic root chord-tip chord-double spar
in one piece, using titanium stock (Ccmp 6AL-4V Cond STA) - see Figure

3 . Titanium skins, .005" thick, were then spot welded to the one
piece spars using a stabilizing core of ceramic foam (Eccofoam
LM-43A). The stabilizing core was bonded to the spar and skin using
a high temperature bonding agent. A titanium cap on the trailing
edge, spot welded to the skin, was eventually employed to prolong
model life. Tungsten and platinum balance weights were used to obtain
the proper dynamic naass characteristics. The balance weights were
attached to the rear spar using press-fit locating pins and attach-
ment screws. This construction technique proved to be very satis-
factory, making possible repeated usage of the same model while
retaining structural stability under the severe temperature and
dynamic stresses experienced during the divergent flutter conditions.
Semi-rigid flutter models of the basic planform (dounle wedge leading
edge, blunt trailing edge) were constructed for the 3%, 6% and 9%
thick coufigurations only.

RTD-TDR-63-4219 3
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SECTION II

SUSPENSION SYSTEM DESI(IN AND CONSTRUCTION

The suspension ;ystPm used during this study was the identical
system described in Reference (1) with the addition of a minor
modification to the servo control electronics. This modification
provided the capability of sinusoldaily exciting the model by super-
imposing a sinusoidal voltage on the pitch motor sensing circuit
and causing a small sinusoidal motion of the model in the pitch
mode, the intention being to overcome the break-away forces inherent
in the bearing system.

A diagram of the roll and pitch mechanism is presented in
Figures 4 and 5 . In addition Figures 6 , 7 , and

8 are photographs of the actual suspension system used with the
major functional components indicated. A more complete description
of the suspension system and its design considerations may be found
in Section II of Reference (i).

RTD-TDR.-63-4219 4
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SECTION III

PRELIMINARY TEST PROCEDURES

A. Mass Characteristics

As described elsewhere in this report, the semi-rigid flutter
model design criteria required that the mass coupling parameter
of the models maintain a constant ratio of pitch inertia to product
of inertia about the pitch axis and roll axis. To accomplish this
objective the mass and inertia characteristics of the machined spar
alone were determined experimentally. The inertia characteristics
of the appropriate suspension system components were determined
experimentally or mathematically. Mathematical equations were then
evolved to determine the size and mass of appropriate mass balance
weights to maintain a constant a• and •. . Subsequent to

rz-a q,; C
fabrication of the completed model, including the foam stabilizing
core, titanium skins, and mass balance weights, the model mass
characteristics were determined experimentally using a bifilar pen-
dulum.

B. Environmental Temperature Tests

During the static aerodynamic force tests, a thermocouple was
installed on the model-to-balance connecting link to determine the
maximum temperature to be expected. It was determined from this
test that the maximum temperature experienced in the model-to-
suspension system connecting link was 650oF.

It was decided that any adverse temperature effects would be
limited to the roll. and pitch bearings, such effects being important
only insofar as they would change the frequency and/or damping
characteristics of the system. A copper heat sink link was there-
fore fabricated to be placed between a simulated model and the roll
arm carry thru. This heat sink was subjected to intense heat from
a propane torch for approximately 5 minutes, during which time the
heat transfer from the heat sink to the end of the roll arm adjacent
to the bearings attained a maximum temperature of approximately
950tF. During this heating process system frequency and damping
rates were recorded at 30 second intervals. It was found that no

RTD-TDR-63-4219 5
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change in the system vibration characteristics was noted until
seizure of the bearings at about the 5 minute elapsed time condi-
tion. Since normal flutter runs have a time duration of
about two minutes and the environmental temperature of the parts
involved attain maximum •emperatures of only 650¶F., it was con-
cluded that no adverse effects would be experienced by the system
during the actual flutter runs in the viud Lunnel.

C. Preliminary Vibration Tests

Prior to each wind tunnel flutter run, vibration tests were
performed to determine the following experimental values:

a. Uncoupled roll frequency

b. Uncoupled roll mode damping rate

c. Uncoupled pitch frequency

d. Uncoupled pitch mode damping rate

e. First coupled frequency

f. Second coupled frequency

It was determined during the study reported in Reference (1)
that the suspension system springs displayed linear rate character-
istics over the range of aerodynamic loads encountered in the wind
tunnel, but that the loads expected above 0C,= l10 at M = 6.0 and
oeo = 150 at M = 8.0 would exceed the linearity range of the springs

used. Angle-of-attack runs greater than those mentioned above were
therefore not investigated.

RTD-TDR-63-4219 6
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SECTION IV

WIND TUINNEL TESTS

A. General

All static force tests and semi-rigid flutter model tests were
conducted in the E-2 tunnel at Arnold Engineering Development Center,
Tullahoma, Tennessee. The E-2 tunnel has a 12" x 12" test section
and is an intermittent variable density wind tunnel utilizing
manually adjusted flexible nozzle plates. Mach number was variable
from 5 to 8 with maximum stagnation pressures from 400 to 1300 psia.
A more detailed description of the E-2 wind tunnel may be found
in Reference (2).

B. Static Aerodynamic Force Tests

Solid stainless steel force models were used to obtain static
aerodynamic force data in the E-2 wind tunnel at A.E.D.C. A beam
balance designed for sting mounting was used to measure the desired
aerodynamic forces by modifying the mounting system to a sidewall
mount. A splitter plate was used to project the model outside the
boundary layer of the tunnel. All tests were made with the splitter
plate mounted 2.5 inches from the tunnel sidewall. The beam balance,
splitter plate, mounting hardware and rigid force models are shown
in Figure 2 . The beam balance used was enclosed in a water-
cooled jacket to prevent any thermal effects from influencing the
strain gage outputs. A closed vessel vented to the test section
ambient pressure was used to equalize the pressure inside the splitter
plate pylon and the test section, thus minimizing airflow thru the
clearance space around the model attachment carry-thru. During the
static force tests, pressure surveys were made to determine ary
existing flow disturbances in the model occupancy area. A more
detailed discussion of the static force tests, installation, and
testing techniques may be found in Reference (3). The results of
the tests are presented in Figures 10 thru 44 and in Appen-
dix A. A discussion of these results may be found in Section VII
of this report.

C. Flutter Tests

The semi-rigid flutter model tests were performed as follows:

RTD-TDR-63-4219 7
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1. Based upon flhtter boundaries determined during the course
of tests reported in Reference (I), an uncoupled system
pitch frequency was assumed which would cause the model to
become divergent near the mnid-rarge prossure of the E-2
wind tunnel.

2. A set of roll and pitch spring systems was then chosen
and installed in the suspension system which would
produce the desired uncoupled frequencies while main-
taining a constant system inertia ratio.

3. Zero airspeed vibration tests were performed by exciting
the model with a set of opposing loudspeakers (8" diameter)
modified with a baffle plate allowing a pulsating jet of
air to impinge upon the model, see Figure 45. The fre-
quency of this pulsating jet was varied manually using an
audio oscillator to drive the loudspeaker amplifier until
the uncoupled roll and pitch mode resonances were determined.
The system damping rate was then determined by disconnecting
the amplifier circuit to the speaker system while recording,
on a direct-writing oscillograph, the damped motion of the
model as sensed by the roll and pitch flexures. The coupled
roll and pitch resonant frequencies were determined in the
same manner described above.

4. The model and suspension system were then installed in the
wind tunnel in the desired roll and pitch attitude. With
the model retracted inside the splitter plate pylon sect4 on,
flow was then established in the test section. After stabi-
lization of flow, the model was injected into the airstream
by actuating the pneumatic injection system. The flow
was normally established at a low P0 value. Subsequent to
inJeretion, sufficient time was allowed for the pitch and
roll attitude motors to react and stabilize the model at
the desired attitude. P0 was then increased gradually at
constant Mjach number until a divergent flutter condition
was reached.

5. Mechanical amplitude limiting stops were incorporated
into the system which allowed an oscillatory response of
+ 10 0 from the equilibrium position of the model. Ac soon
as these amplitude limits were reached, Po was rapidly
decreased to regain a stable condition. By using this

RTD-Th1-63-) 21i9 8
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procedure, the model was subjected to the extreme environ-
mental and dynamic load conditions for the shortest possible
duration.

6. The data recording system used in conjunction with the
flutter runs resulted in a tabulation of pressure and
temperature readouts at 1.9 second intervals. A manually
activated flutter indicate switch was used to correlate
the time of divergence between the pressure-temperature
data recording system and the direct writing oscillograph
record which recorded the output of the response flexures.
Stagnation pressure and stagnation temperature conditions
were then determined at the time of divergence.

7. High speed motion pictures were taken during each flutter
run to verify the divergence. The E-2 wind ttunnel was
equipped with a double window on the observation wall,
requiring a camera angle of approximately 30 with respect
to the pitch axis. As a result, the roll motion coverage
of the model was somewhat limited.

8. During the flutter runs, the model was excited sinusoidally
in the pitch degree of freedom to overcome the bearing
starting friction torque. The amplitude of oscillation
was approximately + 1.50 about the equilibrium position and
was held, as nearly as practical, constant for each run.

A tabulation of each experimental flutter run and associated
characteristics is presented in Table I.

RTD-TDR-63-Ji219 9
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SECTION V

EXP)ERIAWIE4TMAL MiD THEORETICAL RESULTS

A. Static Aerodynamic Forces

The static aerodynamic force coefficients determined experi-
mentally for all configurations are presented in Figures 10 thru
44 and in Appendix A. The reference axis system, geometric

constants and non-dimensionalizing equations used to compute the
force coefficients are presented as Figure 9 . It should be noted
that the rolling moment coefficients presented in Figures 10
thru 44 are computed about the model root chord.

The static aerodynemic pitching moment and rolling moment
coefficients as computed theoretically using a modified "shock-
expan3ion" theory are presented in comparison with experimentally
determined coefficients in Figures 46 thru 61 . These figures
present rolling moment coefficients computed about the actual roll
axis and are the force coefficients used in conjunction with the
respective quasi-steady, analog, theoretical study. The details
of the "shock-expansion" theory techniques are presented in Section
VI. The effects of thickness ratio on pitching moment and rolling
moment coefficient are presented in Figures 62 thru 67.

B. Flutter Results

The resu4 ;s of the experimental flutter tests are presented
in comparison with theoretical analyses results obtained from an
analog study utilizing two types of aerodynamic representations,
(see Figures 68 thru 107).

RTD-TDR-63-4219 l0
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SECTION VI

THEORETICAL ANALYSES

A. General

All theoretical, correlative analyses were performed on an
operational analog computer using quasi-steady flutter analysis
techniques. With the exception of the aerodynamic representations
investigated, the equations of motion and analog mechanization used
were identical to those used by Mr. D. A. Brown during the study
reported in Reference (1). That section of Reference (1) which
is directly applicable to the current study is repeated briefly herein
for the convenience of the reader.

During this study, the two aerodynamic representations used as
the system forcing function were:

1. Experimentally determined pitching moment and rolling
moment.

2. Pitching moment and rolling moment noefficients computed
from "shock-expansion" theory techniques, Reference (6),
modified to reflect the effect of leading edge sweep,
Reference (7), and an assumed elliptical lift distribution
in the spanwise direction based on the two-dimensional
root chord value.

B. Equations of Motion

The equations of motion which represent the two degree-of-
freedom system under consideration are as follows:

'cR + 1cc 4P p + GoR Kqip e = C), (Eq. 1)

A OP + Io-q9 ,-Ge, + Ke o = Q (Eq.2)

It should be noted that the steady state aerodynamic term associated
with initial angle of attack, ao, is omitted from the right side of
equations 1 and 2. This omission is justified by also omitting the
the corresponding motor force terms on the left side which is a
force term equal and opposite to the &o aerodynamic term. The
flutter solution of these equations is unaffecied by these omissions.

RTD-TDR-63-4219 11
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The terms in Equations (i) and (2) are defined as:

Ik = Total roll inertia about the roll axis

TI -= Total pitch inertia about the pitch axis

Iw = Tcsal product of inertia

K1, - Roll stiffness

K Pitch stiffness

GE = Equivalent viscous damping in the roll mode = ghl m 1, iy

Gp = Equivalent viscous damping in the pitch mode = g Ml %, Ia

QR = Generalized aerodynamic force in the roll degree-of-freedom

Qp = Generalized aerodynamic force in the pitch degree-of-freedom

ep = Pitch angle, positive leading edge up

9R = Roll angle, positive tip up

The inertia, stiffness, and damping terms used in Equations (1) and
(2) above are defined as total system characteristics, including
contributions from all components in the suspension system (bellcranks,
pitch and roll arms, connecting links, springs, etc.) which are sub-
jected to any motion in space as the system experiences motion in
either of its two degrees of freedom independently.

Since all system components do not necessarily exhibit motion
ratios of unity with respect to the model, it was necessary to
determine "cffective" values for all components as they function in
the system.

Considering the roll mechanism shown in Figure 4 , the effec-
tive roll inertia, I• may be determined by evaluating the inertial
components of the system as the model is rotated one radian about the
roll axis. The effective s5ystem roll inertia may therefore be ex-
presýed as:

RTD-TDR-63-4219 12
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9•I-I-~ X- 4w 4
OT - + (Eq. 3)

Similarly, the effective pitch inertia may be expressed as:

(-"•) (' .() 3•MP2 /P

+ Z

+ 2 (4 ](Eq. 4t)

where (= Experimentally determined inertia, in the ith
mode, of the model alone, inch-lb.-second2 .

(Ii) . ith mode inertia of those suspension system
parts which exhibit a motion ratio of unity

relative to the model, inch-lb.-seconfi 2 .

tlft$ = Mass of upper roll spring, lb.-second2 /inch.

/ = Mass of lower roll spring, lb.-second2 /inch.
,e = Mass of upper pitch spring, lb.-econd2 /inch.

N = Mass of lower pitch spring, lb.-second2 /inch.

IPS2
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, = Mass of upper and lower spring hooks, lb.-M5 #,5 /Vs M2second2iinch.

,= Inertia of jt mode bellcrank about its axis
C of rotation, inch-lb./second2 .

= Mass of roll collar and connecting cable, lb.-
second2 /inch.

Based on an energy analysis of a coil spring fixed at one end and
elongating axially, the effective mass in motion was found to be 1/3
of the total spring mass, as indicated in Equations (3) and (it).
The product of inertia of the model, (IVa), was experimentally
determined as previously mentioned in Section III.

The 'effective' roll and pitch stiffnesses, Kcp and Ke used in
the analog analyses were determined from the experimental uncoupled
frequencies and experimental/theoretical inertias indicated above as
follos• :

(AKcP) 5p* w1)

Rewriting Equations (i) and (2) in matrix form,

r~ zr

[ (Eq. 5)
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Considering Equation (5), it is apparent that no ftiffiaess coupling
exists and that the mass coupling is a function of only the relation-
ship between 1 p , If, , and fq . Further, an examination of the
physical system reveals that Xr p is fully defined by the product
of inertia of the model only, ) , about the pitch and roll
axis. It shall also be noted that calculations of r4 and Xcg/c
as they are classically defined, are indeterminate relative to the
system under consideration due to inclusion of the effective mass
properties of the suspension system components which do not have
motion ratios of unity relative to the model. However, as described
in Reference (1), if it is assumed that the total effective inertia
of the system is distributed along the exposed span of the model
such that the spanwise mass distribution is proportional to the square
of the local chord and the spanwise distribution of pitch inertia is
proportional to the fourth power of thi local chord, then:

122 8 "Tk and

(9Q .2979V - .2+398 --

Computed values of 2-z and X-81C are presented in Tables
I and II.

Since the classical definition of 4( is dependent upon the
implicit knowledge of total and constant mass, its value becomes inde-
terminate also; the effective mass in the roll mode being unequal to
the effective mass in the pitch mode. The following definition of

.4 was used to reduce the flutter data presented herein and in
Reference (1):

/42/ (tt,4 ~(Eq. 6)
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where:

J = Total pitch inertia of the system, inch-lb.-second
2

D= Density of air, lb.-second /inch 3
" inch

V = Volume of air contained within the frustum of a cone
with the maximum radius being the semt-root chord and

the minimum radiut being the semi-tip chord and the
height of the frustum equal to the model semi-span,
inches

3

Effective pitch radius of gyration for VAR, inches

Using the definition above, VAIR is then given by:

77,• - (_-• )+ - (Eq- 7)

The value of ( 1) 414 is given by:

( )14 (Eq. 8)

The terms remaining to be defined in the basic equations of
motion are the generalized aerodynamic forces, Qg and Q, . As
stated in Reference (1), the principle of virtual work results in
the following:

RTD-TDR-63-4219 l6
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QR = Aerodynamic rolling moment about the roll axis

Qp = Aerodynamic pitching moment about the pitch axis

C. Quasi-Steady Flutter Analysis Methods

The quasi-stcady flutter analysis techniques presented in Ref-
erence (4) state that displacements, rates and accelerations yield
all the aerodynamic forces required in the solution of the flutter
equation using the quasi-steady technique. For the case of the two
degree-of-freedom dynamic system under consideration these force
generation parameters are:

OR )- *0P 0 R4~ pe

Neglecting the virtual mass terms associated 'with roll and pitch
accelerations, all circulation lag effects, and static displacements
in roll, ^R, the remaining force gcncration parameters are:

greatly simplifying the aerodynamic representation. The forcing
functions - rolling moment and pitching moment - may now; be expressed
as:

M,. = /s7.4 [P,, + Cj e * c4 o,,7 (Eq. 9)

aW4. s cp cpJ (Eq.l 0)
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Since no experimental geasurements of aerodynamic moments due to
modal rate functions brand 6 p were made, it was necessary
to utilize theoretically determined rate terms to fully represent
Equations (9) and (-0). The rate term values were determined by
"piston theory" techniques. Since the details of the development
of these terms is fully described in Reference (I), they shall not
be restated herein. Additionally, it was subsequently determined,
during the initial phase of the analog analyses, that the rate
dependent terms produced a change of less than one percent in the
flutter characteristics of the systems being analyzed. By estab-
lishing this conclusion in the early stages of the analog study, an

economy of operation was realized by eliminating all aerodynamic
forcing function terms dependent upon rates.

D. Quasi-Steady Flutter Analyses Using Experimental Aerodynamics

The required forcing functions were, for the major portion of

the analog studies, generated by the relatively simple relationships:

Q( = VJ '/7 GapR Op /SW- C (Eq. 11.)

Qp = PM. S -ýC 3 p 9 p = y6"C C (Eq. 12)

where Cr is merely the experimentally determined rolling moment
coefficient referenced to the roll axis and C,,n is the experimentally
determined pitching moment coefficient measured about the pitch axis.
As evidenced by Figures 10 thru 44 , the aerodynamic coefficients
of conzern are non-linear functions of 9p. Diode function generators
were utilized in the analog mechanization to simulate these non-
linear forcing functions.

E. Quasi-Steady Flutter Analyses Using Modified "Shick-Expansion"

Aerodynamics

Quasi-steady flutter analyses were also performed during the

analog study using the aerodynamic forcing functions specified in
Equations (11) and (12) with Cj and Cn,, being obtained by modified
"Shock-expansion theory" techniques.

RTD-TDR-63-4219 18

UNCLASSIFIED



UNCLASSIFIED

•Tho- basic' theory used the techniques presented in Reference
(6) for two dimensional supersonic flow. This method esscntially
calculates the flow at the nose of the airfoil using oblique-shock
equations and progresses downstream of the nose using the Prandtl-
Meyer equations. A basic assumption of the "Shock-expansion" method
is that disturbances incident on the nose shock, or on any other shock,
are almost entirely consumed in changing the direction of the shock.

The techniques presented in Reference (6 ) are as follows:

(9", (•K,

le2e

The folloving relationships must then be solved to determine the
net pressure on the airfoilt

- ___ M A ,_

_o '9,1 4 .• -
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and

-. 2/V, o z

w;here:

,Y= Specific heat ratio 1 .40O constant

MOOx = Free stream Mach number

-The shock inclination corresponding to the turning

angle

"="Mean inclination" of the surface (at the nose) for
all fluid slabs

1' = Distance aft of leading edge

=Pressure at the nose

=Free stream pressure

77 -- Mach number at the nose

( A Quantity deftined on the lower surface

( )Quantity defined onthe upper surface

RTh-TDR-63-4219 20
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S= Lift = ft@ y)d A

PM = Rolling moment =IfY t"eK
RM. Pitching moment = fQ xdAr )

A pressure coefficient sweep angle correction factor was
applied to the pitching moment and rolling moment as follows. The
assumption was made that the flow condition acting upon the model
was predominantly flow existing outside the apex influence zone.
The sweep angle correction factor established in Reference (7) was
applied as follows:

Z~c J NJ~ 47tvn4 t ]
CA'S ~ ~ 7 j (Eq. 13)

where.

Ki = Correction factor for leading edge sweep =

N/ v = Free stream Mach number

14, = Area of the nose section from leading edge to the
shoulder

,44 = Area of the airfoil between the shoulder and the
trailing edge

= Leading edge sweep angle

*K is not valid when M-t 1 or as-A---4-90 0 .
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The airfoil was divided into eight aerodynamic areas as
indicated on Figure 109 . The aerodynamic rolling moment and
pitching moments for all Mach numbers and configurations studied
were calculated by the method indicabed above. The technique
proved to be relatively simple and easily adaptable to calcula-
tions by small Recomp II computers.

F. Analog Analysis Techniques

As stated previously, the generalized aerodynamic forcing
functions of interest were found to be non-linear functions of
angle-of-attack. For this reason, and in view of the number of
system parameter variations to be investigated, it was elected to
utilize an analog computer to solve the system equations.

The aerodynamic forcing functions were reproduced by use of
diode function generators. Since the equations of motion do not
include terms representative of the static load compensation motors,
it was necessary to eliminate the static aerodynamic forces result-
ing from initial angle-of-attack. This was accomplished by biasing
the diode function generator output such that only those forces
generated by time dependent motion were realized as the forcing
function.

Execution of the analog analyses was performed in the following
manner:

1. The particular experimental system characteristics were
simulated on the analog computer.

2. Appropriate aerodynamic functions were entered on the
diode function generators and all static airloads were
biased to zero.
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3. With the aerodynamic forces removed from the system,
the dynamic system was sinasoidally excited at a frequency
near one of the expected modal frequencies. A record
of the damped sinusoidal motion was recorded for the
following:

(a) Roll motion, OR, with no coupling terms - gave
uncoupled roll frequency and damping.

(b) Pitch motion, Op , with no coupling terms - gave
uncoupled pitch frequency and damping.

(c) Roll motion, 6R , with coupling terms in - gave
first coupled modal frequency and damping.

(d) Pitch motion, ep , with coupling terms in - gave
second coupled modal frequency and damping.

4. The coupled system was then subjected to the unsteady aero-
dynamic forcep generated as indicated by the generalized
force equations previously presented at some nominal dynamic
pressure.

5. The dynamic pressure associated with the aerodynamics was
then increased at a constant rate equivalent to the actual
rate used experimentally in the wind tunnel.

6. The system vas subjected to a constant sinusoidal forcing
function representative of that used experimentally. The
amplitude of response to this sinusoidal excitation was
held constant, (+ 1.50), for all analog solutions.

7. The dynamic pressure existing at the time of model diver-
gence was noted as the flutter dynamic pressure, Y .

8. The flutter frequency was computed from the model response
records at the time where Yr •r .
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A brief Investigation was made to determine the effect of
excitation amplitude on the system flutter characteristics.
It was concluded that response amplitudes up to + 50 were rela-
tively ineffective in changing the flutter characteristics of the
system.

It was further determined during the zero airspeed vibration
analyses that the coupled frequencies resulting from matching the
uncoupled experimental frequencies and using the experimental/
theoretical system mass characteristics did not match the experi-
mental coupled frequencies in all cases. The product of inertia,
XZcp , was varied to match the experimental coupled frequencies
vithin + 10%. The uncoupled analog frequencies matched the un-
coupled experimental frequencies within + 1.0%. The practice of
varying _t was determined to cause ve-ry small changes in the
flutter characteristics, ase evidenced by Figure 108 , which
Indicates that the nominal inertia ratio studies coincidentally
correspond to the relatively constant, minimum portion of the
curve. In addition, the accuracy of the experimental determination
of lcq' was compromised somewhat by the relatively small inertias
being measured. The determination of coupled experimental fre-
quencies was subject to certain inaccuracies by reason of the
relatively broad band resonance of the system in its coupled modes.
The adjustment of -ccp was therefore considered to yield the most
reasonable representation of the dynamic system being analyzed.

Analyses were conducted for all conditions, except frequency
ratio variations, using a constant nominal model. The experimental
model used in run number 17, (see Table I ), was chosen as the
nominal model. The results of analyses made using the nominal
model are presented in Table II.
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SECTION VII

DISCUSSION OF RESULTS

A. Evaluation of Flow Characteristics in the Vicinity of the
Splitter Plate

An evaluation of the flow characteristics associated with the
splitter plate used during the investigation reported in Reference
(1) with a 1.5" projection indicated undesirable disturbances in the
B-2 wind tunnel. Extension of the splitter plate plane to 2.5" and
elimination of certain surface irregularities reduced these distur-
bances to an acceptable level. The results of this investigation
are competently presented in Reference (3) by Mr. J. L. Burk of
Arnold Engineering Development Center. It was concluded that a flow
disturbance did exist in the modeL-occupancy space. As indicated
by Mr. Burk, a variation of approximately 5% in Mach number over a
narrow zone of the model existed. The magnitude and location of this
disturbance is considered to have negligible effect upon the flutter
characteristics investigated, due to the very small surface area
influenced by the disturbance.

B. Experimental Static Aerodenamlc Force Coefficients

The results of the static aerodynamic force tests are presented
in Figures 10 thru 44 as well as in Reference (3). The purpose
of obtaining static force coefficients during this investigation was
to provide experimental aerodynamic forcing functions compatible with
the quasi-steady flutter analysis study. Experimental flutter tests
were conducted only on the double wedge leading edge - blunt trailing
edge configurations number 1, 2, and 3 of Figure 1. The discussion
of the force coefficients shall therefore be limited to those three
configurations. Data relative to the additional configurations is,
however, included in Appendix A for information.

It should be noted that at M = 6.0 and M = 7.0, (see Figures
10 and 15), a loss of lift is experienced near co = 200 with a
negligible corresponding Influence on the rolling moment and pitching
moment, as evidenced by Figures 11, 12, and 16. The aerodynamic
center of pressure in this angle-of-attack region is seen to
shift outboard and aft, indicating that the lift loss occurs
in the area near the root chord and leading edge.
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It is believed that at these relatively high angles-of-attack and
high pressures, some flow between the root chord and splitter plate
is established, causing a loss of lift in the indicated area. As
evidenced by Figure 20 , this phenomenon is not observed at M =
8.0. This is believed to be due to the boundary layer growth at the
higher Mach number which reduces the flow at the root chord gap.

In general, for configurations 1, 2, and 3 aerodynamic force
trends are as follows:

1. With the exception of the lift loss at M = 6.0 and 7.0
already noted, the lift curve slope in general decreases
with increasing Mach number.

2. The pitching moment coefficient for configurations 2 and 3
was measured only at small angles-of-attack since flutter
tests for these configurations were performed only at
ao = O0. The available data was sufficient to define the
force coefficients only over the expected flutter-definition
amplitudes, but insufficient to resolve aerodynamic trends
as functions of ao with any degree of reliability. Con-
figuration 1, however, was investigated over a relatively
wide range of %o. The results presented in Figures 10
thru 24 may be discussed as follows:

a. The pitching moment coefficient data indicates small
slope veriations at approximately 20 and 60 at K = 6.o
and M = 8.0, respectively. At M = 7.0, a signlfinent
change in slope is noted, Figure 16 , at approximately
4h angle-of-attack. It is expected that a more intense
investigation at M = 6.0 and 8.0 with increased accuracy

and sensitivity would also disclose a rather pronounced
slope change at the angles indicated above. This pitch-
ing moment slope change is believed due to a shock
detachment condition occurring at the leading edge as
angle-of-attack is increased beyond the values indicated.
As a matter of interest, observations were made during
the wind tunnel flutter tests which indicated a condition
of neutral stability at dynamic pressures below the actual
divergent condition. Visual estimates of the neutral
stability condition indicate amplitudes of + 3-50 which
may indicate a stabilizing influence due to the shock
detachment condition explained above.
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b. 7he pitching moment coefficient shows a decrease in
slope with increasing Mach number.

c. Since considerable data scatter was unavoidable in the
measurcment of rolling morpnt using the available force
balance, all centers of pressures, Xcp/j and 1 c.p ,

were calculated from the faired curves of CN, Cm, and C
rather than using direct point by point data values.
The centers of pressure require little discussion, other
than to point out the center of pressure shift mentioned
previously in discussing the lift loss experienced at
M = 6.0 am6 7.0 at the high angles-of-attack.

C. Comparison of Experimental and Shock Expansion Aerodynamic Force
Coefficients

Figures 46 thru 61 present the pitching moment and rolling moment
coefficients obtained from the modified shock expansion methods, as
functions of angle-of-attack, in comparison with those obtained experi-
mentally.

In general the comparisons show that "shock-expansion" predic-
tions indicate rather poor correlation with experiment in the case
of the pitching moment coefficient. Since the "shock-expansion"
method used is a two-dimensional theory, and does not include viscous
effects, errors of this nature are to be expected in the chordwise
pressure distribution. Additionally, due to the large leading edge
sweep angle and blunt trailing edge effect, rather poor correlation is
expected to exist in the pressure predictions on the area near the
tip, trailing edge; this area having a large influence on pitching
moment.

The comparison of rolling moment coefficient predicted by "shock-
expansion" techniques with experimental results is considered very
good for the t/c = .03 and t/c = .06 configuration. The comparison
of rolling moment coefficient for the t/c = .09 configuration is
somewhat poorer. This condition is due primarily to the fact that a
detached shock condition exists for the 9% thickness configuration at
all Mach numbers and angles-of-attack investigated.

Figures 62 thru 65 present the effect of thickness ratio on the
pitching moment coefficient as predicted by the modified 'shock
expansion" theory. It should be noted that, in the case of pitch-
ing moment coefficient, the sLope changes trom negative values
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to positive values as thickness lncreasQ. ...ain, the deteched
shock involved is believed to cause large errors in the pressure
distribution in the area of the trailing edge. It is concluded
that the modified "shock-expansion" theory does not accurately
predict pitching moment, the error being greatly magnified when
applied to relatively thick airfoils. Additionally, the error is
further amplified with increasing Mach number.

Figures 66 thru 67 present the effect of thickness ratio
on the rolling moment coefficient as predicted by the modified"'shock-expansion" methods. The slope of rolling moment versus angle-
of-attack increases somewhat with increasing thickness.

The remaining static aerodynamic force data has been briefly
described in Reference (3), and shall, not be discussed in further
detail.

D. Experimental and Theoretical Flutter Characteristics

1. Flutter tests were performed only on the "basic' planform
and thickness variations, Configurations 1, 2, and 3. The
parameter variations investigated were:

1. Mach number
2. Angle-of-attack
3. Uncoupled modal frequency ratio
4. Thickness ratio

2. The results obtained for gonfiguration number I - basic
planform, t/c = .x6, &k',/•=.60, ao = 00 - at varying Mach

number are presented in Figures 68 and 69 . It should
be noted thaL these figures present the flutter velocity

parameter and flutter frequency parameter as functions of
Mach number. The experimental results indicate that the
flutter velocity exhibits a pronounced increase at M = 7.0
and decreases again at M = 8.0. it is believed that this
radical increase in flutter velcit.r nt M = 7.0 is due to
the very swall pitching moment coefficient slope observed
in the range of 0o to about 40 angle of attack and previously
discussed as being caused by shock detachment at the leading
edgeý Fimre 68 also shows the analog results obtained
by using quasi-steady analyses with experimental. static force
coefficients for the sctual model used and for a nominal
model having constant mass and dynamic characteristics. Te
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analog results in this case agree very well with experiment
and produce a similar trend with Mach number, indicating
that a relatively good representation of the aerodynamics
was used. It is felt that further investigation of the flow
characteristics in this low angle-of-attack region is
necessary to more completely understand the phenomena ob-
served at M = 7.0. Although some experimental scatter is
obviously present, it is felt that the faired curve shown
on the figure is a relatively accurate indication of the
Mach number trend of the basic planform investigated. Figure

69 presents the non-dimensionalized flutter frequency
trend with Mach number. Again, at M - 7.0, a noticeably
higher level of flutter frequency is observed relative to
the other test Mach numbers.

3. The flutter velocity parameter and flutter frequency parameter
as a function of angle-of-attack are presented as Figures

70 and 71 for configuration number 1, t/c .06,
iJh,lý, = .60, and Mach number = 6.0. As previously dis-

cussed, the system linearity limits precluded the attainment
of experimental data at angles-of-attack greater than 100.
The effect of angle of attack within the experimental range
investigated was slightly destabilizing. As indicated, a
similar destabilizing effect was exhibited in the quasi-steady
analog results which were about 22% conservative in the pre-
diction of flutter velocity. The flutter frequencies obtained
theoretically were in this case generally higher than those
obtained experimentally, with rather large scatter noted in
the experimental results.

4. Figures 72 and 73 present the variation of flutter
velocity and frequency with angle-of-attack at Mach number
7.0 for the nominal, basic planform with t/c = .06 and
""•,wa, = .60. Since angle-of-attack variations were not

made at M = 7.0, the curve presented is for the nominal model.
Only the ao = 00 experimental data is noted. The general
theoretical trend for this configuration is destabilizing
between a0 = 00 and 50, relatively constant between ao = 50
and 120, with the destabilizing trend reestablished above
120. The frequency trends indicate a gradual increase to
about 150, at which point a decreasing frequency trend is
noted to exist to the limits investigated.
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5. Figures 7k and 75 present the flutter characteristics

of the basic planform with t/c = .06, e4h,/w, = .60 at

M = 8.0 as they vary with angle-of-attack. Excellent agree-
ment between experiment and theory is observed for this
case. As indicated by the differences bct'ween actun1 model
results and constant nominal model results, the increase in
flutter velocity indicated at aO = 100 is believed due pri-
marily to variations of model mass and modal damping
characteristics relative to the models utilized at CO = 0

an.. -'u .. t. is therefore concluded that a general
destabilizing effect is to be expected between a0 = 0° and
150 with a possible stabilizing effect occurring between
ao = 150 and ao = 200. A relatively large decrease in the
slope of the aerodynamic rolling moment is indicated in
Figure 22 between 150 and 200 which may be the cause of
the above described stabilizing trend in that range of 0o.
The analog predictions for this case are very close to the
experimental results, but slightly consnrvative; Figure

75 presents the variation of flutter frequency with angle-
of-attack, it will be noted that the flutter frequency
observed at ao = 100 and 150 indicates a radical increase
in flutter frequency with the ratio &11/4:),, exceeding unity.
This frequency increase may be due to change in the flutter
mode occurring at the higher angles-of-attack.

6. Figures 76 and 77 present the flutter characteristics
of the basic planform, configuration number 1, M - 6.0
t/c = .06, ao = 0o; as they vary with modal frequency ratio.
The modal frequency ratios investigated were .60, .75, and
.90. The nominal, constant model was not analyzed for varying
frequency ratio; therefore, the data presented consists only
of experimental data and model by model quasi-steady analyses,

For the configuration in question, the variation of modal
frequency ratio over the range investigated reflects a neg-
ligible effect on the flutter velocity, but a nearly linear
increase in flutter frequency with increasing modal frequency
ratio. The results of the analyses indicate very good agree-
ment with experiment in the case of flutter velocity, but
rather large error in predicting flutter frequency.

7. Figures y8 and 79 present a comparison of experimental

to theoretical flutter characteristics for the basic plan-
form, configuration number 1, t/c = .06. ao = 00 at Mach
number = 8,0, as they vary with modal frequency ratio. Both
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experiment and theory indicate a very small destabilizing
effect with increasing modal frequency ratio over the
a•nle-of-attack range investigated. At this Mach number,
sw is less then unity and indicates a small increase

in flutter frequency with increasing modal frequency ratio.

8. Figureb 80 and 81 present the flutter characteristics
of the basic planform, configuration number 3, t/c -. 09,
"W,/IW,, = .60, ao = 00 as they vary with Mach number. The

experimental trend observed indicates that as Mach number
is increased from M = 6.0 to M = 8.0, a destabilizing effect
is observed. The decrease in flutter speed between M = 6.0
to M ý 8.0 is approximately 17%. The quasi-steady analyses,
using experimental aerodynamic coefficients, however, in-
dicate a stabilizing effect with increasing Mach number.
This stabilizing effect in the case of the quasi-steady
analyses is believed due to the decreasing pitching moment
slope with increasing Mach nunber observed in the experi-
mentally derived aerodynamics used in the analyses. The
trend observed relative to flutter frequency may be seen in
Figure 81.

9. The variations of flutter velocity and flutter frequency
with airfoil thickness ratio using -the basic planform at
M = 6.o, C,/t, = .6o and ao = 00 are presented as Figures

82 and 83 . In general, the experimental results in-
dicate that the 3% and 9% thickness ratio configurations are
slightly less stable than the 6% thickness ratio configuration.
As noted in Table I , very large differences in modal
damping existed between the particular configurations tested.
As reported in Reference (1); the modal damping rates have
large influences on the flutter characteristics of the con-
figurations under investigation; however, it is believed that
the destabilizing effect noted as thickness ratio is increased
from 6% to 9% is due primarily to a shock detachment condition
occurring in this region.

The theoretical analysis results associated with this varia-
tion indicate a general destabilizing effect over the entire
thickness range investigated.
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10. In addition to analyzing all experimental flutter config-
urations using experimentally obtained static aerodynamic
force coefficients in conjunction with a quasi-steady
analysis, additional studies were made using static aero-
dynamic force coefficients obtained from a modified "shock-
expansion" theory technique. The details of the modified
"shock-expansion" teculique have been previously discussed.

Figures 88 thru 107 present a comparison of experi-
mental and theoretical flutter characteristics obtained
from a quasi-steady flutter analysis using "shock-expansion"
aerodynamics. In general, it is concluded that the use of
this very simple aerodynamic theory shows good agreement
with the experimental results for the parameter variations
presented, with the exception of the variation shown in
Figure 88 , which shows a relatively large difference in
flutter velocity at M 7.0. As previously explained, and
shown in Figure 16 , the aerodynamic pitching moment
coefficient at M = 7.0, ao = 40 exhibits a shallow slope
with angle-of-attack. The effect of this condition is
stabilizing. The modified "'shock-expansion" technique does
not predict the aerodynamic phenomena experienced by the
model at the Mach number and angle-of-attack region in
question. As previously stated, a shoek detachment condition
is believed to induce the non-linear behavior of the aero-
dynam•cs of this configuration.

With the above exception, 'shock-expansion" theory generally
is conservative in predicting flutter velocities of the
system investigated.

E. Effect of Variations In System Product of Inertia

A brief investigation of the effect of variations in product of
inertia on the flutter velocity parameter was made during the analog
study. The need for this study was predicated by the cxtremely small
model scale used which in turn compromised the cxperimeental accuracy
of determining the product of inertia of the models.

Figure 108 presents the flutter velocity parameter as a func-
tion of the ratio -- c/P, where ITa Is the variable product of
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inertia and 10M , is the actual product of inertia of the nominal

constant model. All other system characteristics were those rep-
resenting the constant nominal model at a O0, = '0/',1 = .597
and M = 8.0. Both experimentai aerodynamic coefficients and "shock-
expansion" aerodynamic coefficients were used in the study.

The results of the study indicate that variations of Ie of
+ 25% result in negligible changes in the flutter velocity predictions.
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SECTION VIII

CONCLUSIONS

A. The following conclusions may be drawn relative to the static
aerodynamic force coefficients obtained during this investiga-
tion for the double wedge leading edge-blunt trailing edge
configurations

1. At M = 6.0 and M = 7.0 a loss of lift is experienced
betweteo co= 200 and ao = 210 with a negligible corres-
ponding influence on pitching moment and rolling moment.
This phenomena is believed to be a function of the finite
space between the model and splitter plate.

2. The lift curve slope, relative Lo the configurations
tested, indicates a genecal decrease with increasing Mach
number.

3. The pitching moment coefficients suggest relatively small
slope deviations at M = 6.0 and 8.0 as the shock detaches
from the leading edge. These slope deviations occur near
the theoretically predicted shock detachment angles of
attack.

4. A rather significant inflection in the pitching moment is

observed at ao ; 40, Mach number = 7.0. This inflection
may also be concluded to be caused by shock detachment.

5. The "modified shock-expansion" aerodynamic predictions
indicate poor correlation with experiment in the case of
pitching moment coefficient, but excellent agreement with
experiment in the case of rolling moment coefficient.

6. "Shock-expansion" techniques indicate that the correlation
between theory and experiment depreciates with increasing
airfoil thickness ratio and increasing angle of attack.

B. The following conclusions may be made relative to the flutter
characteristics of the configurations investigated,
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1. The variation of flutter velocity with increasing Mach number
from 14 = 5.0 to M = 8.0 indicates an increase at M = 7.0.
This increase is due to the very small pitching moment slope
observed in the co s 40 range. This phenomena is apparent
not only in the experimmnt'l flitter velocity variation, but
also in the trends predicted by the quasi-steady flutter
analyses using experimental aerodynamic coefficients.

2. The effect of increasing initial angle-of-attack was slightly
destabilizing at all Mach numbers over the experimental range
investigated.

3- For the range of modal frequency ratios investigated, both
experimental and theoretical flutter velocities reflect very
small destabilizing effects with increasing modal frequency
ratio.

4. For the 9% thick model, the flutter velocity decreased with
increasing Mach number experimentally; but increased with
increasing Mach number theoretically.

5. The experimental results indicate that the 3% and 9% thick-
ness variations investigated are less stable than the 6%
thickness variation at ao = 00, due primarily to the detached
shock associated with the 9% configuration. Theoretical
analyses, howcever, indicate a general destabilizing effeat
with increasing thickness ratio over the entire range investi-
gated.

6. In general, the quasi-steady flutter analysis technique,
using experimentally obtained aerodynamic force coefficients,
is considered sufficiently accurate in predicting flutter
trends for preliminary design purposes. The prediction of
flutter frequencies using this technique, however, is con-
sidered inadequate.

7. The quasi-steady flutter analysis technique using modified
"shocK-exp-nsion" aerodynamics is considered a reliable,
inexpenslve methoc for pxudicting flutter velocities and
trends in the preliminary design stages of vehicle develop-
ment, within the range of parameters investigated. Flutter
frequencies are not accurately predicted by this technique.
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8. In the case of the two aerodynamic forcing functions
investigated, the effect of including the rate terms
derived from "piston theory" techniques is insignificant.

9. The effect of moderate variations in system product of
inertia for the 6% thick configuration at M = 8.0 is
negligible.
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SECTION IX

RECOFAOEDATIONS

During the course of this investigation and in consideration
of the objectives nrid results, the following recommendations are
made:

A. 'he primarj difficulties experienctd during the experimentsl
portion of this investigation were amplified greatly by the small.
scale models and associated adaptations of the suspension system
to the extremely small splitter plate pylon section. It is there-
fore recommended that any continuation of this study be made using
a much larger scale and larger wind tunnel. it is expected that
with less restrictive space requirements, considerably better
control over system damping, frequency range, ease and speed of
operation, and improved parameter constancy would be obtained.

B. It is recommended that additional research be initiated to further
develop the use of the basic "shock-expansion" aerodynamic theory
in conjunction with quasi-steady flutter analyses. It is believed
that chordwise pressure distribution data relative to practical
airfoil configurations could be used to evolve reasonable empirical
corrections to the two-dimensional results in order to more nearly
predict the pitching moment coefficient. The modified theory used
in this study proved to be very accurate in predicting static aero-
dynamic rolling moment coefficients.

C. It is recommended that research be done to specifically determine
shock detachment effects on airfoil pressure distributions, both
statically and dynamically.
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FIGURE 15 EXPERIMENTAL LIFT COFJFICIENT VS. ANGLE-OF-ATTACK;

BASIC PLANFOPM, t/c = .06, MACH NUMBER = 7.0
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FIGURE 17 EXPERIMENTAL ROLLING MOMENT COEFFICIENT VS.* ANGLE-OF-
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FIGURE 22 EXPERIMENTAL ROLLING MOMENT COEFFICIENT VS. A•A.•E-OF-
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RTD-TDR-63-4219 62

CONFIDENTIAL



r8 I A-

170--- _ _ _ _ _ _ _ _

.60-

-70-*

0 1 6102

C4 0 N F I2 1D 2E N2IA



CONFIDENTIAL

-IIACkn NU.JER = 8.0

70-

a-40

C~

a:

.106 1

C 01 T
-4" .0 4-/ 2 2•0 2.*

_o - DEGREES __

FIGURE 2& EXPERIMENTAL SPANrWISE CENTER•-OF-PRESSURE VS. AflGLE-OF-
ATTACK: BASIC P LANFORM, t/e ".06, MA•CH N -i T.

R•)-TDR-63-4219 r,.'

CONFIDENTIAL



CONFiDEN IAL

.06 -- -

06

j.02.

-• + -2 ,2 4-

-. 0,20

ttJ--.02

FIGURE 25 EXPERIME .AL LIFT COEFFICIENT VS. ANGLE-OF -ATrACK;
BASIC PLANFOR, tzc = .03, MACH .UMBER = 6.0

RTD-TDR-63-4219 65

CONFIDENTIAL



CONFIDENTIAL

c\r -

..a . . .

S.00o04 I _ _\IJt

.001

II_ _ _ _ i . l~lJ I _ __ __ I I

-- I -4- -, o"-a __

-001/o•, DEGREES

- - 0a a

II

FIGURE 26 EXPERIMENTAl. PITCHING MOMENT COEFFICIENT VS. ANGLE-OF-
ATT¶ALX; BASIC PLANFORM, t. = .03, MACH NUMBER = 6.0

RTD-TDR-63-4219 66

CONFIDE NTI AL



CONFIDENTIAL

_ _ _ __ _ - .03.

~.02 /-&

S-.o2

FIGURE 27 EXPERIMENTAL ROLLING MOMENT COEFFICIENT VS. ANGLE-OF-
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FIGURE 37 EXPERIMEENTAL ROLLING MOMENT COEFFICIENT VS. ANGLE-OF-
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N1

SEGMeNT AREA C

(IN2 ) (IN) (IN)

Ni .37040 .225 5.48746
N2  N2  .30121 .675 4.46238

N3  .23202 1.125 3.43730
N4  .15412 1.560 2.44638
AB1  2.09895 .225 5.48746
AN2  1.70686 .675 4.46238

SAB 1.31477 1.125 3.437301 AB4  0.87336 I.560 2.44638

ABI.

A%2

I
A/B3

FIGURE 109 SHOCK EXPANSION AERODYNAMIC AREAS OF INFLUENCE
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APPENDIX A

The static aerodynamic force coefficients in pitch and
roll are presented herein for configurations 4, 5, 6, and 7.
These configurations were not investigated with respect to
their associated flutter characteristics due to program re-
orientation.
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FIGURE A4. EXPERIMENTAL LIFT' COEFF!CjF.NT VS. AN~GL£E-OF-ATTApK;i
CONFIGURATION //4, MACH NUMBER = 8.0
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FIGURE A7 EX)I:RTMENTAL LIFT COEFFICIENT VS. ANGLE-OF-ATTACK'.
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