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Methods for Distributing Semiempirical, Nonlinear,
Aerodynamic Loads on Missile Components
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and

Clint Housh‡

U.S. Naval Air Warfare Center, China Lake, California 93555-6001

New methodologyhas been added to the U.S. Naval Surface Warfare Center, Dahlgren Division, Aeroprediction
code to permit the distribution of the local linear and nonlinear aerodynamic loads along the body length and
over the wing and tail lifting surfaces. The new techniques extend to both the = 0 and 45 deg roll positions
and to both windward and leeward lifting surfaces in the 45-deg roll orientation. The local loads are integrated
to get the distribution of the shear and bending moments for use in structural analysis and design. Navier–

Stokes computational � uid dynamics computations for a wing–body–tail missile con� guration were used in the
development of these extensions of the code and in validating their effectiveness. In general, good agreement with
total force and moment experimental data and the computational � uid dynamics results is obtained.

Nomenclature
Aref = reference area (maximum cross-sectional

area of body, if a body is present, or
planform area of wing if wing alone), ft2

B M x B = body bending moment as a function of
streamwise coordinate, lb-ft

B M y W T = wing or tail bending moment as a
function of spanwise coordinate, lb-ft

bT bW = tail or wing span not including body, ft
CN = total normal force coef� cient
CNB = normal force coef� cient of the body
CNT B CNW B = normal force coef� cient of tail or wing in

presence of body
CNT V = component of normal force coef� cient in

tail region due to interference from wing
[CNT V ]body tail = portion of total wing–tail interference

term assigned to body or tail
[CNT V ]leeward windward = portion of tail component of wing–tail

interference term assigned to the leeward
or windward tail surfaces

CN W = change of wing normal force coef� cient
with angle of attack, rad 1

Cr T W = root chord of tail or wing lifting
surface, ft

c y T c y W = local chord of tail or wing as a function
of spanwise coordinate, ft

[cn y ]L T W = linear component of local normal force
coef� cient on tail or wing as a function
of spanwise coordinate

[cn y ]leeward windward = portion of total local normal force
coef� cient assigned to the leeward or
windward lifting surfaces

[cn y ]T W = local normal force coef� cient on
tail or wing as a function of
spanwise-coordinate
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[cn y ]T V = portion of local normal force coef� cient
on lifting surfaces attributed to wing–tail
interference

cnB cnB L cnB N L = local total, linear, and nonlinear normal
force coef� cient of the body

cnB N L adj = nonlinear component of body local
normal force coef� cient adjusted for
decreased nose loads

cnB T V = component of body local normal force
coef� cient due to wing–tail interference

DB = diameter of body, ft
i1 i4 = interference factors in wing–tail

interference calculations for windward
and leeward plane wings, respectively

K B W = ratio of additional body normal force
coef� cient in the presence of a wing to
that of the wing alone where is 0 deg

[K B W ]min 0 45 = minimum value of K B W where is at
0- or 45-deg roll position

KW B = ratio of lifting surface normal force
coef� cient in the presence of a body to
that of the lifting surface alone where is
0 deg

kW B = ratio of normal force contributionof a
de� ected lifting surface in the presence
of a body to that of the lifting surface
alone where is 0 deg

M = Mach number
Q = dynamic pressure, lb/ft2

r = local body radius, ft
rvort = vortex radius, ft
V C y = vortex strength–local chord parameter
V x B = body shear as a function of streamwise

coordinate, lb
V y W T = wing or tail shear as a function of

spanwise coordinate, lb
x B = local body load as a function of

streamwise coordinate, lb/ft
y T = local tail load as a function of spanwise

coordinate, lb/ft
y W = local wing load as a function of spanwise

coordinate, lb/ft
x = streamwise coordinate, ft
y = spanwise lifting surface coordinate, ft
ydist = spanwise distance from path of vortex

shed from wing to local point on tail, ft
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yvort = spanwise distance from centerlineof
body to path of vortex shed from wing

= angle of attack, rad, deg
CNB T CNB W = increment to normal force coef� cient on

body due to presence of tail or wing
cnB W cnB T = local normal force coef� cient load

induced on the body due to presence of
wing or tail, respectively

= de� ection angle of control surface,
rad, deg

= roll position of missile, when equal to
0 deg, corresponds to � ns in the plus
orientation

Introduction

T HE Naval Surface Warfare Center, Dahlgren Division, Aero-
prediction code (AP95) (Ref. 1) allows the computation of

aerodynamics over an extensive range of � ight conditions that in-
cludestheoperatingenvironmentsencounteredby most tacticalmis-
siles. This range covers angles of attack (AOA) up to 90 deg, Mach
numbers from 0 to 15, and controlde� ectionsfrom 30 to 30 deg.
Originally, it was limited to the roll position of 0 deg [� ns in
the plus position], but Ref. 2 recently extended the code to the

45 deg [� ns in the cross position] roll orientation.
The latest public release of the AP95 code incorporatesthe capa-

bility to model nonlinear aerodynamicloads. These nonlinear loads
are estimated in an approximate analytical or semiempirical sense
by separating each aerodynamic force component into a linear and
nonlinearterm.As in previousversionsof thecode, the linear term is
modeled by the applicationof either linear, slender body, or second-
order theory. The resulting pressure distributions can be integrated
to produceaerodynamicloadinginformationforuse in structuralde-
sign and analysis. The nonlinear contribution,however, is modeled
by the direct application of wind-tunnel data-bases and is de� ned
primarily in terms of total force and moment information. Some
distributioninformation is provided for the nonlinear componentof
the body loads, but none is currently available for the lifting surface
loads or for their interference effects on the body. This situation is
not restrictive in terms of aerodynamic and performance analysis.
Structural engineers, however, need to know not only the magni-
tude of the aerodynamic forces, but also how they are spread over
the surfaceof a missile if they are to determinethe shear and bending
moments to which its componentswill be subjected.For this reason,
the AP95 code is being modi� ed to allow the prediction of the dis-
tribution of the nonlinear, as well as the linear, aerodynamic loads
over both the body and control surfaces.All interferenceeffectswill
be included in the analysis, in addition to the individual component
nonlinear aerodynamics. This new technology, along with several
recent and current improvements to the AP95 will be transitioned
to users in 1998 as the AP98. The approach taken to distribute these
nonlinear loads is the subject of this paper.

Analysis
The overall approach to model the nonlinear load distributionfor

the AP98 was the following.
1) Pick a missile con� guration that has two sets of lifting surfaces

and a good set of force and moment wind-tunnel data over a fairly
broad range of freestream conditions. The con� guration chosen is
shown in Fig. 1, and the wind-tunnel data set is given in Ref. 3.

2) Use a Navier–Stokes (NS) solver and re� ne the mesh until
the total force and moment results do not change to an appreciable
extent. The code selected was the thin layer NS code referred to as
Over� ow.4

3) Compare the computational � uid dynamics (CFD) predicted
force and moment and center of pressure data to the experimental
data of Ref. 3. If the comparisonsagree reasonablywell over a broad
range of conditions, we will assume that the code is accounting for
all of the physics reasonably well and that the local loads on the
body and lifting surfaces are also correct.

4) Derive methods for distributing the nonlinear component of
the aerodynamic loads over the body and lifting surfaces for use in
the AP98.

Table 1 Comparison of CFD calculations5 to experiment3

C L , C D, XC P difference,
Mach AOA, Roll, % difference, % difference, % body length,
number exp. vs CFD exp. vs CFD exp. vs CFD

1.50 10 0 1.8 6.1 0.78
1.50 25 0 1.1 2.6 0.57
1.50 40 0 0.7 0.4 0.07
2.87 10 0 2.1 5.9 1.44
2.87 25 0 1.5 0.7 0.07
2.87 40 0 1.4 2.9 0.38
4.60 10 0 0 8.3 1.13
4.60 25 0 1.2 4.3 0.35
4.60 40 0 6.1 7.4 2.42
1.50 10 45 2.4 15.0 0.85
1.50 25 45 0.4 0.6 0.44
1.50 40 45 1.5 0.7 0.09
2.87 10 45 1.6 12.1 1.22
2.87 25 45 3.0 3.1 0.77
2.87 40 45 0.9 0.8 0.56
4.60 10 45 5.6 6.7 1.58
4.60 25 45 0.6 3.6 1.21
4.60 40 45 0.5 1.8 0.82

Fig. 1 Wing–body–tail missile con� guration.

Table 1 presents the results of the CFD calculationscompared to
experiment(the readeris referredto Ref. 5 for thedetaileddiscussion
of the NS computations and theory discussed in this article). The
errors in Table 1 are de� ned as the difference between experiment
and CFD results divided by the experimental results. As seen in
Table 1, the comparisonsare quite goodwith a coupleof exceptions.
These are at low AOA ( 10 deg), where the error in reading the
data points from the graph can be a signi� cant portion of the data,
and at the case for 40 deg, 0 deg, and M 4 6. This case
shows the CFD results to be off by 6–7% on both lift and drag and
center of pressureby over 2% of body length. It is suspected that the
strong internal shock interactions that occur at this AOA and Mach
number requirea full NS solutionvs a thin-layercode to account for
the streamwiseandcircumferentialgradientsof the stress terms.The
other possibility is that a � ner grid is needed than that used for this
case.

Overall, the results of Table 1 were considered quite acceptable
for use in deciding how to distribute the nonlinear aerodynamic
loads in the aeroprediction code. The average accuracy levels of
the lift coef� cient was better than 2% and the center of pressure
about 1% of the body length. These are the main force and moment
contributors to local loads, shear, and bending moment for use in
structural analysis. The remainder of the analysis portion of this
paper will discuss the approach of how each nonlinearaerodynamic
component is treated to accomplish the task of distributing these
loads in a semiempirical code.The total normal force for a wing–

body–tail con� guration can be de� ned by

CN CNB CNW B CNB W CNT B CNB T CNT V
(1)

The � rst term in Eq. (1) is the normal force coef� cient of the body,
alone. The second term is the normal force coef� cient of the wing
in the presence of the body, and the third represents the additional
component of normal force on the body due to the presence of the
wing. The fourth term is the normal force coef� cient of the tail in
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the presence of the body, and the � fth represents the incremental
normal force on the body as a result of the tail. The � nal term is
the normal force on the tail, usually negative, caused by the vortices
shed from the wing.

Each of the terms in Eq. (1) has a linear and a nonlinear compo-
nent.Either linear theoryor slenderbody theory is used to determine
the linear portion of each term, and the nonlinear contributionsare
computed directly from wind-tunnel databases, with engineering
judgment and extrapolationbeing used where database information
is limited. Overall average accuracy is maintained at 10% for the
total normal and axial force coef� cients and 4% of total body
length for the center of pressure.

In the following sections, each component of Eq. (1) will be con-
sidered individually, and the methodology that has been developed
to distribute its nonlinear elements over the body surface will be
brie� y discussed. First, the 0 deg roll position will be ad-
dressed, and then any changes or additions that are necessary to
extend the methodology to the 45 deg roll positionwill be pre-
sented. Those interested in the details of the theoretical discussions
are once again referred to Ref. 5.

Body Loads at the = 0 deg Roll Position
Four of the terms in Eq. (1) contribute to the body loading.These

are CNB CNB W CNB T , and CNT V . The � rst three of these will
be discussed directly following this section. The wing–tail interfer-
ence will be reserved for the section following lifting surface loads
inasmuch as it is connected directly to them and is shared with the
tail surfaces.

Body-Alone Loads
The body-alone component CNB is composed of a linear and

a nonlinear load. The linear load is computed analytically above
M 1 2 by either Van Dyke’s hybrid theory combined with mod-
i� ed Newtonian theory6 or second-order shock-expansion theory.7

Pressure coef� cients are computed as a function of position along
and around the body and then integrated along the body to obtain
local linear normal force.

The nonlinear body normal force coef� cient contributionis com-
puted by a modi� cation of the Allen–Perkins viscous cross� ow
theory1 2 and distributeduniformlyalong the body surface.The total
local normal force coef� cient at any point along the body surface is
the sum of the linear and nonlinear components. That is,

cnB cnB L
cnB N L

(2)

Comparison of Eq. (2) with results from CFD computations5 indi-
cated that the predicted body load in the nose region was too high
at low AOA. It is believed that this discrepancy occurs because, at
low AOA, the point at which the body vortices begin to separate is
toward the afterbody of the missile. Then, as AOA is increased, the
separationpoint moves forward and the full effect of the body shed
vortices is apparent. To account for this effect, the nonlinear load
contributionof Eq. (2) was adjusted at low AOA.

On the nose itself, the nonlinear load is reduced at AOA below
30 deg by a factor that varies linearly with AOA from 1 at
30 deg to 0 at 0 deg. No adjustment is made at AOA

above 30 deg. There is a transition region, which extends for a dis-
tance of two calibers from the end of the nose, within which the
nonlinear load component is allowed to recover gradually from its
reduced value at the end of the nose to its normally computed level
at that location. Because the total normal force computed by AP95
agrees well with experimental results, the portion of the nonlinear
loads that are removed from the nose and transition regionsmust be
added back into the loads on the remainder of the body. Thus, for
points on the body more than two calibers downstream of the nose,
the normally computed local nonlinear loads are increasedby terms
that represent the total load reductions in the nose and transition
regions, respectively, spread evenly over the total remaining body
length.

Body–Wing and Body–Tail Interference Loads
For the discussion to follow, forward lifting surfaces will be re-

ferred to as wings, and aft lifting surfaces will be referred to as the

tail. In the vicinity of any lifting surface, the body is subjected to
increased loads caused by interferenceeffects. These contributions,
represented in Eq. (1) by CNB W for the wing and by CNB T for
the tail, are also computed as separate linear and nonlinear com-
ponents with afterbody effects being considered for the rear lifting
surfaces. Therefore, the region of in� uence of the lifting surfaces
on the body is consistent with the method currently used for mo-
ment and center of pressure calculations in the AP95. This method
basically assumes the region of carryover lift onto the body is based
on the region in� uenced by the local Mach lines from the wings or
tails as they sweep across the body surface. The region of load on
the body consistsof a trapezoidalshape with total height de� ned by
the magnitude of the aerodynamic interference terms, CNB W and

CNB T , the Mach number, body diameter, and root chord lengths
of the wing or tail.5

In situations where the wing or tail is located near the aft end
of the body, it is possible for the Mach lines to extend beyond the
body, and some of the interferenceloadingwill be lost unlessfurther
adjustments are made. For these cases, the cross-sectional area of
the body enclosed by the Mach lines and the aft end of the body is
determinedand comparedto the totalcross-sectionalarea that would
be enclosed by the Mach lines if the body were not cut off. The
maximum interference load values are then adjusted to compensate
for the lost area and maintain the correct total of interferencenormal
force as computed by the AP95.

Lifting Surface Loads at the 0 deg Roll Position
The total contributions to the normal force of the wing and tail

are represented in Eq. (1) by CNW B and CNT B , respectively.Using
CNW B as an example,these two terms eachhave the followingform:

CNW B KW B sin kW B sin CN W
(3)

Nonlinearities are introduced into CNW B by de� ning both a linear
and a nonlinear contribution for the normal force of the isolated
wing, representedby CN W , and for eachof theinterferencefactors
KW B and kW B , which are introduced to account for the effects of
the presence of a body on the normal force of the lifting surface.

The linear part of the local normal force coef� cient on a wing or
tail surface at a spanwise location y is computed by either lifting
surface theory for subsonic � ows or three-dimensional thin wing
theory for supersonic � ows.

The nonlinear part of the wing-alone lift is determined using
a fourth-order analytical method8 in conjunction with wing-alone
databases.9 11 Only the total values of lift and moment are avail-
able from the databases with no surface distribution information
included. This distribution will be determined in conjunction with
that of the interference factors.

From thecombinedlinear andnonlinearwing-alonenormal force,
CN is determinedbased on a secant slope of the total AOA, ,
experienced by the lifting surface. This slope is then multiplied by
sin and sin terms, which contain the interference factors KW B

and kW B , respectively,to account for the interferenceeffects of the
body on the wing. (All subscriptshave been dropped from K and k
for simplicity.) The linearcontributionsto KW B and kW B are found
from slender body theory. These linear values are then adjusted
for nonlinear9 11 effects based on information from wind-tunnel
databases.As for the wing-alonecase, these databasesprovide only
total force and momentmeasurementsand, therefore,a methodmust
be developed to distribute the nonlinear component of KW B and
kW B along the span.

As mentioned already, the AP95 code computes the spanwise
distribution of the linear normal force of an isolated lifting surface.
It will be assumed that the nonlinearcontributionsto the wing-alone
normal force and the interference effects, represented by the KW B

and kW B factors, will be distributed in the same manner. Thus, at
any y location, the local load cn y for the wing and tail will be

[cn y ]W [cn y ]L W

CNW B

span [cn y ]L W

(4)
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and

[cn y ]T [cn y ]L T

CNT B

span [cn y ]L T

(5)

Wing–Tail Interference
The AP95 code computes only the total value of the wing–tail

interference term [cNT V in Eq. (1)]. In this instance, however, not
only is a method of spanwise distribution on the tail needed, but it
is also apparent that a portion of the downwash effects should be
carried over to the body. The division of CNT V between the tail and
body will be considered � rst. The method in which this objective is
accomplished is not rigorous, but does have some intuitive founda-
tion and is probably as well as can be done with the limited amount
of CFD data available.

The assumption is made, from slender body theory, that the vor-
tices from the forward lifting surfaces are shed from a spanwise
location yvort of

yvort 4 bW 2 DB 2 (6)

and travel straightbackparallelto thevelocityvector from thispoint.
A relative value for the effect of this shed vortex on the tail surface
at any chordwise point is given by

V C y
1

rvort ydist

2

c y T (7)

where

ydist yvort y (8)

and rvort is a vortex radiustaken to be0.04.This valueof rvort couldbe
subjectto adjustmentin the futureasadditionalCFD or experimental
data become available. An inspection of Eq. (7) shows that, at any
point y, it consists of the product of a factor that is proportional to
the local vortex strength through the inverse square distance term
and a second factor, representedby the local chord, that is related to
the local area affected by the vortex. The use of an absolute value
for ydist assures that the relationwill be valid regardlessof where the
vortex location falls on the tail span, even if it lies outboard of the
tip. The function of rvort is to prevent singularities if this distance
becomes zero. On the body, a similar relation is used:

V C y
1

rvort ydist

2

Cr T (9)

Note that the use of the root chord for the area factor assumes that
only the bodyarea directlybetween the tail surfacesis affected.This
assumption is not strictly correct, but it offers a starting point until
further re� nements can be made.

Using these relations, the apportionment of the wing–tail inter-
ference losses can be accomplished by summing the VC terms for
both the body and tail and then taking the ratios of the summations
to their combined total,

cNT V body
CNT V

body
V C y

body
V C y

tail
V C y

(10)

cNT V tail
CNT V

tail
V C y

body V C y tail V C y
(11)

It will be assumed that the portionof the wing–tail interferenceload
that is allocatedto thebodybyEq. (10) is distributedevenlyalongthe
body directly between the tail surfaces.This additionalcontribution
is added to the total local body load at streamwise locationsbetween
the leading and trailing edges of the tail surfaces.

The portion of the wing–tail interference loads assigned to the
tail surfaces by Eq. (11) is distributed across the span of the tail by

assuming that its magnitude at any y location is proportional to the
V C y value [from Eq. (7)] at that location:

[cn y ]T V CNT V tail

V C y

span V C y
(12)

These loads are added to those computed in Eq. (5) to get the total
local load at any spanwise location.

Changes for the = 45 deg Roll Position
For the 45 deg roll position,severalchangesmust bemade to

the described methodology to produce a more accurate representa-
tion of the surfaceloads. It is obviousthat theremust be some way of
accountingfor the differentaerodynamicenvironmentsexperienced
by the windward and leewardplane � ns. In addition,the distribution
of the body carryover loads induced by the lifting surfaces behave
in a somewhat different fashion than for the 0 deg case. The
following sections describe the modi� cations that were made to the
methodology just described to accommodate these differences.

Body–Wing and Body–Tail Interference Load Changes
The AP95 body-alone normal force is considered to be indepen-

dent of roll position. However, the body–wing and body–tail inter-
ference effects will change with the roll con� guration. The 45
deg interference factors are computed automatically when this op-
tion is selected and are simply substituted for CNB W and CNB T

in all computations. The values of these interference factors were
chosen to give good agreement with experiment for the total loads
and center of pressure.Unfortunately,when compared to CFD data,
it appears that they do not produce an accurate distributionof those
loads along the body or on the leeward plane tail � ns. There appear
to be three physical phenomena that account for these discrepan-
cies. The � rst of these will be discussed now and the others in the
discussions that follow.

On the surface of the body between the lifting surfaces, there is a
regionof high dynamicpressure.Immediatelybehind the liftingsur-
faces,however, if there is an afterbodypresent,there is an areawhere
the dynamic pressure is much lower. The current AP95 methodol-
ogy at 45 deg averages this differenceout to get the right total
normal force and adds a center of pressure shift, which accounts for
the inconsistenciesin distribution.If the distributionof the bodycar-
ryover loads is to be modeled correctly,some considerationmust be
given to the physics of the problem. What appears to be happening,
based on the experimental data,1 is that, in the region of the lifting
surfaces, there is an enhancementto the body load at both the 0
and 45 deg roll positions. At 0 deg, this enhancement can ex-
tend several body diameters downstream into the traditional Mach
line in� uence region.The methodemployedto model this effectwas
discussed earlier in this paper. At 45 deg, the body loads are
also strongly in� uenced in the immediate vicinity of the lifting sur-
faces. Downstream of the � ns, however, the high dynamic pressure
appears to decrease rapidly and produce a region of overexpansion
where the body carryoveractually becomesnegativeand total loads
fall below those of the body alone. Thus, with an afterbody present,
the body carryover load is lower than with no afterbody. (Note that
the reverse is true at the 0 deg roll orientation.)

Reference 2 models this effect with a lower minimum value of
K B W at 45 deg vs 0 deg and a forward shift of the center
of pressure. This approach, however, does not produce the proper
distributionof the interference loads. For the present work, the fol-
lowing techniquewas used to partiallyaccomplish the goal of accu-
rate interference load distributionat 45 deg. It is � rst assumed
that, for the purpose of computing the body carryover load distri-
bution, the minimum value of K B W is the same at 45 deg as
it is at 0 deg. This value of [K B W ]min is distributed in the
vicinity of the lifting surfaces for both roll orientationsas described
for 0 deg roll. However, for the 45 deg roll position, an
amount equal to

K B W K B W min 0
K B W min 45

(13)
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a)

b)

c)

Fig. 2 Body load, shear, and bending moment: = 0 deg and =
40 deg: ——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87, AP; ,
M = 2.87, CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

is subtracted from K B W in the region downstream of the � ns. The
reader is once again referred to Ref. 5 for the details of how this is
done.

Lifting Surface Load Changes
When a missile is rolled into the cross ( 45 deg) posi-

tion, the lower (windward plane) and upper (leeward plane) lifting
surfaces will experience different aerodynamic environments. The
normal force computed by the AP95 code is the total for all � ns,
both windward and leeward, and it must be dividedbetween the two
planes.To accomplish this division, the approachpreviouslyused in
Ref. 2 is employed. It is assumed, in agreement with slender body
theory, that at an AOA of zero the normal force is evenly distributed
between the windwardand leewardplanes.As theAOA is increased,
the load on the windward surfaces is increased linearly up to 90%
of the total at 65 deg. This percentage remains constant up to

90 deg. On the other hand, the load on the leeward plane de-
creases in a correspondingfashion so that the total of the two is not
changed. Thus, we have at 65 deg

[cn y ]windward [cn y ][0 5 0 4 65 ] (14)

[cn y ]leeward [cn y ][0 5 0 4 65 ] (15)

and at 65 deg

[cn y ]windward 0 9[cn y ] (16)

[cn y ]leeward 0 1[cn y ] (17)

A furtherpoint to consideris that thenormalforcesthat are computed
by the AP95 code are normal only to horizontal lifting surfaces in

a)

b)

c)

Fig. 3 Wing load, shear, and bending moment: = 0 deg and =
40 deg: ——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87, AP; ,
M = 2.87, CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

the 0 deg roll orientation. In the 45 deg case, the loads
given by Eqs. (14–17) must be divided by cos on the windward
side and by sin on the leeward side to relate them to structural
loads that are normal to the surfaces.

The portion of the wing–tail interference CNT V that is allocated
to the tail surfaces must also be divided between the windward and
leeward planes. Once again relying on methodology developed in
Ref. 2, thisdivisionis accomplishedusingthewing–tail interference
factors de� ned during the modi� ed slender body derivation of this
term. The mathematics of this process are quite involved and will
not be repeated here. For more information, the reader may consult
the cited reference. For the present purpose, if i1 is the interference
factor associated with the windward plane � n and i4 the one with
the leeward plane � n, then

CNT V windward
CNT V tail

i1

i1 i4

(18)

and

CNT V leeward
CNT V tail

i4

i1 i4

(19)

This brings us to the second physical phenomenon, which is not
explicitly modeled in the approach just outlined. In the 45 deg
roll position, there is a shadowingeffect on the leeward plane lifting
surfaces for high Mach number � ows. A shadowed region exists
near the root chord where Newtonian theory predicts a pressure
coef� cient of zero. As a result, the predicted values of loads on the
leeward plane lifting surfaces, to be presented later, will be high, but
due to the complexities involved in trying to model this effect, no
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a)

b)

c)

Fig. 4 Tail load,shear, and bendingmoment: = 0 deg and = 40 deg:
——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87, AP; , M = 2.87,
CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

attempt has been made to do so at this time. The higher the Mach
number, themore accuratetheNewtonianpredictionof zeropressure
coef� cient in the shadowed region becomes. This, therefore, means
that the current leeward plane loads near the body will become less
accurate as Mach number increases.

The � nal phenomenon,which is believed to affect the load distri-
butions but is not yet fully modeled, involves the stronger in� uence
of body vorticeson the leeward plane � ns as their location is moved
farther aft on the body. In the development of the semiempirical
approach of the AP95, the body vortex effects were inherently in-
cluded in the body carryover load. Hence, the body carryover load
was lower for the tail � ns than it should have been to offset the fact
that the vortices actually cause the leeward plane tail � ns to lose
more normal force the farther aft they are located. To account for
this, negative contributions from the adjusted body-lifting surface
interference loads that cannot be distributed on the afterbody due
to lack of suf� cient length will be carried over to the leeward plane
tail � ns. They will be distributedalong the span in the same manner
as the linear and nonlinear lifting surface loads.

Loads, Shear, and Bending Moments
The primary purpose of computing load distributions over the

componentsof a missile body is to allow the determinationof shear
and bending moment within the structural members. The loads that
have been determined so far are nondimensional in the sense that

a)

b)

c)

Fig. 5 Body load, shear, and bending moment: = 45 deg and =
40 deg: ——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87, AP; ,
M = 2.87, CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

they representa normal forcecoef� cientper unit length.Multiplying
them by the dynamic pressureand the reference area will give local
loads in pounds per foot. These loads can be integrated to get the
local shear in pounds and the shear can in turn be integrated to get
the local moment in pound-feet. For the body, utilizing the results
of the theoreticaldiscussions,we have for the dimensionalizedlocal
loads x

x b cn B L
cnB N L adj

cnB W

cnB T cnB T V
Q Aref (20)

We can then integrate to get the shear V x B and the bending mo-
ment B M x B :

V x B

x

0

x B dx (21)

B M x B

x

0

V x B dx (22)

The procedure for the lifting surfaces is the same except for the
spanwise rather than the streamwise variation of the loads. For the
wing, using the nondimensional load from Eq. (4), we get

y W [cn y ]W Q Aref (23)



750 MOORE, MCINVILLE, AND HOUSH

a)

b)

c)

Fig. 6 Windward wing load, shear, and bending moment: = 45 deg
and = 40 deg: ——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87,
AP; , M = 2.87, CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

For the tail, there may be a contributionfrom the wing–tail interfer-
ence in addition to the nondimensional load from Eq. (5). That is,

y T [cn y ]T [cn y ]T V Q Aref (24)

Equations (23) and (24), as just presented, are valid for the 0
deg roll position. For the 45 deg case, there will be separate
loads for the windward and leeward sets of lifting surfaces. These
separate loads can be computed simply by substituting the wind-
ward and leeward values of the [cn y ]W [cn y ]T , and [cn y ]T V

contributionsinto Eqs. (23) and (24). The integration for shear and
bending moment will be the same for both lifting surfaces and for
both roll orientations.With the W /T subscript indicating the appro-
priate value for either the wing or tail, we have

V y W T

y

0

y W T dy (25)

B M y W T

y

0

V y W T dy (26)

All of the preceding integrations are performed in the AP95 code
using the trapezoidal rule.

Results and Discussion
For purposes of validation, the results computed by the new

Aeroprediction (AP) methodology are compared to thin layer NS4

computer calculations performed by Housh at the Naval Air War-
fare Center, WeaponsDivision.Distributionsof aerodynamicloads,

a)

b)

c)

Fig. 7 Leeward wing load, shear, and bending moment: = 45 deg
and = 40 deg: ——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87,
AP; , M = 2.87, CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

shear, and bending moment were generated5 by both methods for
the wing–body–tail missile con� guration of Fig. 1 at Mach num-
bers of 1.50, 2.87, and 4.60 and AOAs of 10, 25, and 40 deg. The
con� guration shown in Fig. 1, with its two sets of lifting surfaces,
provides an opportunity to exercise all of the new additions to the
code. The results of these computationsare presentedand discussed
in the following.The general format followed is to handleeach com-
ponent (body, wing, tail) separately. Each � gure has the local load,
shear, and bendingmoment for each missile component.In all cases,
CFD results are plotted together with the AP results for comparison
purposes. Because of the number of � gures given in Ref. 5, only
the highest AOA case (AOA 40 deg) will be presented.This case
illustrates some of the more extreme shock interaction results and
is the worst case for comparison of the AP results with the CFD in
terms of accuracy of loads. The other AOA and additionalcases are
given in Ref. 5.

Figures 2–4 give the 0 deg roll results for the body, wing,
and tail, respectively. Figures 2a, 3a, and 4a give the local load;
Figs. 2b, 3b, and 4b give the shear; and Figs. 2c, 3c, and 4c give the
bending moments. In general, the AP results compared to the CFD
results are very good for the body, wing, and bendingmoment. This
is especially impressive in light of the fact that the aeroprediction
code is semiempiricaland theCFD is a thin-layerNS code.The areas
of disagreement are primarily on the body load in the nose region
and in the vicinityof the wing where the AP resultsare slightly high
in the nose region (Fig. 2a) and the interference results tend to be
smeared out in the vicinity of the wing. On average, however, when
the loads are integrated, excellent results are obtained for shear and
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a)

b)

c)

Fig. 8 Windward tail load, shear, and bending moment: = 45 deg
and = 40 deg: ——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87,
AP; , M = 2.87, CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

bending moment. The only area of disagreement on the wing and
tail is the load near the wing root at the higher Mach number. Once
again, when the loads are integrated, shear and bending moment
comparisons to the CFD results, in general, are very good.

Figures 5–9 give the 45 deg roll results. Here the � gures
follow the same pattern as for Figs. 2–4 except both the windward
and leeward plane wing and tail results are shown. Once again, the
reader is reminded that these resultsare normal to the liftingsurfaces
or body. This means that to compare shear and bending moments
to the aerodynamic normal force and pitching moments, results
for the windward and leeward � ns must be added and multiplied
by 0.707.

Note for the 45 deg body load, the CFD predictions show a
sharp rise for the body loads in the vicinity of the wings followed
by a rapid decreasebelow body-alonevalues behind the wings. This
behavior is only partially captured in the AP results, which show
a smoother rise with a lower peak and a lesser decline behind the
wings. As already discussed, modi� cations were made to the body
carryover methodologyfor the 45 deg roll position to improve
the modeling of this phenomenon. These changes have resulted in
an improvement in the code’s performance in this region, but the
sharp surface pressure variations are still not completely modeled.
The physicalmechanismthat gives rise to the pressurespikeand the
followingoverexpansionis not completelyunderstoodat the present
time and, because it is most likely associated with strong shock
interactionson the surface, it is considered beyond the scope of the
present work to try and develop a more rigorous model. Figures 5b

a)

b)

c)

Fig. 9 Leeward tail load, shear, and bending moment: = 45 deg and
= 40 deg: ——, M = 4.60, AP; , M = 4.60, CFD; — –, M = 2.87, AP;
, M = 2.87, CFD; — - -, M = 1.50, AP; and , M = 1.50, CFD.

and 5c show the results for the shear force and bending moment
distributions. The agreement with the CFD results is quite good,
especially considering the body load variations.

The spanwise load distributions for the windward plane wings
are plotted in Fig. 6a. The agreement between the AP and CFD
results is very good with only some minor deviations at M 4 60.
The shear loads are shown in Fig. 6b. Again, the agreement is quite
good between the two methods. The bending moments, presented
in Fig. 6c, show a general tendency to be slightly low relative to the
CFD results but overall agreement is good.

The load distributionsfor the leeward wings are shown in Fig. 7a.
It can be seen that the shadowingeffectdiscussedin the“LiftingSur-
face Load Changes” section is quite evident for the M 2 87 and
4.60cases.The CFD resultspredicta largepressurelosson thewings
in the shadowed region near the body, which is not modeled in the
AP code.Otherwise,agreementis very good.The sheardistributions
are shown in Fig. 7b, and, as might be expected, there is signi� cant
overpredictionat the higher Mach numbers relative to the CFD re-
sults, but the results are still surprisinglygood.The same comments
apply to the bending moments, which are presented in Fig. 7c.

Figure 8 shows the windward tail loads, shear, and bending mo-
ment. The agreement between the two approaches is quite good.

The leeward tail loads are plotted in Fig. 9a. As for the leeward
wings, the shadowingeffect is very obviousat the two higher Mach
numbers. The shear loads, shown in Fig. 9b, and the bending mo-
ments, shown in Fig. 9c, areoverpredictedrelativeto theCFD results
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because of this effect. Note that, by modifying the body carryover
prediction methodology for the 45 deg case and applying any
excess negative contributionsto the leeward tail, the results for the
leeward tail have been improved substantially over their original
values. However, because of the complex nature of leeside � ow-
� elds at high AOAs, it is extremely dif� cult to develop empirical
models that will give truly accurate results in these regions.

Summary
New methodology has been added to the Naval Surface Warfare

Center, Dahlgren Division, AP code to compute both the linear
and nonlinear contributions to surface loads and to distribute these
loads over the body and lifting surfaces. The new methods include
models to simulate lifting surface interference effects on the body
for both the 0 and 45 deg roll positions. At 45 deg,
load distributionsare computed for both the windward and leeward
lifting surfaces.Wing–tail interferenceloads are now separated into
components,which are distributedalong the body in the vicinity of
the tail as well as across the tail surfaces themselves. All loads are
integrated to give shear and bending moment distributions, which
may be used by structural engineers in the design process.

As an aid in developing the new techniques, and for validation
purposes, results from NS CFD computations for a wing–body–tail
missile con� guration were utilized after the CFD results had been
validatedagainstexperimentaldata. In general,theAP methodology
proved to be quite successfulat modeling the distributionof surface
loads when compared to the CFD results. The only exceptions oc-
curred for the 45 deg roll position where the loads on leeside
lifting surfaces (especially tail surfaces) tended to be overpredicted
and the exaggerated pressure variationson the body in the vicinity
of lifting surfaces were not fully captured.

With these new additions, the AP code should prove to be a much
more useful tool to the structural engineer who is interested in per-
forming preliminary structural analyses of several competing mis-
sile designs.To the authors’ knowledge, it will be the only semiem-
pirical aerodynamicscode available with this capability.
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