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Improved Methodology for Axial Force Prediction
at Angle of Attack

F. G. Moore¤ and T. C. Hymer†

U.S. Naval Surface Warfare Center, Dahlgren, Virginia 22448-5000

An improved semiempirical method for axial force calculation on missile con� gurationshas been developed. The
method uses the theoretical methods currently used in the U.S. NavalSurface Warfare Center’s aeroprediction code
for zero angle-of-attack axial force computations and several wind-tunnel databases to compute changes in axial
force at angle of attack. The method is applicable to bodies alone, wing–body, and wing–body–tail con� gurations
for both zero and nonzero control de� ections. It has been developed to allow computation for angle of attack up
to 90 deg at Mach numbers up to 20. However, it has been validated against data only to Mach number of 4.6 and
angle of attack to 40 deg for all con� gurations. For body alone and wing–body cases, it has been validated to 90
deg angle of attack. Additional test data or Navier–Stokes computations would allow re� nement of the improved
method. The new method has been compared with several existing techniques. The method was found to be as
good as or better than existing techniques but more general than existing methods in terms of con� gurations and
Mach numbers allowed for the method to be used.

Nomenclature
A, B, C, D = variables used in de� nition of f (M , a )

parameter, 1/rad
C A = total axial force coef� cient
C AB = that part of the axial force coef� cient due to the

base of the con� guration
C A f = that part of the axial force coef� cient due to

skin friction
C AP = that part of the axial force coef� cient due to

pressure on the body excluding the base region
C A a = total axial force coef� cient component due to

angle of attack (AOA)
C A d = axial force coef� cient component due to control

de� ection, d
C A0 = total axial force coef� cient at AOA of zero

degrees
CD = drag coef� cient
CL = lift coef� cient
CNT (V ) = normal force coef� cient on tail due to wing shed

vortices
CNW ( B) , CNT (B) = normal force coef� cient of wing or tail,

respectively, in presence of body
f (M , a ), = function and its derivative, respectively,
f 0(M, a ) which are de� ned based on various databases as

a function of Mach number and AOA
kW (B) , kB(W ) = wing–body and body–wing interference factors,

respectively,due to control de� ection at 0-deg
angle of attack

L / D = lift-to-drag ratio
M , M1 = Mach number and freestream Mach numbers
a = angle of attack, deg
d = control de� ection with leading edge up as

positive, deg
U = roll position, deg, with U D 0 deg having � ns in

plus (C) roll orientation and U D 45 deg having
� ns in cross (£) roll position
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Introduction

T HE latest version of the aeroprediction code (AP95) (Ref. 1)
available to the public emphasizes zero lift drag or axial force

coef� cient at zero angle of attack (AOA) with only minor atten-
tion devoted to the change in CA with AOA. One component of C A

is treated in a fairly comprehensive manner. The primary rationale
for not devoting more effort to calculating the change in total axial
force with AOA is the fact that, for most conditions, normal force
is the dominant term in lift, drag, and lift/drag ratio at high AOA,
and CA plays a secondary role. However, at subsonic Mach num-
bers, CA can actually go negative at high AOA, causing more error
in CL , CD , and L / D than desired. Also, at very high Mach num-
bers (M > 3.0), CA tends to increase with AOA much more than
the current AP95 predicts. Finally, the change in CA with control
de� ection, although predicted reasonably well by the AP95, could
possibly be improved somewhat, also at subsonic and high super-
sonic conditions. It is therefore the intent of this paper to discuss
the physics of the changes in axial force with AOA, to develop a
semiempirical mathematical model to account for the physics, and
to compare the improved axial force model at AOA with the AP95
and experimental data.

In researching the literature for methods to account for axial
force changes with AOA, we found three. The � rst of these was
by Jorgensen,2 where he approximated CA by

CA ’ C A0 cos2 a , 0 · a · 90 deg (1)

This method worked reasonably well for subsonic Mach numbers
and AOAs less than about 30 deg. References 3 and 4 improved
upon the Jorgensen method by assuming

CA D CA0 C f (M , a ) (2)

where f (M , a ) (Ref. 3) was approximated by a fourth-order poly-
nomial in AOA for subsonic and transonic Mach numbers and was
assumed to be zero4 for supersonic Mach numbers. The efforts of
Refs. 3 and 4 were an improvement on the Jorgensen methodology
at all Mach numbers and particularly for AOAs greater than about
30 deg. However, because f (M , a ) D 0 at M ¸ 1.5, the method
did not pick up the increase in CA due to compressibility effects
at higher M . Reference 5 then improved upon Ref. 4 by assuming
f (M , a ) was second order in AOA at supersonicMach numbers for
bodies alone and third order for wing–bodies. Unlike Ref. 1, which
givesconsistentlyaccurateresultsforCA0 , usingsecond-ordermeth-
ods, Refs. 2–5 use basically empirical methods for computing C A0 .
The fact that CA0 was estimated empirically means the empirical
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methods are limited to the databases on which they are based, not
only at high AOA but at low AOA as well. Furthermore, neither
Ref. 4 nor Ref. 5 treated wing–body–tail con� gurations separately
from wing–body cases.

Although Refs. 4 and 5 give acceptable accuracy for f (M , a )
at AOAs to 90 deg for body alone and body–tail cases, they use
different prediction methods in various Mach number regions. It
is the goal of the present work to derive a single new function,
f (M , a ), that is as accurate or more accurate than either the Ref. 4
or Ref. 5 methods yet is applicable over the entire Mach number
and AOA range of interest and is applicable to body alone, wing–
body, or wing–body–tail cases. In addition, neither Refs. 2, 4, nor 5
treatedempiricalcorrectionsto axial forceon missile con� gurations
with combined AOA and control de� ection. This area will also be
investigated for possible improvement. The technology discussed
in this paper will be included as part of the next version of the
aeropredictioncode (AP98) to be released to the public in 1998.

Analysis
CA0 Methodology

The methods used in the AP95 to calculate CA0 have been well
documented (see Refs. 1 and 6–12) and will not be discussed here.
Suf� ce it to say that a major effort has been placed on obtaining
accurate estimates of CA0 from the inception of the aeroprediction
code in 1972 to the present. A general class of con� gurations are
allowedwithnoseshapesthatcanbepointed,blunt,or truncatedwith
one other slope discontinuityalong the nose allowed. The afterbody
is cylindricalwith either a boattail or � are allowed as well. Most of
the methodsused are analytical,and many are secondorder accurate
for wave drag calculations. As a result of this level of detail given
to the zero lift drag force computations, average accuracy levels
on C A0 of §10% have been obtained from the � rst version of the
aeroprediction code (AP72) to the latest version available to the
public (AP95).

CA Physical Phenomena at AOA
Before we develop a mathematical model to address changes

in axial force coef� cient as a function of AOA, it is appropriate to
discussthephysicsof the � ow that causesthesechanges.To visualize
the changes, the axial force will be once again broken down into its
components due to pressure, skin friction, and base drag.

For subsonic Mach numbers and spherically blunt or ogive-
shaped bodies, the pressure drag at low-to-moderate AOA is zero.
However, as AOA is increased or for bodies with truncated noses
or large cone half-angles, the � ow forms a separationbubble in the
vicinity of the nose region. This separation bubble has a negative
pressure coef� cient, which means the axial force decreases with
AOA. On the other hand, at high Mach numbers, the pressure co-
ef� cient on the windward side of the body is a function of the sine
squared of the angle between a tangent to the body surface and the
velocity vector. This means the increase in axial force at high Mach
numbers with AOA is positive due to compressibility effects of the
air. On the leeward surface of the body, the pressure coef� cient ap-
proaches zero at high Mach numbers so that it has little effect on
the axial force coef� cient. None of the theoretical methods being
used for computing the pressure component of the axial force co-
ef� cient accurately account for these changes above AOA of about
10 deg.

The base axial force changes with AOA are positive at all Mach
numbers12 but are the largest at transonic Mach numbers. At very
high Mach numbers where the base term approaches zero, the
change with AOA is also zero. At moderate AOA, the increase in
base axial force reaches a maximum and then begins decreasing
with additional increases in AOA. When � ns are placed on the body
in the vicinityof the base, the increase in base axial force with AOA
is mitigated substantially. The phenomena that cause these effects
with AOA are not clear. It is suspected that for the body alone, the
initialAOA increasescausea strongerseparationat the shoulderdue
to a larger turn angle at the base. However, when � ns are placed in
the vicinityof the base, it is suspected that some of the high dynamic
pressure � uid is channeled into the base region, thus mitigating the
negative base pressure coef� cient somewhat.

The skin-frictioncoef� cient axial force change with AOA is even
harder to estimateor to explaindue to the lack of computational� uid
dynamicsorwind-tunneldata thatattempt to measurethisquantityat
moderate to high AOA. At lower Mach numbers,where strong sepa-
rationexistsin theleewardplaneareaalongwith a fairly largereverse
� ow region, it is suspectedthat the skin frictiondecreaseswith AOA.
As theMachnumber increases,the reverse� ow regiondecreasesand
the change in skin-frictionaxial force with AOA is probably nearly
constant or maybe slightly positive for low-to-moderate AOAs.

Anotherphysicalphenomenonthat causeschangesin C A (at mod-
erate and higher supersonic Mach numbers) with AOA is internal
shock interactions.These phenomena are primarily associatedwith
bodieswith liftingsurfacesandparticularlythosewith more thanone
set. The body alone generally will have only a bow shock and inter-
nal expansionwaves unless there is a surface discontinuitypresent.
A body–tail con� guration will have shocks coming off the tail sur-
faces, which interact with the bow shock. At Mach numbers and
AOAs high enough, these interactions can have an impact on the
axial force.Finally, if two or more sets of liftingsurfacesare present,
evenstrongershockinteractionsoccurbetweennotonly thebowand
wing shock but also the wing to tail shocks as well. The situation
is further complicated if a control surface is de� ected. The internal
shock interactioneffects can affect the other static aerodynamicsas
well as axial force when this is the case.

Improved Semiempirical AOA Theoretical Model
Asstatedin the Introduction,thegoal is to developa singlemethod

that predicts f (M , a ) of Eq. (2) as accurately as either of the meth-
ods in Refs. 4 and 5 but that applies for all Mach numbers for bodies
with and without liftingsurfacesand for AOA to 90 deg. To this end,
we assume

f (M , a ) D A a C B a 2 C C a 3 C D a 4 (3)

To evaluate the coef� cients A, B, C , and D requires four indepen-
dent conditions.Condition 1 is

¶ f

¶ a
a D 0

D f 0(M , 0)

and for conditions 2–4 the value of f (M, a ) is at a D 30, 60, and
90 deg, respectively.

Using these four conditions, and putting a in radians vs degrees,
we arrive at four equations to solve simultaneously.

Simultaneoussolutionof the variables A, B, C , and D from these
four equations gives

A D f 0(M , 0)

B D ¡3.509 f 0(M , 0) C 11.005 f (M , 30)

¡ 2.757 f (M , 60) C 0.41 f (M, 90)

C D 3.675 f 0(M , 0) ¡ 17.591 f (M , 30) (4)

C 7.041 f (M , 60) ¡ 1.179 f (M , 90)

D D ¡1.181 f 0(M, 0) C 6.771 f (M , 30)

¡ 3.381 f (M , 60) C 0.752 f (M , 90)

Knowing f 0(M , 0), f (M, 30), f (M, 60), and f (M , 90) in con-
junction with Eqs. (2–4), improved estimates of CA at AOAs up
to 90 deg should be obtained. In reality, if the body is symmetric,
then this AOA should be §90 as long as Eq. (3) is viewed in terms
of absolute values for AOA.

The question that must be addressed is how to determine values
of the parameters f 0(M , 0), f (M, 30), f (M , 60), and f (M , 90).
To do this, two large wind-tunnel databases were utilized. These
were the NASA Tri-Service Data Base,13 which contains detailed
missile component data to AOA 45 deg, and the Baker14 high AOA
data base, which includes missile component data to 180 deg AOA.
Reference 13 was used primarily for the lower AOA information,
f 0(M , 0) and f (M , 30), and Ref. 14 was used for the higher AOA
variables, f (M , 60) and f (M , 90). The reason for this was that
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Fig. 1 Axial force AOA variation parameters for body alone.

Fig. 2 Axial force AOA variation parameters for a body–tail con� gu-
ration.

Ref. 13 data were available in tabular form, making the estimates
of the parameters more accurate than from the Ref. 14 information,
which was available only in graphs. For some data points in the
transonic � ow region, the parameter f (M , 30) was obtained by
averaging the data from both Refs. 13 and 14.

Figure 1 gives the values of the parameters f 0(M , 0), f (M , 30),
f (M , 60), and f (M , 90) for the body alone. Reference 5 indicated
that analysis showed that the � rst parameter [ f 0(M , 0)] was in-
dependent of nose length, nose shape, and total body length and
dependent only on the Mach number. This assumption will also be
made for the other three parameters as well. Comparison of the new
method on con� gurations different from those within the database
will determine the validity of this assumption.

Figure 2 gives the values of the same parameters for a con� gura-
tion with one set of lifting surfaces. These parameters were derived
mostly for body–tail con� gurations. In comparing values of the pa-
rameters in Fig. 2 with those of Fig. 1, it is seen that similar values
exist for each parameter but they are slightly different. The Ref. 4
method shows no differencebetween con� gurations that are bodies
alone vs those with lifting surfaces, and Ref. 5 shows a difference
only as AOA approaches 90 deg. Thus the present method will
also give slightly different results for body alone and wing–body or
body–tail missile con� gurations than those of Refs. 4 and 5 due to
differencesin the values of the parameters used in de� ning the non-
linearity with AOA. This is in addition to differences arising from
the use of a single equation for all cases in the present approach vs
three different equations used in Refs. 4 and 5.

Unfortunately, neither of the databases given in Refs. 13 or 14
tested con� gurations with two sets of lifting surfaces. Although the

Fig. 3 Axial force AOA variation parameters for a wing–body–tail
con� guration.

coef� cients de� ned by Fig. 2 could be used as an approximationfor
con� gurationswith two setsof liftingsurfaces,it will be attemptedto
improveupon these,at least for the lowerAOAs where otherdata are
available.To this end, Refs. 15–18 were utilized.References15 and
16 were very helpful in de� ning f 0(M , 0) and f (M, 30) for Mach
numbers 0.8–4.6. Above 4.6, values of these parameters were ex-
trapolatedas was done in Figs. 1 and 2 as well. References17 and 18
were utilized for low Mach number values of f 0(M , 0), f (M , 30),
and f (M , 60). For high Mach numbers f (M , 60) could be extrapo-
lated reasonablywell based on the Ref. 16 data in conjunctionwith
Fig. 2.The f (M , 90) dataare simplya bestguessbasedon f (M , 60)
values for wing–body–tail cases and f (M , 60) and f (M , 90) values
of Fig. 2.

Valuesof the four parametersofEq. (4) are given in Fig. 3 for con-
� gurations having two sets of lifting surfaces. In comparing Figs. 2
and 3, it is seen there are some similarities but also some differ-
ences. At low Mach numbers, trends of all four parameters are sim-
ilar, which means that Fig. 2 could be used successfully for con-
� gurations with more than one set of lifting surfaces and still get
reasonablyaccurate estimates of axial force changewith AOA. This
is in fact what Refs. 4 and 5 both do. However, as the Mach number
increases, the values of the parameters f 0(M , 0) and f (M , 30) tend
to be higher for two sets of lifting surfaces comparedwith one. That
is, CA increases faster and reaches a higher peak value with AOA
for a wing–body–tail case than for a wing–body or body–tail case.

The last physical phenomenon to be modeled is the change in
axial force coef� cient with control de� ection as AOA increases.
The AP95 de� nes the axial force term due to control de� ection as

C A d W
D CNW ( B) sin d W (5a)

for the forward lifting surface and as

CA d T
D CNT (B) C CNT (V ) sin d T (5b)

for a rearwardliftingsurfaceif two setsof liftingsurfacesarepresent.
If only one set of lifting surfaces is present, Eq. (5a) applies regard-
less of the � n location. Equation (5b) contains the tail interference
term as a result of the forward set of � ns, whereas Eq. (5a) does not
have this term. Both CNW (B) and CNT (B) of Eq. (5) are the normal
force coef� cient on the wing or tail due to both AOA and control
de� ection.

In analyzing Eqs. (5a) and (5b), they both basically assume that
the axial forcedue to controlde� ection is simply the normal forceof
the wing in conjunction with the body times the sine of the control
de� ection angle d . In examining comparisons of this approach to
data, it was found that, when a and d were of the same sign, Eq. (5)
gaveagreementwith experimentaldata,which was quite acceptable.
However, when a and d were of opposite signs, it was found the
agreement was not as good as desired for higher Mach numbers. It
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a) = 0 deg b) = 45 deg

Fig. 4 Values of f (M; ®W ) for ® and ± of opposite signs.

is suspected that part of the reason for this is the nonlinearmodel of
kW (B) and kB(W ) is accurate for a and d of the same sign, but when
a and d are of opposite signs, the total values of kW (B) and kB(W ) are
correct, but each may be in error, and the errors tend to compensate.
It is speculated that the fundamental source of this discrepancy is
wing gap effects when the wings are de� ected. This cancellation
of errors could give accurate normal force but possibly inaccurate
axial force contributionsdue to AOA.

Because no direct data measurements are available and because
the control de� ection matrix of Ref. 1 gives quite acceptablevalues
of normal force and pitching moment, the approach taken here is to
de� ne a term f (M, a W ) by which to multiply Eq. (5) when a and d
are of opposite signs.

Then

CA d W
D CNW (B) sin d W f (M , a W ) (6a)

and

CA d T
D CNT ( B) C CNT (V ) sin d T f (M , a T ) (6b)

where a W and a T of Eq. (6) are de� ned by

a W D a C d W , a T D a C d T (7)

Because the generic wind-tunnel databases available have � ns
that are too small to accurately determine f (M , a ), use of other
databases16,18 in conjunction with the AP95 code will be used in-
stead. Figure 4a gives values of f (M , a W ) for Mach numbers be-
tween 1.5 and 4.60 at U D 0, and Fig. 4b gives the complementary
values at U D 45 deg. For Mach numbers above 4.6, the values at
4.6 are used. For Mach numbers below 1.5, f (M , a W ) is assumed
to go to its value of 1.0 at M1 D 0.8 and remain at that value below
that Mach number. This assumption again is based on comparisons
to data at low speeds. For a and d of the same sign, f (M , a W ) is
always 1.0.

The value of f (M , a W ) at a W D 90 deg has been assumed to be
0.5 for both the U D 0- and 45-deg planes. If the wing were not
in the presence of the body, then a value of 1.0 would be natural at
least at U D 0. However, due to body interference, the full effect
of control de� ection on f (M , a W ) at a W does not appear to be
obtained at a W D 90 deg based on extrapolated experimental data
at lower values of a W . Hence, the assumed value of 0.5. Hopefully,
higher AOA experimental data that can be used to improve upon
this assumption will become available.

Results and Discussion
Several body alone, wing–body and wing–body–tail con� gura-

tions are consideredin Ref. 19, which is the detailed technicalreport
upon which this paper is based. Only a selected sampling of results
will be shown here. These results will illustrate the comparison of

the new method to that of Refs. 2–5 for a body alone and body–
tail case and will illustrate results for a wing–body–tail case with
controlde� ection, for which Refs. 2–5 were not directly applicable.

The � rst case considered is one of the body-alone con� gurations
tested by Baker.14 The Baker database was the primary database
on which the theoretical axial force methods of Refs. 3–5 were
based. This database consisted of several body-alone and body–tail
con� gurations tested at AOAs to 180 deg and Mach numbers 0.6–
3.0. Figure 5a shows the body alone and body–tail consideredas an
example here. The body has a 2.5-caliber tangent ogive nose and
7.5-caliber cylindrical afterbody. The tail planform has an aspect
ratio of one. The con� guration was tested with a boundary-layer
trip at a Reynolds number of 4 £ 106/ft. Hence, the option in the
aeroprediction code for a wind-tunnel model with boundary-layer
trip is used to compute CA0 for the given test Reynold’s number. Of
course, C A a is not assumed to be affected by either the Reynolds
number or the state of the boundary layer.

Figure 5b compares the new theoretical approach with the body-
aloneaxial forcedata ofRef. 14. Also shown on Fig. 5b for the lower
Mach number cases is the fourth-orderaxial force method of Ref. 4
and the third-order method of Ref. 5 for the higher Mach number
cases. Note that the new method achieves one of its objectives of
being as accurate as the Refs. 4 and 5 methods while using a single
method vs dual methods. One of the reasons the Refs. 4 and 5 meth-
ods compare as well as they do to data is that the CA0 prediction of
those references is based on the Baker database. The new method
uses AP95 theoreticalmethodology to predict C A0 and still gives as
good or better comparison to the Baker14 data than either Ref. 3 or
Ref. 4.

Figure 5c compares the predictionsof the new theory to the Baker
data and the method of Ingram et al.5 at several supersonic Mach
numbers for the body–tail con� guration of Fig. 5a. Note that both
the third order5 and the present fourthorder in AOA methods predict
CA a quite well for supersonic Mach numbers. However, although
not shown in Fig. 5c, the third-order AOA method does not work
well at subsonic Mach numbers.

In examining the comparisons of the new method of this report
to those of Refs. 3–5 in Fig. 5, it is seen that one of the objectivesof
this work has been achieved. That is, a single method (vs multiple
methods) has been de� ned that works as well as or better than those
available3¡5 for body-alone and body–tail con� gurations over the
entire Mach number range and for AOAs to 90 deg. The method
has been validated for a more limited Mach number range due to
availability of data, however.

References 3–5 derived nonlinear AOA predictors for CA for
body-alone and body–tail con� gurations. No consideration was
given to con� gurations with more than one set of lifting surfaces or
to control de� ections and so the user of this technology is left with
the use of body–tail methodologyfor con� gurationswith more than
one set of lifting surfaces. The next example will apply the present
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Fig. 5a Body-alone and one body–tail con� guration of Baker data-
base14 (dimensions in inches).

Fig. 5b Comparison of axial force coef� cients of theory and experiment14 for body alone of Fig. 5a.

Fig. 5c Comparison of axial force coef� cients of theory and experiment14 for body–tail con� guration of Fig. 5a.

new method of predicting CA a for con� gurations with more than
one set of lifting surfaces. The theory for these examples is based
on AP95 methods at AOA D 0, Eqs. (2) and (3), along with Fig. 3
for no control de� ection or when a and d are of the same sign.

The con� guration chosen to illustrate the wing–body–tail meth-
odology is shown in Fig. 6a, with the experimental results given in
Ref. 17. This con� guration has a length of about 18 calibers with a
tangent ogive nose of 2.25 calibers in length. It has wings and tails
of fairly high aspect ratios of 2.8 and 2.6, respectively. Data were
taken at Mach numbers 1.5–4.63, for AOAs to 45 deg, and control
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Fig. 6a Wing–body–tail missile con� guration used in validation.17

Fig. 6b Comparison of theory and experiment17 for con� guration of Fig. 6a ( U = 0 deg and ± = 0 deg).

Fig. 6c Comparison of theory and experiment17 for con� guration of Fig. 6a ( U = 0 deg).

Fig. 6d Comparison of theory and experiment17 for con� guration of Fig. 6a ( U = 45 deg).

de� ections of 0 and 10 deg at Mach numbers of 1.5 and 2.0 and
0–20 deg at Mach numbers of 2.35 to 4.63. The data were taken at a
Reynolds number of 2.5£106/ft and boundary-layertrips were also
used. The model had a hollow chamber, and chamber axial force
measurements were given separately in Ref. 17. These results were
added to the forebody axial force measurements to compare with
the AP95 and the new AOA axial force predictionmethodpresented
in this report.

Figures 6b–6d show the comparisons of the new theory with the
previous AP95 calculationsand the data of Ref. 17. Mach numbers
1.5 and 4.6 are shown in the comparisons.

Figure 6b is the 0-deg controlde� ection resultsat U D 0. Figures
6c and 6d give the correspondingcomparisonsof theory to data17 for
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a) = 0 deg b) = 45 deg

Fig. 7 Comparison of axial force coef� cients of a tail-controlled wing–body–tail con� guration. 18

U D 0- and 45-deg roll, respectively,but with control de� ection. At
M1 D 1.5, the controlde� ection is 10 deg, whereas at M1 D 4.6, it
is 20 deg.Here the theorydistinguishesbetween roll of 0 and 45 deg,
becauseonly two � ns are de� ected at 0-deg roll, whereas all four are
de� ected at 45-deg roll. Also note that no AP95 computations are
shown on Fig. 6d because the AP95 is only applicableat U D 0 deg.
Note that in Figs. 6b–6d, the new method in general is equal to or
superior to the AP95 and also givesvery good agreement in compar-
ison to data. The average accuracy errors of the new method to data
in Figs. 6b–6d are well within the §10% accuracy level claimed in
the overall accuracy levels for normal and axial force coef� cients.

The � nal con� gurationconsideredfor validationis a wing–body–
tail case where the tail surfaces are used for control. The con� gu-
ration is identical to the con� guration in Fig. 6a except that the
wing trailing edges are truncated with a height of 0.05 in. vs being
sharp, as shown in Fig. 6a. This means the drag of this con� gura-
tion is slightlygreater than the wing-controlledcase due to the wing
trailing-edgebase pressuredrag. The wind-tunneldata18 were taken
at a Reynolds number of 2.0 £ 106/ft vs the wing controlled case of
2.5 £ 106/ft. However, a boundary-layer trip was used for both the
tail and wing controlled models.

The comparisons of axial force coef� cients to data18 of the new
method to the AP95 and experiment for no control de� ection are
quite similar to the results of Fig. 6b and therefore will not be
repeated here. The results for d D ¡20 deg at U D 0 and 45 deg
are shown in Figs. 7a and 7b, respectively.Results are given in each
� gure for Mach numbers of 1.5 and 4.6. The theory is shown up to
AOA 90 deg, although data are availableonly up to AOA of 35 deg.
For Mach number of 1.5, both the AP95 and the new method appear

to give acceptable results compared with data at U D 0. However,
for thehigherMachnumber, thenew methodis superiorto theAP95.
The reason for this improved performance is due to the empirical
model for AOA and control de� ection of opposite signs as given
in Fig. 4. For the U D 45-deg roll position, only the new method
results are shown in Fig. 7b because the AP95 is not applicable to
this roll position.

Summary
An improved semiempirical method for axial force calculation

on missile con� gurations has been developed.The method uses the
theoretical methods currently used in the 1995 version of the U.S.
Naval Surface Warfare Center aeropredictioncode (AP95) for zero
AOA axial force calculationsand wind-tunneldatabases to compute
changes in axial force at AOA for body-aloneand wing–body con-
� gurations.Comparisonsto dataandexistingtheoreticalapproaches
for computing the AOA contribution to axial force indicate the new
methodto be as goodas or superiorto existingtechniquesat allMach
numbersandAOAs. The improvedmethodwas alsoextendedto con-
� gurations that have two sets of lifting surfaces and also to consider
axial force due to control de� ection. Comparisons of the extended
method to the AP95 for wing–body–tail con� gurations showed im-
provements to the AP95 at higher AOA, at higher Mach numbers,
and when the AOA and control de� ection were of opposite sign.

In developing the improved semiempirical method, several as-
sumptions were necessary: 1) the value of C A at AOA of 90 deg for
con� gurationswith two setsof liftingsurfacesand for con� gurations
with control de� ections, 2) the value of C A at high AOA outside the
Mach number range for which data were available (M > 4.6), and
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3) how to break the contribution in CA due to AOA into individual
axial force components due to skin friction, wave, or pressure and
base pressure.
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