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INTRODUCTION 

The military services have increasingly placed demands upon design-

ers to produce airframe configurations with lateral maneuver capabilities 

several times greater than current systems. This high maneuverability is 

generally achieved by flying the airframe in the angle of attack range 

between 30 and 50 degrees in order to generate enough body lift for the 

tail control systems. It has become evident from research in the past 

decade, that the vortex shedding in this flight regime can be an ex­

tremely comp1ex flow phenomena and that modeling of the flow and the de­

velopment of a1iy useful computational technique will be a long time in 

development. Accordingly, a cooperative effort was initiated by the Army, 

Navy,and Air Force to develop empirical methodology based upon an exten­

sive set of systematically generated experi~ental data. These tests be­

gan in 1970 and were concluded in 1975. 

This report covers three tests conducted in 1974 and 1975 and had 

the objective of obtaining aerodynamic data for the cases of missiles 

rolled to arbitrary angles. The procedure used was to pitch the model 

to a fixed angle of attack and then to roll the model through the range 

from Oto 90 degrees taking continuous data. Data were in the form of 

aerodynamic coefficients for the total body-cruciform tail configuration 

and each of the four tail fins. These data were analyzed by the Martin­

Marietta Corporation, Orlando Division, and from these data plus that 

obtained previously, they h, ve developed methodo 1 ogy ( see Ref ere nee l ) 

for the near time frame. 
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APPARATUS 

To obtain the data for ~he required angle of attacks, wind tunnel 
tests were conducted in three different wind tunnels. The descriptions 
of the three wind tunnels is given in the following text. 

sics Laborator Four-Foot Trisonic Wind Tunnel 
The McDonnell Douglas Aerophysics Laboratory Four-Foot Trisonic Wind 

Tunnel is an intermittent blowdown-to-atmosphere facility which operates 
in a Mach number range from 0.2 to 5.0 was used for transonic Mach numbers 
and angles of attack up to approximately 30 degrees. Compressed air is 
supplied to the stilling chamber from five storage reservoirs thro u~h a 
control valve which is adjusted to produce selected freestream total pres­
sures during a blowdown. The stilling chamber contains acoustic material 
and screen$ to provide low-noise and uniform flow to the supersonic nozzle. 
A variable-throat diffuser located downstream of the test section improves 
the pressure recovery of the tunn~l circuit and hence increases available 
test time. The tunnel flow 1s discharged to atmosphere through the down­
stream diffuser and a vertical muffler. Four conical ejector nozzles are 
located in the downstream diffuser . They are used to reduce dynamic loads 
on the model and to assist in tunnel starts under extreme operating con­
ditions. 

For transonic or subsonic operations, a porous-walled test section 
enclosed in a plenum chamber is inserted in the tunnel ci rcuit downstream 
of the fle xibl e plate nozzle and ahead of the va ri abl e diffuser. High 

6 



transonic Mach numbers or low dynamic pressure conditions often require 

dir removal rates greater than can be achieved by the method described 

above. This requirement is met using the Plenum Auxiliary Suction System 

(PASS) which conducts air from the plenum t o the Two-Foot Hypersonic Wind 

Tunnel through a duct connecting the facilities. Suction is provided by 

the ejector system of the hypersonic facility . 

The main model support structure is a full-height vertical strut 

located in the variable diffuser section. fhe strut may be translated 

vertically. A pod mounted on the strut supports a sting or sting-adapter 

combination and has a pitch range of -15 to 25 d,!qrees from horizontal. 

The combined motion of the strut and the pod is prQgrammed to produce the 

desired model motion during a blowdown. A remotely operated roll motor 

may be installed for tests involving model roll or yaw. 

AEDC Transonic (16T) Propulsion Wind Tunnel 

lhe Propulsion Wind Tunnel, Transonic (16T), at the Arnold Engineer­

ing Development Center (AEDC), operated by ARO, Inc., Arnold Air Force 

Station, Tennessee, was used for angles of attack between 29 and 45 degrees. 

Tunnel 16T is a closed-circuit, continuous flo~ tunnel which can be oper­

ated at Mach numbers from 0.20 to 1.60. The test section is 16- by 16-ft 

in cross section and 40-ft long. The tunnel can be operated within a 

stagnation pressure range from 120 to 4000 psfa depending on the Mach 

number. Stagnation temperature can be varied from a minimum of about 80°F 

to a maximum of 160°F. Perforated walls in the test section allow con­

tinuous opera ion through the Mach number range with a minimum of wall 

interference. 

7 



AEOC von Karman Gas Dynamics Facility (VKF) Supersonic Wind Tunnel (A) 

The von Karman Gas Dynamics Facility (VKF) Supersonic Wind Tunnel (A), 

at the Arnold Engineering Development Center (AEDC ) , operated by ARO, Inc., 

Arnold Air Force Station, Tennessee was used for all supersonic testing. 
Tunnel A is a continuous, closed-circuit, variable density wind tunnel 

with an automatically driven flexible-plate-type nozzle and a 40- by 40-

in. test section. The tunnel can be operated at Mach numbers from 1 .5 to 
6 at maxi mum stagnation pressures from 29 to 200 psia, respectively, and 

stagnation temperatures ur to 750°R (M
00 

= 6). Mi ni mum operating pressures 

range from about 1/10 to 1/20 of the maximum at each Mach number. The 

test model can be injec ted into the tunnel flow for a test run and then 

retracted into the installation tank for model changes without interrupt­

ing the tunnel flew. 

MODELS 

The models were combinations of a tangent ogive nose of 3 calibers 

attached to cylindrical afterbodies of 7, 8.25, 9. 5, and 11 .5 calibers. 

Nine sets of fins with varying planforms were installed at the model base 
at the O, 90, 180, and 270 degree positions. Fin balances were positioned 

on the models so that each fin's trailing edge terminated at the model 

base plane. The geometric data for the nose, af terbodies, and fin con­

figura t ions are l isted in table l . 

8 



INSTRUMENTATION AND TEST PROCEDURES 

The aerodynamic forces and moments on the model were measured with 

a six-component, internal strain-gage balance. The balance measured 

pitching moment, side force, normal force, yawing moment, rolling moment, 

and axial force. Two static pressure meJsurements were made in the bal­

ance cavity. These pressures were used to calculate the balance cavity 

axial force. Model angle of attack and roll angle were measured using 

the sting/balance deflection technique. 

Each of the four fins were instrumented with three component balances. 

These balances measured fin normal force, fin root-bending moment, and fin 

hinge-moment. The sign convention and moment reference point locations 

are depicted in figure 1 and table 1, respectively. 

For the configurations tested, data were recorded at constant test 

conditions for a roll polar from Oto 90 degrees at constant angles of 

attack from Oto 45 degrees. Data were also recorded on the configura­

tions for angles of attack from Oto 45 degrees at zero roll. 

DATA REDUCTION 

Model aerodynamic forces and moments were measured by a six-component 

internal strain-gage balance and converted to nonrolling axis system coef­

ficients. Axial force coefficients are uncorrected for balance cavity 

pressures. Data corrections applicable to tunnel flow angularity were not 

made to the data. Dimensional data applicable to the data reduction of 

main balance coefficients are listed below: 
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SREF = 11.045 i n2 = model bod_y cross-sectional area 

LREF = BREF = 3.75 in. = model body diameter 

XMRP = 24.0 i n. aft of nose 

YMRP = ZMRP = 0 

Fin normal force, hinqe-moment, and root-bending moment coefficients 

on the four fins were recorded in the fin body axis (rolled) and were non­

dimensionalized b_y the fin root chords, spans, and planform area s as listed 

in table 1. Fin moment data were reference to the fin leading edge (see 

tab 1 e 1 ) . 

PRECISION OF MEASUREMENTS 

Uncertainties (bands which include 95 pe1 ·(:ent of the calibration 

data) of the basic tunnel parameters, PT, TT, und M, were estimated from 

the calibrations of the instrumentation and from the repeatability and 

unifonnity of the test section flow during tunnel calibrations . These 

estimates were used to detennine uncerta inties of other free-stream proper­

ties using the Taylor series method of error propagation. 

The balance uncertainties (bands which include 95 percent of the 

calibration data) were combined with estimates of the tunnel u~certainties, 

assuming a Tayl er series method of error propagation, to esti mate the un­

certaint i es o r. the aerodynamic coefficients. The main balance uncertain­

t ies were determined at a= 35 deg rees and ~ = 0 degree for t he rolled 

axis and at a = 35 degrees and ~= 45 degrees for t he nonrolled axis. 

Fin numbers l and 3 balance uncerta in t ies were de te rmi ned at a = 35 and 

10 
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• = 90 degrees and fin numbers 2 and 4 balance uncertainties were deter­

mined at a = 35 and = 0 degrees. 

It should be noted that these •1ncertainties are esti mates and that 

these es timates are conservative for he main balance because a maj ority 

of the configuration center of r ressure data we re located outside of the 

balance gage locations . The values for the uncertainty of the data are 

listed in table 2 for the transonic test ar d table 3 for the supersoni . 

test. The test phases 1 and 2 listed in table 3 are the sting arrange­

ments to get a = 0 to 28 deg rees and = 28 to 45 degrees, respec tively. 

11 



REFERENCES 

1. Aiello, G. F., Aerodynamic Methodology - Bodies With Tails at 

Arbitrary Roll Angles (Transonic and Supersonic), Martin Marietta 

Corporation Report OR14,145, A ril 1976. 

2. Keeney, F. J., Documentation of Wind Tunnel Test Data From a 

Tangent Ogive Nose and Finned Cylindrical Afterbodies at Transonic 

Mach Numbers, Propulsion Wind Tunnel Facility, ARC, Inc . • Report 

AEDC-DR-75-23, January 1975. 

3. Lindsay, E. E. and Jordan, ,J. L., Experimental Static Stability 

Studies of Sever1l Tactical Missile Configurations at Mach Numbers 

From l .76 to 3. ~l, von Karman Gas Dynamics Facility, ARO, Inc., 

April 1975. 

12 



SYMBOL 

a 

P ... 

Po 

Ps 

Ts 

Pb 

t.i 

MNEMONIC 

ALPHA 

NOMENCLATURE 

DEFINITION 

model angle of attack, angle between the 
horizontal plane (wind), X-axis and the 
body X-axis, independent of model roll, 
positive nose up, degrees 

PHI model geometric angle of roll, positive 
clockwise as viewed from the rear, degrees 

MACH 

RN/L 

PS 

TO 

TT 

TS 

PB 

PT 

freestream Mach number 

freestrea m static pressure , psia 

t unnel stilling-chamber pressure, psia 

freestream dynamic pressure, psia 

unit Reynolds number, 106 /ft 

freestream static pressure, psia 

tunnel stilling-chamber temperatJre, 0 R 

freestrea m to tal temperature, 0 R 

freestream static temperature, 0 R 

model-base pressure, psia 

freestrea m total pressure, psia 

freestream Reynolds number based on 
mode 1 1 ength 

incremental angle of attack, degrees 

incremental roll angle, degrees 

incremental Mach number 



SYMBOL 

bT 

cT,CT 

AR 

1 

T· 1 

b 

d 

MNEMONIC 

RT. CRD 

SEMSPN 

CT 

A.R. 

ST, AREA 

LAMBDA 

Bl 

B2 

B3 

B4 

Ti 

BREF 

D 

~OMENCLATURE (Continued) 

GEFINITION 

Geometric Definitions 

fin root chord, in. 

exposed fin semispan, in. 

fin tip chord, in. 

fin aspect ratio, 2bf/ST 

fin planfonn area, in ? 

fin taper ratio 

model length 

3.0 caliber tangent ogive nose plus 7.00 
caliber cylindrical afterbody missile length 

3.0 caliber tangent ogive nose plus 8.25 
caliber cylindrical afterbody missile length 

3.0 caliber tangent ogive nose plus 9. 5 
caliber cylindrical afterbody missile length 

3.0 caliber tangent ogive nose plus 11 .5 
caliber cylindrical afterbody missile length 

projected model-base area perpendicular ~o 
the balance X-axis, diameter equal 3. 75 i n, 
area equal 11.045 in 2 

f in configuration, i = 11 ,13,14,15, 23 .3 32,34,36 
1see table 1) 

Re ference & C.G. Definitions 

reference span used to reduce measured 
balance data to coefficient fo rm, in. 

model body diameter 
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SYMBOL MNE~NIC 

1ref LREF 

s SREF 

e.g. 

MRC,MRP 

MRP 

YMRP 

ZMRP 

CNT CNi 

CHM T 
CLMHT 

CsM1 CLMRT 

Xcp/cr1 XCP/DT 

Ycp/br YCP/DT 

tiCNT 

tiCHMJ 

tiCsMT 

NOMENCLATURE (Continued) 

DEFINITION 

reference length used to reduce measured 
balance data to coefficient form, in. 

reference area used to reduce measured 
balance data to coefficient form 

center of gravity 

moment reference center or point 

moment reference point on X axis 

moment reference point on Y axis 

moment reference point on Z axis 

Fin Coefficients 

fin normal-force coefficient, fin 
normal force/qSr 

fin hinge-moment coefficient, fin 
hinge moment/q ST CR 

fin root-bending moment coefficient, 
fin bending moment/q Sr bf 

fin chordwise center of pressure, 
Xcp/ err = CHM1ICNT 

fin spanwise center of pressure, 
Ycp/bT = CsMrlCNT ,,, "'" 

incremental fin norma)-force coefficient 

incremental fin hinge-moment coefficient 

incremental fin root-bending moment coefficient 
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SYMBOL 

Cy 

CNP 

CBL 

CYP 

CYNP 

CA 

XCP/0 

CN 

CA 

CY 

NOMENCLATURE (Continued) 

DEFINITION 

Nonro 11 i ng Axis System 

normal-force coefficient, positive up, nornial 
force/qS 

pitching-moment coefficient, positive nose up, 
~R • Cm cos ♦ - Cn sin ♦ 

measured rolling-momt:nt coefficient, positive 
clockwise when viewed from the rear, rolling 
moment/qStref 

side-force coefficient, positive right whe~ viewed 
from the rear, CyNR = Cy cos ♦ + CN sin ♦ 

yawing-moment coefficient, positive nose right, 
CnNR = Cm sin ♦ + Cn cos ♦ 

measured axial-force coefficient, axial force/qS 

model center of pressure location from nose, 

Xcp/D = XMRP - ~RD, calibers 
D CNNRD 

incremental normal-force coefficient 

incremental side-force coefficient 

incremental pitching-moment coefficient 

incremental yawing-moment coefficient 

Body-Axis System 

nonnal-force coefficient, normal force 
qS 

. 1 f ff. . axial force ax1a - orce coe 1c1ent, qS 

sioe-force coefficient, side force 
qS 

16 



CAf 

Cm 

Cn 

c.t 

ti CN 

tiCA 

llCy 

tiC.2. 

tiCm 

tiCn 

SUBSCRIPTS 

b 

.t 

s 

t 

Cl) 

1,2,3,4 

MNEMONIC 

CAB 

CAF 

CLM 

CYN 

CBL 

NOMENCLATURE (Concluded) 

DEFINITION 

base-force coef~icient, baseq§orce, 
-Ab(Pb - p..,)/qS 

forebody axial force coefficient, CA - CAb 

pitching-moment coefficient, pitching moment 
qStREF 

Yawing-moment coefficient yawing moment 
' qSb 

rolling-moment coefficient rolling moment 
' qSb 

incremental normal-force coefficient 

incremental axial-for: e coefficient 

incremental side-force coefficient 

incremental rolling-moment coefficient 

incremental pitching-moment coefficient 

incremental yawing-moment coefficient 

base 

loca 1 

static conditions 

total conditions 

freest ream 

fins 1,2,3,4 
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TABLE 2. TRANSONIC MACH NUMBER UNCERTAINTY DATA 1 

UNCERTAINTY DATA, PERCE NT 2 
BALANCE PARAMETER Moc;= 0.80 M ... = 1 00 ,., = i .20 ... 

tiM.,., ±0.0016 ±0.003 ~0 .00835 tia (DEG) ±0. 15 ±0. 15 ±0. 15 ti~ (DEG) ±0.10 ±0. 10 ±0. l 0 MAIN ti CN (ROLLED) ±0.1012 ±0.0901 ±0.0848 ti Cy ±0.0342 ±0.0296 ±0.0269 llCA t 0.0511 ±0.0442 ±0 .0404 tiC,i ±0.0222 ±0.0192 ±0.0175 tiCm ±0.1301 ±0.1132 ±0. 1038 tiCn ±0.0651 ±0 .0561 ±0.0512 
tiCNNR (NONROLLEO) ±0.0755 ±0.0668 ±0.0627 tiCyNR ±0. 0777 ±0 .0710 ±0.0678 tiCmNR ±0. 1029 ±0.0900 ±0.0827 tiCnNR ±0. 1033 ±0.0921 ±0.0850 

FIN 1 tiCNT l ±0.0256 -- ±0.0207 tiCHMT1 I ±0.0121 -- =0.0095 tiCBMn I ±0.0101 -- :: 0.0082 
FIN 2 tiCNT2 ±0.0574 -- ! 0.0455 tiCHMT2 ±0.0036 -- ±0.0028 tiCBMT2 ±0.0107 -- ±0.0086 

FIN 3 tiCNT3 ±0.0595 -- ±0.0471 tiCHMT3 ±0.0292 -- ±0.0230 tiCBMT3 ±0.0093 -- ±0.0075 
FIN 4 tiCNT4 ±0.0495 -- ±0.0392 tiCHMT4 ±0.0071 -- ±0 .0056 tiCBMr4 ±0.0104 -- ±0.0084 

1 SEE REFERENCE 2 2 UNLESS OTHERWISE NOTED 
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TABLE 3. SUPERSONIC MACH NUMBER UNCER AINTY ~ATA 1 

Uncertaint~1 ~rcent 

Tnt 
Phase M. M Po To p_ ~ Ree --- --
I l.76 ±0.7 t0.I ±0.4 ± 1.8 ±0.S ±0.7 
1,2 2.00 ±0.S ±0.1 ±0.4 ± 1.6 ±0.6 ±0.7 
1,2 2.SO ±0.3 t0·.I t0.4 ± 1.2 ±0.6 ±0.7 
1,2 3.01 ±0.4 ±0.1 ±0.4 ± 1.8 t 1.0 ±0.9 

Uncertainty at Maximum 
Measured Coefficient Value, eer .:ent 

Tnt ,._. 2!:_ c,. Cm Cy Cn ce C.4 -
I 1.76 ±0.6 ±0.S ±0.6 ±0.7 ±0.9 ±3.S 
1,2 2.00 ±0.6 ±0.6 ±0.6 ±0.8 ±0.9 ±2.9 
1,2 2.SO ±0.6 ±0.7 ±0.6 ±0.8 ±1.0 ±2.6 
I 3.01 ±1.0 ±1.0 ±I.I ±I.I ±2.1 ±2.6 
2 3.01 ±1.0 t I.I ±I.I :i: 1.2 ±1.4 ±2.7 

Absolute Uncertainty 

I near Balance Minimum LoJd 
Test 
Phase ~ CN Cm Cy Cn ce C.4 

I 1.76 ±0.027 ±0.015 ±0.034 ±0.0:!I :0.00:! ±0.01 I 
1,2 2.00 ±0.0" .6 ±0.01 S ±0.033 ±0.021 :0.00:! ±0.01 I 
1,2 2.50 ±0.026 ±0.01 S ±0.033 ±0.0:!I ±0.002 ±0.01 I 
I 3.01 ±0.0:!0 ±0.01 I ±0.0:!S ±0.01 S :o.oo:: ±0.008 
2 3.01 ±0.028 ±0.016 t0.035 ±0.0:!:! :0.003 ±0.012 

1 SEE REFERENCE 3 
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TABLE 3. SUPERSONIC MACH NUMBER UNCERTAINTY DATA (CONCLUDED) 
Uncertainty at Maximum Measured 

Coefficient Value. eerce nt 

Fin Balance umber 1 Fin Balance Number 2 

Test 
Phase M., CNT CHMT CBMt CNT CHMT CBMr 

1.76 ±2.6 =3.4 ±I.I ±0.8 ±2.7 ±0.6 

1,2 2.00 ±2.1 ±2.2 ± l.2 ±0.8 ±1.7 10.8 

1,2 2.50 ±2.0 ± 1.4 ±1.S ±0.7 ± l.2 ±0.9 

l 3.01 ±2.6 ±2.3 ± l.7 ± l .2 • ± 1.9 ±1.2 

2 3.01 ±2.4 ± l.8 ±2.0 ±I.I ±1.6 ±1.3 

Fin Balance Numhcr 3 Fin Balance Number 4 

Test 

Phase M - CNT CuMT '=BMT CsT CtBIT CBMT 

1.76 ±0.8 ±4.6 ±0.8 ± I.I ±2.9 ±0.7 

l ,2 2.00 ±0.7 ±2.9 ±l.O ±1.0 ± l.9 ±0.8 

l,2 2.50 ±0.7 ± 1.9 ±1.1 ±1.0 ± l.2 ±1.0 

1 3.01 ± 1.2 ± 3.1 :tl.4 ± 1.4 ±2.0 ±l.2 

2 3.01 ±l.l ±2.3 ±1.S ± 1.3 ± 1.6 ± l.3 

Absolute Uncert:iint~ Near Balance Minimum Load 

Fin Balance Number 1 Fin Balance Number 2 

Te3t 
Phase M - CNT CHMT CBMT CNT Cm.iT CBMT 

l.76 ±0.0235 ±0.000ls ±0.0014 ±0.0059 !0.0007 ±0.0007 

1.2 2.00 ±0.0229 ±0.0008 ±0.0014 ±0.005 8 ±0.0006 ±0.0007 

1,2 2.50 ±0.0229 ±0.0008 ±0.0014 ±0.0058 ±0.0006 ±0.0007 

l 3.01 ±0.0171 ! 0.UllO<, ! 0.00 I 0 ± lJ ,IXl·IJ !0.0005 10.0005 

2 3.01 ±0.0246 ±0.0009 ±0.001S ±0.0062 ±0.()001 ±0.0007 

Absolute Uncertainty Near Balance Minimum Load 

Fin Balance Number 3 Fin Balance Number 4 

Test 

Phase M - CNy C11MT CBMT CNT CHMT CBMT 
---

I l.76 ±0.0055 ±0.0012 ±0.0016 ±0.0094 ±0.0007 ±0.0005 

1,2 2.00 ±0.0053 ±0.001 I ±0.0015 ±0.0092 ±0.0007 ±0.0005 

1,2 2.50 ±0.0053 ±0.0011 ±0.0015 ±0.0092 ±0.0007 ±0.0005 

l 3.01 ±0.0040 ±0.0008 ±0.0011 ±0.0068 ±0.000S ±0.0004 

2 3.01. ±0.0057 ±0.0012 ±0.0016 ±0.0098 ±0.0007 ±0.0005 

The un~ertain ty in model atti tude. a and q,, is estimated to be ±0.1 deg. 
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PLOTTED DATA 

Tabulations of the plotted data and corresponding source data 
are available from Data Management Services Operations. 
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