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PREFACE

The work reported herein was conducted by the
Arnold Engineering Development Center (AEDC), Air Force
Systems Command (AFSC), under Program Element 62Z0lF at
the request of the Air Force Flight Dynamics Laboratory
(AFFDL). The results of the investigation were obtained
by ARO, Inc., AEDC Division (a Sverdrup Corporation
Company) , operating contractor of AEDC, AFSC, Arnold Air
Force Station, Tennessee, under ARO Project Numbers
34A-37A, P43C-C4A, and P34A-K2A. The investigation was
conducted from July 1;M£;74 to August 1, 1977. The Air
Force project monitors were Maj. K. B, Harwood (CF) and
Mr. A. F. Money, both of the AEDC Deputy for Operations.
The project sponsor was Mr. William Lane, AFFDL/FGC.
The manuscript was prepared originally to satisfy partial
reruirements for a Doctor of Philosophy degree from the
University of Tennessee Space Institute, Tullahoma,

Tennessee; with modifications this manuscript was submitted

for publication as a technical report on September 28, 1977.
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1. INTRODUCTION

Since the days of the early airships when the cal-
culation of aerodynamic forces on the airships hulls was
required, the methods for predicting slender body aero-
dynamics have been extended in direct proportion to the
increased performance of the various slender body air vehicle
configurations. Increased maneuverability anrd increased air
speeds required the development of prediction techriques
which were valid at higher angles of attack and supersonic
Mach numbers. Continuing the trend to increased maneu-
verability, applications for the flight of slender body
configurations at angles to 180 degrees are being seen in the
new generation flight vehicles currently being considered.
The aerodynamic coefficient prediction techniques which were
valid at angles of attack of approximately 20 or 30 degrees
are no longer sufficient for preliminary design studies. The
new concepts in slender body flight vehicles require new pre-
diction techniques valid to 180 degrees angle of attack.

An aerodynamic coefficient prediction technique
which meets the above need is herein developed. The pre-
diction technique relies on semi-empirical procedures for the
calculation of normal force coefficients and pitching moment
coefficients for slender body configurations with low aspect

ratio fins. Additionally, the normal force coefficient for the

11
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fin in the presence of the body is determined along with the
longitudinal and lateral center of pressure of the force.
Because the need to operate slender body flight
vehicles at high angles of attack had not been established
until recently, there was a complete dearth of experimental,
parametric data for slender body configurations with low
aspect ratio fins at high angles of attack. The small
amount of data on configurations at high angles of attack that
was available was highly configuration oriented and in some
cases classified. The experimental, parametric data ob-
tained as a part of this investigation is the first data of
its kind and represents a broad base from which to develop

empirical aerodynamic coefficient prediction methodology. The

lack of parametric data for slender body configurations at high

angles of attack before this time has hampered the development
of empirical techniques for the prediction of aerodynamic
coefficients. The future development of purely theoretical
prediction techniques also requires a standard of comparison
to evaluate the validity of their prediction capabilities. A
data base which meets the requirements for developing empir-
ical aerodynamic coefficient prediction techniques as well as
providing a standard of comparison for theoretical techriques

has been established by Baker (1)1.

1Numbers in parentheses refer to similarly numbered
references in the bibliography.
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In order to provide a aet of data which could readily be used
to develop empirical methods for the c&lculation of the aero-
dynamic coefficionts, it was necessary to determine the effects
of each major component of a generalized, finned, slender body
on the forces and moments for the complete configuration. 1In
order to determine these effects, a wind tunnel test was con-
ducted on a series of parametric models. Provisions were made
to test tail fins alone, using a reflection plane technique,
so that the tail fin contribution to the total force and
moment coefficient could be isolated. Also a generalized
slender body was tested using a technique which allows the
measurement of forces and moments on a single fin simultaneously
with the total combined forces and moments acting on the com-
plete configuration. The generalized configuration was
tested both with and without tail fins. The change in the
force and moment coefficients due to the addition of the fins,
combined with the measured force and moment coefficients on
the metric fin in the presence of the body and the fin alone,
allows the determination of the mutual interference of the
fins and body.

A basic ogive cylinder body was designed along with
a series of twelve tail fins which provided a parametric
variation of the taper ratio, span ratio, and the aspect
ratio of the fins. 1In order to provide data for a wide range

of values of body length for the data set, tests were conducted,

13
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using slender bodies with a total length of 10-, 12-, 12.66-,
and 15-calibers (i.e., 10-, 12-, 12.66-, and 15-body diam-
eters). Most of the data were obtained using the 10-caliberx
body and all 12 of the tail fins were tested with the 10-
caliber body. The 12- and 12.66-caliber bodies were teated
without tail fins and the l15-caliber body was tested alone
and with the three tail fins having an aspect ratio of 0.5
and with the fin having an aspect ratio of 2.0, span ratioc of

0.4, and taper ratio of 0.5.
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II. EARLY HIGH ANGLE OF ATTACK PREDICTION METHODOLOGY

The early requirements for the calculation of aero-
dynamic forces and moments on slender body configurations were
related to studies of rigid airships. A potential flow slender
body theory was developed by Munk (2) which was quite adequate
for angles of attack up to approximately five degrees. The
potential flow equations for pitching moment and cross force

per unit length, for airship hulls, are given in Equations 19

and 23 of Reference (2).

m = % £ (X, - K;) sin 2a (2.1)
df = [Uz —%— sin 2a g% dx (2.2)
Where

p(K, = K,) is the apparent mass of the airship.

Tsien (3) showed that Munk's formulation was valid
for slender bodies at moderate supersonic speeds.

At angles of attack above approximately five degrees,
Munk's slender body theory begins to underpredict the normal
force coefficient of a slender oody. Modifications to Munk's
theory have been made to account for the viscous crossflow con-
tributions to the forces and moments. This modification of

Munk's theory, which has come to be known as the crossflow
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theory, was developed in 1951 through the work of Allen and
Perkins (4) who assumed that the viscous contribution to the
aerodynamic forces and moments on slender bodies &t angie of
attack could be separated from the potential flow contribu-
tion. Thus, the force and moment equations were written as the
sum of the potential term formulated by Munk (2) in 1924 and the
viscous crossflow term formulated by Allen and Perkins (4).
From the work of Ward (5), which showed that the potential
cross force is directed midway between the normal to the axis
of the body and the normal to the wind direction, Allen modi-
fied the potential cross force term. Then by adding his
viscous cross force term, Allen developed the following
equations from Reference (4) for lift and pitching moment

coefficients.

Sp . a [ .2
C, = 5 sin 2a cos ¥+ cdc -25 sin“ucos o (2.3)
V -85 (=X )
- b m . ‘ o
Chn -[ = ] sin 2o cos -

S (X -X)
°p m 2
+C, § —g — s o (2.4)
Jorgensen (6! formulated the equaticns in terms of
normal force, CN' and pitching moment, Cm' for slender bodies
at high angles of attack and included the term n to modify

the two dimensional crossflow drag, ch, for the effects of a

16
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finite length body. The term n which modifies the two

USRI U WL T R P

dimensional drag coefficient to approximate the drag coeffi-

cient for a finite length cylinder is determined from the data %
cbtained by Goldstein (7). Jorgensen's equation for normal ?
; force coefficient for the angle of attack range 0 £ o £ 180 %
; degrees is given by i
; sb L (G‘) s 2 Ld E
1 &y =\5 sin (207) cos ===+ g Cdc -§ sin® (a®) (2.5)
% The pitching moment equation for the angle of :
j attack range 0 X a < 90 degrees is given by
{: VoS, (2-X) . o
] = | - s a . !
3 f Cn » a3 sin (2a”) cos (TT) ;
s (X -X)
L + T\C% (-SE) - sin2 (a”) (2.6) :
EV and the pitching moment equation for the angle of attack
% range 90 < a < 180 degrees is given by g
E : - V - SpXm| _. . a’ -
: ; Cn [ 5 d ] sin (2a°) cos (%T) ]
E : s (X, =X) 2 1
¢ + nC ( ) 8in® (a”) (2.7)
F ¢ () =
;
17
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where
a’ = a 0 < a < 90 degrees
a® = 180 - a 90 < a < 180 degrees
The location of the aerodynamic center given by
C

XCP = &= (2.8)
N

Over the years the potential term of the equations
has remained essentially unchanged and the greatest effort
toward improving the cross flow theory has been associated
with th~ crossflow drag portion of the viscous term. The
most 1~ .2l crossflow drag work is that of Fidler and
Batemcn {8). The dramatic effect of the viscous contri-
bution to the total forces and moments on a slender body is
illustrated in Figure 1 taken from Reference (6). The
variation with angle of attack of the first terms of
Jorgensen's normal force equation (Equation 2.5) and pitching
moment equations (Equations 2.6 and 2.7) which represents
Allen's modifications to Munk's slender body potential theory,
are compared with the complete normal force and pitching
moment equations. The shaded portion of the figure represents
the viscous contribution to the crossflow theory. Because the
potential term of the equation contains sin (2a) the term goes
to zero at 90 degrees angle of attack, indicating that at 90

degrees the coefficients are totally determineé by the viscous

18
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term. In the case of the normal force, when the slender body
is at 90 degrees angle of attack, the normal force is coinci-
dent with the drag, *hus the noimal force is due to the skin
friction and separated flow over the lee side of the body,
both viscous phenomena.

Jorgensen's formulation of the crossflow theory
equations for slender bodies at high angles of attack will be
used as the basis for the body alone portion of the theory
developed herein.

Numerous calculation schemes nave been developed
for slender body configurations, both with and without fin or
wings. Besides Jorgensen (6), others developing calculation
procedures for slender bodies alone at high angles of
attack are Fidler and Batemen (8), Kellock and Miller (9),
Thompson (10), and Gregoriou (ll). Calculation procedures
developed for slender brdies with fins and/cr wings
have been written by Nikolitsch (i2), Moore (13), Darling
(14), katon (l1l5), and Fidler and Batemen (16, 17), all of
which are hasically low to mncderate angle of attack programs.
High angle of attack programs for bodier with fins and/or wings
ware writcen by Saffell, et al. (18), Tipping, et al. (19)
and iAiello (20). Mendenhall, et al. (21) provides a user's
manual for four different computer programs for predicting
aerodynamic coefficients. One program is the computer version
of Jorgensen's method and the other three programs are low
angle of attack body plus wing and fin programs. The details of

three of the above high angle of attack aerodynamic coefficient

19
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prediction‘programs will now be discussed. All three of tha
programs are based on various formulations of Allen's cross-

flow theory.

LSUZ High Angle of Attack Aerodynamic Coefficient Prediction
Frogtam

The LSU high angle of attack aerodynamic coefficient
prediction program (Table 1lA), was written by Captain Robert
E. Kellock (9). The program calculates aerodynamic coeffici-
ents for a body alone configuration. The primary calculation
scheme was formulated by Kelly (22). The normal force is
agsumed to vary along the body and the total normal force and
pitching moment are determined by integrating the normal force
distribution along the body. The body is divided intc elements
and the crossflow drag is assumed to vary from one element to
another. The crossflow drag of each increment is calculated
as the drag of an impulsively started cylinder. The time
parameter associated with the impulsively started cylinder is
related to the axial velocity and the axial position of the
incremental element. The drag data of Schwabe (23) for an
impulsively started cylinder were used to modify the steady-
state crossflow drag coefficient, taken from Hoerner (24), as
a function of crossflow Mach number znd crossflow Reynolds

number. The crossflow drag at each element is used with the

2I.SU is an abbreviation for Louisiana State

University.
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crossflow theory to calculate a distribution of normal force
along the body. The threc-dimensional effects of the finits
length cylinder are accounted for by the values of n given by
Goldstein (7). The predictions of normal force and pitching
momant made with the LSU program were compared with the data

from the high angle of attack data set in Reference (1).

3

é NSRDC™ High Angle of Attack Aerodynamic Coefficient

E Prediction Program "

: The NSRDC high angle of attack aerodynamic coefficient
prediction program (Table 1B) was written by Saffell, Howard,
and Brooks (18). It consists Of a main program and three
subroutines. The main program calculates the body alone lift, !
drag and pitching moment coefficients using the crossflow drag |
theory. Three-dimensional effects are accounted for dy the

values of n given by Goldstein. The values of cdc are deter-

mined from Allen and Perkins (25). The lift coefficients for
the wings and tails and the wing-body and tail-body inter-

ference factors are calculated using linear relations for the
lifting surfiaces modified by a function of sin a and con- :
strained tc be zero at a = 90 degrees. The lift of the tail i
surfaces is further modified to account for the vortices shed ‘
from the wing surfaces. The pitching moment calculations are

based-on the formulation of the equation by Allen. The drag !

3NSRDC is an abbreviation for Naval Ship Research
and Development Center.
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calculations are based on the methods from the USAF

DATCOM (26) . Calculations were made using the NSRDC Program
and compared with the data from the high alpha data set in
Reference (1). The program computes the static aerodynamic
coefficienta for bodies with wings, tails, and strakes,
including control surface deflections, for an angle-of-attack

range frcr -180 to 180 degrees.

Computer Aided Missile Synthesis Program (CAMS)

The CAMS program written by Tipping, et al. (19) is
used to design a complete missile system. The program uses an
iteration scheme to vary the many design parameters associated
with a missile design. The aerodynamics module of the CAMS
program (Table 1C) can be used by itself as a coefficient pre-
diction program. It is the most complex of the coefficient
prediction programs discussed here bacause of the number of
different configurations that can be analyzed. The program is
similar to the other programs in that it requires geometric
characteristics of the model and flight conditions as program
inputs to calculate the aerodynamic coefficients. The cal-
culation scheme is similar to the other prediction programs
in that the potential and viscous crossflow terms are com-
bined linearly for the body alone normal force and pitching
moment coefficients. Empirical data are used extensively

throughout the program for determining the effects of fins,

23
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strakes, etc. For each Mach number range, transonic, super-
sonic, and hypersonic, different relations are used for the
lirear and nonlinear iift contributions of the various com-
ponents of the configuration. For the body aione, the cross-
flow theory is used with modification for boattail effects.
Calculations were made for the high angle of attack data
base models and compored with the experimentally determined

coefficients in Reference (l).
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III. EXPERIMENTAL TECHNIQUES

ol

Wind Tunnel jescription

; The tests whici: established the data base were
conducted in the Aerodynamic Wind Tunnel (4T) of the 1

Propulsion Wind Tunnel Facility (PWT) and the Supersonic 7

2 R S bt S, MR

Wind Tunnel (A) of the Von Karman Gas Dynamics Facility
(VKF) at the Arnold Engineering Development Center (AEDC).

The Aerodynamic Wind Tunnel (4T) is a continuous 1

B R

flow, closed-circuit, variable density wind tunnel capable

(e bl A e Lo

of operating at stagnation pressures of 300 to 3700 psfa i
and at Mach numbers from 0.1 to 2.0. The Mach number is i
continuously variable from M = 0.1 to 1.3 and nozzle §

inserts can be installed to reach M = 1.6 and 2.0. The o

nozzle consists of a contraction section which serves as

L

a transition from a circular stilling chamber to a ' f
rectangular nozzle. The solid block, sonic nozzle is ; i
composed of flat sidewalls and contoured top and bottom i
walls. The desired Mach number is generated by controlling
the pressure ratio across the nozzle and by regulating the
plenum suction. The test section is 4 ft square and 12.5 ft
long. It is equipped with four variable porosity walls : :
adjustable from 0 to 10%. The two test section sidewalls

are fixed and the top and bottom walls are adjustable %1/2

dearee from parallel. The test section is enclosed by a 14 x 14

ft square plenum chamber which can be evacuated allowing part

25
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of the tunnel main flow to be removed through the test
section walls to both generate supersonic flow and reduce

wall interference.

The Supersonic Wind Tunnel (A) is a continuous,
closed-circuit, variable-~density wind tunnel with an
automatically driven flexible-plate-type nozzle and a
40 x 40 in. test section. The tunnel can be operated at
Mach numbers from 1.5 to 6.0 at maximum stagnation pres-
sures from 4,200 to 28,000 psfa, respectively, and
stagnation temperatures up to 750°R (M = 6). Minimum
operation pressures range from about one-tenth to one-
twentieth of the maximum at each Mach number. Although
Tunnel A is primarily a supersonic tunnel it can be
operated subsonically from Mach numbers 0.2 to 0.8 by
opening the throat (M = 1.2 settirg) and closing the
diffuser until the tunnel chokes at that point. The
tunnel is equipped with a model injection system which
allows removal of the model from the test section for

model changes while the tunnel remains in operation.
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Wind Tunnel Models
Two different type models were tested in Tunrels 4T and A.

The first type of model was a strut supported siender body
tested both with and without tail fins., Boudy alone, body
plus fin and fin the presence of the body data were obtained
withh this model. This model was designed so that it had less
than 1% blockage in the tunnel at 90 degrees angle of attack.
The second model type was a reflection plane mounted fin
which was tested to obtain fin alone data. The fins had less
than 0.6% blockage at 90 degrees angle of attack and the total
blockage including the reflection plane was less than 1.5%.

Slender bodies having total lengths of 10~-, 12-,
12,66-, and 15-calibers were tested. Each body consists of &
2.5-caliber sharp tangent ogive nose, designated N2, and a
cylindrical afterbody. The basic dimensions o the ogive
nose and cylindrical afterbodies are given in Figure 2. The
7.5-, 9.5-, 10.16~-, and 12.5-caliber afterbodies are desig-
nated as Al, A2, A4, and A3, respectively.

Two different size tail fins were used in the test.
The tail fins tested with the reflection plane were geomet-
rically similar to but three times larger than the fins
tested with the slender body. The dimensions of the fins

used with the reflection plane are given in Table 2. The
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dimensions of the fins tested in conjunction with the slender
body are shown in Figure 3. Because of the smaller size, the
fins tested with the slender body are not as detailed as

those tested on the reflection plane. The tail fin configura-
tions are identified by the designation Txx, where the two
digit number (xx) is given in Table 2 and Figure 2 along with
the fin dimensions. Thus, the total configuration designation
for a typical configuration is N2AlT32. The nomenclature de-
scribed above was adopted to be consistent with that for a
similar set of models tested extensively at relatively lower

angles of attack by Fidler and Bateman (8)-

For each fin type, rectangular, trapezoidal, or
triangular, the hingeline, HL, was located at a different
position. For the rectangular fins, represented by A = 1.0,
the hingeline was normal to the root chord and located at
45% of the root chord measured from the leading edge. For
the trapezoidal fins and the triangular fins, A = 0.5 and
A = 0.0, respectively, the hingelines were normal to root
chord and were located at 55 and 62% of the root chord,

respectively.

Reflection Plane Model Installation

The installation of the reflection plane on the
main sting support system in the test section of Tunnel 4T

and Tunnel A is shown in Figure 4. The details of the
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reflection plane assembly are shown in Figure 5. To permit

duaz

testing through the desired angle-of-attack range, the
reflection plane assembly includes a drive mechanism which
allows the initial fin angle relative to the reflection plane

to be indexed remotely. The assembly also contains provisions

e e S L I el s e X LA 2

for indicating the discrete initial fin angles of 0, 15, 30,

60, 90, 120, 150, and 180 degrees. After remotely setting

Lt il i do i e

the initial fin angle, the angle-of-attack sweep is made,
using the main model support system.

Generalized Slender Body Installation

b o kA D b

Two strut mounting techniques were used to support

the generalized slender body models and achieve the angle-of-

attack range from 0 to 180 degrees. A typical installation
¢f each mounting technique is shown in Figure 6 for the
2/d = 10 configuration in Tunnels A and 4T and Figure 7 for

the &/d = 15 configuration in Tunnel 4T. The details of

E !
k
b
E i
b
b
b
3
r.
i

the model installations are shown in Figures 8, 9, 10, and 11

for 2/d = 10, 12, 12.66, and 15 models, respectively. The

model support system includes a clutch face joint which

il K 07 S AR ek S s oa Bl e S Ll AR 5115 Bkt R

allows the initial or prebend angle of the model to be varied
in five-degree increments from 2.5 to 177.5 degrees.

Instrumentation

prrpe = e Ay T

Aerodynamic loads on the fins during the reflection
plane portion of the tests were measured, using a three-

component internal strain-gage balance. The positive direc-

tion of the forces and moments are shown in Figure 12.

e e RN T
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Strain gages were attached to the sting for the transonic
tests so that the angle of attack of the fins could be cor-
rected for both balance deflections and deflection of the
sting caused by locads on the non-metric portion of the re-
flection plane and sting.

Aerodynamic loads on the slender body plus fin

models were measured with a six~component internal strain-

gage balance. In addition, a three-component internal strain-

gage balance, mounted at the rear of the model, measured the
aerodynamic loads on one fin. The positive directions of the
fcrces and moments are shown in Figure 13 for the slender

body model.

Test Procedure

The reflection plane tests were conducted in two
phases: the first at transonic speeds in Tunnel 4T and the
second at supersonic speeds in Tunnel A. In both tunnels the
initial angle of the fin was indexed remotely in 30-deg in-
crements, and at each setting an angle-of-attack sweep was
made using the automatic pitch support system of the tunnel.
The pitch-pause technique, in which the automatic pitch
mechanism stops at each discrete angle of attack to record
data, was used in Tunnel 4T. The continuous sweep technique,
in which the automatic pitch mechanism moves continuously
while the data are recorded, was used in Tunnel A. Several

pitch-pause sweeps were made to check the continuous sweep
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data. In Tunnel 4T the data were recorded while the angle
of attack was increasing, whereas in Tunnel A the data were
recorded while the angle of attack was decreasing. The bound-
ary layer on the fins was allowed to transition naturaily.

The generalized missile models were tested in a
manner very similar to the reflection plane-mounted fin
models. The transonic tests were conducted in Tunnel 4T, and
che supersonic tests were conducted in Tunnel A. The pitch-
pause technique, with the model pitching in the positive di-
rection, was used in Tunnel 4T. The continuous sweep tech-
nique, with the model pitching in the negative direction, was
used in Tunnel A. The prebend angle (aAi) was manually set
by adjusting the clutch face joint to the desired angle.
During the tests in Tunnel 4T, the prebend angles were ad-
justed in 30-deg increments. The angle of attack was varied
during the test using the main support pitch system. The
35-deg movement of the Tunnel 4T pitch sector allowed a 5-deg
overlap in the data at each prebend setting. During the
tests in Tunnel A, the prebend angles were adjusted in 25-deg
increments. The angle of attack was varied during the test
using the main support system. The 20-deg mcvement of the
Tunnel A pitch sector left a 5-deg gap in the data at each
prebend setting.

Data were taken with artificially induced transi-

tion on the body. The boundary-layer trips consisted of two
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longitudinal rays of No. 180 grit applied in 0.1 inch wide

strips located 30 deg either side of the windward ray (Fig-
ure 14). The grit was applied in longitudinal rays because
at high angles of attack the conventional application of
grit, a small ring of grit arournd the nose near the tip,
would be ineffective. The size of the grit to be used was
determined by the method of Braslow and Knox (27). During

the test, other grit patterns and sizes were investigated

with no appreciable difference in the data from that obtained

with the two longitudinal rays of grit. The presence of the
grit caused a noticeable difference in the data at Mach num-
bers 0.6 and 0.8 but no noticeable difference at higher Mach
numbers.

The grit which was applied to the model to artifi-
cially induce transition had to be reapplied at frequént in-
tervals. The conventional technique of applying grit with

Pola;v:oido print coater as the adhesive proved inadequate,

causing the grit to be blown from the model by the air stream.

Numercus adhesives were tried with Eastman 9ldD

adhesive be-
ing the most effective. The area where grit was applied was

outlined with masking tape and the adhesive was applied to

the surface. The grit was then blown onto the surface and the

masking tape was removed. A uniform distribution of grit
with the individual particles not touching each other was

strived for.
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Test Conditions

The fin alone tests, using the reflection plane
technique, were conducted at Reynolds numbers which varied
with Mach number. The unit Reynolds number varied from
1.1 x 105 at M = 0.6 to 3.2 x 10% at M = 3.0. It was planned
to conduct the fin alone tests such that the Reynolds number
based on fin chord at each Mach number was approximately the
same as the Reynolds number based on fin chord in the body
plus fin tests. This match was possible at Mach numbers 0.6,
0.8, and 0.9; however, due to operating restrictions, it was
necessary to conduct the tests at higher Mach numbers at
higher Reynolds numbers.

The tests on generalized slender body configurations
both with and without tail fins were conducted at Mach num-
bers of 0.6, 0.8, 0.9, 1.0, 1.15, 1.3, 1.5, 2.0, 2.5, and 3.0.
For most test conditions, a unit Reynolds number of 4 it 106
was maintained resulting in a Reynolds number based on body
diameter of 4.2 x 105. For some of the tests on configura-
tions with large fins, the unit Reynolds number was reduced
to 1.5 x 106 to prevent overloading the fin balance, result-
ing in a Reynolds number based on body diameter of 2.6 x 105.
For selected configurations, the unit Reynolds number was
varied from 2 x 10% to 4 x 106 providing a variation of
Reynolds number based on body diameter from 2.1 x 105 to
4.2 x 10°.
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The model was inspected during every model change
and the longitudinal rays of transition grit on the slender
body model had to be reapplied approximately every two hours
of tunnel operation.

The total temperature in the tunnel was maintained
at approximately 100 to 110 degrees F, except for a few cases
where the temperature had to be raised as high as 130 degrees
F to prevent the formation of f£og at supersonic Mach numbers.

The teste were conducted with no visible moisture in the test

section.

Precision of Measurements

Uncertainties (bands which include 95% of the cali-
bration data) of the basic tunnel parameters (pt) and (M)
were estimatad from repeat calibrations of the instrumenta-
tion and from the repeatability and uniformity of the test
section flow during tunnelcalibrations. The uncertainties
were combined using the Taylor series method of error propaga-

tion to determine the precision of the reduced parameters

presented in Tables 3 and 4.
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Table 3
Fin-Alone Data Precision

M M $AC $AC tAC

- Np By b 1)
0.60 0.002 0.1610 0.128 0.046
0.80 ¢.003 0.1090 0.086 0.032
0.90 0.004 0.0960 0.075 0.028
1.00 0.005 0.0600 0.048 0.017
1.15 0.008 0.0480 0.036 0.013
1.30 0.410 0.0430 0.035 0.013
1.76 0.020 0.0018 0.0013 0.0095
3.01 0.020 0.0019 0.0014 0.0095
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iV. AEDC HIGH ANGLE OF ATTACK DATA BASE

Most of the high angle of attack data which
were available prior to this investigation were primarily
for supersonic Mach numbers and for body alone type con-
figurations as in References (28) through (40} . The few
examples of data for finned slender bodies are given in
References (41) through (47). Again, most of the data
are for supersonic Mach numbers. References (44), (45),
and (46) contain data at transonic Mach numbers but all
three tests were highly configuration oriented and had
either large aspect ratio tail fins or ringtails. Only
keference (47) contains transonic data for a slender body
with low aspect ratio tail fins.

Because of the complete lack of parametric data at
high angles of attack, it was necessary to conduct an exten-
sive wind tunnel test program to establish a set of data from
which to develop an empirical aerodynamic coefficient pre-
diction technique. It was desired to have a wide range of
parameters typical of finned slender bodies. Thus the main
parameters varied in the wind tunnel program were selected to

be the total body length, the ratio of the body diameter to

the total fin span, the taper ratio of the fins and the aspect

ratio of the fins. A basic ogive-cylinder configuration was

38

BN TSGR B e vt e vt o s Lt n” S e E - .

DA Sl s e e, LB

s e ik

Lt s e e RN Ao b

Ay

i E




\

Qe s

PRI

TR S

B

s

T T ER R T

selected as the slender body to be tested. Mounted on the
slender body wes a set of four fins in a cruciform plus

orientation. The basic configurations were tested at Mach

numbers over the range from 0.6 to 3.0 and at angles of attack

from 0 to 180 degrees. The three differeat types of data

that were obtained in the data set, fin alone, body alone, and

body plus fin, will be discussed individually.

Fin Alone Data

The fin alone data measured for the high angle of
attack data set consisted of the fin normal force, hinge
moment and root bending moment. Dividing the moments by the
normal force resulted in the longitudinal and lateral centers
of pressure of the normal force. Typical data obtained for
three fin alone configurations are shown in Figures 15, 16,
and 17 at Mach numbers 0.8, 1.3 and 2.0, respectively. The
fins have an aspect ratio of 2.0 and semi-span as indicated
in Table 2. Subsonically the sudden decrease in fin normal
force at approximately 20 to 30 Gegrees angle of attack
represents the typical stall condition with the triangular,

A = 0.0, fin reaching the highest fin normal force before tue
stall and the square, A = 1.0, fin achieving the lowest.

Tests with the aspect ratio 0.5 fin showed the opposite trend.

This trend with aspect ratio is reasonable since Bradley, et al.

(43) using Polhamus' leading edge suction analogy (49) showed

that while the potential 1lift of a rectangular fin decreased
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with decreasing aspect ratio the tip vortex lift increased
greatly providing an overall increase in lift with decreasing
aspect ratio. Polhamus (49), however, showed that the vortex
lift of a triangular fin remained relatively constant witn
decreasing aspect ratio while the potential lift decreased
with decreasing aspect ratio resulting in an overall decrease
in lift for triangular fins with decreasing aspect ratio.
After the stall, the normal force of all three fins increases
to a maximum at 90 degrees angle of attack. As can be seen,
the stall occurred at higher angles of attack for decreasing
taper ratio, a trend also prediptable by the leading edge
suction analogy. : ‘.f’

As the angle of attaék of the fins is increased
beyond 90 degrees, the subsonic stall‘égain appears, but since
all three fins have straight trailing edges, they all behave
similar to a A = 1.0 fin with the stall occurring at about
180 degrees minus the square fin stall ahgle. For the tests
conducted with fins of smaller aspect ratio, it was noted that
the subsonic stall occurred at increasing angle cof attack for
decreasing aspect ratio. This trend is discussed by Bradley,
et al.

At low supersonic Mach numbers, the typical stall does
not occur and the normal force increases smoothly to the maximuin
at %0 degrees angle of attack. A gradual increase in maximum
fin normal force was nocted with increasing Mach number, up
to M= 1.3, The maximum fin normzl force was approximately the

same level at M = 1.15 and 1.3.
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At higher supersonic Mach numbers, the normal

force as a function of angle of attack began to decrease at
angles of attack between 50 and 130 degrees with the

minimum occurring at 90 degrees. This dip in the normal
force can be seen in Figure 17 and is the result of
separated flow on the reflection plane ahead of the fin.

As the angle of attack of the fin reached approximately 50
degrees the flow on the reflection plane began to separate.
The separated flow increased with increasing angle of attack
of the fin, Figure 18, until the maximum region of separation
was reached with the fin at @ = 90 degrees. The separated
region decreased in size as the angle of attack was increased
beyond 90 degrees until the separation disappeared at
approximately 130 degrees angle of attack. The measured
normal force at 90 degrees angle of attack decreased with
increasing Mach number. The data affected by the separation
were corrected before they were used in the development. of the
prediction technique. The details of this 'correction are
given in the next section.

The variation of root bending moment with angle of
attack for all of the fin alone configurations followed very
closely the fin normal force variation with the maximum value
decreasing with decreasing taper ratio. The resulting lateral
center of nressure occurred at approximately the lateral cen-
troid of the fin. The longitudinal center of pressure on the

fins began at a forward position on the fin and moved aft with
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} increasing angle of attack to the approximate longitudinal cen-
5 troid of the fin at 90 degrees angle of attack and then con-

tinued on toward the trailing edge as the angle orf attack was

ERRER IR RICH) TRy 1| NORT RS e UL

increased beyond 90 degrees. The trend in longitudinal and

PRPTIPREY FYU S

lateral centers of pressvre was the same for all aspect

ratios and Mach numbers.

PR I

Corrections to Fin Alone Data

As mentioned earlier, separated flow on the reflection

Rkl av, 4T

plane resulted in erroneous data for the fin normal force and

the root bending moment at supersonic Mach numbers (1.5 < M < 3.0). f

From oil flow movies it was determined that significant separation
was present between the angles of attack of 50 and 130 deqgrees.

Therefore, the data at angles of attack lese than 50 degrees

R T T T Bl G L dn RS A S L TS

and more then 130 degrees were assumed to be correct. 'The

e S

correcticon to the fin normal force consists of determining a
Y value of fin normal force for each fin at an angle of attack é
of 90 deygrees and fairing a smooth curve from the correct :

data at 50 degrees through the determined value at 90 degrees

B e Tatd

PR R

to the correct data at 130 degrees. The y-center of pressure

of the fin normal force was corrected in the same manner.

No effect was noted in the x-center of pressure of the fin

s normal force due to separation. Thereforeno correction was

-

made.

'k An example of the corrected data is shown in Figure

3 19 where the fin alone data before and after the modification

k. et

are compared with the installed fin data.
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The maximum value of fin normal force, which was
assumed to occur at 90 degrees angle of attack was determined
from the calculation of a flat plate at 90 degrees, reference
(24) and from a set of data for delta wings alone, Falunin,
et al. Reference (50). The calculated value for a flat
plate was cNF = 1,7 over the Mach range from 1.5 to 3.0.

The delta wing data, for an AR = (0.706 wing had values of CNF
of 1.38, 1.754, 1.759 and 1.694 at Mach numbers of 1.5, 2.0,
2.5, and 3.0, respectively. Figure 20 shows data from the high

angle of attack data set for a series of AR = 1.0 fins

compared with the flat plate calculation and the delta wing data.

Since the data from the high angle of attack data set indicate
that there is a decrease in CNF as a function of taper ratio,
the assumed values of fin normal force indicated by the

solid symbols are 1.7 for the rectangular fin, 1.65 for the
trapazodial fin and 1.6 for the triangular fin. These

values are assumed constant with Mach number from Mach numbers

Np

from the high angle of attack data set are shown in Figures

1.5 to 3.0. The assumed values of C compared with other data

20b and ¢ for aspect ratio 2.0 and 0.5, respectively.

The correction to the y-center of pressure was
made over the same angle of attack range that the normal force
correction was made. In order to determine the y center of
pressure at 90 degrees angle of attack, the assumption
was made that the center of pressure was 10% inboard of the

centroid of the exposed fin area. A smooth curve was then
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assumed beginning with the measured data at 50 degrees
angle of attack, passing through the assumed point at
90 degrees and continuing to the measured data at
130 degrees angle of attack. An example of the
corrected data compared with the fin alone and installed fin
data is shown in Figure 21.
As has been stated, no correction was made for
the x center of pressure. A comparison of the x center of

pressure measured for the fin alone and installed fin cases

is shown in Figure 22.

Body Alone Data

The body alone data measured for the high angle
of attack data base consisted of normal force, pitching
moment, side force, yawing moment, rolling moment and
axial force. Only the pressure of the normal force was
determined by dividing the measured pitching moment by the
measured normal force. Typical examples of the body alone
data are shown for four different length models in Figures 23
and 24 for Mach numbers 0.8 and 1.3, respectively. The magnitude
of the normal force at both subsonic and low supersonic Mach
numbers increases with body length approximately in proportion
to the increase in planform area associated with the increase
in body length. At subsonic Mach numbers, the normal force

increases smoothly up to approximately 60 degrees angle of
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attack. In the angle of attack range from 0 to 40 degrees,
Thompson (10) has described the wake behind a slender body to
be steady while the wake in the angle of attack range from 40
to 60 degrees is describecd as quasi-steady. In beth the
steady and quasi-steady regions the normal force are
expected to increase smoothly with angle of attack.

Above 60 degrees, Thompson describes the wake as unsteady

and indicates that the level of normal force should decrease.
The data in Figure 23 for the different length bodies do not
decrease above 60 degrees but it does level off with a
gradval increase to the maximum value at 90 degrees.

Also noted in Figure 23 for the 2/4 = 10 configuration,
N2A1T00, the data obtained at 90 degrees angle of attack

with the aft mounted strut, Figure 8, does not agree with

the data obtained using the nose mounted strut, Figure

9. This mismatch in data which occurred at Mach numbers 0.6
and 0.8 is an indication of support interference at subsonic
Mar' numbers. The support interference problem will be
discussed in a later section.

At supersonic Mach numbers, the normal force in-
creases amoothly to the maximum at 90 degrees angle of attack
for all of the body lengths tested. The maximum normal force
for each h~1y length increased gradually with increasing sub-
sunic Ma.n number. The maximum normal force was apprcoximately
the same for Mach numbers 1.0 and 1.15 and began a gradual

decrease ii vel with increasing supersonic Mach numbers.
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No indication of support interference was obsarved at super-
sonic Mach numbers.

The body alone pitching moment showed the same
trend, with body length as the normal force, with the maximum
and minimum levels increasing with body length in approximate
proportion to the increase in body planform area fore and aft
of the moment reference center. The maximum and minimum
levels of pitching moment for each body length increased in
magnitude for increasing Mach number up to M = 0.9. At Mach
number 1.0, the magnitude of the maximum value of pitching
moment began to decrease with increasing Mach number. Beyond
M= 1.0, the magnitude of both the maximum and minimum values
of pitching moment showed a decrease with increasing Mach
number. The angle of attack at which the maximum pitching
moment occurs decreases slightly with increasing Mach number
while the angle of attack at which the minimum value of
pitching moment occurs increases slightly with increasing
Mach number.

Interference in the form of mismatch in the data
obtained using the forward and aft struts was observed in the
pitching moment at M = 0.6 and angle of attack of 90 degrees.
This interference is attributed to the proximity of the model
base to the wind tunnel wall for the forward strut supported
2/d = 12.66 and 15 slender body models, Figures 10 and 1l.

The position of the £/d = 15 model relative to the wind

46

B e , .

¢ i MRl u.“

sl Mot T

ntatd v

PUPIRT ST TT OR )

Eahdse T el e L ot o e L

it tin D e,

O s B St




S S A RS IO

FAEP.Y MY AL By,

U PR 1 T i Rl

P T ST

N

tunnel wall at 90 degrees angle of attack is seen in Figure
7. At a Mach number of 0.8 the mismatch was almost undec-
table, Figure 23, and at higher Mach numbers the data from
the forward and aft strut mounted models were in excellent
agreement at 90 degrees.

Throughout the data base, excellent matching was
obtairied at the anglas of attack where a strut or prebend
angle change was made and data were obtained at overlapping
angles of attack. In only a very few cases was mismatch
observed. For every slender body configuration tested over
the complete angle of attack range from 0 to 180 Jegrees,
four prebend angle changes were made and one strut change was
made. Thus five overlaps cccur for each configuration tested
over the complete angle of attack range. The excellent match-

ing was obtained in all coefficients measured.

Body Plus Fin and Installed Fin Data

The body plus fin data measured for the high angle
of attack data base are the same as described for the body
alone case. Again, only the normal force and pitching moment
data will be discussed here. Body plus fin data typical of
the data in the data base are shown in Figures 25, 26, and 27
Mach nunbers 0.8, 1.3, and 2.0. The data shown are for three con-
figurations, each having an 2/4 = 10 body and tail fins hav-
ing taper ratios of 0.0, 0.5, and 1.0. Each tail fin has an

aspect ratio of 2.0 and a span ratio of 0.4. As can be seen
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from the figures, the body plus fin normal force data are
essentially independent of taper ratio. This trend is typical
of most of the data except for the data obtained with the
AR = 2.0 and 4/b' = 0.3 fins, where at Mach numbers 0.6 and
0.8 significant vortex lift was developed on the triangular
fin at angles of attack up to the fin stall angle causing a
significantly higher fin normal force resuvlting in a higher
total normal force. It should be noted that the semi-span of
the d/b' = 0.3 fin is greater than for the other fins. Thus
the fin protruded further into the freestream, resulting in the
least body influence. For the triangular fins with smaller
semi-spans, the presence of the body appears to decrease the
amount of vortex lift developed.

For fins having a constant aspect ratio of 2.0 and
a constant taper ratio of either 0.0, 0.5, or 1.0, the maximum
total normal force was increased by decreasing the span ratio
from 0.4 to 0.3. Decreasing the span ratio physically means
increasing the semi-span; therefore, if the aspect ratio is
held constant, the smaller span ratio results in a larger area
fin. The increased force with decreasing span ratio then is
probably caused both by increasing the fin area and by moving
the centroid of the fin further out into the airstream.

The data obtained for the configurations having a
constant span ratio of 0.5 and constant taper ratios of either

0.0, 0.5, or 1.0 show that decreasing the aspect ratio from
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1.0 to 0.5 resulted in an increase in maximum total normal
force. Just as above, decreasing the aspect ratio with con-
stant semi-span results in an incrcg;e in fin area and a
resulting increase in total normal force.

For configurations having the fin area apnroxi-
mately constant, changing the span ratio, taper ratio, and
aspect ratio had relatively little effect. The effect of Mach
number and angle of attack on the body plus fin maximum total
normal force is essentially the same as for the body alone
configuration.

The pitching moment unlike the total normal force
has a slight dependence on taper ratio at subsonic Mach num-
bers for all of the taper ratio 0.0, triangular fins. For
the aspect ratio 2.0 fin with span ratio 0.3, the increase in
vortex lift on the triangular fin resulted in a significantly
moxre negative pitching moment up to slightly above the fin
stall angle. The aspect ratio 2.0, span ratio 0.4 fin, and
the aspect ratio 1.0 fins have pitching moments siightly more
negative for the triangular fin due to the longitudinal cen-
troid of the fin being further aft than for the other two
fins. The aspect ratio 0.5 triangular fin, just as in the
fin alone case, had a lower value of fin normal force than
the taper ratio 1.0 and 0.5 fins. Therefore, the resulting
pitching moment had a less negative magnitude than the other

two fins. As would be expected, changing the fin area has a
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significant effect on the pitching moment with largest fins
having the most negative pitching moment.

The pitching moment as a function of angle of
attack, as seen in Figure 25, smoothly decreases to a minimum
at approximately 35 to 40 degrees angle of attack. The
pitching moment then increasss to a maximum at approximately
55 degrees angle of attack followed by another decrecase to a
second minimum of approximately 120 degrees. ™This reversal
of slope of the pitching moment at 35 to 40 degrees angle of
attack diminishes with increasing Mach number. At a Mach
number of 1.15 an inflection point in the curve occurs at 35
to 410 degrees angle of attack and at supersonic Mach numbers
the pitching moment decreases continually to approximately
120 degrees angle of attack beyond which the pitching moment
increases to zero at 180 degrees angle of attack.

In addition to showing body plus fin data, Figures
19 and 20 also show typical installed fin data. The measured
gquantities associated with the installed fin data are the
same as those mesasured for the fin alone data. The effect of
the presence of the body on the variation of fin normal force
with angle of attack is a function of span ratio at angles of
attack below 75 degrees. For span ratios of 0.3 and 0.4 the
effect is to slightly decrease the level of fin normal force
wvhile for a span ratio of 0.5, the level is either maintained

or increased slightly. For all fins, the presence of the body
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causes an increase in the level of fin normal force at angles 3

of attack above 75 degrees. The effect of the presence of
the body on fir normal force was consistent throughout the

Mach number range.

|
‘

Another significant effect of the presence of the i

body is seen in Ycpp;,+ the lateral center of pressure of

the fin. Since the spanwise pressure distribution of the %
fin alone is modified by the presence of the body the effect %

is to move the center of pressure of the installed fin in-
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board over the complete angle of attack range. This trend

I

holds true for all of the fins at all Mach numbers. Nct only

% does the body alter the pressure distribution over the fin but

the fin also aiters the pressure distribution over the body.
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This modification of the fin pressure distribution by the body

% will later be referred to as the body on fin interference 1ind
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the modification of the body pressure distribution by the fin

ey g Ty T T TR

will be referred to as the fin on body interference.
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% % Support Interference

i e

; The mismatch in the body alone normal force at

90 degrees angle of attack and M = 0.8, Figure 23, for the

nose mounted and aft mounted struts was an indication of
possible support interference. Another indication was the
disagreement between data obtained using a sting support and

data obtained using a strut support at angles of attack

Fom o —T—y———

between 70 and 90 degrees, Reference (l). In order to
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determine whether or not support interference was present,

a series of tests was conducted including free flight aero-
ballistics range tests at transonic speeds and angles of
attack of 90 degrees. It was determined that the aft strut
supported configurations gave measured normal-force ccefficients
which were too low at Mach numbers of 0.6 and 0.8 and angles
of attack from 70 to 90 degrees, with litt'e or no support
interference indicated at higher Mach numbers. A second
series of tests, Altstatt and Dietz (51), used sting supported
models with dummy struts and strut supported models with

dummy stings to determine the extent and the magnitude of the
support interference for the %/d = 10 body alone configuration
from the AEDC high angle of attack data set Reference (l).

The normal-force coefficient corrected for support inter-
ference is shown in Figure 23 for the %/d = 10 configuration.
Only the data over the angle of attack range from 70 to 90
degrees, obtained with aft mounted strut model of Figure 8a
was'corrected. The data obtained using the nose mounted strut
model of Figure 8b over the angle of attack range from 90
to 180 degrees matches exactly with the corrected data,
indicating that there is little or no support interference
associated with the nose mounted strut. The nose mounted
strut does not interfer with the body wake whereas the aft
mounted strut is located on the obody and lies in the body

wake acting like a splitter plate, reducing the crossflow
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; ' drag of the body and thus reducing the normal force,

Nelson (52).

For the configurations longer than 2/4 = 10 in

Figure 23, the effect of the strut cannot be determined

f ] exactly; however, it would be expected that some degree % %
é ; of support interference exists over the same angle of % E
; g attack range. For the lorger models, the support strut é é
é § " intersects the body in both the aft and forward mounting % %
? § configurations used to obtain data in the angle of attack % %
i g range from 0 to 90 degrees and 90 to 180 degrees, % g
f ; respectively. For these configurations, the strut is always % }
é g in the body wake. §
é g There was no noticeable effect of the support on the % g
? f measured pitching-moment. -coefficient at the angles of attack é f
% % and Mach numbers at which the tests were conducted. § :
? ; In contrast with the body alone data of Figure 23 g é
? ? where support interference was indi-ated by the mismatch ; ?
g ; of data at 90 degrees angle of attack for the two support % E
3 ? strut configurations, the body plus fin data of Figure 25 z
i ! show no mismatch at 90 degrees. In Figure 25, the nose mounted !
i' % strut data blend smoothly with the data from the aft-mounted
% strut. Since the addition of fins to the model for both
é. the nose mounted and aft mounted strut configurations provide % i
% the same measured normal force at 90 degrees angle of attack, E ;
% it is possible that the presence of the fin on the leeside é %
i
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of the model has an effect on the body wake similar to that
of the strut. If this were the case, then the effect of the
strut would be reduced or eliminated. A better understanding
of support interference for finned slender bodies at high

angles of attack is needed.
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V. SEMI-EMPIRICAL THEORY

The prediction of ncrmal force and.pftching moment
coefficients for slender body configurations using the
slender body aerodynamics theories discussed in Section II,
while adequate for preliminary design at low angles of at-
tack are generally not adequate at angles of attack above
approximately 45 9egrees. A semi-empirical theory based on
a mcdified crossflow theory with empirical relations for the
effects of tail fins, which is adeguate for preliminary de-
sign purposes, is herein proposed.

The total normal ferce and pitching moment for a

given slender body configuration is made up ¢f contributions

by each component of the configuration and the mutual inter-
ference of the components with each other. The dominant con-
tribution comes from the body alone forces and moments with
the fin alone fcrces and the fin center of pressure relative
tc the moment reference center providing the next largest con-
tribution. The interference of the bcdy on the fin normal
force and the interference of the fin on the body normal

force contribute to the total normal force, thle the inter-
ference forces along with their effective centers of pressure
contribute to the total pitching moment. The interference

forces on the fin and body are those which result from the
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modification of the pressure distribution on one component due

JR |

to the presence of the other ccmponent. The determination of
the interference forces and their centers of pressure at small
angles of attack is discussed by Pitts, et al. (53). The
total normal force on the configuration is described in Refer-
ence (53) as being made up of a linear combination of the
component forces and the interference forces. The total pitch-
ing moment on the configuration is described as being made up
of the component forces acting at their centers of pressure
and the interference forces acting at their centers of pres-
sure. For the empirical determination of the interference
forces used in theory developed herein, incremental inter-
ference forces ACyp,p and ACNpop are evaluated frcm the
measured forces on the individual components and combinations
of components. Effective centers of pressure, Xcpp,yp and
XCcPpop+ are then eva..ated from the measured moments cf the
irdividual and combined components. The centers of pressure
of the interference forces are described as effective centers
of pressure because they are not determined from actual pres-
sure distributions but only inferred from the measured data.
The semi-empirical calculation procedure which follows pro-
vides for the determination of caclh contributing factor to

the buildap of the normazl force and pitching momnent and then
combines the factors linearly to determine the total normal

force and pitching moment ccefficients.
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It is assumed in the development of this prediction
technique that the total normal force coefficient, for a
slender body with four fins arranged in a cruciform plus
orientation, is made up of a linear combination of the con-

tributions of each component given by:

Se¢ S¢
Cy = Cnpp + 2(CNppy) | 5| + ACNpop | T

S¢
+ 2(ACNgp) | = (5.1)

where each component is converted to a common reference area.
The pitching moment coefficient is likewise assumed to be a
linear combination of the force contributions along with
their centers of pressure or effective centers of pressure.

The pitching moment equation for the slender body with four

fins is giwven by:
S¢ S¢
Cm = Cmpa + 2(Cypp) (Xcppp) "S') + (ACNpop) (Xcppop) "5')

s
+ 2(ACNgop) (Xepgop) (_SE) (5.2)

where Xcppop and Xcpgop are the effective centers of pressure
of the incremental forces due to interference. The develop-

ment of the calculation procedure is now established.
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Body Alone Method
This part of the procedure calculates the forces and

moments for slender finless bodies at angles of attack to 180
degrees. The method is based on a modification of the cross-

flow theory formulated by Jorgensen (6). The crossflow drag

coefficient variation with Mach number and Reynolds number is
a modification of the variation reported by Fidler and
Bateman (8) and the variation ueed in the USAF Datcom (26).
The equation for normal force coefficient for ithe angle of

attack range 0 £ a X 180 degrees is given by:

; o) sb “) a’
g Nga =\ & sin (20°) cos -

+ nCq (fp_) sin® (a”) (5.3)
€\’
The modified pitching moment equation for the angle

of attack range 0 £ a £ 90 degrees is given by:

V - S (2°X ) -
Crga =[ :d a ] sin (2a°) cos (92—)

+ ncdc -;) N gsin® (a”) + 2 (5.4)

and the pitching moment equation for the angle of attack

range 90 < a £ 180 degrees is given by:
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Cmpp ™

V - s »
bxm . o
- [_-E—E_- sin (20°) cos (T)

I P O P

S (X - X)

1? [ . sin® (a°) + 2 (5.5) |
, i L
P
E where e’ = a 0 £ a £ 90 degrees ! ;
5 < (5.6) | y
; ° = 180 - o 90 < a X 180 degrees Y i
| L
g The location of the aerodynamic center given by: E% ;
Cmpa | !
X il ey (5.7) ‘ ]

: is measured from the moment reference location and is positive

M e e b ke e e Ao e S S

forward of the moment reference point.
The term n is used to modify the two-dimensional

drag coefficient to approximate the drag coefficient for a

T T T ARSI 4y
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finite length cylinder and is determined from the data ob-

tained by Goldstein (7). The variation of n as a function of

sl

length to diameter ratio of the cylinder, shewn in Figure 28,

was obtained by a least squares, fifth order polynomial curve

fit approximating Goldstein's n curve in Reference (7). It
has been customary in the past to assume that the finite length § 4
correction applied only at subsonic Mach numbers and at Mach :
numbers of 1.0 or greater, the term was constant and equal to

1.0. This assumption causes a discontinuous change in the , i

A AT I WL RIS NI DA e

normal force and pitching moment at a Mach riumber of 1.0.
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Rowever, since there is a mixture of both subsonic and super-
sonic flow over the body at high subsonic Mach numbexs, a
rapid but smooth change in n would be the most likely varia-
tion. Also the discontinuous change in n at M = 1.0 results
in an overprediction of Cn at M = 1,0 and o = 90 degrees.
Therefore, a hyperbolic tangent variation in n over the
region 0.95 £ M £ 1.35 has been assumed in the development of
this technigue. The variation of n with 2/d of the configura-
tion is determined from Figure 21 and then modified for Mach

number in the range 0.95 £ M £ 1.35 by the following equation:

n=n+ [(1.0 = n)/2] [1.0 + Tanh{ (M-1.0) (15.0/M%)}] (5.8)

The fourth power of the Mach number in the last term allows
for a rapid increase in n in the region 0.95 £ M £ 1.0 with a
slower increase in n in the region 1.0 < M £ 1.35,

The crossflow drag coefficient, Cdc' used in this
procedure, is shown in Figure 29 as a functibn of crossflow
Mach number, free-stream Mach number, and crossflow Reynolds
number. For a crossflow Mach numker up to 0.6, the cross-
flow drag variation was taken from Reference (8). At higher
crossflow Mach numbers, the crossflow drag is assumed to he
a function of crossflow Mach number only and is represented

by a modification of the crossflow drag from the USAF
Datcom (26).
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The term Z, which appears in the pitching moment
equation, is the empirical modification to the crossflow
theory to make the theory fit the observed vitching moment
data from the high angle of attack data base. The term is
a function of both Mach number and angle of attack for Mach
rumbers less than 2.0. The term 2 was determined by sub-
tracting the pitching moment coefficient calculated by
Jorgensen's formulation of the crossflow theory from the

measured pitching moment ccefficient:

2 = Copeasured ~ “Mcalculated (5.9)
For each Mach number, z, as a function of angle of attack,
was normalized by its maximum‘'value. 7he resulting 6 is
shown in Figure 30 for each Mach number. A curve, § (weighted
toward M = 0.9), also shown in Figure 30, represents the varia-
tion of 6 with angle of attack. The J was represented by a
Chebyshev polynomial for machine computation. The normalizing
factor, Zypx, is shown in Figure 31 as a function of Mach number.
The Zypx variation with Mach number was also represented by a
Chebyshev polynomial for machine computation. The coefficients

of the polynomial for both § and Zypx are given in Table 5.

Another empirical factor was added to account for
a body with (2/4) different from the data used to determine the

correction. Thus the resulting factor is given byé

2
1/4
Z = (Zypy) (D) (“f‘b‘) (5.10)
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Table 5

Coefficients of Chebyshev Polynomials

T ’uax
-1.19012E-01 5.56792E+00
-2.61068E-01 -2,86348E+00

1.41951E-01 -3.83133E-01

4.53981E-01 2.15263E+00

-3.71147E-02 4.52087E-01
~-2.38234E-01 ~3.49564E-01
8.02296E-03 3.80121E-01

2.41076E-02 -1.24466E~01

-2.44889E-02 ~1.07408E+00
2.18215E-02 -6.48346E-C2

5.00011E-03 -1.05244E+00

-3.46452E-02 ~3,29285E-01
2.56479E-02 ~-3,00879E~01

2.18353E-02

-4,90295E-01
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Interference Factors

The incremental interference force coefficients
ACNFOB and ACN'Or, or interference factors, along with their
effective centers of pressure were determined from the data
in the high angle of attack data set. Only the data obtzined
for the 2/d4 = 10 total length configurations were used to
empirically determine the interference factors. The computsr
program used to determine the interference coefficients is
described in Appendix D.

The incremental normal force coefficient on the fin
due to the presence of the body was determined by subtracting
the normal force coefficient measured on the fins alone from
the normal force coefficient measured on the fins in the

presence of the body.
ACNpop = CNpg -~ CNpp (5.11)

The above interference factor has a reference area based on the
fin area and will be converted to a reference area based on
body cross sectional area in the final normal force and pitch-
ing moment equations.

 The incremental interference normal force coefficient
on the body due to the presence of the fin can now be deter-
mined by rearranging the assumed equation for the total

normal force coefficient, Equation 5.1.
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ACNpop = [CN = Cnpa = 2{CNpap) l‘!{ ,

S
- 2(ACnggy) (-}) ](5;) (5.12)

Again this interference is based on fin area and will be con-
verted in the final equation. Now with the two interference
factors known, their effective centers of pressure must be
determined. The effective center of pressure in the X direc-
tion relative to the fin hingeline can be determined for the
interference factor ACNBOF by using the measured fin hinge
moment for the fin alone and fin in the presence of the body
cases. The interference hinge moment is obtained by sub-
tracting the hinge moment measured on the fins alone from the
hinge moment measured on the fins in the presencs of the
body. The following equation is given for the interference

hinge moment

resulting in

Npor’

XCPBFH = (5.4)

The lateral effective center of pressure YCPBO! can be deter-

mined in a like manner from the measured fin alone and
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installed fin root bending moments.

The effective center of pressure of the interference
is reslated to the hingeline and is nondimensionaliszed by the
root chord length. It must now be determined relative to the
center of gravity of the configuration and nondimensionalized
by the body diameter for use in the final pitching moment
equation. The hingeline location, Xar, relative to the center
of gravity for finned bodies, is an input parameter and is
negative aft of the center of gravity. It follows that:

c
Xcepor = ¥ur, * Xcrarm (15 ) (5.15)

The effective center of pressure of the interfer-
ence facter, ACNPOB' can now be determined by rearranging the
equation for the total pitching moment coefficient, Equation

5.2.
Sf Sf
Cn~Cmp~ 2 (Apoy) ('5‘, Xepace) = 2“:“!'3)‘"‘1’?1\)(?
bm = IS (5.16)
e [
where
CR
xCPrA = xn + Cpxm (T) (5.17)

By the nature of the equation, the effective center of pres-
sure, Xcppops is nondimensionalized by the body diameter.
The interference factors and their effective centers

of pressure have been mathematically represented by a
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hypersurface determined at each Mach number and angle of
attack, using a multiple linear reqression technique. The
dependeht variable on the surface is represeﬁted as a functicn
of the three ratios - taper, aspect;land span - which define

the fin.

Fin Alone Method

The fin alone contribution to the total normal force
coefficient and total'pitching moment ccefficient is deter-
mined by a surface fit to the measured data at each angle of
attack and Mach number. The surface was determined in a
manner similar to the interference factors by the multiple
linear regression technique. The fin alone variabies oI fin~
norzal force, Cyp,, center of pressure location in the X

direction, CPxyura’ and center of pressure location in the Y

direction, CPypcar are determined at each Mach number and

angle of attack by an equation which is a functioh of the

two ratios, teper and aspect, which are independent of the

body and define the fin.

Multiole Linear Regression Technique

The multiple linear regression technique, used t.o
represent the calculated interference factors and the
measared fin alone data by surface equations, is a standard

applicatica program for the IBM scientific subroutine package,

“eference {(54).
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Subroutines from the scientific package used to
perform the multiple linear regrsésion are CORRE, ORDER, MINV,
and MULTR and a detailed description of each may be found in
Reference (54). These subroutines were incorporated into an
overall program described in Appendix E, which prepared the
calculated coefficients for analysis by defining the surface
equations and setting up matrices containing the dependent
and independent variables. A regression analysis was per-
formed for each parameter at each Mach number and each angle
of attack combination. Since ten Mach nunhers and 91 angles
of attack were used, 910 regression analyses were conducted
for each pf the eight parameters, 4CNpops LCNpops XCPpop’
YcPpops XcPppu+ CNpas CPxypar and CPypea:

Subroutine CORRE was used to determine thie means,
the standard deviations, and the correlation matrix for the
parameter being analyzed. The siubroutine ORDER then selected
a dependent variable and & subset cf independent variables
from the larger set of variables resulting from subroutine
CORRE for the parameter. The correlation matrix of the subset
selected by ORDER was inverted by subrouvine MINV and finally
the regression coefficients &and confidence level indicators
were determined by subroutine MULTR. The regression coeffi-
cients for each parameter and the equation for that parameter
are takuiated in Appendix B tor the interference coefficients

and Appendix C for the fin alone parameters.
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VI. 4DiSCUSSION OF COMPUTATION TECHNIQUE

= Rl o ¢,

sk el

{ % The calcualation of the normal force and pitching
monent for 2 finned slender body may be carried out by either

hand or machine computation. An example of each will be pro-

vided. Th3 hand caiculation will provide estimations where
only a3 few angles of attiack and Mach number cases are needed.

Where more extencive calculations are required, the computer

P R S SR V- SOLI T SRR IS S

program will provide quick answers for a minimum amount of in-
put. The range »f inputs to the computation technique is

shown ir Table 6. s

S AR TR T B R e, NIRRT A s T T

Hand Calculaticn

e~ ke il 7

For a given finned slender body, the total normal

force and pitching moment coefficients are given by Equations

T

5.1 and 5.2 respectively. Each component of the two equations
is determined separately. The budy alone normzl force is

determined from Equation 5.3 and the body alone pitching mom-

ek aiain, atiimtae s o o3 et st

ant is determined by Equations 3.4 and 5.5. The factors Ca.
and n are determined from Figures 29 and 2§ respectively. The
e factor Z is determined from Equation 5.10 with ¥ and zth
i determined from Figures 30 and 31, respectively. ?
The interference factors and their effective centers
of pressurc are determined frcm the regression coefficients,

Bge++B4s tabulated in Appendix B, and the general equation:
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Facter = By + By) + azxz + By AR + B,id/b") (6.1)

The fin alone ccentributions are determined by the regression
coefficients, 3,...8;, tabulated in Appendix C, and the

general equation:
o | 2
Fin Alone = Ro * elx + 821 + 63 AR (6.2)

Sinre the regression coefficionts are determined for discrete

Mach numbers and sngles of attack, values for other Mach num-

bers and angles of attack mus£ be datermined by linear inter-
polation. An example of a hand calculation is given in

Appendix F.

Machine Calculaticn

Machine zcomputations are carried out using an 1BM
370/165 computer. The program unsed is described in Appendix
G.  Only tha salient features of the program will be de-
scribed here. The basic description cf the nose, body, and
fins are input as well as the fliyht conditions such as Mach
number and either altitude or Reynolds number. A subroutine
in the program calculates Reynolds number frocm Mach number
and altitude using data from Reference (55) if altitude rather
than Reynolds number 18 input. The eguations from Appendix I
are programmed sn that only the basic dimensions of nose type,
nose length, nose radius, body diamevexr, and body length are

required to establish the slender hody configuration. The

7"
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span ratio, aspect ratio, and taper ratio describe the fin
configuration.

The reyression coefficients are input to the program
from magnetic tape and are called into the program and stored
on a disk file for use when needed. For each configuration
input to the program, the aerodynamic coefficients are cal-
culated for each of the ten Mach numbers: 0.6, 0.8, 0.9, 1.0,
1.15, 1.3, 1.5, 2.0, 2.5, and 3.0. In addition, for each Mach
number, the coefficients are determined at angles of attack
from 0 to 180 degrees at 2-degree intervals. After all of the
coefficients are calculated, linear interpolations are per-
formed at each angle of attack to provide calculations at de-
sired Mach numbers other than those used in the primary calcu-
lations. For each desired Mach number, the coefficients are
printed for each angle cf attack from 0 to 180 degrees at
2-degree intervals.

The effects on the normal force and pitching moment
coefficients of roll of the fins from the vertical and
horizontal planes to an arbitrary roll position, ¢ is accom~-
plished to a first order approximation by multiplying the
terms containing CNFa and ACNgoF in the normal force and
pitching moment coefficient, Equations 5.1 and 5.2 respec-
tively by (sin ¢ + cos ¢). It should be noted that the
effects of the fins rolling through the body vortices is not

included in the approximation. The fin normal force coefficient,

1




root bending and hinge moment are determined for the & = 0
case only.

Machine caiculations were used for the calculation
of coefficients for comparison with data for the verification
of the computation technique. An example of a machine cal-

culation is given in Appendix H.
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VII. VERIFICATION

Due to the almost total lack of unclassified high
angle of attack data for finned slender bodies at transonic
Mach numbers, the verification of the computation technique
will have to be based primarily on data from the high angle
of attack data base. The verification will be accomplished
in three ways. irst, computations made using the aerodynamic
coefficient prediction technique developed herein, will be
compared with typical data from the high angle of attack data
base which were used to determine the interference tfactors.
Second, computations will be compared with data from the high
angle of attack data base, which were not used to determine
the interference factors. Finally, computaticns will be com-~
pared with some of the limited amount of unclassified, high

angle of attack data from the literature.

High Angle of Attack Data Used to Determine Interference
Eoe!ffcgenta

Comparisons are made in Figures 32, 33, and 34
at Mach numbers of 0.8, 1.3, and 2.0, respectively, of the
measured and calculated aerodynamic force and moment coef-
ficients for the £ /4 = 10 ogive cylinder body used as the
body alone configuratica for determining the interference
coefficients. While data are compared only at one

subsonic, one low supersonic, and one supersonic Mach
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number, they are typicai of the comparisons at tha other Mach
numbers. The mismatch in the measured and calculated center
of pressure at very low and very high angles of attack is the
result of missing the pitching moment slightly and dividing
by a very small normal force coefficient. Since the symbols
on the normal force and pitching moment plots approximate the
error band of the data, it can be seen that at M = 0.8, the
calculated values of normal force coefficient lie within the
error band for most of the angle of attack range, except
around 90 degrees, where the modification of Jorgensen's body
alone crossflow theory does not account for the reduced
normal force when the wake becomes unsteady and where the
support interference has affected the data. The pitching
moment coefficient prediction is within the error band of the
data for much of the angle of attack range except for two
segments around 55 degrees and from 135 degrees to 165 de-
grees. At M = 1.3, thenormal force coefficient prediction is
within the error band of the data except for a small segment
around 90 degrees that is within a maximum of approximately
158 of the measured data. The pitching nroment coefficient
prediction is within the error band of the data over much of
the arngle of attack range, with a maximum deviation of ap-
proximately 15% at 155 degrees angle of attack. At M = 2.0,
the normal force coefficient prediction is within the error
band of the data over mostof the range except from 100 to 149

degrees where the maximum deviation is less than 10% of the
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measured data. The pitching-moment coefficient prediction
is on the edge of the error band over most of the angle of
attack range except from an angle of attack from 10) to 140
degrees where the maximum deviation is approximately 12%
from the measured data.

A typicali finned configuration used to determine
the interference coefficients is configuration N2A1T35. The
data for this configuration are compared with predicted
values at Mach numbers of 0.8, 1.3, and 2.0 in Figures 35,
36, and 37, respectively. The center of pressure, normal
force coefficient and pitching moment coefficieat agree with-
in approximately 15% over the entire angle of attack range
at M = 0.8. For finned configurations, the installed fin
characteristics such as fin normal force coefficient and the
X and Y centers of pressure are calculated. Also determined
from the fin normal force and the centers of pressure are
the hinge moment and root bending coefficients for the fin.
The predicted fin normal force coefficient in Figure 35 is
within the error band of the data except for the peak due to
vortex~-lift on the triangqular fin at approximately 30 degrees.
The pronounced peak does not occur for the A = 1.0 and 0.5
fins and was not effectively represented in the surface fit
since the variation with taper ratio was represented by only
a second order form in the eguation. The root bending and
hinge moment are represented within the error band of the

data over much of the angle of attack range and fairly well
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over the res* of the range. The X and Y centers of pressure
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show the same variation from the data that the fin moments 1

show. The comparison of the measured and predicted aerody-
namic coefficients for the configuration N2Al1T35 at a low

supersonic Mach number is shown in Figure 36 at M = 1.3. The

e SR e L B

center of pressure and pitching moment coefficient predic-

tions ara within the error band of the data over much of the

ot St st s

angle of attack range, with maximum deviations of approxi-

mately 128. The normal force coefficient prediction is with-

in 10% over the angle of attack range where it is not within
3 the error band of the data. For this case the fin normal

force coefficient prediction is within the error band of the

i

data. The hinge moment prediction is in close agreement

W

with the data except between 35 and 45 deogrees angle of at-
1 tack and again at about 15¢ degrees. The root bending is 5
é also in close agreement with the data. The X and Y centers i
é of pressure again show thesame variation from the data as

i the hinge moment and root bending. ihe discrepancies in the

| X and Y centers of pressure are the result of a poor surface

fit of the calculated value of the effective center of pres-

sure of the incremerital interference force cn the fin. These
discrepancies do not detract from the technigue as a predic-

tive tocl because of the nature of the X and Y center of

pressure variation with angle of attack and the resulting
; hinge moment and root bending variation with angle nf attack.

Since the discrepancies o.cur in a region of fairly constant §
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variation of ths parameters with angle of attack, a line
could be faired through the mean of the discrepancies and
result in a prediction within less than 108 of the measured
/salues. The predicted normal force at M = 2.0 lies within
the error band of the data at angles of attack up to 100 de-
grees; beyond 100 degrees the maximum deviation is less than
108 from the measured normal force. The pitching-moment co-
efficient which was predicted lies within the error band ex-
cept for a region between 90 and 140 degrees where the pre-
diction follows the trend of the data with less than 14%
deviation from the measured pitching moment. Excellent agree-
ment is obtained for the fin variables with the same type de-

viations discussed for the M = 1.3 case.

Other Data from High Angle of Attack Data Base

It would be expected that the data used to develop
an empirical prediction technique would ke in excellent agree-
ment with the predicted values as it was in the previous sec-
tion. 1In this section, data from the high angle of attack
data base using the same fins but a different length body
will be compared with coefficients calculated using the high
angle of attack coefficient prediction technique.

The measured aerodynamic coefficients for the /4 =
15 hbody alone configuration are compared with predicted co-
efficients in Figure 38 at a Mach number of 0.8. Just as in

the subsonic data for the 2/d = 10 configuration, excellent
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agreenment is obtained except for the ar. le of attack range
from 60 to 120 degrees where the unsteady wake and suspected
support interference affect the measured data. Agreement
within 15% is obtained in the pitching moment coefficient ex-
cept in the angle of attack range from 120 to 160 degrees
where the technique overpredicts the pitching moment coeffi-
cient by a maximum of abcut 40%. The center of pressure is
in error for angles of attack above 120 degrees due to the
error in pitching moment.

Supersonically, as shown in Figure 39, at a Mach
aumber of 1.3 the predicted aerodynamic coefficients for the
£/d = 15 body alone configuration are in much closer agree-
ment with the data. The norma) force coefficient is in
error by less than 10%8. The correction to the pitching mo-
ment coefficient derived for the /4 = 10 configuration
causes a flattening in the cgrve.between about 20 and 50 de-
grees angle of attack, resulting in the underprediction of
the pitching moment coefficient in this range. Over the rest
of the angle of attack range, agreement within a maximum of
15% is obtained.

The subsonic case at M = 0.8 for the finned £/d =
15 configuration, N2A3T31 with AR = 0.5 fins, is shown in
Figure 40. The predicted nd&mal-f?rce coefficient is within
a maximum of 15% of the measured value and except for one
small range o€ angles about 30 degrees, where an error of ap-

proximately 20% occurs, the pitching moment coefficient
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prediction is within 15% of the measured value. Most of the
error in the coefficients can be attributed to the error in
the predicted body alone coefficients. The predicted, in-
stalled fin normal force agrees with the measured values
within less than 15% over the complete angle of attack range.
The X and Y centers of pressure and the fin moments again
display the same discrepancies discussed earlie:xr but again
the level of the parameter can be estimated by fairing.

The supersonic case for configuration N2A3T31l is

shown in Figure 41 for a Mach number of 1.3. Excellent agree-

ment is seen for this configuration between the measured and
predicted normal force pitching moment and installed fin
normal force coefficients. The coefficients are predicted
within 108 over the entire angle of attack range. Even the
predicted fin moments and centers of pressure are in close
agreement with the measured values,.

The data for a second finned £/4 = 15 configura-
tion, N2A3T13, with AR = 2.0 fins, is now compared with the
predicted coefficients. The subsonic case for M = 0.8 is
shown in Figure 42. As in cther cases at subsonic Mach num-
bers, excellent agreement in ncormal force coefficient is ob-
tained except in the unsteady wake region around 90 degrees
angle of attack where a maximum error of approximately 15%
occurs. The pitching moment coefficient agrees almost with-

in the error band of the data except at angles of attack
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between 116 and 146 degrees where a maximum error of approxi-
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mately 20% occurs. The fin characteristics of normal force
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and root bending are slightly underpredicted at angles of at-
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tack above 80 degrees while the other fin characteristics are

in excellent agreement. Complete data were not available at

it i b s

M= 1.3, but the comparison of measured and predicted coetfi- 3 %
cients at M = 1,15 is shown in Figure 43. The measurements
and predictions are in excellent agreement, which is typical i

of the previous comparisons at supersonic Mach numbers.

High Angle of Attack Data from Literature

In this section, data from recent tests at high

L
i e et

angles of attack are compared with the theoretical predic-
tions. Data for a slender body repo. ted by Fleeman and
Nelson (36) provide a comparison of the body alone predictive

b capability of the prediction technique. The slender bhody

s e e il

consists of a 2.5 caliber sharp ogive nose with a 12.05 cali-
ker cylinder afterbcdy. The model was tested yvsing a sting

support at angles of attack from 0 degrees to 45 degrees and

P g e TPTY g peLT e T

from 135 degrees to 100 degrees. At angles of attack trom
45 degrees to 135 degrees, a strut support was uced. The

s strut support intersected the aft portion of the body at a

e o i £ S e Bl i - T

90 degree angle. The predicted vaiues of normal force and
pitching moment are ccmpared with the measured Gaca in Fig-

ure 44. At Mach numbers of 0.6 and 0.8, th< normal force

N Lt LTI S E

agreement is excellent except around 90 degrees angle of at-

tack, where th  nsteady wake effect and possible support b
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interference cause approximately 17 to 20% disagreement.
The predicted pitching moment coefficient agrees with the

data for both M = 0.6 and 0.8 up to 100 degrees angle c/ at-
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tack. Between 100 degrees and 160 degrees, the theory pre-

e A5l b it e

dicts a much lower value of the coefficient than was meas-~
ured. Just as with the previously described data, the agree-
ment is excellent at the supersonic and low supersonic Mach

numbers. -4

™

B

Another slender body configuration test was con-

A e e

ducted by Baker and Reichenau (40). The tests were conducted

for a series of air and ground launched strategic missile
concepts. The data for a typical configuration from the test
. : are compared with piredicted normal force and pitching moment 3
coefficients in Figure 45. The configuration selected is
X , N3B2. The N3 designates a blunt ogive nose, 2.14 calibers in
: length with spherical blunting. The afterbody, B2, is a

cylinder 6.15 calibers in lergth. The model was supported
“hy.a sting in the angle of attack range from 0 degrees to 45

degre=s and with a forward swept strut in the angle . at-

tack range from 40 degrees to 180 degrees. The large forward

swept strut would be expected to produce more interference to

the data than the strut of Reference (36), which intersected

the body at 90 degrees or the support arrangement used in
the high angle of attack data base which has a 45 degree
rearward sweep. The discontinuities in the data resulting

from support interference at 40 degrees angle of attack are
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evident in Figure 45, where the measured and predicted values
of normal force and pitching moment coefficient are compared.
At a Mach number of 0.6, only fair agreement is obtained with
the normal force coefficient, while very good agreement is ob-
tained in pitching moment coefficient. Much better agreement
is obtained at Mach number 0.8 with the error in normal force
of only about 10%8. The agreement in pitching moment is very
good with greatest disagreement being in the angle of attack
range from 140 degrees to 160 degrees. At supersonic Mach
numbers the effect of the strut appears to cause a decrease
in the level of the normal force and pitching moment coeffi-
cient. The agreement between the measured and predicted
normal force and pitching moment coefficients is excellent
for the data obtained with the sting support; however, the
data from strut support model is in disagreement with the
theory.

The only high angle of attack data for a slender
body with low aspect ratio fins at transonic Mach numbers
other than the data in the high angle of attack data base are
reported by Jenke (47). The tests were conducted on a modi-
fied basic finner model to measure the roll damping, the
Magnus force and the static stability. The model was sup-
ported by an "L" shaped strut arrangement. A six-compcnent
balance was attached to the horizontal leg of the strut and
a roll mechanism was attached to the balance. The model was

then attached to the roll mechanism. With the model in place,
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tha vertical leg of tne strut was approximately 1.25 mcdel

diameters bshind tne model. The model consistod of a 2.5

caliber skarp wgive nose an? a 7.5 caliber cylinde: afterbody.

Four fins ware monnted in a orucifofm plus orientation. 1Tne
fins hac a taperl:a#io of 0.5, an asrnect ratic of 1.0, and a
gpan ratio of OVS.V Thé.médel had a rrll cate of approxi-
mztely 100 radiana/zeacnnd Aucring the test.

The comparison of the measvred and predié;ed aern-
dynamic ccefficients is shown £ Figure 5. At a Mach num-
ber of 0.6, the maximum disagreement in normal force coeffi-
cient of approximately 36% occurs at 45 degrees. Better
agreement ig obtained at lower angles and at 90 degrees. The
trend of the pitching moment is correct, including the in-
crease in the coefficient to a maxinum at approximately 60 to
65 degrees angle of attack. However, the magnitude of the
pitching moment at the maximum is not in agreement. The
agreement in normal force coefficient at a Mach number of 0.8
is much better than at 0.6, with the predicted values within
less than 10% of the measured data. 2Again, the magnitude of
the measured and predicted values of pitching moment coeffi-
cient at the maximum between 30 and 70 degrees angle of at-
tack do not agree. Supersonically, at Mach numbers of 1.15,
i.3, 1.5, 2.0 and 2.5, the agreement in both ncrmal force and

pitching moment is very good.
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VIII. CONCLUSIONS

Conclusions

A beries of slender body configurations, both with
and without tail fins, were tested at transonic and supersonic
Mach numbers and at angles of attack to 180 degrees. Addi-
tionally, the tail fins were tested alone on a reflection
plane at transonic and supersonic Mach numbers and at angles
of attack to 180 degrees. The parametric variation of model
iength and the fin aspect, taper, and span ratios provide a
significant data base for body alone, fin alone, body plus
fin and installed fin configurations. Prior to this effort,
there was a complete dearth of parametric data for slender
bodies with low aspect ratio fins at transonic and supersonic
Mach numbers in the very high angle of attack range. The data
base established through this effort provides a hasis for the
development of the semi-empirical aerodynamic coefficient pre-
diction technique reported herein. The data base also will
provide a standari of comparison for completely theoretical
aerodynamic ccefficient prediction techniques being developed.

A semi-empirical theory, adequate for préliminary
design purposes, has been developed for the prediction of aero-
dynamic coefficients for finned slender bodies at angles of

attack from 0 to 180 degreec and Mach numbers from 0.6 to 3.0.
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The theory is based on & modification of the crossflow theory
as formulated by Jorgsnsen with empirical relations for the
effects of tail fins. An empirical set of interference fac-
tors was determined to correct the fin alone data for the pre-
sence of the body and allow for the determination of the in-
stalled fin aerodynamic characteristics. Empirical inter-
ference factors were alio determined to account for the incre-
ment in body force due to the presence of the fin. A multiple
linear regreesion tachnique was used to put the vast amount of
interference factor and fin alone data into a form which is
simple to use and provides the capability for the determina-
tion of interference factors and fin alone data for arbitrary
low aspect ratio fins within the range of the data base.
Equatiocns involving regression coefficients and the aspect,
taper, and span ratios of the fins are used to calculate the
interference factors and fin alone aerodynamic coefficients.

A computer program has been written to provide
rapid calculation of the aerodynamic coefficients for multiple
configurations at user selected Mach numbers and Reynolds

numbers or altitudes. The aerodynamic coefficients predicted
by the program are within 15% or better of the measured data
over most of the arngle ot attack range.
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— e SLENDER-BODY POTENTIAL THEORY

SLENDER-80DY POTENTIAL PLUS
VISCOUS CROSSFLOW THEORY
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Figure 1. Viscous contribution to normal force and
pitching moment coefficients at high angles of
attack and M = 2.9.
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Tunnel A

Installation of reflection plane.
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reflection plane, M = 0.8.
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Figure 23. Typical body alone data for four
different body lengths, M = 0.8.
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Figure 24. Typical body alone data for four different body
lengths, M = 1.3.
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Figure 25. Typical body plus fin data for three finned
bodies having AR = 2.0 and d4/b' = 0.4 fins with
different taper ratios, M = 0.8.

132

L' (il

o

ft el et e Aol ka5

B

Lt s




A

’
{
&
L
i

CONFIGC a/b* » AR Re/rex10® mRcH

N2AITIE 0.8 1.0 2.0 N.O 0.8
NRITId 0.8 0.5 2.0 .0 0.8
NeAITi2 0.4 0.0 2.0 N.O 0.8

¢0 4O €S 80 100 120 140

Figure 25. (Continued)

133

[ P P SV S

o it ek e i 4

I T

Sk it ikt A i, Mg, o b L e MMM e




TR

STM CONFIG a/0* >
NORITIS 0.4 1.
N2AITI3 0.4 O.
N2RITI2 0N O

| gl

AR Re/fexi0® MACH
0 40 0.8
0 40 0.8
0 uwo 0.8

1.0

0.8

0.4

0.2

0.2

‘0.3

.\

2.0

1.6

1.2

0.8

o.u

0
0 20 4O 60

Figure 25.

80

134

100 120 MO

(Continaed)

160 180

[P T ST




o] N2RIT1S 0.
o] NeAIT13 C.
A MNAITI2 O

N.0 0.
4.0 0.

ST™M CONFIC a/b* » AR Me/fLX10 MACH

. .0 8
0 4.0 0.8
0 0

1

0.9

}

0.8
0.7

vere e ©
0.5

0.4
0.3
0.2

0.1

0

1.0

0.9

0.8

0.7
xcry i 6

i

0.5

0.4 b~
0.3

¥

0.2
och

L

Figure 45. (Continued)

135

0
0 15 30 4S 60 75 90 10S 120135 150 165 180

et il s 3

el # e e abile el ~ - L

e




» STETEETRE R TITR R R TR TR TR R e T vy ey Rl ";'f —,‘
SYM CONFIG d/b' » AR Re/ftx10¥ MACH ;
] N2R1TI6 0.4 1.0 2.0 4.0 1.3 :
° NeSITI3 0.4 0,5 2.0 4.0 1.3 '
A N2R1TiZ UM 0.0 2.0 4.0 1.3
:
S
: z
4 4 ’
;.
1 2 |
: 0 !
Z i
; 2
J |
|
-6 ;
. A |
35
| |
k. y
E‘ 30 ;
E 3
20
‘; O ]
; 15 ;
E
: 10
|
: : :
)i A
{ 0
E 0] 20 40 80 80 100 120 140 160 180 i
Z! ) |
, Figure 26. Typical body plus fin data for three finned ’
; bodies having AR = 2.0 and d&/b' = 0.4 fins with
gi different taper ratios, M = 1.3.
136
)




e AT L+ LAY ST T £ ST, TR TR e o 0% on T TS £ T T T TR L B ey T T S T e T T e Ty e T b A T RN (e

180

160

140

120

L]

4

4

100
(Continued)

AA Re/fLX10°¢ MACH

0

0

0
80
137

»

1
0
0
60

0.

0.

0.

e}
Figure 26.

CONFIC d/b°

B} N2RITIE

N2AITI3
N2RIT12
20

o4 c
wn o w
x w o w o w 9o wu 8 8 &8 =
" [ [ i 1 1 1 t
(8]

v p———




Al i

TR Y

SYM CONFIG d/b* » RR Re/fFtX10* MACH
(o] N2R1TI6 0.4 1.0 2.0 4.0 1.3
(o} NZ2ARITI3 0.4 0.5 2.C 4.0 1.3
A N2RITI2 0.4 0.0 2.0 .0 1.3

1.0

ST L TR 4 LS TR RO,

0.8
a0,; %0
- o o'q
F o Ao

0.6
Cns
G.4

0-2 hnmms S —

-0.3

e‘q ‘

2.0

1.6

Cor
1.2

0.8

O.Uj
0

0 20 40 60 80 100 120 140 !

«

Figure 26. (Continued)

138

60 180

it siledaddl aiote B

S i e L i i Vo Lj

3 at e BT

EAE IS C PP 2 W

T Al ki E A, DR 4 i




»00
3
=
w

ooo

cxcx

eor
Vo
o
occo

AU T ST AT BTN Tf | & —“

1.0 l
6.9

0.8

0.7

ﬂﬂﬂks
9.5

0.4 ST~
c.3
0.2

0.1

-

1.0

e it e e

0.9

0.8

0.7

m&ﬂ;s Y PIIICK
0.5 |5
0.4

o pQ
no

0.3

002

0.1 _!

|

vigure 26.

139

0 15 30 4S5 60 75 90 105120135150 165 180

(Continued)




- o

v
L
L
1

4
4
E
i
E{, .
i
f
B
;
t
y
!
/
'
s

SYM CONFIG d/n' » RR Re/ftX10% MACH
o N2RITIA 0.4 1.0 2.C 4.0 2.0 3016
e NeFITI3 0.4 0.5 2.0 4.0 2.0 3019
- N2AITI2 0.4 0.0 2.0 4.0 2.0 322
8 Y
6
y — —_
e
XCP
0
-2 —
" ; ‘L
-‘5?
..8 1 i
35 I ] T
30 ~—
25 -
{
20 |—~—1
C" | '
15 .—4—-——4\_.‘
{
10 P
S
|
0 [
0 20 ye 60 80 100 120 140 160 180

«

Figure 27. Tyrical body plus fin data for three finned
bodies having AR = 2.0 »nd 4/L.' = 0.4 fins with
different taper _atios, = 2.0,

140

T S N T T T I YT P . . )

PO it it s i il




[
.

Iy

STM
Q

R

-10

-15

-20

ikt it

CONFIG d/b* » aR Re/FLX10°¢ MACH

N2AITI6 0.4 1.0 2.0 4.0 2.0 016

N2AITI3 0.4 0.5 2.0 4.0 2.0 019

N2RI1TI2 0.8 0.0 2.0 4.0 2.0 3022
18

20 4yo0 60 80 100 120 140 160

Figure 27. (Continued)

141

180

i

i

1

El

1

}

o

i

it e o USSP T O AP IPEIY PSRN TNRRI e MJ

e o ot BT Lkl

raiiah | edtames ks " b M i 3.0l i Sl

et o3 s 20




F ] * A
§ i
I |
STH COMFIG d/b' % AR Re/FLX10°% MACH !
' @ NAITIE 0.4 1.0 2.0 4.0 2.0 3016
; © NRITI3 0.4 0.5 2.0 4.0 2.0 3019 '
: a NAITI2 0.4 0.0 2.0 4.0 2.0 3022
r
1.0
6.8 RS oF ]
0‘6 ¥
Come
0.4
{
0.2
0
0.2 3
]
0.1 11
1
0drE ]
cm m,o 'h"g f §
-0.1 SR f.’" 1
0.2 s :
0.3t ‘
2.0|— e
nt.0oa

1.6 DL 3

Cr Jgf ' h: 4
1.2 |

of,
0.8 ‘
0.4 i
4]
0 20 40 60 80 100 120 140 160 180 4
= E
Figure 27. (Continued) }
142




B e e

]

gy e T3 e e e

i
3

SYM

a
(0]
a

l.o

CONFIG
N2RITI6
NeRITE3
NeRITI2

a/b
0.4
0.4
o.M

N AR Re/fLX10"¢ MACH

.0 2.0
.5 2.0
.0 2.0

I‘oo
ulo

2.0
4.0 2.0
2.0

0.9

0.8

0.7

vere e 6
0.5

0.4 [

0.3

0.2

Wt

5
ki
i
h

C.1

‘- |
T i |
bl i
0.1 i
. ! ,
0 —r - : ! i 1 JE
r S 23 y4S 60 75 80 :S120135 150 165 180
[- 4
Figure 27. (Continued)
143

3016
3019
3022

-

s Bim e AW Sl n L s bt el S A A1)t AL s PRy sr. e

PPV PV

ki A A e o i o £k ¢ o ot

e AL Ll 1l =

o i Rt




R Sy N T SRR T T T BT I s T et ey

oo

1 4 4

o

*UOT309II00 ISPUTTAD Y3zbuoT o3 TUTd °*8Z 2anbTJa

P7¥ ‘O1LVY H3ILINVIO OL HLONIT
9¢ ce 8¢ »e 0¢ 91 2i e

A TR T i T AT T i e 4 T R Sy e

1 Li ! I I

L ! 1

N

-

90

L0

80

a
(4]

144

vam i




R — [ " AR o S e e T LT W e T T £ T i T, e - S o - T

‘l‘\a. T R T Al T W T T TRy b e e S T T e T e o Y e

I ‘¥3IENNN HOVYN MOI134SSOHD
el Lo ] 80 90 0 c0 (o]
T T T T T T 1 T T T T

v o
o

@
o

P9 *AINIIDI44300 OVHO MO14SSOYD
145

N

—

r

-
<
~N

PO b i b ieme i 1 D e



n. TR I L TR T N L T W R MR T PTG T 4T TR TS, g ST I T e e QTR TS T e g T T T e ey o

*I0TIOBIIOD JUITOTIFO00

Juswow Butyo3zTd SuoTe Apoq TeUOTSUAMTIP-UON

2 ‘MOVilv 40 39NV
o8

09

*0€ sanbrg

146




T o S e e 1T ey oy

*UOT3O9II00 JUSTOTFIS00 Juswow Huyyojz1d SUoTe
Apoq 30 anTeA wrwtXew JO UOTIRTIRA I3quUMU yoew °T¢ danbra

N ‘YIBNAN HOVYNW
o'e 9l ¥l LA [ ol 90 80 0 .

1/ \ N T ) ¥ 1 T 0
- / 2

AN .

147

ol

g { xww,

Wit i L e, 8 e e < wn -

i " v . . S vl b\ e Gl e |t s e 1
i, 2l e ki e il ; i i e o e s sk 3 e i e abe ek P




-

>

wr e

t
!
;

e At

SYM CONIC a/bD* » AR Re/fLx10% MACH

D—a N2AI700 0.0 0.0 0.0 .0
e N2AIT00 0.0 0.0 0.0 u.0

ww==  STRUT INTERFERENCE CORRECTION (REF. 81)

0.8 THEORY

r'

0 20 U0 60 80 100
Q

Figure 32. (omparison of typical, measured body alone data
used tvo determine interference coefficients and predicted

body alone coefficients, M = 0.8.

148

120

140

160

180

B ke mact i it it A

i Ak bl st e e 2 1




i
i
sT™™ CONFIC a/b° » AR Re/fixI0® MACH ;
o—a N2AITO0 0.0 0,0 0.0 .0 0.0 THEORY }
a N2AITO0 0.0 0.0 0.0 .0 0.0 1
S0 i
]
J,{
4o %
30 {
20 ]
10
0 i
i
i
-10
2 |
-20
Cu
=40
i
S0 ]
-60
-7 3
’
- |
!
-90 i
|
-100 |
0 20 N0 60 80 100 120 14O 160 180 :
a "i
Figure 32. (Continued) i
1

149




T T e AT

o

A i i

i T v

Figuire 33.

(g

SYM

CONFIG d/b°

o—a N2RIT00 0.0
o N2A!T00 0.0

3 AR Re/feLX10°¢ MACH

0.0 0.0 4.0
0.0 0.0

. 4.0

1.3 THEORY
1.3

a

3
l
—

|
| —_

|

N
7T RS
0 20 u0 60 60 103 120 140 160 180

Comparison of typical, measured body alone data
used to determine interference ccefficients and predicted
hody alone aercdynamic coefficients, M

Lok L L

150

= 1.3.

MWMﬁh;i

PRI T

A

e P i A R el ik ey o CALAS L wieiadh




SYM CONFIC a/b* » AR Re/ftX10°% MACH

o—a N2NITCO 0.0 0.0 0.0 4.0 1.3 THEORY
® N2IT00 0.0 0.0 0.0 4.0 1.3

SC

40

30

20

10

Y YT I

-20

-30
a'
! o
;
¢
‘ -50
1
-60
g
: -70
,
-80
i'. -90

;
; 20 40 60 80 1100 20 140 160 180
Q

Figure 33, (Coatinued)

v o T SRR T AR T

151

[" -t Bie. i
L

“
1 o
3
. L A T T 4
e e ¥ s

[P S S

ot i Tl Tt o I A ST T

i mnin

T TV T IS U S

RS R RS PR i

PP SRS SR




R W e P S

e Y A T £ T R AW T © TYR ATy

STM CONFIG d/b* » PR Re/ftX10-® MACH

o——a N2RITO0 0.0 0.0 0.0 4.0 2.0 THEORY
@ N2AIT00 0.0 0.0 0.0 y.C 2.0

XCP

32

28

ey j

20 40 60 80 100 120 140 160 180
a

Figure 34. Comparison of typical, measurcd body alone data
useé to determine interference coefficients, M = 1.3.

Sl Ak

4
M
i
i
3
]
K

i o TR . 3 S B o 2

ot e £

A S

A L e enit S

P it scn Kb i




4
i :
: SYM CONFIG d/b* > AR Re/FtX10°® MACH ‘
1 : o—-0 N2AITOU 0.0 0.0 0.0 4.0 2.0 THEJRY ]
o M2AITOG 0.0 0.0 0.0 4.0 2.0
30
40 !
30
. |
}s,
10 Q
0
-10 , e ";
é
-20 .
-30 !
\ !
40 — i
i
]
-50 1
|
’60 »;
—70 s :
-80
’é
-90 A
-100 | *
0 20 40 60 B0 100 120 140 160 180 ]
a L]
E
Figure 34. (Continued) ‘
153 i

: i ‘ ‘ N AR ORI DNIIUI Y} SREUI SRR
A e e H k" . i s s




STM CONFIG d/b* » AR Re/FLX10°8 MACH

o—-a N2AITS 0.3 0.0 2.0 4.0 0.0 THEORY
e NeRITIS 0.3 0.0 2,0 u,0 0.8

36

32

24

N
o
-—1~

0 20 L0 60 80 100 120 40 160 180
a
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M= 0.8.
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