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Aerodynamic Coefficient Prediction Technique for
Finned Missiles at High Incidence

William B. Baker Jr.*
ARO, Inc., Arnold Air Force Station, Tenn.

An aerodynamic coefficient prediction technique, based on a high angle-of-attack data base, is presented for,
the calculation of normal-force and pitching-moment coefficients for slender bodies with low-aspect-ratio fins at
angles of attack up to 180 deg. Comparisons are made between predicted coefficients and data from the high
angle-of-attack data base. Also, comparisons are made between predicted coefficients and independent data.
Tables and graphs are available to allow hand calculation of coefficients for other configurations at selected

Mach numbers and angles of attack.

Nomenclature

R = exposed aspect ratio = b?/ (285)

b =fin exposed span, in.

b’ =total span of fins plus body, in.

Cdc =crossflow drag coefficient

C, = pitching moment coefficient

Cinpa =body alone pitching moment coefficient

Cny =hinge-moment coefficient

Crri =root bending-moment coefficient

Cn =normal-force coefficient

Cnpa =body alone normal force coefficient

Cnpy =fin alone normal force coefficient

Cy B =fin in presence of body normal force coefficient

CPy,,, =fin alone center of pressure measured in X
direction from hinge line, nondimensionalized by
Cr

CPXHL =fin in presence of body center of pressure
measured in X direction from hinge line, non-
dimensionalized by Cy

CPypey = fin. alone center of pressure measured in Y
direction from root- chord, nondimensionalized

_ by b/2

Cr =root chord, in.

Cr =tip chord, in. : ~

d =body diameter, reference length, in.

d/b’  =spanratio

! =total configuration length, in.

M =Mach number

M, =crossflow Mach number

Re, = crossflow Reynolds number

S = cross-sectional area of body, reference area, in.?

S, =area of base, in.?

Sy =exposed area of one fin, in.2

S, =total planform area, in.?2

vV =total volume, in.>

X =centroid of total plan area, measured from actual
nose, in.

Xcp =distance from moment reference to center of

‘ pressure, calibers :

=distance from moment reference to body alone

Xcp
BA .
center of pressure, calibers
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Xcpg, =distance from hinge line to effective center of
pressure of body on fin interference, non-
dimensionalized by Cy

Xeppop =distance from moment reference to effective

center of pressure of body on fin interference,
calibers

=distance from moment reference to fin alone

v center of pressure, calibers

XCPFOB =distance from moment reference to effective
center of pressure of fin on body interference,

Xeppy

calibers
Xy =distance from moment reference to hinge line,
, negative aft of moment reference, calibers
X =distance from actual nose to moment reference,
calibers

Yeppor =distance from root chord to effective center of
pressure of body on fin interference, non-

dimensionalized by b/2

Z =empirical correlation to body alone pitching
moment coefficient

Z ax =maximum value of empirical pitching moment
correction - '

a =angle of attack

Bo =regression coefficient (intercept)

8 =regression coefficient (\)

B, =regression coefficient (A?)

B3 =regression coefficient (R)

By =regression coefficient (d/b’)

ACNor =incremental normal force due to body on fin

_ interference

ACNFD =incremental normal force due to fin on body
interference

§ =normalized body alone pitching moment
correction

7 =ratio of crossflow drag of a circular cylinder of
finite length to one of infinite length

7’ =ratio of crossflow drag of a circular cylinder of
finite length to one of infinite length, corrected
for Mach number

A =taper ratio of fin (C;/Cy)

Introduction
O extend the state-of-the-art aerodynamic coefficient
prediction methodology at high angles of attack, a
semiempirical prediction technique has been developed for the
prediction of normal-force and pitching-moment coefficients
for slender-body-alone and slender-body-plus-fin con-
figurations. Additionally, installed fin normal-force, root-
bending, and hinge-moment coefficients are calculated. The
semiempirical prediction technique is valid for slender bodies
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Tunnel ¢ -

Tunnel Floor—\

Fig. 1 Installation of //d=10 slender body in tunnel 4T, o=0-90
deg.

Tunne! FIoor\

Fig. 2 Installation of 1/d =10 slender body in tunnel 4T, o =90-180
deg.

with low-aspect-ratio fins at Mach numbers from 0.6 to 3.0,
angles of attack from O to 180 deg, and no rocket plume
effects. The range of validity of the prediction technique for
the low-aspect-ratio fins is for an aspect ratio from 0.5 to 2.0,
a taper ratio from 0 to 1.0, and a span ratio from 0.3 to 0.5.
Wind tunnel testing was accomplished at Mach numbers from
0.6 to 3.0 to provide the data base from which the prediction
technique was derived. The data base provides the first
parametric set of data at angles of attack from 0 to 180 deg.
The data base will also provide a standard of comparison for
high angle-of-attack prediction methodology developed in the
future. o )

Technical Discussion
A group of wind tunnel models was tested in the
aerodynamic wind tunnel (4T) of the Propulsion Wind Tunnel
Facility (PWT) and in the supersonic wind tunnel (A) of the
von Karman Gas Dynamics Facility (VKF) at the Arnold
Engineering Development Center (AEDC). Data were ob-
tained with blunt base, strut-mounted, ogive-cylinder models

(Figs. 1 and 2) tested both with and without fins. Data were

also obtained with fin models mounted on a reflection plane
(Fig. 3) to provide fin-alone data at high angles of attack. The
total forces and moments on the models as well as the forces
and moments on the fin in the presence of the body were
measured, thus providing body-alone, body-plus-fin, and
installed-fin loads at high angles of attack. The tests are
described in detail in Ref. 1.

With the high angle-of-attack data set it was possible to
develop a semiempirical, high angle-of-attack, aerodynamic
coefficient prediction technique. A detailed description of the
prediction technique is also given in Ref. 1; however, a brief
description of the technique follows. The forces and their
centers of pressure acting on the finned slender body are
shown in Fig. 4.

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 the body-alone normal force Cy , and the fin-
alone normal force Cy,, , combined with the incremental
normal force attributable to the interference of the fin on the
body ACy,,,, and the incremental normal force attributable
to the interference of the body on the fin ACy, .. A linear
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Fig. 4 Forces and their centers of pressure on finned slender body.

combination of the contributions of each component is given
by

CN=CNBA +2(CNFA ) (S5/8) +ACNFOB (S7/8)
+2(ACn,,) (S1/5) o)

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 given by

Cm =C"’BA +2(CNFA ) (XCPFA ) (Sf/S)
+ (ACNFOB ) (XCPFOB ) (S,/8)
+2(ACNBOF) (Xcpgop ) (5¢75) ?)
where Xcpp,, and Xcp,,. are the effective centers of -
pressure of the incrementaf?orces attributable to interference.
Center-of-pressure locations in the moment equation are

nondimensionalized by d. The development 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
deg. The method is based on a modification of the crossflow
theory formulated by Jorgensen.? The crossflow drag
coefficient variation with Mach number and Reynolds
number is a modification of the variation reported by Fidler
and Bateman? and the variation used in the USAF Datcom.*
The equation for normal-force coefficient for the range
0=<a=180degis given by

CNBA =(S5,/8)sin(2a’)cos (a’ /2)
+1'Cy_ (S,/S)sin? (a”) (3)

The modified pitching-moment equation for the range
0=a=<90degisgiven by

V—Sb(l—X,,,)] . <a' )
= —_———— 2 4
Crgy [ ~sd sin (2a” ) cos 3

+1'Cy, (%)@sinf(a')+z @

and the pitching-moment equation for the range 90<a <180
deg is given by

V-S§,X, o’
o=~ [ ()
"B Sd sin (2o’ ) cos 3
, SN[ (Xpn—X) 7. ,
+"¢"c<§>[7d Jsn @+ ®
where
a’' = (0<a=90deg) (62)
o' =180—« (90<a<180deg) (6b)

The location of the aerodynamic center given by

Xcppy =Crmpy /Cnpy ™
is measured from the moment reference location specified by
X,, and is positive forward of the moment reference point.

The term 5’ is used to modify the two-dimensional drag
coefficient to approximate the drag coefficient for a finite
length cylinder and is determined from the data obtained by
Goldstein,® corrected for Mach number in the range
0.95=<M=1.35. The variation of 7 as a function of length-to-
diameter ratio of the cylinder, shown in Fig. 5, was obtained
by a least-squares, fifth-order polynominal curve fit ap-
proximating Godlstein’s n curve.’ It has been customary in
the past to assume that the finite length correction applied
only at subsonic Mach numbers. 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 normal force
and pitching moment at a Mach number of 1.0. However,
since there is a mixture of both subsonic and supersonic flow
over the body at high subsonic Mach numbers, a rapid but
smooth change in 1 would be the most likely variation. Also,
the discontinuous change in 5 at M= 1.0 results in an over-
prediction of Cy at M=1.0 and o =90 deg. Therefore, a
hyperbolic tangent variation in % over the region 0.95
<M=1.35 has been assumed in the development of this
technique. The variation of % with //d of the configuration is
determined from Fig. 5 and then modified for Mach number
inthe range 0.95 <M <1.35 by the following equation:

' =9+ [(1.0—n)/2]

X [1.0+tanh{ (M—1.0) (15.0/M*)}] - (8)
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Fig. 5 Finite length cylinder correction.
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Fig. 6 Crossflow drag coefficient.

The fourth power of the Mach number in the last term allows
for a rapid increase in the region 0.95 <M =< 1.0 with a slower
increase in 7’ intheregion 1.0 <M =<1.35.

The crossflow drag coefficient Cdc , used in this procedure,
is shown in Fig. 6 as a function of crossflow Mach number,
freestream Mach number, and crossflow Reynolds number.
For a crossflow Mach number up to 0.6, the crossflow drag
variation was taken from Ref. 3. At higher crossflow Mach
numbers, the crossflow drag is assumed to be a function of
crossflow Mach number only and is represented by a
modification of the crossflow drag from the U.S. Air Force
Datcom.* \

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 data from the high
angle-of-attack data base. The term is a function of both
Mach number and angle of attack. Z was determined by
subtracting the pitching-moment coefficient calculated by
Jorgensen’s formulation of the crossflow theory from the
measured pitching-moment coefficient:

Z= C’"meas - C’"calc (9)
For each Mach number, Z, as a function of angle of attack,
was normalized by its extremum value. The resulting 6 is
shown in Fig. 7 for each Mach number. A curve, § (weighted
toward M =0.9), also shown in Fig. 7, represents the assumed
variation of & with angle of attack. The normalizing factor
Z 4% is shown in Fig. 8 as a function of Mach number.

Another empirical factor based on experimental data
obtained for bodies with //d of 12 and 15,! was added to
account for a body with (//d) different from the data used to
determine the correction. Thus, the resulting factor is given by

- lrd N2
Z=(Z o (—)
(Zmax} (0) 10
Interference Factors B !

The incremental interference force coefficients ACy,,,, and
ACNBOF, or interference factors, along with their ef(fzgctive

10)
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Fig. 7 Nondimensional body-alone pitching-moment coefficient
correction.
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Fig. 8 Mach number variation of maximum value of body-alone
'pitching-moment coefficient correction.

centers of pressure were determined from the data in the high
angle-of-attack data set. Only the data obtained for the
1/d=10 total length configuration were used to empirically
determine the interference factors.

The incremental normal-force coefficient on the fin at-
tributable 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:

ACN or =Cnpg = Cnpy an

This 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 pitching-
moment equations.

The incremental interference normal-force coefficient on
the body attributable to the presence of the fin can now be
determined by rearranging the assumed equation for the total
normal-force coefficient, Eq. (1).

ACKop =1Cn—=Cng, —2(Cnpy ) (S4/5)
—2(ACN,,: ) (S,/8)1(S8/8)) ‘ 12)

Again, this interference is based on fin area and will be
converted 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 direction
relative to the fin hingeline can be determined for the in-
terference factor ACy by using the measured fin hinge
moment for the cases of the fin alone and the fin in the
presence of the body. The interference hinge moment is
obtained by subtracting the hinge moment measured on the
fins alone from the hinge moment measured on the fins in the
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presence of the body. The following equation is given for the
interference hinge moment:

(ACNBOF) (X CPBFH)
= (CNFB ) (CPXHLB ) - (CNFA ) (CPXHLA ) (13)
resulting in

CNFB cp Xy~ Cnp, CP XHLA

X gy = (14)

ACy BOF

The lateral effective center of pressure Ycp, . can be
determined in a like manner from the measured fin-alone and
installed-fin root bending moments. Center-of-pressure
locations in the hinge moment - equation are non-
dimensionalized by Cp, and center-of-pressure locations
associated with the root bending moments are non-
dimensionalized by b/2.

The effective center of pressure of the interference is related
to the hinge line and is nondimensionalized 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 hinge line location X, 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

Xepgor =Xnr + Xepgpy (Cr/d) (15)

The effective center of pressure of the interference factor
ACNFOB can now be determined by rearranging the equation
for the total pitching-moment coefficient, Eq. (2):

XCPFOB =
C, —C,,,BA —2ACNBOF (Sf/S)XCPBOF —ZCNFA XCPFA (S;/8)
ACnpop (5//5)
(16)
where
XCPFA =Xy +CPXHLA (Cgr/d) Qa7)

By the nature of the equation, the effective center of pressure
Xpyop 18 NOndimensionalized by the body diameter.

The interference factors and their effective centers of
pressure have been mathematically represented by a hyper-
surface determined at each Mach number and angle of attack,
using a multiple linear regression technique. The dependent
variable on the surface is represented as a function of the
three ratios — taper, aspect, and span — which define the fin.

Fin-Alone Method

The fin-alone contribution to the normal-force coefficient
and total pitching-moment coefficient is determined 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 variables of fin normal
force Cy, , center-of-pressure location in the X direction
CPXHL 4 and center-of-pressure location in the Y direction
CPy,., are determined at each Mach number and angle of
attack by an equation which is a function of the two ratios,
taper and aspect, which are independent of the body and
define the fin.

Multiple Linear Regression Technique

The multiple linear regression technique, used to represent
the calculated interference factors and the measured fin-alone
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data by surface equations is a standard application program,®
and the following equations result:

ACnppp =Bo+BN+BN +8;R+B,(d/b")  (182)
ACny,r =Bo+BN+B,N2 +B;R+B,(d/b’)  (18b)
Xcppog =Bo+BN+BN +B;R+B,(d/b’) (18c)
Yergor =Bo+BN+BN +B;R+B,(d/b") (18d)
Xcpgry =Bo+BN+BN +B8;R+B,(d/b") (18¢)
Cnpy  =Bo+BMN+BN +8;R (18f)
CPyyy o =Bo+ B N+B8,M +B;R (18g)
CPypcq =Bo+BA+B,0 +8; R (18h)

A unique set of regression coefficients, 8, to 8, or 5, to ;
is tabulated in Ref. 7 for each of the foregoing parameters.
The coefficients are given for angles of attack from O to 180
deg in 2-deg increments and for 10 Mach numbers ranging
from 0.6 to 3.0.

Calculation Procedure

For a given finned slender body, the total normal-force and
pitching-moment coefficients are given by Egs. (1) and (2),
respectively. Each component of the two equations is
determined separately. The body-alone normal force is
determined by Egs. (4) and (5). The factors Cdc and 7 are
determined from Figs. 6 and 5, respectively, with 5’ deter-
mined by Eq. (8). The factor Z is determined from Eq. (10)
with § and Z,,,, determined from Figs. 7 and 8, respectively.

The interference factors and their effective centers of
pressure are determined from the regression coefficients,
Bo-..B4, tabulated in Ref. 7 and the first five of Egs. (18). The
fin-alone contributions are determined by the regression
coefficients, B,...3;, tabulated in Ref. 7 and the last three of
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Fig. 9 Comparison of measured and predlicted force and moment
coefficients for ogive cylinder with triangular tail fins, M=0.8.
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Egs. (18). The fin parameters are determined from the
following equations:

Cnpp =Cnpy TACNgor a9
C’"H = (CNFA ) (CPXHLA )+ (A.CNBOF ) (XCPBFH ) (20)

Congp = (Cnpy ) (CPyp ) +(ACK, ) (Yepy,,) @1
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Fig. 10 Comparison of measured and predicted force and moment
coefficients for ogive cylinder with triangular tail fins, M =2.0.
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Fig. 11 Comparison of measured and predicted fin loads for a
triangular fin on an ogive cylinder, M=0.8.
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Fig. 12 Comparison of measured and predicted fin loads for a
triangular fin on an ogive cylinder, M =2.0.
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Fig. 13 Comparison of measured and predicted coefficients for a
modified basic finner model having an ogive-cylinder body and low-
aspect-ratio fins.

Since the regression coefficients are determined for discrete
Mach numbers and angles of attack, values for other Mach
numbers and angles of attack must be determined by in-
terpolation. A computer version of the coefficient prediction
technique has been written for the IBM 370/165 computer
and is described in detail in Ref. 7.
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Comparisons with Data

A comparison of the measured and predicted normal force
and pitching moment at Mach numbers of 0.8 and 2.0 is
shown in Figs. 9 and 10, where the symbol size approximates
the experimental uncertainty, for an ogive-cylinder -con-
figuration from the high angle-of-attack data set, 10 calibers
long with an aspect ratio 2, triangular fin. Figures 11 and 12
show a comparison of measured and predicted fin loads for
the preceding configuration. As can be seen in Figs. 9-12, the
agreement between the measured and predicted coefficients is
excellent.

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.® The comparison of the measured and predicted
aerodynamic coefficients is shown in Fig. 13 at a Mach
number of 1.3. The model had a roll rate of approximately
100 rad/s for the data shown. The measured and predicted
values of normal force and pitching moment are seen to be in
excellent agreement.

Conclusions

A high angle-of-attack data set has been established, and a
semiempirical theory, adequate for preliminary design
purposes, has been - developed for the prediction of
aerodynamic coefficients for finned slender bodies at angles
of attack from O to 180 deg and Mach numbers\from 0.6 to
3.0.
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