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FOREWORD

This report, "A Method for Predicting Three-Degree-ocf-kreedom Store
“eparation Trajectories at Speeds up to the Critical Speed," descriles
« wwinbined theoretical-experimental program directed toward developing a
computer program for predicting the trajectory of an external store dropped
:rom an aircraft of the fighter-bomber type at speeds up to the critical
scead. The work was carried out by Nielsen Engineering & Research, Ing.,
850 Maude Avenue, Mountain View, California 94040, under Contract No.
£ 5-69~C-1337. The contract was initiated under Project 8219, Task

2, of the Air Force Flight Dynamics Laboratory. The Air Force
Frojecct Engineer on the contract was Mr, Jerry E. Jenkins, AFFDL/FGC.

Trie report number assigned by Nielsen Engineering & Research, Inc. is
NZAR TR 26.

The authors wish to thank Mr. Jenkins for his assistance in solving
scme of the technical and administrative problems which arose during the
ccurse of the investigation. Also, they would like to thank My. John C.
Marshall and Mr. Willard E. Summers of the 4T Projects Branch, Propulsinn
wind-Tunnel PFacility, Arnold Engineering Development Center, for the timely
perforrance of the experimental tes* program.

Th» work documented in this report was started on December 1, 1968 and
wis effectively concluded with the submission of this report. The report

was released by the authors in January 1971.

This technical report has been reviewed and is approved.
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Control Criteria Branch
Flight Contrel Division
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ABSTRACT

This report is the final technical repoit which describes a combined
theoretical-experimental program which has been conducted with the aim of
developing a computer program to predict three-degree-of-freedom trajec-
tories of stores when dropped from fighter~bomber type aircraft at speeds
up to the critical speed. Both single store and multiple store installa-

tions are treated. The report first describes the mathematical mouels
used to represent the various aircraft components. Then the calculation
of the flow field, accounting for primary interference effects, using
these mcdels is described followed by the wmethod of calculating the
normal force and pitching moment from this flow field. A method of

. IR e A U TS,

accounting for additional interference bketween the wing, pylon, and

store is next presented. Comparisons between the calculated results and
available experimental data and aata obta.ned during the present program
i are included for all aspects of the analysis. Godd overall agreement 1is
; obtained. A comparison between one sample cilculated trajectors &7 an

‘ experimental trajectory is presented. The agre~ment is quitr gooc.
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LIST OF SYMBOLS
local body radius
body radius at the axial location of the empennage centroid
maximum body radius

total wing span
local wing chord

section drag coefficient of a circular cylinder normal to
air stream, taken equal to 1.2

zero-lift drag coefficient, zero-lift drag/q_ SR
s
pitching-moment coefficient, pitching moment/qwsSR£R
pitching-moment coefficient excluding buoyancy contribution
yawing-moment coefficient, yawing moment/aq_ SR[R
s

normal~force coefficient, normal force/q_ S

s R
normal-force coefficient excluding buoyancy component

normal~force coefficient of store due to primary interference
normal-~<orce coefficient of store alone due to angle of attack

normal~-force coefficient of store in presence of wing and
pvlon due to angle of attack

pressure coefficient, (p - pws)/q“s

pressure coefficient of lower surrface of store
pressure coefficient on upper surface of store
cp,l - Cu

side-force coefficient, side force/q, SR
s

ran * i store diameter

Xii

T T NE Y g e nt YT, ST



20 P, "] S S, ST o ] A 2 R R AT s T pET TR - . P ~
b P i S L e A T S A o i R B o

e e e ————— A Al AP
7 BRGNS R OO
4

D, store alone drag at zero lift

F resultant force in crossflow plane, Y + iN

Fﬁ’ F sum of forces acting on store in £ and 17 directions,
N respectively

gravitational acceleration

h distance of store center beneath wing

hp distance from store center to top of pylon

ip(k) local incidence angle of pylon at kth control point

iS store incidence angle relative to fuselage axis

iw wing incidence angle relative to fuselage axis

k radius of gyration of store

Ko, Kg interference lift ratios defined by equations (69) and (70)
Ka interference coefficient denoting change in store-alone

normal force associated with W component of interference
field, equation (119)

K interference coefficient denoting change in store-alone
normal force associated with V component of interference
! field, equation (121)

{ pylon length
[f fuselage length
>
i {R reference length; taken equal to store maximum diameter, d,
: everywhere except for section 4 and for C of figures 36
H and 37, where it is taken equal to store length, /g
;
é !s store length
m number of control points on pylon
. mg store mass
. M, free-stream Mach number
. M, sum ¢f pitching moments acting on store taken about store

- center of gravity, positive nose up
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N

N

number of control points on left panel, or direction normal
to body surface

normal force

normal force acting on store due to primary interference

normal force acting on store due tc additional interference
vortex system

static pressure or number of control points on right panel

static pressure on lower surface of store
static pressure on upper surface of store

dynamic pressure

kth

strength of point source

Qk/41rz§y°° for bodies, Q,/2mcV, for airfoils

radial distance in y-z plane
r/ﬂR

radial distance to ith external vortex

wing semispan; in section 7, distance from pylon to right
wing tip

empennage semispan

store cross sectional area, 7a®
area of store ncrmal to sidewash velocity V

reference area taken equal to body frontal area, Wa;ax
time or wing thickness; also, in secticr 7, distance from
pylon to left wing tip

perturbation velocities in Xgy Yo 24 directions,
respectively

perturbation velocities in X, y, z directions, respectively

(fig. 23)

uN, vV, WV
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W values of u, v, w associated with vortex ry including
its image system

perturbation velocity in direction normal to line of

3 1 constant percent thickness of swept wing
B
3 Ugs VgV values of u, v, w due to store alone
é Upe Vps Wp sums of u;, vy, W, over all external vortices
s
E u, v, v total velocities in Xgs Ygi 2Zg directions, respectively
Ee- U, vV, W total velocities in X, y, z directions, respectively
B
u*, v, w* N, VNV, WV
g s'VgiWg total velocities in x_, y_, 2_ directions, respectively,
Ee- as seen from a point 3n the sfore
3
b r * gk ok
3 b T Ve,We Ug/ Vs vs/vms, ws/wms
B 1 vgr W values of v and w for body alone of conical wing-body-
g % pvlon combination
- 3 Vo (s value of v on pylon due to store alone
b : .
3 % Vp (k) value of v to be cancelled by vortex system at kR
£ control point on pylon
3 4
§ v, crossflow velocity, Vv‘: + wz
‘ : * 7
% Ve \C/V“s
2 X
-Q g \Y/ , V horizontal and vertical components of store velocity,
k- % hor vert ;
R : respectively
- £ : N
& % V. radial velocity in Ye=2g plane
3 ¥
£ N
.; £ Vr Vr/v“’
3 §
‘% ? Vo store ejection velocity
. . th
L . V3D(k) value of V associated with ¢3D at k pylon control
% ? point
‘E ) v, aircraft free-stream velocity
‘ v ejected store free-stream velocity
s
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wL(g) velocity w to be cancelled by vortex system at gth
control point on left panel

Yo (3) velocity w to be cancelled by vortex system at jth
control point on right panel

Wi (s) value of w on wing due to store alone

W(<) complex potential for flow around store in planes parallel
to y_-z plane

s °s

ws(o) complex potential for store alone perturbation velocities

wr(c) complex potential associated with N external vortices and
their images including the center vortex

X,Y,2 Cartesian coordinate system in compressible space

x',y',2’ Cartesian coordinate system in incompressible space; related
to ¥,y,z by equation (2)

X,¥,2 Cartesiai. coordinate system with origin at store nose
{see fig. 23)

x¥ x/fR for bodies, x/c for airfoils

. th .
X x-location of k point source
* . . .

Xy xk/£R for bodies, xk/c for airfoils

X512 ¥gr2g Cartesian coordinate system with origin at nose of ejected
store (see fig, 22)

X5 6 separation location on store body

3

v side force

Y. ¢ side force on store alone due to viscous crossflow

z* z/c

zc(x) wing camber distribution in compressible space

Zih(x) wing thickness distribution in compressible space measured
from the camberline, positive upwards

a angls of attack

ag aigle of attack of fuselage
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combined angle of attack a. the axial location of the tail #
centroid; that is, angle between local velocity vector and "
store axis

local angle of attack, tan™ ' (W/u)

parent aircraft angle of attack; that is, angle between
wind-tunnel longitudinal axis and fuselage axis

angle of attack of store

angle of attack of wing

Vi - M2 or angle of sideslip

body or airfoil slope at the jth point on the surface

flight path angle of fuselage
flight path angle of store

strength of vortex at o = o5

store pitch angle, positive nose up
store pitching rate, d&:/dt
store pitching acceleration, d23/4t?

sB/aE or expression given by equation (91)

sweep angle or expression defined by equation 113)

coordinates of store center of gravity relative to fuszlage
nose, sce figure 44

velocities of storc center of gravity relative to fuselage
accelerations of store center of gravity relative to fusel sge
mass density

sidewash angle, tan™'(V/U0), or complex variable in Yoiq
plane, - = Yg * izs

location of Pi vortex

potential function in compressible space

complete potential for airplane including store and pylon
under consideration
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perturbation potential of store alone

part of potential ¢o due to presence of store and pylon

J2¢/3x2
d2¢/dy?

92¢/dz2

complete potential for aircraft except for store and pylon

under consideration

stream function or algebraic expression given by equation (90)

w/livw for bodies, y/cV, for airfoils

Subscripts

in the attached position
body

due to buoyancy

due to viscous crossflow
two~dimensional (airfoil)
of the empennage

leading edge

ejected store coordinate system
store center of gravity
dv to slender-body theory
tail centroid

tnickness

of the tail alone (two tail panels joined together)

trailing edge
total

voxtex lattice
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o initial conditions
o0 free-stream conditions

a due to angle of attack
Superscripts
* nondimensional quantities

' the value of the quantity at the corresponding point in the
incompressible space
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A METHOD FOR PREDICTING THREE-~DEGREE-(CF-
FREFEDOM STORE SEPARATION TRAJECTORIES
AT SPEEDS UP TO THE CTRITICAL SPEED

1, INTRODUCTION

This report is the final technical report describing a combined
theoretical-experimental program which has been carried out with the
objective of developing a computer program which will predict the
trajectories of external stores dropped from aircraft of the fighter-
bomber type. The speed range is limited to speeds below the critical.
The stores ca. be placed either under the fuselage or the wing and may
be single stores on pylcns or groups of stores on racks. Only store
motion in the vertical, cr pitch, plane is considered.

The three principal tasks in the prediction of a store trajectory
are: first, the determination of the nonuniform flow field in the
neighborhood of the ejected stores; second, the determination of the
forces and moments on the store in this flow fieldj; and third, the
integration of the ecuations of motion to determine the store trajec-
tory. The first two tasks are the more difficult because they are
complicated by interference effects.

The general methodology adopted in the present work is that the
overall difficulty of the interference problem and the probable length
of the computer program make it desirable to use the simplest possible

methods consistent with accuracy. Thus, even though more precise mrethods

may be known for handling some of the aerodynamic problems, simplified
methods are used if they are deemed sufficiently accurate for the task
at hand.

At each stage of development of the prediction method, comparisons

will be made with experimental data to assess the accuracy of the method.
It has been found that there is a general lack of data on external stores

suitable for a critical check of a theory for predicting forces and
moments on a store in a nonuniform flow field. Consequently, an experi-
mental program has been conducted as part of the present investigation
with the aim of obtaining such data. Data have been obtained for single

stores and for triple ejection rack (TER) and multipie ejection rack (MER)

groupings. A coordinated set of data has been obtained giving the flow-
field velocity components where the store is to be located, forces and
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moments on the store in this location, and in most cases, pressure distri-
butions and thus load distributions on the store in this location. 1In
order to isolate effects due to adding a component to the parent aircraft,
the parent aircraft has been built up component by component and the tests
repeated for each parent aircraft configuration,

The data obtained during this program are not presented in this
report but are tabulated in reference 1. The complete test program is
described in that reference. Representative data from this program are

also presented in references 2 and 3.

2. GENERAL METHOD OF AFPROACH
The accurate calculation of store separation trajectories requires

that the forces and moments acting on the store be known at every point

in the trajectory. If these forces and moments are to be calculated Ly

theoretical means, then the velocity field in the vicinity of the ejected
store relative to that store must first be determined. This field
depends not only on the store free~stream velocity, but also the pertur-
bation velocities induced by all of the aircraft components and any

stores still attached to the aircraft., The determination of this velocity

field requires that models for the aircraft components be developed and
that the important interferences between components be accounted for.

the basic method presented in this report, models are developed for the
fuselage, wing, and stores and the following flow-field components are

accounted for in the primary interference method:

In

(1) Fuselage volume

(2) Fuselage angle of attack

{3) Wing thickness

(4) Wwing angle of attack, camber, and twist
(5) Wing-fuselage interference

{6) Store volume

(7) Viing-store interference

Pylon and rack effects are not included in the primary interference.

Fuselage volume is taken into account by approximating the shape by

an axisymmetric body and representing this body by a scries of point
The volumes of all of the stores
Fuselage angle of attack
Mutual interference

sources placed on the body axis.
present are accounted for in the same manner.
is taken into account as a simple Beskin upwash.
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between wing, pylon, and stovre are accounted for in an additional inter-
ference method.

Wing thickness is accounted for by representing the airfoil section
immediately above the store being ejected by a series of two-dimensional
point sources. Simple sweep theory is then used to modify the velocities
induced by this source distribution to account for wing sweep ana taper.

The remaining three items: wing angle of attack, twist, and camber;
wing-fuselage interferencej; and wing-store interference are accounted for
in the following way. The wing is represented by a vortex lattice and
the velocities induced by the fuselage and stores at the wing are computed
and treated as an induced wing camber which is added to any geometric
twist and camber. The wing model then accounts for this induced camber
and the velocities induced by the wing on the store to be ejected are
computed with the store in its initial position. After the store is
ejected and moves relative to the wing, the velocities induced by it at
the wing will change. To account precisely for these changing velocities
would require calculating a new wing model at each point in the trajec-
tory and would greatly increase computation time. Since the initial
motion of the store is the most important, it is felt that any change in
the wing model due to movement of the store is a second-order effect,
and, hence, it is not accounted for at the present time. This assumption
can be relaxed if proven necessary.

The wing also changes the flow field in the vicinity of the fuselage
and stores in such a way as to cause them to operate in a nonuniform
flow field. Since the basic fuselage and store models are derived for an
assumed uniform flow field, the existence of the nonuniform flow causes
additional changes in the wing loading not accounted for by the inter-
ference effects discussed thus far. At the present time, the modification
of the wing loading due to this effect is not included in the primary
interference but is included in the additional interfarence.

The fact that one store can induce velocities in the vicinity of
another store such as to cause that store to be in a nonuniform flow field
is neglected for single stores, but included for multiple stores. For
single stores, each mounted on its own pylon, the distance between stores
1s such that this effect is felt to be a second-order effect. For stores
grouped together, as on TER or MER racks, experiments show that this .ifect
is important. For the cases tested, the store volume effects are dominant
and have been included in the theory.

3
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The general method being described in this report allows the trajec~
tory of a store ejected from under the fuselage or the wing, either as a
single store or one of a cluster on a TER or MER rack, to be calculated.
In the preceding discussion, the method of accounting for the pylon or
rack was not described. In order to investigate the importance of mutual
interference between the wing, pylon, and store, an interference model
has been developed for the special case of a single stors mounted on a
pylon beneath the wing. This interference calculation has not been carried
out for MER and TER configurations, but the basic approach is applicable
to any of the store locations and groupings of interest. The magnitude
of the additional interference for three-degrees-of-ireedom as calculated
is generally negligible. This may not be the case for six-degree-of-
freedom motion,

The determination of the trajectory of the ejected store requires that
the for~es and moments acting on the store, including damping, be calcu-
lated at each point in the trajectory. This is done by calculating the
three-dimensional velocity field in which the store is operating as seen
by the store. The free-stream velocity and all of the velccities induced
by the wing, fuselage, and other stores are summed up together with that
due to the angular velocity at the particular point on the store. The
velocity field over the store length is calculated in this manner. The
axial distribution of the forces aad moments due to buoyancy, potential
flow, and viscous crossflow are calculated from this velocity field and
then integrated over the store length. At the present time, only norma!l
force and pitching moment are calculated although the information for
calculating the side force and yawing moment can be readily generated

by the computer program,

3. COMPRESSIBILITY CORRECTION

Consider a wing-fuselage combination moving at Mach number M_ and

o

angle of attack of the fuselage ap and assume that the flow field for
compressible subcritical flow is governed by a perturbation potential
which satisfies
2 =

(L= Mo 4 by * 0y, = O (1)
where the x,y,z coordinate system is fixed in the fuselage (see fig. 1).
The approach to be used in solving for the wing-fusclage flow £f£ield is to
transform the wing-fuselage combination to an equivalent incompressible one,

4




T Th e w3
e L R LR
RN Aoty < e
R T g RS T

T
Lgpes
o

Tk
gw,!

pe ks

Sl A A

e “?";'a"‘

TREak N

¥

oo

P
: Pl £ A R
SR PR T

e
G
'a'?‘)‘

N ) B Vo [d
R e s SV D 5 AN o I P by 4ty b Ty i " — —
R DR """sh:c IR AR TN A G St it ont ,;‘.f:; I R R R
o SEITRE T
§£mmm»wemw» R oo

!

« hwar

A e e,

determine the incompressible flow field for the equivalent combination, and
then transform the flow field back to the compressible speed.

The transformation of the compressibic space (x,y,z) to the incom-

pressible space (x',y',2') can be done in a number of ways. For the
present work let us use the following transformation:
x! = X ’ y' =y, z! =2z (2)
1 -M

The coordinates (x,y,2) and (x',y',2') so related are termed corresponding

points. Using this transformaticn, the configuration croses sections in
corresponding planes are not changed, but the configuration is stretched

in the x direction to make it more slender. Consequently, the surface

slopes in planes parallel to the x=-axis are reduced by the factor B,

where £ = V1 - M2, That is,

dy' _ 5 Sy dz' _ 5 dz
ax' B dx ? ax! B dx (3)

Let us now determine the boundary conditions on the wing and body.
At any streamwise section, the wing is defined by a thickness distribution,
zth(x), and a camber distribution, zc(x). The linearized wing boundary

condition is then for z = 0

dz dz
3¢ _ .. _ th c
5'7% =w= voo(-aB tax t dx) (4)

The body boundary condition will be written with the aid of the folicwing

sketch:

‘z

aNde — Y
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L If the body radius in any plane perperdicular to the body axis is a(x),
then the linearized budy boundary condition is

g
b
B>
i

v

vV, (-aB sin 6 + %&- = %% = %%-cos 6 + %% sin 0 5,

T eert
D RS
SRR YA

Let us now write che potential and boundary conditions in the incom-
pressible (x',y',2') piane. If ¢' 1is the potential function which

Gl

1y B
Bl

. satisfies
3 ¢ + 9 + 0 =0 (6)
“; xlxt yiyl zlz'
Qé then the boundary conditions in the M_ = 0 space which ccrrespond to
-3 equations (4) and (5) are
3
F . az,! dz '
2 _a.L'= -yt 4 th L
Sz' Vwka}s ax' T dx'> (7)
and
' 3 ' g—él - M = m [} a ! :
v, (-aB sin 6" + 3= ) = 3n7 T oy O 8' + 5%7 sin 6 (8)
If we now let
gt o= {
J.B ﬂaB \9)

then the incompressible problem is completely defined by the hourdary
conditions given by equations (7), (8), and (9), together with the condi-~
tion that the perturbation velocities vanish at infinity.

We must now show how the potential ¢ 1is related to ¢' at corres-

ponding points. From equaticns (2}, (4), (7;,, and (9), we find on the
wing

dz
ag' _ __th c\ . . 20
rrule BVmG% *Tax +“a;:> =83 (1)
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On the body we have, from equations (2), (5), and (8),

& !

5 ! =V, (g sine v ) ey (-aysin0+ )= ¥y
& | nt = e \7B ax’ = on

? j Both equations (10) and (11) can be satisfied if, at corresponding points,
| .

, 0 =% (12)

Since the relationship given by equation (12) will satisfy both the wing
and the body boundary conditions, and since ¢ will satisfy equation (1),
we have the desired solution to the compresgsible problem.

The velocities in the compressible space, u, v, and w, are related
to those in the incompressible space, u', v', and w', as follows:

\
- 0 _ 139 13" dx' _ 1 3¢ _ u'
| =3 T B ox 85%'33?' Ez’a‘%"aa‘
: 9% _19¢' _ 190"y’ _ 193¢ _ v
ey TE N RS W CESN T8 > (13)
= 1o¢' _123¢' oz' _ 19¢' _ w'
w B‘Q B 3z B oz 8z-f3'8_;L"B )

The proredure used to calculate the forces and moments acting on a

. store in the presen-:e of a wing-fuselage combination for a compressible

‘ subcritical Mach number will row be described in detail. Consider the
wing~fuselage combination shown in figure 2 and a single store located
relative to it as shown in figure 3(a). The store geometry is shown in
figure 3(b). The first step is to transform the wing-fuselage-store
combinatior to an equivalent one for incompressible flow, This is done
by using a coordinate system whose origin is at the fuselage nose as the
*,Y,2 system. All of the configuration components are lccated in this
system, The transformation given by equation (2) is used to determine
tho equivalent configuration, This results in a lengthening of the
fuselage and store by a factor 1/8. The methods to be presented in
section 4.1 are then us2d to obtain source distributions to represent
the volume distribution of{ these equivalent bodies.
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The transformation also results in lengthening the wing chord by a
factor 1/8, which results in a thinner airfoil section. The methods to
be presented in section 4.2 are used to obtain the source distribution to
represent this thickness distribution,

The determination of the vorticity distribution to represent the
wing surface is also done in the equivalent plane. 1In addition to the
! longer chord, the tangents of the wing leading-~ and trailing-edge sweep
zngles are increased by a factor 1/B. If the wing is cambered, the slopes
i of the mean camber surface are reduced by a factor P as is the angle of
i attack of the wing. The vorticity distribution is determined by the methods
tc be described in section 4.3. Interference of the store on the wing is
accounted for in the determination of the vorticity distribution.

The next step in the calculation of the forces and moments is to
calculate the velocity field in the fuselage coordinate system in the
vicinity of the store for the equivalent configuration. The perturbation
velocities induced by the fuselage, wing thickness distribution, and wing
vorticity distribution are calculated in the region that the incompressible
store would occupy if it were present. They are added together and trans-
formed back to the compressible space using equations (2) and (13).
Finally, the free-stream velocity components are added to the compressible
perturbation velocities. The example just considered is a case where the
wing and store ars at zero incidence relative to the fuselage axis. If
they are at incidence, the incidence angles are reduced by a factor of B
in the incompressible space.

It is important to point out that the incompressible perturbation
velocity field must be calculated and resolved into velocity components in
the fuselage coordinate system before transforming back to the compressible
space. 8ince the transformation of the configuration was done in this coor-
dinate system, the velocities must also be transformed in this system. Once
in the compressikle space, the velocities can be resolved into any desired
coordinate system.

4. MATHEMATICAL MODELS FOR DETERMINING FLOW FIELD

The methods used to evaluate the forces on a released store require
detailed knowledge of the flow field in the region of the store in its
absence. Mathematical models of the aircraft components that influence
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this flow field are described in this section. The methods used to
account for mutual interference among the components are also described.

Models for the thickness or volume distributions of the isolated
aircraft components at o° angle of attack have been developed for the
wing, fuselage, and stores. The wing thickness model is based on a dis-
tribution of two-dimensional point sources which represents the thickness
distribution of the airfoil cut out of the wing by a vertical streamwise
plane tarough the store axis. Adjustments to this model are applied
which generalize it to three-dimensional wings with sweep and taper.

The <fuselage and stores at 0° angle of attack are approximated by axisym-~
metric bodies which are represented by a series of three~dimensional
point sources distributed along the body axes. Body angle of attack
effects are accounted for by doublets whose strengths are determined by
slender-body theory.

A model composed of two superimposed planar arrays of horseshoe
vortices is used to account for the effects of wing angle of attack, wing
geometric camber and twist, and wing loading changes due to the presence
of other aircraft components. The vortex strengthe of the first vortex
array or lattice are proportional to the angle of attack of the wing and
account solely for the wing angle of attack effects. The second vortex
lattice, assumed independent of angle of attack, accounts for the geometric
twist and camber and the normal velocities induced at the wing by the fuse-
lage and stores, The velocities induced by these bodies are treated as an
*induced camber" which is added to the geometric twist and camber.

4.1 Axisymmetric Bodies at Zero Degrees Angle of Attack

4.1.1 Fundamental equations

o S

The stream function ¢ and the axial and radial velocity components,

: U and Vs respectively, due jointly to a free-stream velocity V_ aligned
with the body ax’s, the x-axis, and a series of N point sources distri-
buted along the body axis are given in reference 4. With reference to
figure 1, which shows the coordinate system, they can be written in
dimensionless form as

Yr(xh,r%) = § r*° i 1 il 4
X%, x*) =5 r*° - + - = 14)
2 k=1 Qﬁ [(x* - x)*()a + r*2]1/4 (




N

O (x* ~ x¥)

U*(x*’r*) = —1-';- g : =1 + Z (15)
N e
N *_ %
Uk (X* r¥) = o = —L = 16
r' e r* dx* = Dx* — xﬁ)z + r*2]3/2 (16)
where
JeR ER
v
U r
U* = ——— V* = o——
v, '’ r v,
1
"RV ‘RVeo

and where fR is a reference length which for convenience will be taken
as the length of the body. The quantities Q; and x; are the source
strength and location, respectively, of the kth point source, and the

point (x*,r*) designates the field point in cylindrical coordinates.

4,1.2 Conditions used to obtain source strengths

A mathematical representation of the flow field about an axisymmetric
body is obtained by imposing three conditions on equations (13) and (16).
These equations, the velocity equations, are used to calculate the
source strengths rather than the streamline equation because they were

found to give a better shape representation. This is due to the fact that
they require both body ordinates and surface slopes for their solution.

For the first condition che flow directions at (N - 2) points (xg,rg),

j = 1l,e0.,(N = 2), are specified by angles dj with respect to the positiv

x*~axis; that is,

V* (x* r¥)
c
tan o.

j = U*(XS',I';) for J = 1,...,(N - 2) (17)

10

e




;«4_,3‘»:!:&"35 et £ R

or in terms of equations (15) and {16)

_ 2}3/2
o [oer - xp2 4 xe?]

1+ Y %03 - )

[0y - xy= + rg2] /2

for j =1,...,(N~-2) (18)

tan Bj

The locations (xg,rg) where the flow angles PB. are specified lie on

3
the surface of the axisymmetric body being represented, and the values
of tan Bj correspond Lo the local body surface slopes, dr*(xg,tg)/dx*.
For convenience, equation (18) is rearranged to give a set of linear

algebraic equations in the Qﬁ's

tan B. for j = 1,...,(N - 2) (19)

2: Qﬁ ?3 - tan B (x;k- xk)
(xg - xp)2 + rga]a/2

The second condition is that the sum of all of the source strengths

be zero. That is,

Gf =0 (20)

N =

k

1l
it

which insures that the surface described by y*(x*,r*) = 0, the mathemati-

cal representation of the body surface, will be a closed surface.

The third condition is the existence of a stagnation point at the body
nose; hence, U* = 0, at the origin, x* = r* = 0. By substitution into

equation (15) this condition becomes

N *

Z %}, (21)

k=1
Since the sources are distributed along the positive x*-axis only, the
forward tip of the body is positioned at the origin and the y* = 0 surface
is the body surface. Upon selection of the N source positions, xi,
equations (19), (20), =2nd (21) comprise a set of N 1linear equations in
the N unknowns Qﬁ. After solving for these, equations (15) and (16)

11
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- can then be used to determine th2 velocities at any point in the flow field

A around the body.

f 4.1.3 Calculative examples

; Several arbitrary choices remain in the application of equations (19)
. through (21) to particular bodies. In order to obtain adequate corres-

? pondence between the shape of the body that is to be represented and its

mathematical representation, which is the surface w*(x*,r*) =0, a

s r AL

suitable selection is required for the number of sources and the (N = 2)
jé locations, (x?,rg) of equation (19), where the streamline direction
9 constraints are to be imposed. Excellent "fits" of several bodies have
; been obtained to date and the selection of these parameters for two of
§ these bodies is given below.
?E A comparison between the surface shape of a particular body (the

Tov'

0

fuselage of a wind-tunnel model described in ref. 5) and the /*(x*,r*)
surface is presented in figure 4(a). In examining this figure note that
the r* scale has been expanded over the x* scale. A criterion that
has been successfully used for this body, and for all reasonebly smooth,
& pointed or slightly blunted, slender bodies, is that the distance betwecen
adjacent source points be proportional to the local body radius. For the

) e
T R

2 specific case shown in fiqure 4(a), the distance between source points

4 was 1.2 times the local radius. For porportionality factors of the order
of 1.5, irregquiaritir.c of undesirabie magnitude in the v*(x*,r*) = 0

¥ surface tended to occur, whereas, no noticeable improvement resulted

from factors less tl.an 1.2. The most forward point source for the

b

A

example shown is located at x* = 0,002. For conically-tipped forebodies,
§ dis%ances of this order are required for satisfactory fitting. For
.g values of the first source location significantly larger than (.002, the
g foresection of the *(x*,r*) = 0 surface tends to be blunter than

desired, whereas, smaller values, once again, sliow no noticeable improve-

W AT,

ment. For bodies whose aft sections are blunt, such as ‘he example 1n
figure 4{a), the orocedure is to extend the aft section by a boattail.
This procedure is based on the fact that in the real flow the body
streamtube separates from the body at the base and converges to a point
. in the wake. The extreme aft point source is located at x* = 1.118,
and the number of sources used for this example is 37.

1 12
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The axial locations of the (N - ) positions where the flow velo-
city directions, or surface slopes, are imposed have been chosen at
positions midway between adjacent source positions. Since this would

specify one too many slopes, a point in the middle of the body has been
climinated.

Results for a blunt axisymmetric bedy are presented in figure 4(b).
The body 15 a cylinder with ellipsoidal ends and a length-to-maximum-
diameter r- Lio of 10. The (N - 2) axial locations at which the flow
velocity directions, or surface slopes, were imposed are, as for the
previous case, midway between source locations. For this case no
precise criterion of source location was applied other than symmetry with
respect to the body center since the fore and aft sections are identically
shaped. Otherwise, the sources were concentrated in regions of high body

curvature. The total number of point sources for this case was 18.

4.2 wWing Thickness at 7Zero Degrees Zngle of Attack

The flow about a symmetrical airfoil at 0° angle of attack is the
basic flow used to account for wing thickness. 1Its mathematical represen-
tation is obtained in much the same manner as that for the axisymmetric
bodies. It 1s then extended tc wings with sweep and taper. It should
be noted that the flow parameters in this section that pertain to the
symmctric airfoil at zero angle of attack are distinguished by the
subscript "2D."

4.2.1 Fundamental equations

The stream function, and the flow velocities, and W,

2n? U2D ’ 2D’
(fig. 3) due to a uniform flow of velocity V = in the positive x
direction with a seriecs of N two-dimensional point sources distributed

alony the x-axis are given in dimensionless form (ref. ).

N
.';D(x*,z*) = 2% — z Qf;' { - tan-l [-(—\TZ_*T]} (22)
k=:

d.-,*
U, (x*,2%) = 57 = 1 + Z of - (23)
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and where the reference length ¢ is the chord. 1In these equations Q;
and xﬁ are the source strength and location, respectively, of the kth

point source,

4.2.2 Conditions used to obtain source strengths

The flow field about a symmetrical airfoil is found by imposing
three conditions on eguations (23) and (24) analogous to those used for
the axisymmetric case. First, at (N - 2) points (xg,zg),
5 = 1,...,(N - 2), which correspond to airfoil surface locations, the
flow directicn is set equal to the corresponding local airfoil surface

slope, tan sj = dz*(x;,z;)/dx*. Thus we obtain

W§D(x*,z#)
tan bj = UX_(x¥,2%) for § =1,...,(N - 2) (25)
D'3°7)

The resulting expressions are

N Z} - tan “j(xﬁ - %) .
tan &, = z op - for § = 1,...,(N - 2) (26)
k=1 (xg - xﬁ) + zg'

The second condition, the sum of the source strengths equals zero, gives

N
QF =0 (27)
k=1
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The stagnation condition USD = 0 at the leading edge, x* = z* = 0,
leads to the result

(28)

f[\/lz
il
]
r—‘

The resultant set of N linear equations given by equations (26) through
(28) are solved for the N unknowns Qﬁ. The velocities at any point
can then be calculated using equations (23) and (24).

4.2.3 Calculative example

The foregoing method has been applied to a NACA 65A006 airfoil and
the results are shown in figure 6. The criterion used in selecting point-
source locations is that the distance between adjacent sources be propor-
tional to the local airfoil thickness. This is analogous to the criterion
applied to the first axisymmetric body considered previously. The extreme
fore and aft source locations are x* = 0.0006 and x* = 0,996, respec-
tively, and the total number of sources is 43. The axial positions at
which the (N - 2) velocity direction conditions ..re imposed, were
intermediate between adjacent source locations, omitting the position near
the mid-chord. The comparison between the actual airfoil shape and the
calculated shape shiwn in figure 6 shows good agreement. The velocity
field around the airfoil can e ciulculiataed vsing agvations (23) and (24).
4,2.4 Calculation of the velocity field about wings with

sweep and taper

The calculation of the flow about a symmetrical swept tapered wing
from knowledge of the flow about an airfoil following the method of
reference 6 is briefly discussed in this secticn. The geometry associated
with the problem is illustrated in figure 7, The circular symbols
represent planform locations of points where the flow velocity is
desired. Lines of constant percent chord are shown, together with
normal lines that arc perpendicular to the lines of constant percent
chord at the circular symbols. Airfoil sections along the normal lines
are called normal sections.

The calculation of the thickness~induced velocities for an infinite
swept wing by simple swcep theory requires a knowledge of the thickness

distribution of the normal airfoil section and the component of the free-
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stream velocity normal to the leading edge. For swept and unswept wings
of finite span, in regions sufficiently removed from the wing root and
tip, the lines of constant pressure tend to be parallel to lines of
constant percent thickness. Furthermore, for wings of constant thickness
ratio and constant thickness distributjon over the span these lines are
parall:l to lines of constant percent chord.

Referring to figure 7, the calculation by simple sweep theory of the
perturbation velocities u, and w (w 1is the vertical velocity below the
voint) requires that a source distribution be determined which represents

the normal airfoil section through the point. fThen the perturbation
velocities can be determined for the component of the free-stream velocity
parallel to this normal section, V_cos .\ where .\ is the angle between

the normal section and the local chord. The velocity V_sin A perpendicular
to the normal section does not enter the calculation of u . Once u, is
evaluated, the,, the perturbation velocities u and v in the x and vy

direction, respectively, are simply given by

=1
]

1, cos A (29)

u sin (30)

<
1}

Designating “LE and g ? respectively, as the leading and trailing edge
sweep anules, .. is given by

= £ - X )
an A = tan Ao+ T (tan A, - tan A for 01 (31)

E)
where x/c is a fraction of the local cliord, For locations forward of the
wing leading edge (or behind the trailing edge), )\ is taken as A\

).

LE
(or A‘I‘E
1f the above method is to be used for tapered wings and velocities

are required at a large number of points under the wing, then a large

number of source distributions would be required, one for each point,

since the normal airfoil section would be different at each point. A method
for calculating the perturbation velocities without calculating 2 source
distribution for each airfoil section is given in reference 6. It is

assumed there that the flow over any normal section is related tc that

16
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over the streamwise section through the point and therefore, only one

source distribution is required.

With regard to evaluating U consider the two constant choxd wings
in figure 8. Both the swept and unswept wings have identical streamwise
chords, streamwise thickness ratios, and thickness distributions. The
thickness ratio of the normal section of the swept wing is larger than
that of the streamwise airfoil (of either wing) by a factor 1/cos ... It
is shown in reference 6, that, since the perturbation velocities depend
linearly on thickness (for small thickness ratios), the effect of the
larger thickness of the normal airfoil is offset by the smaller imposed
velocity, V cos .\, in the normal dirsction. Thus, the perturbation
velocities of normal scctions of the swept wing are equal to those at
corresponding points of the unswept wing. This result holds approximately
for symmetrical tapered swept wings as well. Thus, the streamwise and
lateral perturbation velocities for cthe swept and tapered wing, u and Vv
of equations (29) and (30), may now be written in terms of the perturbation

velocities of the streamwise airfoil section as

= * = - |
ux uchos (U§D l)cos . (32)
vk = u5Dsin a o= (U§D - 1l)sin A (33)
w = w = WD (34)

For tapered wings the local sweep angle, ., as given by equation (31) is
used in equaticns {(32) and (33).

In summary, flow equations €for the velocity components applicable
to swept and tapered wings with similar streamwise sections in the span-

wise direction are given by

l (x* = x})
Uk (x*,2z*) = 1 + cos . E; of - {35)
k= (x* - xﬁ)“ + z*
17




N (x* - x¥)
Vk (x*,z%) = sin A Z of (36)
k=1 (x* - xf)2 + 2%2
N
W*(x* z*) = z * 22 (37)

(x* = xk)2 + 22

In these equations, the source strengths Qﬁ and their locations xﬁ
correspond to the local streamwise airfoil section of the swept and
tapered wing of interest. All quantities are made dimensionless on the
basis of the local streamwise chord of the swept and tapered wing of
interest.

4.3 Wing Angle of Attackj Lifting-Surface Theory

4.3.1 Descript.on of method

The nodel used to account for wing angle of attack, wing geometric
twist and camber, and interference~induced twist and camber is the
method described in references 7 and 8. This method is a lifting-surface
theory with the planform of the wing repsesented by two superimposed arrays
of horseshoe vortices representing the basic and additional lift distri-
butions. In contrast to a lifting-line theory, this method employs
vortices distributed both chordwise and spanwise. The wing planforms
handled by the method must be representable by a series of straight-
line segments. The camber and twist distribution of the wing is arbi-
trary. The details of the method will not be repeated here, as they are
contained in the above-mentioned references; hcwever, the following
paragraph will briefly describe the method.

The vortex lattice is determined by dividing the wing into area
elements formed by lines of coustant percent chord and lines parallel
to the roct chord. A horseshoe vortex is placed with the bound portion
at the quarter chord on each of the area elements., The two semi-infinite
trailing legs are in the plane of the wing and at the side edges of the
area elements. The boundary condition of no flow through the wing is
applied at the mid-span of the three-quarter chord of each area element,
Two vorticity distributions are determined, one which is a function of
angle of attack and the other which is not. The angle of attack

18
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distribution cancels the component of the free-stream velocity normal to
the wing planform. The zero angle-of-attack distribution accounts for

the local angle of attack due to twist and camber when the wing root chord
is at 0° angle . attack. The local angles of attack at the wing control

points due to geometric twist and camber are input to the computer program
and the induced camber due tc interference of the fuselage and stores is
calculated by the program and added to the geometric camber. Since both
vorticity distributions are required to satisfy the boundary condition of

0N e

daurk
XA

e,
B i

no iJlow through the wing at the control points, they are obtained by solving
two sets of simultaneous algebraic equations which differ only on the right-
hand side. The computer program of reference 8 then uses these vorticity
distributions as input to calculate the velocities induced by the wing at

St

e
3
o

o

any point in its flow field.
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R
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4.3.2 Effect of the number of vortices on the calculated flow field

E Since the wing is represented by a finite number of horseshoe

A vortices, the question arises as to how close to the wing the velocity
field can be calculated within prescribed error limits. Stores are often
sufficiently close to the wing that the number of vortices required to
obtain accurate flow fields is quite large., The purpose of this section
is to provide a notion of the lattice size required for reasonably

A
S TADSARE

45

accurate results at a given distance below the wing.

R T ey

The calculations to be shown have been made for the swept wing
geometry of references 5 and 6, as shown in figure $. The wing is taken
to be at 6° angle of attack. The calculations are made for downwash
and sidewash due to angle of attack neglecting fuselage and wing thickness
effects., The flow field results are presented in terms of the dimension-
less perturbation velocities normal to the plane of the wing (w/V_ ) and
in the lateral direction (v/Vm) versus the chordwise distance (x/c) at
the mid-semispan of the left wing panel for the two distances below the
wing (z/c) of -0.10 and -0.05, The coordinate system is shown in figure 10.
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The perturbhation velocities u, v, and w are related to the components

U, Vv, and W of the local velocity vector as follows:

[N

4]

ch cCs ().w + u
V=yv

. W= Voo sin aw + w
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The normal and lateral velocities at z/c¢ = ~0.10 for two combina=-
ticns of chordwise and spanwise vortices are shown in figures 1ll(a) and
11(b). Cyclic chordwise variatinns evident for the 4 chordwise by 9
spanwise (4x9) array are imperceptible for the 10x9 array. Curves four
a 7x9 array were indistinguishable from those for the 10x9 array except
near the wing leading edge. It appears evident from the rapid convergence
that curves from arrays with an increased nunber of chordwise vortices
would coincide with those from the 10x9 array.

Velocities at z/c = -0.,05 Zfor the same two array. as above are
presented in figures 12(a) and 12(b). For this case, small ¢ nplitude
fluctuations persist for the 10x9 array. It is evident from the pattern
cf convergence, however, that the 10x9 curve clcsely approximates the
ultimate curve, and tha* the cyclic variations would perhaps be impercept-

ible for a 13x2 array.

5. CALCULATION OF FLOW FIELD

5.1 1interference Effects

HMethods have been presented for determining the flow fields of the
fuselage or store alone ard the winc alone. In the case of a wing-fuselage
combinacion with stores, the flow field is the sum ©f the fields due %o
the vavious components plus one due to interference among the components.

In terms of the potential functions, we have

o=l o+ d o+ p o+ + ¢,
7 w ‘W ‘ )
wB t 0 Bt BL‘( 1
w = potential due to wing thickness
o = potential duve to wing twist, camber, and angle of attack
G
¢B = potential due tc fuseiage volume and external store volumes

o] = notential Aue tc fusclage and external store angle of attack
. and sidewash

3. = potential due to wing-fuselage and wing-stere intevference
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In order to determine ¢;, the only component not nronsidered so far,
we can use two means of arproach; a noniterative approach and an iterative
approach. In the noniterative approach singularities are placed on the
fuselage and the wing, and the strength of the singularities are all
calculated simultaneously using a large number of simultaneous equations.
This approach requires large computer times and may be limited in accuracy
by the number of simultaneous equations the computer can solve. In the
iterative approach, adoptec¢ here, the computer time is kept reasonably
short and the accuracy of calculation is adequate.

G RIS R R U SR e Al
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In the iterative approa~h to determine the flow under the wing of
the wing-fuselage combinaticn, consider first the wing ‘..one at the
airplane angle of attack. Now let the wing alone have velocities induced
: normal to it by the fuselage flow field. The wing boundary condition is
no longer satisfied, but a wing-alone solution producing equal and oppo-
site velocities to those induced at the wing by the fuselage can be found
from the vortex-lattice program. This solution represents the first
approximation of the interiference sclution in the vicinity of the wing.

A e e s RS ERAARARAL B o e T

To obtain the first approximation to the interference potential in

the region of the fuselage, consider the fuselage alone, and then let its

: normal velocity distrcibution be modified by the induced flow field of the
wing alone. fThe additional fuselage solution required to cancel thesc

. nornnal induced velocities 'is the first approximation to the inter-
ference field in the neighborhocd of the body. It is clear that an
iterative scheme can be set up to account for higher-crder interactions.

For our purposes only on2 iteration is required, as comparison between
experinent and theory will show.

Some simplification has been found possikle. Consider the applica-
tion of the preceding equation tc the flow field under the wing. For a
high-wing monoplane the velocities associated with ¢Bt and ¢Ba both
produce velocitics normal to the wing, aliiough for a midwing coniiguration,
éBt produces no such velocities. By consideriag the normal winy veio-
cities associaveu with bgt and ¢BQ’ we can calculate in.erlerence
potentials ¢it and ¢;  using the vortex lattice program. These
potantials would have the properties that

@ _ .
Sn (¢>Bt + dxit)— 0 on the wirg
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5% (¢>B + o, )= 0 on the wing
a o

vhere n is normal to the wing surfece. The physical argument could be
mzae that if the sun of ¢Ba and ¢iO produces zero normal velocity at
the wing surface and dies away with distance from the surface, it will
produce negligible velocities under the wing except in the neighhorhood

¢f the wing-fuselage juncture where ihe first approximation to the inter-
ference potential is not accurate. In this region the mutual interference
problem must be sclved. The same argumert can be made for the sum of

¢Bt and ¢it'

A calculation was made to check this avrgumerc. The normal velocity
at the wing associated with ¢Ba is the upwash produced by the doublet
distribution representing the hody at angle of attack, also termed
Beskin upwash., A twist distribution equal and opposite to that due to
t'ie Beskin upwash was introduced into the wiag, with zero twist in the
region blanketed by the body, and the flow field associated with the
resulting @ia potential was calculated. The downwash and sidewash fields
resuiting from the combined effect of $Ba and ©¢; was generzlly less
than a degree., Accordingly, the assumption has been made that the combined
affect of ¢Ba and ¢ia can be neglected. BA precise calculation is
possikle, but is not warranted at this time. While the ¢Ba + ¢ia effect
has been neglected, the ®Bt + ¢it terms have been included. Both fuse-
lege and external store effects have been includec in these terms.

With regard to thz flow field under the body, the sum of $Bt and
5BQ satisfies the becdy boundary conditionx exantly. The sum
¢Wc + ¢wa + ¢i must produce zero normal velocity at. the body. As we
move downward from the body, the induced valccitics due to this sum mus:
decrease. Accordingly, wc have neglected tnese induced velocities
everyvhere under the body.

The simplifications and approximations introduced in making tlhe
ving-bedy Zlow-~field calculation greatly reduce the complexity of the
analysis and the amount of computer time required at very little louss in
accuracy. The adequacy of the above procedure is to be judged by the
agreement between experiment and theory for dewnwash and sidewash subse-
quently to be presented.
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% 5.2 Method of Calculation

g 5.2.1 Single store under the wing

% The first step in calculating the flow field for the case of a

% single store under the wing of a wing-fuselage combination is to obtain
% source distributions to represent the volume distributions of the fuse-

lage and store in the incompressible space as well as the wing thickness
distribution in this plane. The next step is to calculate the vorticity
distribution to represent the lifting wing. T»e velocities induced at

the wing surface by the store, and also the fuselage if the wing is not

a midwing, are treated as an induced camber and are added to any geometric
twist and camber.

SNE S R

The flow field in the vicinity of the store is calculated by summing
up the velocities induced by the fuselage and the wing. If additional
stores are present, their influence on the wing is accounted for as are
the velocities induced by their volume distributions in the vicinity of the
ejected store.

5.2.2 8Single store under fuselage centerline

In calculating the velocity field under the fuselage, the presence
of the wing is ignored for the reasons discussed in section 5.1. Thus,
the first step is to obtain a source distribution to represent the fuse-~
lzge volume distribution in the incompressikle space. For zero degrezs

! angle of attack, the velccity field induced by this source distribution
is the field which the store sees unless other stores are present in
which case the fields induced by their volume distributions are additive.
Fuselage angle-of-attack effects are treated as a Beskin upwash and given
by

I:';—.- = gin onl'3 [1 - (%)2] {38)

where w' 1is the velocity normal to the fuselage axis in the incomprass-
ible space a distance 2z' from the axis, a is the local fuselage radius,
and aé is the fuselage angle of attack in the incompressible space.
This velocity field is added to the volume-induced velocity field.
Equation (38) is obtained from the complex potential for a circular

cylinder in uniform flow given on page 29 of reference 9.
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3.2.3 Multiple store under the wing or fuselage

The flow-field calculation for the case of a TER or MER installation
1s performed in a manner identical to that for the single store with the
stores remaining on the rack treated as additional stores in the flow
rield. It is apparent from the close proximity of the stores on a rack
that store~store interference may be important. At the present time, only
body~-volume effects are accounted for since they are the dominant effects
as will be seen. The source distribution for each store is calculated as

1f the store were in a uniform flow by itself.

5.3 Comparison of Calculated and Experimental Flow Fields

References 1 and 5 contain the results of extensive experimental
filcwwfield surveys. Those presented in reference 5 were taken in the
viecinity of the wing=-fuselage combination shown in figure 9, The wing-
fuselage combination used in reference 1 is shown in figure 2. This
model is a 40-percent scale model of that shown in figure 9. Reference 1
presents, in addition to data taken under the wing-fuselage combination,
data taken with a pylon present at the 1/3 semispan location, a TER rack
attached to the pylon, and, also, with stores mounted on the two shoulder
positions of the rack. By building the configuration up component by
component, as was done, interference effects can be isolated.

The majority of the data comparisons presented in this section will
use the data of reference 5. A few comparisons with the data of reference 1
will be made primarily to show the importance of knowing the flow character-
istics of the empty wind tunnel when comparing with wind-tunnel data.
Since the primary interference flow-field calculation method does not
include a model for the pylon or rack, comparisons with the data with these
components present will not be made. A comparison will be made with the
perturbation velocities induced ky adding the two shoulder stores to the

TER rack.

5.3.1 Comparison with data from NACA RM L56J19 (ref. 5)

Reference 5 contains extensive experimental flow~field surveys in
the vicinity of a swept-wing fuselage configuration for a Mach number of
about 0.15. The experimental wing-fuselage model is that shown in figure 9
with the coordinate system and angle definitions shown in figure 10. The
positive directions of the local angles of attack and sidewash are as indi-
cated in figure 10. It is noted that positive sidewash angle corresponds
to flow coming in from the left when facing forward on the wing. This
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sign convention agrees with that used in the present theory. The sign of

the experimental sidewash angles taken from reference 5 has been changed
to conform with the present sign convention.

Comparisons are made for a very small angle of attack at locations

below the wing and remote from the fuselage to see how the two~dimensional
point source model accounts for wing thickness effects., Comparisons under

the wing at angle of attack serve principally to assess the vortex-
lattice method. Finally, comparisons under the fuselage for both 0° and

6° angle of attack serve to evaluate the methods used to account for the
fuselage.

For all experimental data used, estimates of the experimental
accuracy are given in reference 5 as +1.0° and +1.5° for local angles of
attack and sidewash, respectively. Included in the quoted experimental

accuracy are estimates of probe alignment errors and wind-tunnel mis-
alignment angles.

For all computations in this section involving the vortex-lattice
model, a 10 chordwise by 12 spanwise array (on one wing panel) was
used, All the flow angles were measured under the left wing panel.

The source strength and location distributions that have been
obtained for the 65A006 airfoil (see section 4.2.3) have been used in
conjunction with the method of extension to swept and tapered wings
described in section 4.2 4 tc evaluate the flow under the wing at 0°
angle of attack for the swept wing configuration illustrated in figure 9.
The calculated local angle of attack and sidewash angle results are

compared with the data of reference 5 in figure 13 for three distances

below the wing. The angles are plotted against axial distance from the

local leading edge in percent local chord. The comparisons are at the
mid-semispan. This location was chosen in order that the influence of
the fuselage which was present for the measurements would be negligible
and thus the accuracy of the wing thickness model could be assessed. The
small influence of the fuselage is illustrated by including for the

z/c = ~-0.17 case of each figure the calculated angle including and

excluding the fuselage effects. As can be seen, they are very small.

It should be noted, also, that the measurements were made for a wing
(and fuselage) angle of at*:ack of -0.2°. The effect of this angle of
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attack on the calculated results, shown for the z/c = -0.17 case, is
not significant.

From figure 13 it can be seen that the computed and experimental flow
parameters are in quite good agreement, with the largest differences
tending to occur ahead of and behind the wing. These differences cculd
be caused by any combination of the following things: inaccuracies in
the modeling of the three-dimensional wing thickness effects, viscous
effects which have been ignored, and wind-tunnel stream angles.

The combined effects of the vortex lattice and wing and fuselage
thickness models were examined over a free-stream angle-of-attack range
from -4.3° to l2.3°, and comparisons between prediction and experiment,
in terms of the local angle of attack and the angle of sidewash versus
chordwise distance, are presented in figure 14. ‘These comparisons were
made at the mid-semispan, 17 percent of the local chord below the wing
and show how the accuracy of the method varies with angle of attack.
Similar comparisons at 7, 17, and 27 percent of the local chord below
the wing for a free~stream angle of attack of 6.1° are given in figure 15
and exhibit the accuracy as a function of distance from the wing.
Finally, comparisons at the quarter, half, and three-quarter semispan
locations for 6.1° angle of attack at 17 percent of the local chord bhelow
the wing are presented in figure 16. From these comparisons the accuracy

as a function of semispan location can be assessed.

Figures 14 to 16 exhibit agreement between theory and experiment
which 1s rfelt to be adequate for the present investigation., The largyest
differences tend to occur for the largest angle of attack of 12.3°
(figs., 14 (b) and 14 (c)), the smallest distance below the wing of
z/c = -0.07 (figs. 1l5(a) anc 15(b)), and the most inboard location of
y/(b/2) = -0.25 (figs. l16(a) and 16(b)). This behavior is as might be
expected since the assumption of linearity becomes less accurate as the
angle of attack increases. For instance, 12.3° is beyond the linear
portion of the 1lift curve for the wing-fuselage combination, while therc
is an assumed linearity in the vortex-lattice model. 1ln addition, tho
superposition of wing thickness effects and wing angle-of-attack cffects
is increasingly in error with increasing angle of attack. Some error 1is
developed, also, by excluding fuselage angle-of-attack effects.
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Some error arises through the approximate wing thickness model used.
In fiqure 14 this error can be assessed by using the vortex lattice method
together with experimental thickness effects to determine the local angle
of attack and sidewash angle. These results are shown by the dashed lines
of figure 14. These curves have been obtained by adding the difference
between the experimental data and the calculation for a, = -0.2°,
where the flow angles are due principally to wing thickness, to the
calculations made for the other angles of attack. As can be seen, the
resulting curves agree better, in general, with the experimental data
than the purely theoretical solid curve. This agreement can be taken as
a measure of the accuracy of the vortex-lattice method.

Comparison of calculated and experimental local angle of attack at
various distances under the fuselage axis for near zero degrees (-0.20)
and 6.1° free-stream angles of attack are presented in figure 17. As was
discussed in section 5.1, the flow perturbations due to the wing thickness
and the vortex lattice are not included. The computations for -0.2° angle
of attack are based on fuselage thickness alonej that is, the small effect
of the -0.2° angle of attack has been ignored. The fuselage angle-of-
attack effects for the case of 6.1° angle of attack were calculated using
eguation (38). This velocity is added to the fuselage thickness velocity
to obtain the local angle of attack.

From figure 17(a), a reasonable agreement between the calculated and
experimental results can be seen for the case of -0.2° angle of attack.
In the region aajacent to the cylindrical portion of the fuselage, a
fluctuation in the computed values of about 0.2° amplitude occurs for

the case z/amax = -1.16. The quantity a . is the maximum fuselage
radius. The amplitude is reduced for z/amax = -1,55 to less than 0.1°,
and is imperceptible for z/amax = «2,21., The origin of this variation

is, of course, the fuselage thickness model. The magnitudes of the

point sources representing the fuselage thickness are such that the
calculated body shape has a slight "ripple" in the cylindrical section
(which is imperceptible at the scale of the ¢* = 0 sketch given in

figure 4(a)), and the adjacent velocity field of course has a correspcnding
ripple which diminishes with distance from the fuselage. The field points
at z/a

max
in the cylindrical portion, and a small fluctuation is therefore not

= «1,16 are 16 percent of the fuselage radius from its surface

surprising. While the amplitude of the present variation is only 0.2°,
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this case does indicate the desirability of an accurate fuselage repre-
sent#tion when stores in the immediate vicinity of the fuselage are under
considerztion. On the basis of the source distributions that have been
obtained for axisymmetric bodies with cylindrical sections, fluctuations
in the cylindrical region appear to be characteristic, and the best pro-
cedure is to minimize their magnitude by increasing the number and varving

the locations of the sources.

Considering still the case of -0.2° angle of attack, figure 17(a),
the data lie slightly above the computed values in the region behind the
wing, x/c > 1,0. This is due to small deviations between the analytic
representation of the fuselage shape ard its actual shape in this region.
Both the data and calculated values will commence to rise in this region
since the fuselage radius beginning at x/c = 1.5 decreases with increasing
x/c. It is indicated on figure 4(a) that the =* = 0 surface contracts
more gradually than the actual surface, and the calculated angle of attack

will be low as a consegquence.

For the 6.1° angle-of-attack case (fig. 17(b)), the agreement is
about as good as that at -0.2° except at the most remote distance of

z/amax = =2,21.

5.3.2 Comparison with data from NEAR TR 24 (ref. 1)

Figure 18 presents a comparison between the calculated flow field uand
*he measured flow field using data from Volume iV of reference 1. The
wing~fuselage model used in the tests is shown in figure 2 and the data
presented in figure 18 were taken under the left wing panel at the 1/3
semispan location 30 percent of the local wing chord or 2.12 inches below
the wing., No pylon was present on the wing. The Mach number is 0.25,

The region of the survey can be seen more clearly by examnining
figure 3(a). The purpose of the survey was to measure the velocity field
in the region the axis of the store shown in figure 3(a) would occupy 1f
it were inserted one store diameter, 0.75 inch, below the location shown
in the figure. The data in figure 18 are plotted against (x/i)s where
Es is the length of the store shown in figure 3 and x; is measured from
the position the store nose would occupy if it were present. The directions

of the positive velocities are shown in figure 10.
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Data are presented in figure 18 for two angles of attack, ap, Of
the wing-fuselage combination. This angle, ap, is the angle between the

fuselage axis and the wind~tunnel longitudinal axis. Figure 18(a) is for
ap = 0° and figure 18(b) is for a, = 6°. Two theoretical curves are

shown on the figure. One assumes an angle of attack equal to a
the other assumes an angle of attack different from a

p and

p* This second
case takes into account the wind=-tunnel stream angles indicated by the
tunnel-empty survey made and reported in Volume IV of reference l. These
data were analyzed in Volume I of reference 1 and it was found that for

ap = 0° a tunnel-empty upwash angle of 1.25% existed in the portion of
the tunnel where the survey of figure 18(a) was taken. Likewise, a
tunnel-empty upwash angle of 0.75° was indicated for ap = 6° (fig. 18(b)}.
The difference in the tunnel-empty upwash angle for the two values of ap
is due to the fact that as ap

part of the tunnel test section. Since tunnel-empty surveys vere only

is changed testing is done in a different

taken at the one spanwise location, a uniform correction was made to the
wing angle of attack used in the vortex~lattice calculation rather than
using a wing twist distribution due to stream angle of the wind turnel.

Figure 18(a) for ap = 0°

with the experimental data is obtained when the tunnel-empty stream anglz

indicates that br:tter overall agrecment

is accounted for, particularly in the region beiow the wing leading edge,
(x/[)S = 0.05. This same conclusion cannot nzcessarily be drawn from
figure 18(b) for ap = 6°. In some regions the agreement is improved anl
in others it is made worse. On the basis of these comparisons, it is
felt that to make precise comparisons with experimental flow~-field data
a knowledge of the angle of attack which the wing actually sees in the
wind tunnel is required. The spanwise variation should also be taken
into account by imposing a twist distribution on the wing in the vortex
lattice calculation. 1In the tests reported in Volume IV of reference 1,
tunnel-enpty tests were not performed anywhere but at the 1/3 semispan
location nor were they performed in the region the wing chord plane would
occupy if it were in the tunnel., If these data had been taken and used
in the theoretical calculations, the overall agreement may have been
improved. The agreement exhibited in figure 18 is still quite good for
the upwash, W/V_, and sidewash, V/V_, velocities; it is of the order of
+0.01. 1In terms of local flow angle, this is ¢9.58°.
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Figure 19 presents a comparison between experiment and theory for the
same conditions as those of figure 18 except that the Mach number is 0.70.
Figare 19(a) is for ap = 0° and figure 19(b) is for ap = 6°. In the
theoretical calculations, the tunnel-empty stream angles as given in
i Volume I of reference 1 for these test conditions have been ihcluded in

the wing angle of attack. The overall agreement between experiment and

: theory is not quite as good as exhibited in figure 18 for a Mach number of
E 0.25. 1In this case, the velocity ratios are predicted within +0.02 or in
terms of local flow angle, i;.z°. This difference may be caused by not
knowing what free-stream flow the wing actually saw or by inaccuracies in
the method used to account for compressibility effects.

Since the primary interference flow-field calculation method does not
incorperate models for a pylon and a rack, comparisons with flow~-field data
taken with these components present will not be made. Their presence will
be accounted for by slender-body theory. The method does, however, include
models for other stores present in the flow field as in the case of a
TER or MER rack. Consider the TER grouping shown in figure 20 which was
tested in reference 1. The pylon and TER rack are not shown in the figure,
although they were present during the tests. The wing-fuselage combination
is shown in figure 2 and the store geometry in figure 3(b). By .ubtracting
the data obtained without stores 2 and 3 present on the TER rack from the
data obtained with these two stores present, the velccity increments due
tc the addition of the two stores can be determined. These increments have
been determined for one axial survey at two angles of attack and the data
are plotted in figure 21. The survey was conducted in the region the axis
of store 1 in figure 20 would occupy if it was one diameter below the
location shown in the figure, that is, -2.83 inches below the wing chord
plana, The velorities are plotted in figure 21 against (x/i)s where £s
is the length of the store shown in figure 20 and Xy is measured from the
position the nose would occupy if it was present.

Also shown in figure 21 are the results of theoretical calculations.
These curves were obtained by subtracting the velocity field calculated
under the wing-fuselage combination from that calculated under the wing-
fuselage with stores 2 and 3 present including wing camber induced by these
stores. By doing this, perturbation velocities associated with wing angle
of attack and fuselage volume are subtracted out and only perturbation
velocities asscciated with the volumes of stores 2 and 3 and wing camber
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induced by these stores remain., Since these are not functior.~ of angle

of attack, the theoretical curves for both figures 21(a) and 21(b) are

the same. A comparison of the data plotted in the two parts of the figqure
also indicates little effect of angle of attack. The agreement between
experiment and theory is quite good, The theoretical lateral velocity
increment, AV/V_, is zero, as is berne out by the data, since stores 2

and 3 induce aqual and opposite lateral velocities., 1In addition, because
of the large distance from the wing, the vorticity distribution in the
wing which cancels the small amount of store=induced camber contributes
nothing.

G 50 4 I S SR
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6. PRIMARY INTERFERENCE FORCE AND MOMENT

The calculation of the trajectory of a store beiny ejected from an
aircraft requires the determination of the forces and momeonts acting on
the store at any pcint in its trajectory. To calculate tnese forces and
moments accurately, the nonuniform nature of the flow Zield must be
accounted for. 1In the previous sections of this report, mathematical
models have been presented for the various components of the aircraft
which allow the calculation of the perturbation velocities induc2d at
any point in the flow field by these components. The effect of these
. velocities in changing the forces and moments acting on the store are the
: known dominant effects and will be termed primary interference. The term
‘ additional interference will be used to identify the additional change due
to mutual interference between the wing, pylon, and store. This section
of the report will describe the calculation of the primary interference
force and moment. Additional interference will be discussed in section 7,
Generally, it is the aim to put the dominant interference effects into
primary interference so that the additional interference can be neglected.

By summing up the perturbation velocities due to the aircraft compo-
nents and adding them to the free-stream velocity, the total velocities at
any point in the field where the store will be located can be calculated,

By performing this calculation for various points over the length of the
store, the complete nonuniform flow field can be calculated. Pitch, yaw,

ané roll damping can be easily accounted for by adding the angular velocities
of the store to the calculated flow field. From the resulting nonuniform
velocity field, the load distribution on the store can be calculated, and

the forces and moments can then be obtained by integrating over the store
length.
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This section of the report describes the methods used to calculate

w7 forces and moments from the known velocity field, Store forces and
moments due to buoyancy, slender-body theory (potential flow), and viscous
crossflow are determined as well as the force and moment due to the store
ampennage ii present. The empennage is restricted to triform or cruciform
tail arrangements, The forces and moments thus do not depend on the roll
atzitude of the store provided that vortex separation is not present.
This restriction is not made of necessity, but because it includes nearly
all of the cases ¢of interest. The damping due to the pitching motion of
the store is accounted for by adding to the velocity field increments due
to pitching rate., The velocity field at any point on the store is, thus,
that seen from the store.

coordinate system fixed in the store with
and W, are positive

figure 22 shows the Xg1¥gr2g

the origin at the store nose. The velocities U, Vg,
in the Xgr Yg» Zg directions. The store velocity relative to the atmus-
phere is Vo and the store angle of attack is ag. The velocily compo-

=

nents, U, Vs, Ws are calculated at points which would be on the store

surface or axis 1f the store were present. They are

Us = Vmscos ag + U + Wy, W
Vg = vt Ve } (39)
ws = vw551n Qg + W + Wi + e(xs - xs,cg) )

The quantities Vmscos ag and szsin ag are free~stream components.

The terms with subscript vl are velocities induced at the point by the
vorticity distribution representing the wing, Those with the subscript

th are the sum of the velocities induced by the thickness distributions

of the wing, fuselage, and any other stores present on the aircraft. The
xs,cg) in the expression for W account? for the pitching
metion of the store. For points off the body axis, a 6 term should appear

term 9(xs -

in the expression for Us. This term, being very small, has been neglected
in trhe present work. Yawing motion can be accounted for by adding a
similar term to Vs. The velocities of equation (39) are made dimension-

less by V to obtain
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*
cos as + uv1 + u%h

vit Vi ) (40)

2]
<

. R e(xs - X cg)
sin Qg + wvl + wth + n &)

=
*
1
<
w® ‘“’s
I

It is noted that 8 is positive for nose-up motion. These expressions,
along with the work of the preceding sections of this report, allow the
velocity field at any point which would lie on the store surface or axis,
if the §tore were present, to be calculated. The pitching rate of the
store, 6, is determined as a function of time during the integration of
the equations of motion.

The calculation of the forces and moments on an external store in a
nonuniform flow field is basically a difficult problem which can be
significantly simplified by the assumption of slenderness valid for all
sectionsg of .the store except the fins (or blunt noses). The method used
herein is similar to that of McKinney and Polhamus (ref. 10). For the
purpose of understanding the method used herein, consider the variation
of downwash and sidewash angles along the centerline of a store. Let the
store be cambered in both the vertical and lateral directions so that its
axis now conforms to a streamline of the flow with its downwash and side-
wash components. Any lift or side force due to the downwash or sidewash
velocities will be eliminated in this fashion, and the pressure field
acting on the body will be, to the first order, the sum of its own
thickness pressure distribution plus the static pressure field acting in
the nonuniform flow. The resultant forces (excluding drag) and moments
of the doubly-cambered body will be due solely to the static pressure
field of the nonuniform flow. These components of the total forces and
moments are thus due to buoyancy.

The assumptiocn concerning the camber of the store can now be relaxed,
and downwash and sidewash velocities can be considered to act over the
length of the axisymmetric store. It is an easy matter using slendex=
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body theory and &, -arent-mass methods to evaluate the normai- and side-
force distributions on the store together with their resuiiing moments.
for stores subject to a lar.2 value of the combined angie resulting from
downwash and sidewash, separation of the body boundary layer may occur.
Beyond this point, slender-body theory is not continued. In the present
calculative method, vie have assumed that simple vigcous crossflow theory
is applicable downstream of the separation locaticn.,

6.1 Buoyancy Force and Moment

The equations for the buoyancy normal force and pitching moment will
now be derived for compressible flow. If the pressure coefficient is
defined as

(41)

then it can be expressed in terms of Mach number and velocity for subsonic
compressible flow as (see for example ref, 11, page 30, eq. (3.33)},

M2
Ys
cp = [1 - (U;2 + v;z + w;a)] {1 +— [1 - (ng + vvs*2 + w;z)] + } (42)

, Only the first Mach number term is shown since successive terms are much
smaller. Since in the present work M,  is less than 1.0 and the pertur-
bation velocitiss in equation (4C) are Zmall compared tc the free-stream
velocity, this first Mach number term is much less than one., Conseguently,
in the present work it has been ignored and the following incompressible
expression used foy the pressure coefficient

2

C._=1 -~ (u*

*2 k2
p s ¥ Vs + ds ) (43)
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% which is the cross section of the store at any Hge The guantity cp u

i »

3 is the pressurn ~c-_f£ficient at the location of the ugper surface of the

2

X store (¢s = 1/2) and Cp P is *he pressure coefficient at the location of
»

) the lower surface (¢s = -7/2) of the store. Let the assumption be made that

§ the vectical pressure gradient is linear and that there is no lateral

% gradient. Thus, as a function of ¢s

g c = - Ysin (44)

‘5\, & p (Cp’z Cp,u l d)s

% and the buoyancy normal-force coefficient acting on an element of

é sur face area 1is

? NBY Ac951n ¢S a d¢s dxs

- d(C)py = @ = = (45)

N N'BY L v2 s “p

: 2 Peo'e PR 7 =

From equations {44) and (45)

> a(c a‘c -C Tr2
: N By - Paf P,U) 2[ sin2 ¢ d¢
dx s s 'S
) R °
i a(CP:Z " %)u)
-5 3 {46)
R
and finally
Y/
(€ gy = 7—3-;1 (Cp, g = Cp w2 g (47)
o
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In a similar manner the pitching-moment coefficient due to buoyancy is
found to be

is
= e - - - /
(Cm)BY = SRER J- (xs,cg xs)(cp’z Cp’u)z dxs (48)
o
These two integrals are to be evaluated numerically using calculated

values of C and ¢ as a function of x_.
Py pP,u s

6.2 Angle of Attack Force and Moment

Let us now derive the normal force and pitching moment due to angle
of attack. To do this, use will be made of the method presented in
reference 12, In that work it was found that for axisymmetric bodies in
uniform flow the gross normal force and pitching moment could be calcu-
lated quite accurately for a wide range of shapes by assuming that poten-
tial flow applies over the forward portion of the body up to a location
where viscous forces become important. This location did not change with
augle of attzck and is correlated in reference 12 as a function of the
position of the maximur: negative rate of change of cross sectional area.
This correlation is for a body in uniform flow. No correlation of this
type for axisymmetric bodies in nonuniform flow is known.

Using the method of reference 12 but accounting for the nonuniform
flow field, the normal force and pitching moment are made up of two
terms, the first calculated by slender-body thecry, or potential flow,
and the second calculated by viscous crossflow thecry. Slender-body
theory is ussumed to apply over the forward portion of the body to some

point, x where the viscous forces are important. From this point to

s,0?
the end of the body, the force and moment are calculated by viscous

crossflow theory. Thus, the nowmal force due to angle of attack CN a is
’
s.0 .
f Tra(c )SB : <:"(C'\I)CF'
CN,.& = —z=— dx +f T X (49}
° s v s
€,0
= { =
{Cylgp + (Cyicp (30)
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A similar expression can be written for the pitching moment. The expres~
sions for the force and moment will now be derived.

6.2,1 Slender-body force and moment

It is nct difficult to determine the forces and moments on a slender
body in a nonuniform flow field using slender-body theory. We have
determined the buoyancy contributions for the case wherein the body is
canbered to conform to the streamlines of the nonuniform flow field,
The flow field can now be made uniform retaining the cambered body, and
the forces and momets associated with apparent-mass effects can be calcu-~
lated. Let us consider the shape of the cambered body.

The local angle of attack in the vertical plane is W;, and the local
sidewarth angle is V; within t.ae small-angle assuuption. Let X be the

distance “0 a point on the body axis and let cs g =Yg g + izs g be the
? 3 ’
location of the body axis at distance x,. Then we have
*g *s
- -3 . _ * o
Qs’g i f w;(xs}dxs f Vs(xs)dxs (31)
o o

The flow pattern is then as depicted in the following sketch.

z
8

£ =yg + iz

Ys

w*
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The complex potential can be written for the flow following the
results of reference 9, page 29

w(e) = -iw_ | (¢ - QI — 2%

da
+ av, A log (£ - L5 o) (52)

The complex force Y + iN can be very simply determined from che fore-

going complex potential by use of the following result from reference 9,
page 50. (The development in reference 9 assumes a unit free-stream
velocity, V_. Hence, the 1/V_

factor in the first term of the following
equation.)

- = 47 5= + ' (xs)gs,g(xs) + ZS(xs)r‘:é,g(Xs) (53)

wherein
S(x;) = a2 (54)

and a, is the coefficient of the # * term (simple pole) in the
Laurent expansion of the complex potential.

1t is ¢asy to show thatl

= - o _ da 55
a, = iW,a" +a’Vg - a g Vwcs,g (55)
da
2 9.5 28 56
S 2"a ¢ (56)
s
P w = (VX + W) (57)
s,g s s
With these relationships equation (53) yields
Y+ aN _ 5 jacwk + 2 a"vr (58)
q, s S
s that
N 2" -~ * o
c = = =— a"w (59)
( N>SB quR SR s
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C T e = S a2v (60)

In simple terms, the normal force up to axial distance x; depends only
on the body radius and local angle of attack at that station with a
similar result for side force. The values of the foregoing quantities
for the store can therefore be determined easily by evaluating eguations
(S9) and (60) at the separation location. It is of interest that no
coupling exists between normal force and side force. The pitching-moment
coefficient and yawing-moment coefficient associated with the slender-
Lody theory require 2 knowledge of the distribution of normal force and
side force along the external store and require an integration along the
body for their determination.

Xs,0
T od(cy)
=L —N'SB -
(cm)SB ) j' dax (xs,cg Xg)dx
R s
o
s,0
d(a?wk)
21 S
= (x - X ) ——— ax (61)
SRER s,cy s dxs s
Similarly for yawing moment, we have
x-
(Csp * 55 fs’o ) % . (62)
C = X - X ——— dX 6
n' SB SRZR J s,cg s dxs s

The integraticns in equations (61) and (62) will normally be taken from

the store nose to the separation location, Xg o°
’

It is noted that a positive normal-force increment in front of the
store center of gravity causes a nose-up pitching moment, and a positive
side force in front of the center of gravity causes a nose-~right yawing
moment. The directions of these moments correspond to their positive

directions.

A further point of interest is worth noting. It would have been
possible to consider that the flow in planes perpendicular to the axis

39




K BSOSl TRl ey

PR G d e

st LS RS R TR

WY

gt SRR bt s

e

e R i

g4

3z
£

gkl
scrsanri e

TR PR,

F
b

o " Ead TratveaT > 3

cf the store obeys Laplace's equaticn, and that the upwash and sidewash
velocities vary along the store length. 1If the potential is constructed
on this basis and the body pressure coefficients determined from the
unsteady Bernoulli equatiorn, integration of the body pressures to obtain
the forces yield both the slender-body results just obtained plus the

buoyancy results. 1In this case the buoyancy force is given by

Bs N
(C,.) = 2L f a2 & dx (63)
N’ BY SR dx s d
o s

Equation (47) has been used in the buoyancy calculation rather than equation
(63).

6.2.2 Viscous crossflow force and moment

Let us now derive the crossflow normal-force and pitching-moment
coefficients, It should be pointed out that for nonuniform flow fields
this method is untried. For the present application it may have to be
modified when data become available to check the methed.

¢

S

Referring to the sketch, we have from crossflow theory (ref. 9, p. 85) that

—SE = 2 5 Vo VE? oy (2a) (64)
S

where cy iz the section-drag coefficient of a cylinder normal to the
c
free stream, That 1s,

c - dragq per unit length
a q (2a)

C -"'S
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so that in coefficient form

d(c.) aFr
N’ CF 1 CF .
axs I 2 g Tx_ 810 O
2 PoVeo R S
8
Cc
- -S—RE 2aviwr

Thus, integrating from the separation location to the end of the store

2cdc 23
(Cdep = Y aveWs dxg (63)
xs,o
and similarly
y/
2cdc fs
(Coler = Spir (xs,cg - Xg)aveWg dxg (66)
x
8,0

In the present work 4. has been taken equal to 1l.2.

6.3 Empennage Force and Moment

The remaining forces and moments acting on the store are those
produced by the empennage. The components of these quantities due to
angle of attack and damping are not calculated separately. As was done
for the body damping, the pitching rate of the store is added to the
velocity field and the total forces and moments calculated. The
velocities at the Xg location of the store empennage centroid are
calculated using equation (40). The combined angle of attack, the angle
between the store's longitudinal axis and the local velocity vector, at

the empennage centroid is

= ta
ac tan

VEZ 4 a2
. <F—‘ T ) o
S E
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The slender-body theory normal force is

acC

- °"n .
(c = (KE + KB) S )T a, sin ¢ (68)

N)B

where KE and KB are interference lift ratios. The quantity KE is
the ratio of normal force developed on the tail panels in the presence

of the body to that developed by the tail alone. The quantity Ky is

an analogous ratio to specify the normal force developed by the body in
the presence of the tail panels. These ratios from reference 9, pages 119

and 120, are given by

_ 1 T (22 - 1Y A2 + 1V . -1/ -1\ _ ., (32 - 1)
Kg = > [7 ( ] ) + ) St T {TrEI 2
T(N -~ 1)
(69)
1 2
KB = (l +K) - KE (70)
where A = SE/aE' The quantity Sp is the empennage semispan and ag is
the body radius at the Xg location of the empennage centroid. The

quantity (acN/Ba)T is the lift curve slope of the tail alone and is to
be specified. The tail alone is two tail panels joined together without

the intervening body. The angle ¢s is shown in the following sketch.
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Equation (68) can be written

W; dCN
(CWe = ®g +Kp) 5 \@ /. % (71)
c T
The pitching moment due to the empennage ls
(x -x )
_ S,cq t,cen
(Cpl g = T (Cy) g (72)
In the above expressions
a i Nop
W (W =T T (73)
3 pmesSR

7. ADDITIONAL INTERFERENCE FORCE AND MOMENT

In section 6, primary interference forces and moments on a store
under an aircraft have been calculated from slender-body theory using
the calculated downwash and sidewash of the wing-body combination at the
store axis. The interference effect of the store source distribution
on the wing was accounted for in the attached condition and was not
changed thereafter during the trajectory. The effect of the wing on the
store was thus accounted for as in the first step of an iterative pro-
cedure. There is additional interference due to the presence of the
pylon -nd due to the velocities induced at the wing by the store flow
fields associated with downwash and sidewash., There is presently no
simple method for determining the additional interference loading.
Accordingly, a numerical method is developed herein for determining the
additional interference effects, which are directly additive to the
effects already calculated. Only the case of a single store under the
wing is considered, although the techniques employed can be used to treat
other cases. The additional interference is expected to be small so that
slender-body theory should be sufficiently accurate for its determination.

The nethods available for solving the additional interference problem
include conformal mapping techniques and numerical vortex methods. It is
probable that with a considerable analytical effort, some exact solutions
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can be obtained using conformal mapping and slender~body theory. However,

we have chcsen to use numerical vortex methods because of their compatibility
with the computer program of the previous sections, the simpler analysis
required, and the possibility of applying them more easily to a wide range

of interference problems.

The basic approach to the present interference problem is to consider
first the nonuniform flow field which exists near an airplane at the store
location with the store absent. 1If we now imagine the store to appear,
its flow field induces velocities normal to the pylon and the wing which
can be cancelled by bound vortices in all components. The forces on the
store due to the bound vortices represent the additional interference
effect. Since we have computed the forces on the store alone in the non-~
uniform flow field using slender-body theory, it is consistent to use
slender-body theory to determine the interference effects. This approach
allows solution of the interference problem without iteration. The flow
is solved in crossflow planes normal to the store axis, and as many planes
can be used as necessary to determine the store load distribution
accurately. As opposed to a three-dimensional approach which tries to
account for all such crossflow planes simultaneously, the present
approach has the distinct advantages of less computing time and less

computer storage.

In the theory to be developed in this section, both primary and
additional interference terms are included so that the theory is complete.
The present approach is applicable to a finless store in its entirety or
to a finned store up to the beginning of the empennage. The empennage is
tc ke handled as described in section 6.3. In case flow separation occurs
on the store, there is the possibility in the present method of including
the resulting shed vortices in the czlculation as free vortices which
induce additional interference forces on the store. The only question is
with respect to the strength and position of the store vortices. 1In che
present analysis, only normal force distributiors are determined, although
side-force distributions can easily be obtained from the method.

Xot all of the mathematical details of the derivation will be

included. They are contained in reference 13.
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7.1 Axes and Conventions

In the analysis several different axis systems will be used. First
consider a plane fixed in the stationary fluid normal to the velocity of
the store as it passes through the plaae (fig. 23). The cross section of
the store in the plane at any time t is an ellipse, the center of which
is the origin of the x,y,z coordinates. The x coordinate is aligned
with the velocity, V_, and the axes y,z lie in a plane normal to x.
Let the store nose pierce the plane at t = 0 at the origin of the axes
§6,§6,E€, which are fixed to the plane and coincide with the positions of
x,y,2 at t =0, The X,y,z axes are attached to the nose of the store
with X aligned in the V_ direction and ¥ and Z being parallel to

et S S TR

BRSO SN C SR 2R

sptisaas

§6 and Z,.
: Another set of axes used in the analysis is a set of axes Xg2¥grZg

G

b which are symmetry axes of the store. These axes are obtained by pitching
the system about Yy by an angle a, and then yawing the system about the
¢ f new vertical axis by -B as described in reference 9, page 4, The cross

section of the store as seen in the Ys-2g Plane is a true circle for a

TR A

body of revolution.

It is noted that the store cross section in the fixed plane has a
vertical downward speed +W, and a lateral speed V to the left given

by (for small angles)

W= av,

V= -fV,_

The sign conventions of a and B are such that the store shown in
figure 23 is at positive angle of attack and negative angle of sideslip.

Let the velocity components in the X,y,z system be U,V,W with
and w

corresponding perturbation components u, V, and w. Let u, v,
be the perturbation velocity components in the x.,y .,z  system. If the
pressure coefficient is defined as

eindtn i

%

%

{74)
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then the pressure coefficient on the basis of slender-body theory is
T <v2 ol
C = =2 (—) - — + —-) (75)
P v 2 2

or in the X:,¥gs2g System

C = -p fu-= %; + aw) _ (v® + W) (76)
P © Vi

7.2 PFormulation of the Interference Problem

Consider a wing-body configuration which may have a single pylon-

mounted store beneath a wing panel. Take a cross section through the

store normal to its axis of cotation shortly after drop. The cross

section will have the following appearance.

For the short pylons on which such stores are mounted, we will neglect
sweep of the pylon leading and trailing edges so that we are dealing
principally with crcss sections of the type depicted above. The portions
of the wing panel extending to the ieft and right of the store will gener~
aliy be of unequal span., The velocities V and W are related to the
local angle of attack and sideslip of the store in the crossflow plane in
question, (hese angles of attack and sideslip are due in part to the
downwash and sidewash induced at the store by the wing-body combination

{(without <he pylon and store present) and to the angles of pitch and yaw
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of the store itself. These latter angles are due to the store dynamical
motion or to it3s ovientation on the pylon in the attached position.

In section 6 of the present =tudy, the lift and moment on the store
were determined by plac.ing the store in the wing-body flow field and
calculating its reaction by slender-body theory. The empennage was

'§ handied by linear theory. The store thickness effect was represented by
1 a distribution of three-dimensional point sources on its axis, and the
4 g effects of Vv and W wore handled by slender-body theory. Most of the

effects of the wing on the store are properly accounted for in this manner.
However, neither pylon interference nor the interference on the wing due
to the store flow fields associated with V and W are accounted for.

In this section we will account for these additional components of the
total interference field in a way which avoids iteration. Also in the
analysis we will include store source effects in a way which will permit
accounting for them as a function of distance from the wing without
redoing the entire wing loading calculation at each step.

bl il i ot

The basic flow around the store is due to the nonuniformity asso-
ciated with the distributions of V and W along the store and the

TCGHEIE,

scurces associated with changing body cross section. To fix ideas, let
3 uc write down the complex potential for this flow field in terms of the
f complex variable ¢. The complex potential for the perturbation velo-
f cities v and w is

_ . Wa? va2 da
Ws(o) =1 ==+ 4 avw<a;;)log o} (77)

o A g pex hyened

The perturbation velocities in the -2 lane due to this flow are
Yo=2g5 P

‘ oW .
3 . . s . Wa? va? ( da > 1
: V, = iw_ = —= = =i =— o« Sy ay (=)= (78)
s s do o2 o2 o dxs o
These are thus components of the store velocity field associated with V,

W, and da/dxs which produce velocities normal to wing and pylon.

Because of the normal velocities, a distribution of bound vorticity
is produced in the wing and pylon which just overcomes the velocity compo-
3 nents of equation (78). At the same time an image vortex system is intro-
;5. duced inside the store to maintain its cross sectional shape unchanged.
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Consider only one vortex external to the body at point o;. It requires
an image vortex of opposite sense at a poin* internal to the circle,
ae/?i. In addition, an image vortex of the same sign is placed at the
~enter of the circle co keep the circulation at infinity unchanged. As
a result the complex potential for N external vortices is

N
W.(s) = - E: r.jloy (¢ - o0.) - 1o c - aZ + lo 51 (79}
r 2 i i g = 97
i=1 %3

The Pi vortices are placed over the wing and pylon in such a way
as to counteract the velocities as obtained from equation (78) at certain
control points.

On the wing and pylon eguation (78) yields the following perturbation
velocities due to the store. On the wing o = Yg *+ ih so that

da
a®W(yZ - h?) 2a®Vhy avgh ax
w = - + (8C)
VIS w4 92 24 gD (h2 4 y)
On the pylon . = izS so that
va®
Vp(s) 22 (81)
s

These velocity distributions on the wing and pylon are to be cancelled
by the vortices assoniated with WP(O)'

7.3 3tore Normal-Iorce Distribution

To obtain the force on the store, we determine the pressure coeffi-
cient through the use of equations (75) and (76) and integrate the compo-
nent of the surfz:e pressure force over the surface of the store. It is
convenient to consider various components in the pressure distripbution.

Let Ug, v and W be the perturbation components due to the store and

S’
Ups Vo and wp be those due to the N exteraal vortices,
N N N
ur’-'}:ui; "I“Z"i; wr=zwi (82)
1=} 1= i=1
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From reference 9, page 48,

B () (£ - - ()
‘Z : Ve Voo Vo Vo

8 !

% so that the pressure coefficient (egs. (75) and (76)) can be written in a
é | nixed system as

®

N N
(BRI Ly (B
v v, V_T Vv, V¥

h € © © o ©
1=] 1=1
R Vi + Wi N N ViV .+ wiw .
- Z 2 Z Z ( 2 (84)
i=1 vw i=2 j‘l Vm
i¥j

The rate of change of r- - mnal force with x g Can then be obtained by

integrating the above equatinn around the surface. Thus,

2T
daN 1 2 .
-a?N- = =-{3 pwv‘x)af C, sin 8 46 (85)
s °
or
; a ™ 2T v 4+ WP
1 SN I 2)gin o ae + & s’—-——s)sirxede
2, dx o 2 v 2
pw\/ma S 'D (o) w

27T<u

v

N 2T . N 27 awi'ﬂvi

Zf (V—l>sinede+z f( 7 )sinedG
x ao

[o] (o}

i=1

(eq. (86} cont. on next page)
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The first two terms in this equation are the primary interference asso-
ciated with the nonuniform flow field and the last five are the additional

interference due to the vortex system.

The integration of equation (86) with respect to 6 1is carried out
in Appendix I. The resulting normal-force distribution is

dN_ AN
1 dn _ _ 1 s, o (87)

pwvza dxs ooVia dxs dxs

The first term on the right-hand side is given by equation (I-13) as

1 st d Wa
2 dx = d (88)
pwvwa s

The second term, from equations (I-36) through (I-38}), is

N ol
_._..:.l.'_ dNI‘ - 2+ -1— —_d__ 9_3. cos - _[l _ —a-_ rvl . an
2 dx, (- \a dxs r, ~i 27av r, jtgq: cos 9, 5?;
=]
+2~ii’1 e Vocos 2.+ X osin 24
7 ~ 2“aVl’h \,m “1i \/x 1

(eq. (8Y) cont. on next page)
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N r 2
+ 27 Z a® ( d ) sin ¢

i=)

N-1
- 27 Z Z [-l-?-— si no¢; + ;‘-"- sin ¢> + y(a rl,rj,qbl,qu)]

J=1 1“]+1
<Z1rav ><27rav > (89)

where

¢(a’risrja¢i’¢j)

-

= 2 2 _ ,2 2 ; _ 2 X
=2 {(rj ri) [(aE + ri)rj sin ¢j (a2 + rj)ri sin ¢iJ
i - 2 . R 2 . a2)y. R
+ 2rir:j sin (¢j d>i) [(r:.L a2)rj cos ¢\J (rj a )r:L cos ¢1]} (90)

and A in the above expression is
A= (ri + rg)(a‘ + r?_r;) - 2(_a2 + r‘§)(a2 + ri) z;T cos (¢; - cpj)

+ 4a2rZr? cos?® (¢

i J - ¢.,) (91)

The method of calculating the. unknown vortex strengths r‘i is given in
Appendix II.

7.4 Boundary Condition for Store Uader Pylon of Wing~Body

Combination

For the case of an airplane represented by a wing-body combination
with a nunmber of external stores under wing o¢ fuselaye, the method of
establishing the flow field has been presented in sections 4 and % of this
report. Let this flow field be described by a three~dimensional potential
¢3D' Consider a cross section of the wing=b dy combinacion with a phantom
pylon and a phantom detached store.




A

PR RIS

R S R A KRS IS T Ao 337 gy ST s iae mweE r R o gevp e amven s r e s e e o e -

e T R T S I,

The potential ¢3D includes .he effect of wing angle of attack, camber,
twist, as well as thickness. It also includes the effects of wing-body
interference and the volumetric effects of any other stores under the

aircraft.

There are associated velocity components V and W at the center-
line position of the phantom store., Besides the component due to b3p>
these velocities include components due to translation of the store
center of gravity, and angular velocities around the center of gravity.
These factors are currently accounted for as described in section .

We now consider the phantom store to materialize and to add flows to the
field associated with da/dx, Vv, and W. Also, we let the phantom pylon
materializer and it induces a further flow due to the fact that it is
subject to a sidewash field associated with ¢3p and may have camber
and twist of its own. The additional flows due to the store and pylon
are associated with a slender-body interference potential, ¢SB‘ The
complete potential for the prcblem is then

¢ = 93p * 93 (92)
This scheme of setting up the potential has the advantage that the basic
threz-dimensional field is determined once, and need not ke computed for
each new position of the store during the trajectory. It is feasible to
compute the changing part of the field due to the changing position of
the store by this means because a small matrix is needed for a cross-
fiov calculation by the present method (of the order 19x10) rather than
that for a complete airplane configuration including pylon and store

{of the order 200x200),.
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] In specifying the boundary conditions on the wing and pylon due to
& ¢gps We must consider any normal velocities not already cancelled by
2 ¢3D' On the pylon, for instance, we have the sidewash velocity induced
é by ¢35 any effects of camber, twist, or incidence of the pylon, and
é the store flow field associated with V. The store flow fields asso-~
E ciated with W and da/dx have no component normal to the pylon. Thus
e on the pylon, the boundary conditior is
? o 2
Ry i, rvE (93)
5 2
s

Viap = gsidewash induced at pylon surface by ¢3D

iP = local incidence angle of pylon including
effect of camber, twist, and incidence

V= V3D at store axis

At the pylon control points the boundary condition is thus

va®

vek) = Vapk) * tpx)Ve * n s 3
[hp - £ (% - 1)]

k=1,2,...,m (94)

With regard to the right wing panel, ¢3p includes any normal velocity

on the wing due to its own incidence, camber, twist, and thickness, as

wall as any fuselage effects, If the wing angle of attack is Qs then

the normal velocity Vo, is accounted for by b3p- The velocity W
determines the doublet strength on the store axis, and the normal velocity

induced at the wing surface due to this doublet is the perturbation velo-
city which must be cancelled by the interference vortex system. The storc
flow field components associated with V and da/dxs also produce normal

velocities at the wing which must be cancelled. Accordingly, we have on

the right or left wing panel

da
2,2 2 . av_—h
a¢SB . Wa (yS - h*) _ 2Vaysn . o dxS (95)
s (y2 4+ )2 (y2 + 1A)Z (y2 4 0P
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At the right wing panel control points, we thus have

52 . 2
R(3) 52 > 2 s2 2
[—; (23 = 1)% + h2] [—g (25 = 1)% + h2]
an‘gf h
+ 2 i 3=1,2,.. ,p (96)
S (25 - 1% 4+ 12

and on the left wing panel control points

[ t2 2 2
t Wa2 | — (2g - 1) -h]
2va?h (3;) (2g ~ 1) . L4n2

W =
L(qg) 2 S
t2 2 2] [t2 2 2]
£ (29 - 1)% + n 22 g -1)2 4+ h
[411" g [ 4n? (29 ) i
da
av, -d—x-;h
A 3 9.= 1,2,...,n (97)
—t-:— (2g - 1)2 - h2

4n?

These boundary conditionc, equations (94), (96), and (97), are used
in equations (II-23) through (II-25) of Appendix II to determine the
strengths of the vortices.

7.5 Application of the Method to Conical Configurations

7.5.1 Bouadary conditions

Since conical configurations can be utilized to illustrate the
importance of certain wing.-pylon-store interference effects, scme calcu-
lated results for such configurations will subsequently be shown. The

boundary conditions will now be specified for such configurations.

 E e wews e m
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e Consider a conical store at angle of attack a and angle rf
sideslip PB with crossflow planes normal to the store axis as shown

4 bz,

3 V= -V, - <> >y

%d
*
‘4‘ tw = aV_

AT )

wing, consider the total potential for the store flow

3 : 2 2

: = . a_ : aZ da

L o, = R.P.[J (o + 0>+ iw (-o + )+ av -a-,-{: log 0]
R

3

2 2 2
+x (V2 - V2 - W

z 2 da 1
v, = & =v<1-3—)-1w(1+§->+av =
B B o2 o2 o dxs o
On the pylon where ¢ = iz, we have

2
= a-
Vp = v (l + 22)
s

The pylon control points have the coordinates (eq. (II-3))

P
o

. A7l i s
LR I S Y AR A S

- £ -

gy

) so that equation (100) becomes

;:' va )

3 Vpx) =V * n . k=1,2,...,m
> hy = 35 22k = 1)

: 5%

T
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Consider now the positions which are to be occupied by wing and pylon.
At these positions the store alone induces velocities by virtue of da/dxg,
V, and W. In order to determine the velocities normal to the pylon and

(98)

(29)

(100)

(101)

(102)
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This is the velocity to be cancelled by the vortex system at the m
control points on the pylon.

On the wing, we have the value of wp as given by equation (99), but

we also have a normal velocity associated with the potential term

xs\/vg - V2 « W2 unless the wing is parallel to Xge Consider a side
view of the conical configuration.

oyon Wing
/A
h

Store

Neglecting V2 + W2 compared to Vi, the normal component due to the
root term is -Vm(dh/dxs). On the wing o = Ys + ih so that

a2(y§ - h® - 2iy_h)

v, = iw_, = V]l -
(yg + h2)2

2,2 2 -
a (ys - h< = 21ysn)

- W]l + P =
(yg + h2)

aa g - ih)

+ av (103)
® dxs yz + h°
from which
da

-zvaaysh a®(y2 - h®) av, ax h
wp = —+ W[l + — |+ — (104)

(y2 + h3) (yz + h%) yz + h®

At the right wing panel control points (see eq. (II-3))
Yo =35 (20 =1 5 3=1,2,..,p (105)
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Thus the velocity to be cancelled by the vortex system at the p control
points on the right wing panel is

da
2h (2. s av_ === h
2Vach (2 ) (23 1) . ® dxs

W . =z -
R(j) 2 2 2
[—9—2- (25 = 1)% + hz] S (25 - 1) + n?
4p 4p

2

Waa[-—f— (25 - 1)% = na]

+ W + j -2 - -Vm-d-x-—;j-l,z,...,p
< [—s—e (23 = 1)% + ha] s
4p (106)
At the left wing panel control points,
(107)

: t
; Yss"-fa(Zg“l) H g=1,2,...,n

so that the velocity to be caanceiled at the n control points of the left

panel by the vortex system is

da
av P h
2va®h (—2%) (29 - 1) . @ Ax,

YL(g) T 2
2 2
[t‘(29-1)2+h2] 4t2 (2g = 1)% + 1%
n

4n®

dh

2

Wa? [4tn2 (2g - 1)? - hz]

= = Ve dx_ 39 =1,2,...,n
S

+ W+
2

t2 2 2
= (2g - 1)2 + n
[4:12 s ] (108)

It is of interest tc consider the boundary conditions as composed

of three basic cases:

N
. == t—3 ié g——
Case A: v=20 W 0 e ¥ 0 dk " Q
. da _ gh _
Case B: V#O Wa=0 G 0 O 0 ? (109)
da dh
C . = —— o
ase C v 0 W0 ax 0 v O )

The first case yields quantities due to the basic asyrmetries, and
establishes the angles of zero normal force and zero side force.
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The boundary conditions associated with the three cases are

Case A: Basic Case

da
av h —— N
w = - dxs -V _d_b_.
R(J) s2 . 2 > o dx
= (2 - 1)" +h
da
aVeh 3% ah ? (110)
w. = i -V f-.LLi
L{g) = 2 s .z ®dx
~— (29 - 1)® + h
1 4n
VP(k) =0 J
Case B: Angle of Sidewash Case
2Va2h (—i) (25 - 1) )
W, 2y = = 2p
R(3) s2 . -y 2 22
~— (2 - 1)°" + h
4p
2Va2h (-2-‘35) (2g - 1) > i
wL(g) T or €2 B e h2]2
—— - +
[4n2 I
Va2
v =V + -
P(k) _ L _ 2
[bp -3k x-0]" )
Case C: Angle of Attack Case
N
2
Wa? [:2 (25 - 1)7 - h2]
P
o= W :
wR(J) " s? . 2 21?2
== (23 - 1% +h
4p
2
Wa2[~——4t2 (2g - 1)? - h2] ) (112)
n
w =W +
L(g) R . 1 RE
= (29 = 1)" + h
Wpk) = O J
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For Case A, the boundary conditions are symmetrical about the
vertical axis, and a vortex system with mirror symmetry about the

vertical axis is to be expected for left and right panels of equal
span with no vortices on the pylon.

For Case B, the vortex signs will
not change between left and right panels for equal span panels, and

there will be vortices on the pylon. The strengths will be equal on

left and right panels and proportional to the sidewash angle.
Case C, the vortices will be similar to those for Case A,

For

The physical
significance of these cases will subsequently be discussed further.

AT

7.5,2 Calculative example
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In order to demonstrate the calculative method and to illustrate the
nature of wing-store-pylon interference, a number of systematic calcula~

£ e
T

s

E tions have been carried out for conical configurationrs of the general

cross section shown below,
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It is possible to show systematically the effects of the nondimensional
quantities h/a, s/a, and (/a on the interference for such configurations,
and thereby to shed light on the magnitude of the interference effects.

R

For a conical configuration in a uniform stream, the right~hand sides
of equations (88) and (89) do not vary with X e
associated with the vortex system as

vaseei

Designating the part
A, we have from equation (87)

N e 3 IR KYGEOSEA R

2

dN
dN_ _ s 2
-é-,—(-; = ——de + pmeaA (113)

e v RO L

3 ' If we let the conical configuration have a store base radius a and

max
a length ls and use the store base area as reference area, then

£
A s
C = C 4 - [N _ (114,
N NS T <amax>
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The quantity ch is obtained from equation (I-13) and is found to be

e
e
ind

s

&
5t
5t
%

Cy =23-=2 (115)
: s ©
" ! Thus,
|
4 ; N
s : ) r.
k: : s a 1 da
i C,=2C + 2 Z —— ( )cos ¢, =
7 ‘ N N, A ax { r, \?2mav, i dxg
E , i=1
; N r
- ! a2 i v W .
X ; e | — , —_— .
i | * Z 2 (Zvavw) [(Vu) cos 2¢1 + (Vw) sin 2¢1]
. ! =l
N a® 1"i z
3 * Z c (r2 - a?) 2rav,, sin ¢i
2 i=1 Ti'7i
. -1
4 s i Di T3 2. sin ¢, + == sin ¢
E - 2rav 2rav r, i’ or, 3
b ‘ . © © i J
f{ + W(a:risr-,¢i, ¢j y (11e6)
A 3
é
- The quantity ¢ is given by equations (90) and (91).
b The boundary conditions for conical configurations were developed in
\ the previous section, wherein three cases were differentiated. Case A
2 included all terms not proportional to ¢ or 2; Case B included terms
A propcrtional to B8 (or V); Case C included terms proportional to «
- {or W). Case A determines the lift and side force at zero a and 3,
‘ and is 1ot as interesting as the other two cases.
: Consider the angle-of-attack case associated with vertical velocity
W. The store alone has a normal-force curve slope of 2 for this case
a9
" based on its base area as reference area. The presence of the wing above
the store tends generally to dam up the crossflow above the store, and
thereby to reduce the normal force. If we designated the normal-force
3 coefiicient of the store alone due to o as Cy and that of the
; s{a
- store in the presence of the wing and pylon as Cy , we have
{.‘ s,pw(a)
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Cy ~ 2q (117)
3 s (a)
:
Cy = 20(1 + K)) (118)
i S, oW (a)
i3
{3
4 where
4 c -cC
3 N N (a)
E Ve ()
i The interference factor Ka has the simple physical significance that
; it is the fractional amount that the store-alone normal farce due to a
F. is changed because of wing-store-pylon interference,
Inherent in the foregoing physical interpretation is the assumption
that the nonlinear terms in equation (116) have no net contribution to

Cy for the anglie-of-attack case. Since the vortex strengths are propor-
A . tional to W in this case, the last three terms of equation (116) yield
contributions guadratic in a. For angles of attack of the order of a
tenth of a radiar, the numeric#! contributions from the nonlinear terms

L
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generally total less than one percent of the linear term. Whether the
net contribution of tne nonlinear terms should be i1dentically zero on

ﬁ mathematical grounds is not known to the authors at this time. The

§ residual nonlinear contribution could be the result of approximating a

.ﬁ continuous vorticity distribution by a number of discrete vortices. 1In

§ any event, it is small for the magnitude of the angles expected in practice,

and it is therefore neglected.

A series of calculations has been made to determine how Ka varies
3 with the nondimensional parameters h/a and s/a. Because the pylon is
é a streamline of the flow, no pylon vortices are required in the solution,
and Ka does not depend on f/a. Since we are replacing a continuous

e
LA S 4

vorticity distribution on the wing by a series of discrete vortices, the
accuracy of the numerical results depends on the spacing of the vortices.

BT R TR

The variation of Ka with h/a for s/a = 2 1is shown in figqure 24 for
two uniform vortex spacings. For most practical purpose:, a vortex

EWES o
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spacing equal to a quarter of the body radius gives adequate results.
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To illustrate further the convergence of the method for calculating
K a systematic set of calculations was made varying the vortex spacing

for h/a = 1,25 and s/a = 10. The following resu.ts were obtained:

K

Vortex Spacing _a
a -0.57101
2a/3 ~0.56515
a/2 -0.56238
2a/5 -0.56072
a/3 -0.55958
2a/7 -0.55876
a/4 -0.55816

for this case, a vortex spacing as great 3s a body radius gives adequate
results for most practicel purposes,

The effect of h/a on Ka for various values of s/a is shown in
f.gure 25. For the limiting case s/a = 0, Ka is clearly zero. For the
iueitiry case s/a = <, it is prc..able that Ka = =1 based on the folliowing
zigument. For a very large value of s/a, the flow under the central part
of the wing is a stagnation region. Placing a store of radius small com-
paered to s  in this region will produce uo normal force on the store, so
-hat Ku will be =1.

.. siynificant point in conneaction with the angle~of-attack case is
that no singularities arise. Such singularities occur when an external
vortex comes in contact with the store. It 1s noted in equation {116) that
t:c third term produces a singularity if r; = a. From symmetry consider a=
ca0ns, it is noted that the vorticity on one wing panel is equal and oppo-
s1te to the other wing panel. Accordingly, a0 trailing vortex lies along
tne root chord of the wing. Thus when the store is in contact with the
wing, there is no voriex in contact with the store to produce a singularity.
It should be noted that as soon as the left and right wing panels are of
unequal span or -s -oon as sidewash is introduced, the singularity arises.

For the angle-cf-sidewash case, the last three terms of equation (116)
i1 guadrati: in 3, and the linear term has no contribution to CN. It
1s convenient to normalize the (37 contribution te ¢ in terms of a

N
nondimensional normal-force ratio, KB’ which has a physical analogy with
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?ﬂ~‘7{; a crossflow drag coefficient. Corsider the side force on the store alone

ii fﬁ due to viscous crossflow with crossflow drag coefficient cdc'

»

ch = chB2q°°sn (120}
:§ For a conical body the area normal to the crossflow, &, is £ axe It
k- is possible to put the normal foxrce due to BZ, Ng, as obtained from
A equation (116), into the following fousa

i3 3 N, = K.%¢ S (121)

P 3 B B “**'n

g’ ;@ The factor KB has a simple physical significance. It is numerically

2 5 equal to the crossflow drag coefficient which will yield a side force

é 5? due to viscous crossflow. This side force is equal to the normal force

f fé Na due to the angle of sidewash.

g In figure 26, the value of K is shown vexsus h/a for s/a = 2

>

and [{/a =1 for two uniform vor.ex spacirge on wing and pylon. It is

;{% noted that good agreement occurs for a gap between pylon and store as small
?3, : as half a radius. Lowever, as the gap gets smaller, the twe resuilts

X 3 start to depart significantly. The difference is associated with the fac+
-ﬁA { that as the lowest pylon vortex gets closer to the store, it approaches a
T singular’ y of the type previously discussed.

S fi A systematic set of calculations has been made to see how KB varlies
3 i with vortax spacing rfor the same case for which the Ka calculations were
gf g made, The following results were cbtained:

j;  § Vortex Spacing EQ

. a 2.2996

2 2a/3 1.6092

3 a/2 1.5043

3 J 2a/5 1.4892

¥ E a/3 1.4869

5. 2a/7 1.4864

g ,i a/4 1.4864

2N :i For this case, with &L/a = 1.25, s/a = 10, and Z/a = 1.0, a vortex spacing

3 of a/2 yields sufficiently accurate resgults for most practical purposes,
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An exact solution for KB has been obtained for the care of s/a = « and
i/a = 0 with the help of reference 14, page 174, example 25, It is of

intersst to compare the values »f Kr3 for this ~ase with those obtained

bv the present calculation method for s/a = 10 a5 a function of h/a.
The comparison is shown kzalow.

“s

s/a = ® s/a = 10
h/a Exact Sclution Pre=ent Method
1.05 6.2285 7.5549
1.10 3.5992 3.6009
1.15 2.5090 2.4806
1.20 1.8978 1.8750
1.25 1.5042 1.4u4640
1.50 .6550 . 64724
1.75 .3658 .360.4
2,00 .2298 .22662
2.50 .1102 .10802
4.00 .0254 .0239
5.00 .0128 .0114
8.00 .0031 .00205

£ven for large values of h/a, where the difference in s/a may have c=~me
effect, the results are closely the same. For small values of %/~ where
the di.ference in s/a is of less significance, there is still very close
agreement except at h/a = 1.05., At h/a = 1.05, the effect of the singu~-
larity at h/a = 1,0 in the present method is starting to make its influ-
ence felt. The vortex spacing for the calculation was a/4.

The general nature of the flow is as shown in the sketch of figure 26.
High velocity flow through the gap creates a lower pressure there than at
the bottom of the store so that a positive normal force is developed.

As thic gap approaches zero, the lowest pylon vortex does not actually
touch the store because of the way in which the pylon vortices have been
distributed. The lowest vortex has been placed one-half of . he pylon
vortex spacing up frcm the pvlon tip. This convention was followed for
both vertex spacings. No analysis was made to determine how :the lowest
vortex should be located with respect to the tip, and the above conver-
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% tion represents a first approximation. Refinement of this convention would
i probably produce better convergence as the tip is approached.

Another theoretical point of significance is that the limit of the
present case as the gap approaches zero is not the same as the zero-gap
i case., In the present case, the loading at the pylon tip falls to zero,
: and as the gap approaches zero this condition is not relaxed. However,

9 é if the gap becomes zero, then a lo .ng can be carried across the tip of
pe . the pylon. It appears that the positive normal force for the gap case
could change to a negative normal force for the zera-gap case. For the
purpose of calculating trajectories, we are interested in the gap case
because the gap opens up immediately whenever the store is dropped or
ejected. However, for determining attached-store loads, the zero-~gap
case could be of interest in special cases.

g
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Figure 27 has been prepared vc¢ show how KB varies with h/a for

2 , constant values of s/a. It is intuitively clear that after s/a reaches
Rt . a certain value for a fixed value of £/a, it would not be expected that

K[_3 would change significantly for further increases in s/a. Calculations
bear out this supposition in that going from s/a =8 to s/a = 10 aid

'z g not change the calculated values of KB significantly. In the foregoing

& . sense there is an upper limit on KB for a given value of h/a. The figure
illustrates the rule of thumb that X is 0.1 or les- if h/a = 4 to 5

R ctip e,

the theory in predicting the store load distribution and also the total
normal force and pitching moment acting on the store. Comparisons will

B
3 for a short pylon.
; 8. COMPARISON OF CALCULATED LOAD DISTRIBUTION, FORCE, AND
3 MOMENT WITH EXPERIMENT
§ This section of the report will present comparisons between the
§ present theory and experimental data in order to assess the accuracy of
- &
b2

s

first be made for the case of a single store under the wing of a wing-

1
Sloe

N

fuselage combination. These will be followed by comparisons for a single

i

store under the pylon of a wing-fuselage-pylon combination. The last

adic
3 8y

comparisons will be for a TER grouping under the wing of a wing-fuselage-
pylon-rack combination.

'y
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8.1 Single Store Under Wing of Wing-Fuselage Combination

Some calculated normal-force distributions for the case of a single
store under the left wing panel of a wing-fuselage combination are shown
in the next three figures. The calculations and the data shown in the
figures are for the configuration shown in figuves 2 and 3 except that
the store is one diameter, 0.75 inch, below the location shown in
figure 3(a). This is the same case as for the flow-field calculations
which were presented in figures 18 and 19. The data taken from Volume III
of reference 1 are shown by the circles.

Figure 28 compares the primary interference normal force distribution,
calculated as described in section 6, with the Gata takan at a Mach

number of 0.25 at two angles of attack. The angle « is the angle at

which the store and parent aircraft were placed relat?ve to the wind-
tunnel longitudinal arxis. The angle a, was used in the calculations.

As was discussed in section 5.3.2, this angle veflects a partial correction
for the wind-tunnel stream angle. Two theoretical curves are shown in
figure 28. The solid curve in the figure is +the primary interference
normal-force distribution excluding store interfererce on the wing; that
is, the store volume 1s not allowed to induce a wing camker. For the
dashed curve, this induced camber is included. As can be seen in

figure 28, the effect of the .nduced camber is small. At both angles of
attack, the aygreement between the experimental and calculated distribut:ons
is quite good.

The calculations shown by the dashed curves in figure 28 account for
store interference on the wing, but not wing interference on the store,
whereas the additional interference analysis of seciion 7 accounts for
the mutual interference between these two components. Figure 29 shows
the effect of including the additional inlerference, as calculated by the
method of section 7, in the loaad distribution. These are the same cases
as treated in figure 28. The solid curve. are the primary interference
ioad distributions. The store-induced wing cambar has not been included
since the store source distribution has been included in the boundary
condition of the additiconal interference caiculaticn, the da "ix, terms
in equations {26} and (%7). The dashed curves in figure 29 include the
additinnal interference. The only effect secn is 1. the ncse region of
o

the store. The effect appears to be much more proncuanced for ip = J
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(fig. 29(a)) than for ap = 6°. This is only because of the fact that the

~ large slopes of the load distribution curve which exist near the nose for
: o

the cp = 6 case hide the change due to additional interference.
: For ap = UU, the additional interference calculation produces an
% effect which is not seen in the data. This effect is due entirely to the

store source terms, the da/dxs terms, in equations (96) and (97). 1If
‘ these terms are not included in the boundary condition, the change due to
f additional interference cannot be seen on the plots of figure 29. 1It,
therefore, appears that the two-dimensional source term produces an
unrealistically large effect., The source effect calculated by slender-~
3 : body theory is not accurate for reasons subsequently discussed, and the
' theory is modified accordingly.

- The reascn that the store source terms produce a large effect lies

K in a known limitation of slender-body theory. The term in the complex
é} pctential for the body source varies as log r and does not converge for
<3 distances far fron the body in contrast to the doublet solution associated

with body lift., However, an excellent approximation to the body volume
effects on additional interference can be obtained very simply by using
three-dimensional sovrces to represent the body and considering the wing to
be a reflection plane. Alternately we could consider the modification of the
wing vortex-lattice soluticn due to the effect of the three~dimensional

body sources on the wing boundary conditions. The effect of store volume on
the additional interference has been calculated both ways and compared.

Both methods gave closely similar results for the present case and were
negligible compared to the primary interference. Accordingly, the body

? volume effects will he calculated using three-dimensicnal source distri-

s, butions. Except for stores very close to the wing they will be negligible.

. "
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Figura 30 presents comparisons between the primary interference theory
and data for the same case as that of figure 28 except that the Mach

‘? number is 0.70. As in the Mach number 0.25 case, the calculations have

: been made taking into account the indicated tunnel~-empty stream aungle.

3 The overall agreement between experiment and theory is not quite as aood

g as that shown in figure 28 for a Mach number of 0.25, This is consistent
. with the results of the flow-field survey comparisons of figures 18 and 19

E where it was founé that better agreement was obtained for a Mach number of
5 0.25. The effects of tunnel stream angle on these comparisons should be

recalled.
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The primary interference theory is compared with the tota) normal-
force and pitching-moment coefficients as a function of anale of attack
in figure 31, This is the same configuration and store location as was
considered in the previous figures. Figure 3l(a) is for a Mach number of
0.25 and figure 31(b; is for a Mach number of 0.70. At both Mach numbers
the calculated normal force is slightly high. This is to be eypected,
since in both figures 28 and 30 the calculated load distributicns were
generally above the experimental ones. The calculated pitching moment is
in good agreement with the data. Since the overprediction of the store
load distribution is generally around the store midpoint, the point about
which the moment is taken, this overprediction has little effect on the
moment.

8.2 Single Store Under Wing of Wing-Fuselage-Pylon Combination

Let us now consider the case of a single store below a pylcn
mounted at the 1/3 semispan position on the left wing panel of the
wing=-fusclage combination of figure 2. The details of the pylon are
shown in figure 32. When mounted on the wing, the pylon centerline is
located at 40 percent of the lccal wing chord. The store location if it
were mounted on the pylon is shown in figure 3(a). The store location to
be considered, however, is one diameter, 0.75 inch, helow this location,
the same position considered in the previous section. The store detalls
are shown in ficure 3(b). With the pylon present the store midpoint is
direct)y below the pylon centerline,

In Volume III of referevnce 1, load distributions are presented which
were measured both with and without the pylon ovresent on the w.ng. By
subtracting the data obtained without the pylon present from thar obeiained
with the pylon on the wing, the incremental load distribution due to tne
addition of the pylon can be obtained. This has been done and the incre-
mental loadings are plotted in figure 33. Datz arc shown for two angles of
attack at & Mach number of 0.25. It can be seen from the twn parts of the
{igure that the effect of zngle of attack is small. Alsc. there is quits
a large upstream influence of the pylon which the slender-body theory mathed
of accounting for the pylon, section 7, will not prudict.

o : . _ . .
For Qp = 6”7, figure 33({d), an additicnal intarference calculation
has bea2n made to see what portion of the experimencal incramental load

distribution is due to addiig a pylon ¢f zero thickness. The
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result of the caiculation is shown in the figure. As can be seen, only
i i 2 small portion is accounted for. It is felt that the primary effect

_ ' showing up in the data is one of pylon thickness which is not accounted
B\ : for in either the primary or additional interfcorence,

‘.
A

Even though the pylon thickness effect changes the store load distri-

bution, its effect on CN and cm is small. If the curves of figure 33

are integrated over the store length, the resulting ACN's are approximately

pACAHESE T

prenere
i

equal to the ch {two standard deviation) uncertainty of the data which was

/o SO,

determined in Velume I of reference 1. Since the curves of figure 33 are
E fairly symmetrical about the store midpoint, the point @bocut which the
moments are to be taken, small values of AC,  are also obtained. These
b results may not be true in general even though the present pylon is

3 excessively thick. It thus may be prudent to include the pylon thickness

;,;:»;'

in the present prediction technique.

vt

Another set of data for which comparisons between the present theory
and experiment 'l be made is contained in reference 15, The configura«
tion is shown in figure 34. This is the swept-wing model tested in
. reference 15, The store is located at the one-third sem.u.pan approximately
18 percent of the local chord below the wing and is attached to the pylon.
Comparisons with the measured normal force and piiching moment will be

RIS
NN Y

presented for both tail-on and tail-off stores., McKinnev and Polhamus,

R

£
'

in reference 10, also have made calculations to compare with the same data.
Their calculations were made using the flow field data of reference 5, which
were taken under a slightly diffzrent wing-body combination, to determine
the nonuniform flow field in the vicinity of the store. In the present
work the flow field@ has been calculated by the methods described previocusly.
S Comparisons with their calculations will be presented, not on.y for the

total rnormal forc? and pitching momert, but also for their components due
to buoyancy and angle of att=zck.

Tha calculations tc be presented are primary interference calculations
only. As was discussed in section 7.5.2, in connecrion with the conacal
configuration, the additional interference analysis is not applicabyle te the
case of zero yap belween the stere and pylon. 1In the present case, a very
small gap exists since the store was tested in the carricge positacn with
the balance supporced through the pyion.
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3wfore presenting the normal force and pitching moment determined by
iitegrating over the store length, it is of interest to examine the magni-
tudues and distributions of the various components of the normal force over
the length of the store shown in figure 34. The distributions to be shown
are in figure 35 for the tail-off model at four angles of attack. At the
top of each figure is a sketch of the wing-pylon-store cross section at
the one-third semispan under the lef:t wing, the semispan location where
the calculations were made. For the purposes of this comparison only,
the separation location has keen assumed to be at 60 percent of the store
length, xs’c/i,S = 0.60. This region is shown by the shaded area on the
store. This store, unlike the one for which the previous comparisons have
been made is boattailed so that flow separation over the aft end of the
store is to be expected. No method exists for determining the separaticn
location on a body of revolution in a nonuniform flow field. The method
of Hopkins, reference 12, which was mentioned earlier, applies only to a

uniform flow field.

An examinaticn of figure 35 shows that both the buoyancy and slender-
body theory load distributions have regions where the lcading is negative
and regions where »t is positive. The buoyancy distribution extends to
the end of the body whereas the slender~body theory component ends at
the assumed separation location. The component due to viscous crossflow
theory acts only downstream of this point.

ror all angles of attack, the buoyancy force distribution exhaibits
the same qualitative behavior. The loading near the wing leading edge
iz negative and becomes positive under the mid-portion of the wing.
It pecomes negative again near the wing trailing edge., 7The sign of this
component of the loading changes as the sign of the pressure gradient

across the store changes,

The slender-body thecory loading cvrves are similar in behavior to
the buoyancy curves excert aheaa of the wing leading edge where, at
large angles of attzck, & large positive loading exists. The behavior
of the slender-body curves can be cxplained by examining the eguation
for the loading. From cquation (592)
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% The sign of the first term depends on the sign of wg as well as whether
% the body is expanding or contracting. The sign of the second term depends
} ; on the sign of the axial gradient of Wf. Thus, negative loadings due to
¢ ? slender-body theory can exist in regions where the body is expanding Jif

(1) W and dwg/d(x/ﬂ)s are both negative.

(2) w; is negative, dw;/d(x/e)s is positive, but term 1 is larger

(AR H

;3 in magiitude than term 2.

2 i

- {(3) W& is positive, dWi/d(x/[)g 1is negative, and term 2 is larger
i in magnitude than term 1.

2

: It is also possible to have nonzero loading on the cylindrical portion of
5 the store because of the velocity gradient term, term 2, The store shown

in figure 35 is cylindrical from {x/f)g = 9.315 to (x/[,)S = 0.617.

The viscous croscflow theory loadings are small for the angles of.
attack shown since frow equation {65} it is proportional to avgw;. The

product v;wj is proportional to the square ¢f the local angle of attack.

Let us now examine the normal force and pitching moment obtained by
integrating the load distributions presented in figure 35 plus those
calculated for two other angles of attack, -2° and 6”. The results are
presented in figure 36. The nondimensionalizing length used in the
pitching moment shown in figures 36 and 37 is the store length, not the
i maxlimum diameter used elsewhere in the report., The buovancy component is
‘7 shown in figure 36{(a) with the results of McKinney and Polhamus (ref. 10)
also shown., As was mentioned previously, their calculations weve made
usiny experimental Jdownwash data from reference 5. These data were taken
X under a slightly different wing-body combination, see figure ¢, from
f' that shown in figure 34. The present calculations are entirely theoreticsl.
The two calculations are in good agreement for both normal force and

= pitching moment.

A similar comparison is presented in figqurec 36(h) for the angle of
Y attack component, that is, the sum of slender—bady theory and viscous

& crossflow theory. Calculations using the present methed are shown for
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three assumed locations of separation., The results show the importance

of Knowing the sepuration point location in calculating the normal force,
particularly at small angles of attack. It is not nearly as important

in calculating the pitching moment since the region over which the normal
force is affected by shifting the separation point is near the center of
montents, For a particular value of the separation location, the present
normzl-force calculation coincides with the calculation of reference 10.
It is not stated where separation was assumed in the calculations of
re“crence 10. The pitching-moment calculations, however, do not agree.
The reason for tais is not understuod. The presence of the pylon was also
neglected in reference 10 since the experimental flow-field data used there
were obtained under a wing-body combination without a pylon.

The tctal normal force and pitching moment, that is,; the sums of the
buoyancy and angle of attack components, are shown in figure 36(c). Also
shown are the calculations of reference 10 and the data from reference 15,
Fer the aintermediate assumed separation location, xs’o/fs equal to 0.47,
the present calculations agree fairly well with the experimental data.

The comparisons between the total predicted and measured normal force
and pitching moment for the external store with fins are shown in figure 37.
Again, the theory shows an effect due to location of separation on the
calculated normal force. 1In fact, these differences are precisely those
shown in figure 36(c¢) for the store without fins since the calculated
contribution of the fins does not depend on position of separation., For
the intermediate position of separation, the normal-force theory and
experiment are separated by a small increment up to about 6° anale of
attack.

nbove this angle of atvack, the method overpredicts the tail contxi-
bution by an amount that increases as the angle of attack increases, 1In
other words, the tail effectiveness decreases as the angle of attack
increases. This nonlinear effect could well be the result of operating
the tail in the presence of body vortices associated with viscous cross-
flow. Methods for calculating this effect are known for uniform flow,
For the present case of a store in a nonuniform flow, an approximate
method should probably be developed to account for body vortex-tail
interference. Metheds for including such in:ecrference are available in

refexcr. .
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The comparison between total moment coefficient as calculated and as
measured for the store with fins is in good agreement up to about 6° angle
of attack. For higher angles, there is less nose-down moment developed
experimentally than predicted. This result is conzistent with the fact
that the tail normal force has been overestimated by a theory which
neglects body vortex effects on tail effectiveness.,

8.3 TER Stores Unuer Wing of Wing-Fuselage-Pylon-Rack Combination

An illuminating comparison can be made between the primary interference
theory of section 6 and the data of Volume IXII of reference 1 for the incre-
mental load distribution due to any stores remaining on the TER rack.,
Consider the TER grouping as shown in figure 20 and let us deteimine the
incremental load distribution on store number 1, one store diameter below
the position shown in tae figure, due to the addition of stores 2 and 3
to the rack. Date are »reszsnted in Volume Iil of reference 1 with and
without these stiras present so that az subtraction of the two load distri-
butions give the incremental loading due to the stores. This has been
done, and the data are plotted in figure 38 for two angles of attack.

Note that there is not a large change with angle of attack.

Also shown on the two parts of tlle figure are curves calculated
using the primary interference theory of section 6. Thes: curves were
obtained by first calculating the loading produced by the velocity field
due to fuselage volume, wing thickness, wing vorticity distribution
including store-induced camber due to all three stores, and the volume
distributions of stores 2 and 3. The calculation was then repeated
excluding stores 2 and 3, including the wing camber induced by them, and
+he two load distributions subtracted. The resulting incremental load
distribution is nearly independent of angle of attack since it is due
primarily to the velocities induced by the volume distributions of
stores 2 and 3, which are not functions of angle of attack. It can bhe
seen from figure 386 that the incremental load Gistribution is predicted
quite well at both angles of attack. The domin#nt store-store inter-
fevence effect is clearly due to body sources,

The largest differences between experiment and theory occur at the
arft end of the store. This .egion is influenced by the shape used to
model the wakes of stores 2 and 3., In the present calculations, the
wake was assumed to have the same shape as the store nose; that is, it
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was taken to be an ogive 0.125 foot long (see the store details in
figure 3(b)). If it had been taken more slender, then the values of
DdCN/dxs near the store base would have been reduced. For blunt-based

stores in TER or MER grouping, the modeling of the wake is, therefore,
important.

Similar comparisons to those of figure 38 are presented in figure 39
except that the incremental load distribution on store 2 due to store 3
on the TER rack are shown. Store 1 is not present and store 2 is one
diameter, 0.75 inch, below the position shown in figure 20. Again, the
experimental distribution does not change much with angle of attack and
is predicted quite well.

9. EXPERIMENTALLY DETERMINED MER INTERFERENCE EFFECTS

It is clear that the interference effects described in the previous
section for TEX configurations also exist as a large effect in MER
configurations. However, there is in addition the interference between
the fromt three stores and the rear three stores. Data are presented in
Volume V of reference 1 in which the various interference effects asso-
ciated wrrh a multiple ejection rack (MER) installation have been isolated.
This was accomplished by measuring forces and moments on a store in a
fixed position relative to the wing-fuselage combination and building the
remainder of the configuration up component by component. The wing-
fuselage combina:ion used in the tests is shown in figure 2, The stores
are located as shown in figure 40(a) when in their carriage position on
the rack. The details of the stores are shown in figure 40(b). The
pylon details are shown in figure 32 and the MER rack details in
fiqure 41.

On *he following Zs:gares, abbreviations have been used to designate
the various aircraft compsnents, They are

WB wing-fuselage

) gwlon
M MEZ rack
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The numbering system used to identify the six stores is shown in the
following sketch as is the fin orientation.

£ o

Front grouping Rear grouping

The various stores will be designated as S S etc,

19 %)
Data taken using finless stores are presented in figure 42. The
finless stores used are identical to the finned one shown in figure 40 (b)
except that the fins have been removed. Increments in normal force ACN
and pitching moment Acm are plotted against angle of attack for a Mach
number of 0.40. 1In figure 42(a), data taken on MER store number 1l are
presented., Similar data are presented in figure 42(b) for store number 4.
These stores were located 0.375 inch below the position shown in figure 40(a)

when data were taken,

Let us first consider the store number 1 data shown in figure 42(a).
The increments plotted were obtuined by differencing the data obtained
with two parent aircraft configurations. Thus, the circies indicate the
effect caused by adding the wing~fuselage combination to the flow field.
Similarly, the squares show the change caused by adding the pylonj the
diamonds, the MER rack; the equilateral triangles, stores S, and 8,3
and the right triangles, stores S, and S,. 1It can be seen that the
largest interference effects are caused by the wing-fuselage and stores
S, and S,. The smallest change in force and moment is caused by the
pylon. Since the wing and fuselage tend to align the flow with the
fuselage, the store sees a smaller angle of attack than when it is in the
stream by itself. Thus, the normal force on the store and the resulting
pitching moment are reduced. The two stores S, and S, produce an
effect similar tc that seen in figure 38 for the TER racks., This is to

be expected, since the MER rack is really two TER racks arranged One
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behind the other. 1If the curves of figure 38 were integrated, we would

find a positive ACy but because of the negative loading at the nose the
moment about the store midpoint would be negative. The addition of stores
Ss
above and behind this store. This causes a negative ACy and because this

and S, produce a downwash over the aft end of S, since they are

force is primarily generated on the aft end of the stecre a positive or
nose-up pitching moment is produced.

bata taken orn store number 4 are shown in figure 4Z(b). Again it
is seen that the wing=-fuselage and the two side stores in the same
grouping, in this case S, and Sg, have the largest effects. The front
three stores produce no change in normal force; however, they do produce
a negative increment in pitching moment.

Let us compare the effects of S, and S5, on S5, with the effects
of 5, and S; on S,. The stores are nearly symmetrical fore and aft
so that the source distributions were nearly asymmetric fore and
aft, Accordingly, the downwash produced at a point at a given distance
in front of the trailing edge of store S, by S; and S, will be equal
and opresite to that produced by S, and S_, the same distance behind the
iesading edge of stove S,. Such distributions will produce equal normal-
! force increments in the two curves, but opposite moment increments. Also
the increments should not vary with angle of attack. The measured data
exhibit these characteristics fairly well when consideration is given to
the fact that the stores are not precisely symmetrical fore and aft, and
in one case we are looking at the effect of adding S_ and S, and in the
other S,, Sz, and S,. Also, any effects of the wake entrainment would
be present in one case but not the other. Based on these observations,
1t appears that the induced effect of one set of these stores on one of
the other trio can be explained by three-dimensional source distributions

neglecting wake entrainment,

In figure 43 data taken on the finned store shown in figure 40(b) are
plotted against angle of attack. Data taken on store number 1 are presented
in figure 43(a) and those taken on store number 4 in figure 43(k). The
stor>s are located in the same positions as they were in the previous
figure, that i1s, 0.375 inch below the locations shown in figure 40(a).

For both stores S, ond S,, the addition of the wing-fuselage-

pylon-MER configuration to ti'e flow field adds a negative increment in
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normal force over mcst of the angle-of-attack range., As in the case of
the finless store, this is caused by the fuselage and wing tending to
align the flow with the fuselage axis and thus reduce the angle of
attack which the store sees. At small angles of attack a stabilizing
moment increment is added while at large angles a destabilizing incre-
ment is a3ded. This later effect is caused by the tail fins operating
at a reduced angle of attack.

Adding the two side stores S, and S, above store S§,, (fig. 43(a))
or S, and 35, above S, {(fig. 43(b)) produces Lae same effect, a
positive ACN and a negative Acm. The magnitudes of the effects are
nearly equal. This is the behavior expected from a TER grouping as was

discussed in connection with figure 42.

The effect of the two stores §
is to produce a small negative normal-force increment and a positive
pitching-moment increment almost independent of angle of attack. Since
stores Sg and Sy produce a downwash at the tail of S,, the local
angle of attack is reduced which tends to reduce the stabilizing moment
contributed by the tail. The effect of the front three stores, S,, §,,
and S,, on S, can be seen in figure 43(b). There is little effect on

s and S, on store S,, figure 43(a),

i normal force and a small stabilizing moment increment. This moment

' effect is not caused by the presence of the tail fins of store 4. A

! comparison of the curve indicated by the diamonds in figure 43(b) with

the comparable curve for the finless store in figure 42(b), that given by
the right triangles, shows the ac's  to be almost equal. Note the change
of scales between the two figures.

In the computer program, the effect of store volume has been included,
as it influences store-store interference in the TER configurations and
the MER configurations.

10. STORE TRAJECTORIES

In the preceding sections of this report, methods have been presented
which allow the calculation of the normal force and pitching moment acting
on a store at any point in the aircraft flow field. Utilizing these tools
a computer program has been written which will integrate the eguation of
motion of the store to determine its location and angular orientation as
a function of time. For the present these equations are restricted to
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three degrees of freedom representing 1otion in a vertical plane parallel
to the airplane vertical plane of symmetry. The airplane is assumed to
be in a straight uniform flight but may be climbing or diving.

In this section of the report, the equations of motion will first
be derived. Then the computer program will briefly be described and,
finally, a sample trajectory will be presented.

10.1 Equations of Motion

The equations of moticn will be written in a coordinatz system fixed
in the aircraft fuselage. This system will have its origin at the fuselage
nose and will move with the fuselage. The coordinate system 1is shown in
figure 44 as the ¢£,n system. The aircraft is flying at constant free-
stream velocity, V_, and at a constant flight path angle, T relative

tc the horizontal. The angle of attack of the aircraft, s is also
constant., At time t = to the store is located as shown in figure 44.

Its center of gravity is located at ¢ and its axis is inclined at

o’ Mo

some angle, 6 _, measured with respect to a line parallel to the fuselage

o’
axis. Provision will be nade for imposing an initial velocity relative

to the aircraft, Vo’ and an initial angular velocity, 90.

The equations of motion of the store for the nonaccelerating coordinate

system are:

m F,
.i__S__ = 7 — (122)
'f pmvoosSR 5 poov'»ssR
m F
1_5__ Y e ———— {(123)
2 eV ‘SR 2 l‘wvao SR
S =3
m k™ M
—= B — (124)
:2- I\v,v»ssRiR -5. vaoussR‘{R

The forces acting on the store are shown in rigure 45. NS 1s the

normal force actinyg on the body and is the sum of three components
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+ No, + N (125)

SB CF

N.., = normal force dve to buosynncy

BY

N.., = ncrmal force due to slender-body theory

SB

NCF = normal force due to viscous crossflow

For stores with empennages, an additionzl normal force is developed. This
is shown in figure 45 as Np. These forces are the primary interference
forces and tha methods of evaluating them and their corresponding moments
were presented in section 6. From here cn, the total normal force,
including the empennage force if an empennage is present, will be
designated N and the corresponding moment, M.

The remaining two fcrces shown in figure 45 are the zero-lift drag
force, Dy>» and the gravitation force, m.g. The zero-lift drag force will
be taken to always act in the Veog direction * the store center of
gravity.

Referring +o figures 44 and 45, the forces can be resolved into their

components in the ¢ and =+ directions to obtain

F, = N sin 6 + D, cos (aB + Yg Y )

3

£

+mg sin (QB + yB) (126)

Fﬂ = N cos & + D, sin (aB +vg - ys)
- m,g cos (ag + vg) (127)

Thus, equations (122) and (123) can be rewritten as

s, ¥
2 1 R .
E =3 pwvis E; lCN sin 8 + CD’° cos (aB + vg -.Ysﬂ

+ g sin (aB + yB) (128}
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and

S
n = l‘. \77 __R 3
=3 pwvws m [CN cos & + cD,o sin (ag + Vg = 754

- g cos (aB + yB) (129)
Equation (124) can be written

1
=3 PuVe TKE Cm (130)

Equations (128), (129)}, and (130) are a set of three second-order
differential equations which must be solved to determine the store motion
relative to the moving aircraft. The six initial conditions are at

t = to
; ~
; & = go b T] = T]o ) e = 60
i (131)
. i = so ’ T) = Y]o ’ 9 = 90

The values of go and N, are determined by specifying the location of
the store center of gravity.

The initial pitch angle is obtained as follcws

I

° (132)

o 4 .
i, + g

wherein the wing incidence relative to the fuselage axis, iw, and the

are also input data.

store incidence relative to the wing root chord, is,

The initial conditions on the velocities are to be specified as an
initial rotational velocity, 90, positive in the nose-up direction, in
radians per second, and an initial velocity, Vo, in a direction normal

to the store axis and positive as shown in figure 44. Then

STy
L]

-Vo sin 90

(133)

]
O
]

-V_ cos -
Vo ‘o
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In the equations of motion certain other quantities, which are
constant with time, are required. They are

A ax = maximum radius of the store
g = gravitational acceleration

k = store radius of gyration

{R = reference length, taken as 2amax

m, = mass cf the store

vV, = aircraft flight velocity

ag = the fuselage angle of attack
Yg = the fuselage flight path angle

p. = the free-stream mass density
129

In addition, the reference area, SR, is needed. This is taken as

the maximum cross-sectional area of the store

Sg = va;ax (134)

The last quantity which is not a function of time and which appears in
the equations of motion is the store drag coefficient, C

b.o° This must
b
be specified and is d=2fined as
D
_ (o)
CD,O - l-_ V_:‘ S (135)
2 poo © R

The remaining quantities in the equations of motion, V,s, Vg and
the normal-force and pitching-moment coefficients, are functions of tims.
The store velocity .2lative to the atmosphere is

P . «. .~ -/"
= \Y A - M
vJ_S [( . COS g v+ (-V_ sin og t 1) ] (136)
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path angle of the store, Yoo is found from the vertical and

LHAY
Sy

23 The flight
horizontal components of its velocity relative to the atmosphere.

Consider th= following sketch (also see figures 44 and 45).
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Vior = Ve €08 vp = F Os lyg + ag) = q sin lyg + og)
{137)

B

sin (yg + aB) +n cds [vp ¥ aB)

FF
JI¥ve

Veert = Vo SN Vg

The flight path angle, Vg in figure 45, is then

( vert |l38)
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The normal-~force and pitching-moment coefficients are calculateu b} th=

raxe iy

BACECGEN S

s,
-2

RS Y

methods presented in section 6.

H

e

" . "
R A T

i TR :

82

| puBEiayesnts




. R A
o BPASRENIRRBTEING

PIME SRR TR
SRR

PSS NI iSRS

10,2 Description of Computer Program

The computer program which calculates the trajectory of a store
ejected from an aircraft actually consists of three separate programs in

its present form. The three programs are

(1) Axisymmetric and two-dimensional source distribution progrsam
(2) Vortex-lattice program

(3) Trajectory program

4 For a given body or airfoil and a given Mach number, the first program
needs to be run only once. For a given airplane-sture configuration and
Mach number, the second program needs to be run only once. The third

£
&)

RSN TR

program can be run for various angles of attack, altitudes, and store
initial dynamical conditions without rerunning the first two programs.
The extent to which the three programs should be incorporated into one
program depends therefore on the particular problem at hand.

The first projgram calculates the source distributions which repre-
sent the fuselage and the stores, present on the alrcraft, including the

TR SRR

one to be ejected. Each shape is specified by a series of segmented
polynomials and the program calculates and outputs the axial locations

A
O

of the sources and their strengths.

This program aiso calculates the two-dimensional source distribution
whick represents the streamwise airfoil section of the wing at the span-
wise station immediately akove the store to be ejected. The airfoil
section is also specified by a series of segmented poiynomials, and the
program calculates and outputs the source strengths and locations.

The second program, the vortex lattice program, computes the bound
vorticity distributions which represent the wing camber and twist and
angle of attack. The input data to this program consist of wing geometry
, and information which allows the program to locate the fuselage and all
3 3 of the stores relative to the wing. 1In its present form, up to nine
‘% 3 stores can be placed under the fuselage centerline and one wing panel.

3 3 In addition to tlhe above data, the source distributions representing the

g . fuselage and stores are input as is the geometric camber and twist distri-
S bution of the wing. The first calculation performed by this program is to
o determine the velocities induced normal to the wing by the fuselage and

the stores. These velocities arc treated as an induced camber, and this

A3t 2 L1
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camber distribution is added to the wing geometr.c twist and camber.

The program then solves for the two vorticity distributions. The first
cancels the free~stream velocity component normal to the wing surface

and the second cancals the twist and camber distribution. These vorticity
distributions are output by the program.

The third program is the trajectory program. The input data to this
program consist of all of the data read into the second program, the
vorticity distributicn output by the second program, and ocher information
required for the force and moment and trajectory calculations. The
additional information input includes the store mass, radius of gyration,
center of gravity location, location of the tail, tail semispan, and
tail lift~curve slope. Also, the aircraft fiight conditions are input
as are the store downward ejection velocity and the ejection pitching
rate,

The trajectory calculation is begun with the store at a specified
initial position. The velocity field is calculated over the store length,
and using this field the forces and moments are calculated. The velocity
field is found by adding to the free-stream velocity the velocities induced
by the fuselage, wing, and all other stores. The integration of the
equations of motion is accomplished by a standard numerical integration
technique with the velocity field and the forces and moments being
racalculated at each point required by the inteyration scheme.

10.3 Sample Trajectory

kn example of the application of the trajectory program is shown in
figure 46. This figure presents a comparison of two celculated trajec-
tories with an exparimeirtal trajectory taken from reference 17 which was
obtained using the captive trajectory system in the 4T Wind Tunnel at
AEDC. At the top of figure 46(a) is a sketch of the aircraft, an P-105,
showing the spanwise location of the store, an A/B45Y-4 spray tank. For
the case shown, the simulated aircraft flight conditions were a. altitude
of 5,000 feet, horizontal flight, and an angle of attack of the aircraft
of 6°. The wind-tunnel Mach number was 0.52, The calculations were made
assuning incompressible flow and a free-stream velocity of 370 feet per
second. The full-scale parameters used in the testz are given in Table I
of reference 17. The same values were used in the calculations. At
ejection, the store is pitched down at an angla of -3.0° relative vo the
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aircraft and given an initial downward velocity of 16 feet per second
and pitching velocity of =~0.29 radian per second.

Figure 46(a) shows as a function of time the change in pitch angle
from its value in the attached position and figure 46(b) shows the change
in the vertical location of the store center of gravity from its
attached. position. The wind-tunnel data are shown by the circles and
two calculations using the present inethod are shown, One is labeled
"free flight" and the other "captive store,"

consider the free-flight case in which the store, initially at 3°
incidence with respect to the free stream, is given an initial downward
velocity of 16 f.p.s. The angle of attack considering 2lso the downward
velocity of the center of gravity is then 4.6°, The initial value of
6 is -0.29 radians per second and corresponds to a nose-down angular
velocity. The nose-down moment of the store tail fins corresponds to the
above angle of attack of 4.6°, and a maximum pitch angle excursion of -9°
is obtained before the oscillation reverses,

consider now the captive store on a balance in the wind tunnel. It
is not feasible to give the store the downward velocity so that its
initial angle of attack is only 3°, and the initial nose-down moment due
+o the fins is less than in the free-flight case., The total angular
excursion is only about -5° in this case. Wwhen the angle of attack due
to the store's downward velocity was suppressed in the computer prograin,
the tr-iject .y shown by the dashed line was obtained. This trajectory
is in agreement with that obtained in the wind tunnel (ref. 17).

This example illustrates the fact that the captive-ztore technique
cannot reproduce the free-flight angle~of-attack histoury of the store
and still maintain geometric similaxity between free-flight and the wind
tunnel.

11, CONCLUDING REMARKS

This report presents the rzsults of a study directed toward developing
a computer program for predicting the trajectories of external stores
dropped from aircraft of the fighter-bomber type at speeds up to the
critical speed. 7The stores can be located under the fuselage or under the
wing and can be grouped together such as in TER or MER clusters. The
present computer program is limited to three degrees of freedor; that is,
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storce motion in a vertical plane parallel to the airplane vertical plane
o1 sysmetry. The airplane is assumed to be in non-maneuvering flight,
tut may be climbing or diving. The methods presented can be readily
extendeld to six degrees of freedom and maneuvering flight.

Meth~ds are presented for modeling the fuselage and wing and the
flow fields calculated utilizing these models agree quite well with
. <pe.imental flow-field data obtained under wing-fuselage combinations.

Methods are presented for calculating the normal force and pitching
moment due to primary interference and additional interference. Included
1n the primary interference are those interference effects which are
¢ominant, The additional interference method includes minor components
¢ the mutual interference between store, pylon, and wing. For the case
«. a single store beneath a wing-fuselage combination, the primary
1nhterference methed predicts t'.e normal force and pitching moment quite
well. The additional interference method produces a negligible correction
1f the stcla source terms are included in the primary intcrference. It
‘vas foun’ that including the source terms in the additional interierence
.alculation greatly overestimated their, K effect hecause of a known limita~

tion of slender~body theory.

The additional interference method was used to calculate the increment
of ncrmal force and pitching moment due to adding a pylon to a wing-fuselage
combinetion, For the case considered, the increments were very small.

This may not be true for side force and yawing moment. For the particular

case for which comparisons were made, it was found that there was a
sigrificant change in the experimental load distribution near the pylon
when it was added although the resulting effect on normal force and pitching
moment was small. The change in the load distribution is attributed to
pylon thickness effects. Even though in the case studied the pylon was
excessively thick, the inclusion of a pylon thickness model in the primary
interference may be desirable,

For a cluster of stores grouped on a TER rack under the wing of a
wir -fuselage combination, it was found that the predominant interference
effect was due to the volumes of the other stores and the incremental
louad distribution due to adding the other stores could be predicted quite
well Dy representing their volumes with a distribution of three-dimensional
sourcc:, 1 ¢taranation of exverimental MER data indicates the same to be
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Comparisons made with data obtained on a single store with tail fins
under the wing of a wing-fuselage combination indicates that it may be
necessary to include body-vortex effects in estimating the tail effective-
ness. At high angles of attack, the store with an empennage exhibited the
characteristic 1lift and moment curves associated with the loss of tail

effectiveness.

The location of flow separation from a store with boattail is also
important at high angles of attack. Methods exist for estimating this
location for a store in a uniform flow. A means of estimating separation
in a nonuniform flow should be developed.

The one trajectory comparison presented shows that the trajectory
is well predicted only if pitch damping is included. The method of
accounting for pitch damping is thus considered satisfactory and is
readily extended to include yaw and roll damping.
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TABLE I

BODY~-OF-REVOLUTION STORE COORDINATES

Station, Radius,
inches inches
0] 0
0.112 0.067
0.212 0.108
0.312 0.139

f 0.412 0.161
! 0.512 0.180
0.612 0.195
0.712 0.209
0.812 0.222
0.912 0.232
l.012 0.241
1.112 0.248
1,212 0.254
1.312 0.258
1.412 0.262
1,512 0.265
l.612 0.26€
1.712 0.267
1.812 0.267
1.912 0.268
2.312 0.268
2.412 0.266
2.512 0.264
2.612 0.259
2,712 0.254
2,812 f.248
2,912 0.241
3.012 0.234
3.173 0,222
3.812 0.175
4.4390 0.175

88




SR TR SRR S ORI RS AT R e e,

T Kigeaiy -~ “ TE WAy FERTT e e «

b

»

TR, SOIPTT A

Figure 1.~ Coordinate system for axisymmetric body.

89

a5




AR

AT 74,

36.

51

X/Bf
0
0.0328
| 0.0657
0.0986
13.48 0.1315
0.1643
0.1972
0.2301
0.2629
0.2958
0.3200
0.7534
0.7669
0.7998
0.8326
0.8655
0.8984
0.9315
0.9641
1.0000

l—— 12.00 e Wing Airfoil
Section

| NACA 65A006

J
T

Fuselage Ordinates

/L

0

0.0091
0.0171
0.0241
0.0300
0.0350
0.0390
0.0421
0.0443
0.0453
0.0457
0.0457
0.0454
0.0438
0.0418
0.0395
0.0372
0.0349
0.0326
0.0302

£

Quarter chord

)\ All dimensions

in inches

Figure 2.~ Wing-fuselage combination used in reference 1.
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Figure 8.- Swept and unswept constant chord wings.
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(c) Composite velocity diagram.
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Figure 10.~ Definitions of local angle of attack
and sidewash angle,
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(a) Upwash perturbation velocity.
Figure 11.- Perturbation velocities due to angle of attack

10 percent cf local chord beneath wing of
example wing-body combination.
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(a) Upwash perturbation velocity.

Fiz7.-¢ 12.~ Perturbation velocities due to angle of attack
% percent of the local ~hord beneath wing of example
wing-bod, combination.
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Figure 13.- Comparison between calculated and experimental
local angle of attack and sidewash angle under the

mid-semispan of wing-body configuration
of figure 9; a = -0.2°,
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{(a) Local angle of attack with a, = -0.2° and -4.3°.

Figure 14.- Comparison between calculated and experimental
local angle of attack and sidewash angle under wing-
body configuration of figure 9 at the micd-semispan
17 percent of the local chord below the wing
for various angles of attack,
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128




T o B T~ A s B R T AT S D SR A T, A g B ~S5ESTD e

——— e e e — |
§
]
i
. | l |
. 3; N\
3
-4 O Data (ref. 1, Vol. III)
453
. . | | Theory, no store-induced
1.6 a wing camber
= == —= Theory, with store-induced
.. % 0o wing camber

Widts

";~5”

ey
P

s

TEWY

2

|

(2]

0.4

N\
N\
4)
:
77—

et U e o

a¢
-

oot -'e 4

‘e~

s
3
5

31

.

»

~0.8

AL
peANA TN

0 0.1 0.2 0.3 0.4 0.

N
o
[«)]

6.75°.

(b) ap =67, a

Figure 28.- Concluded.

N

129

RN




O Data (ref. 1, Vol. III)

Primary interference - no
l.6e store-induced wing camber

ee e «=e Primary interference plus
additional interference

0.8

[ 1
) (0]
I ‘ f o ©C OpPo 01O
Vo o
N
~
-O.BL
0 0.1 0.2 0.3 0.4 0.5 0.6

Xgs ft.
. n° - o
(a) ap = 07, a, = 1.257,

Figure 29.- Effect of additional interfercnce on normal-
force distribution on a single .tore below the left
wing panel of a wing-fuselage combiration;

M = 0,25, y/s5 = -0,.333, z/c » -0,30,

o0

130




R I T PO D S R A

TR

Meralirhouch il WY L
SRR L TR NG Tk S e R o N S i

O Data (ref. 1, Vol. III)

st~re=induced wing canber ~

=— === Primery interference plus
additional interference

—— Primary inteccference - Do
U

P n
O'-V
o NN
©) 1
o 0]
~0.4 / ©
0)
\
o) g
=0.8 0.1 0.2 0.3 0.4 0.5
Xgs ft.
(b) ap = 6%, a, = 6.75°,

Figure 29.- Concluded.

131




B " ™ . ) [y y - i Sl
g oot s et o s et SR o Lyt ’ i L R e
N R AR S e o Yo Lo e R RS BE AT B B

=

ZeRE AL A S Rt

o it
EETREPIY

-

)
RSy

2,0

R EIPRTIT
AR AR

>
¥,
G
————

|

O Data (ref. 1, Vol, III)
Primary interference theory

S TNES
o

SRt

l.6

s

S e
SRy

.
e

"
P

,
'l

p——
IR R

1, /,/’ .~\\\\\\\
ax_ E)GOO

- Q
0.4 O

o
"
O]

’/2'

-0.4
o
-0.8
0 0.1 0.2 0.3 0.4 0.5 0.6
xg, Ct.
(a) a, = 0%, a, = 0.96°.

Figure 30.- Primary interference normal-force distribution
on a single store below the left wing panel of a wing-
fuselage combination; M_ = 0.70,

y/s = -0.333, z/c = =0.30,

132




d
,

-
-

Moo atnnf A
L DA

%

A T oy
v ‘i‘w)}rf?’mu."x",

oy
2

e

YA

4
!

S oy

i

S A AP
LR S

IO

o
¥

T

AaT ey

o
Eed

oA P T
pLSHLARS

i

Vi por u it
K R TR

b5

oy
,41“

=

bo .
5 B TR Pk

-

v o -
O S

Gadi-Rco

pAn o e

—

&
ks

P

LR

2.0

1.6

w——— Primary interference theory

Data (ref, 1, Vol. III)

1.2

s /\

0.8

e
0 ¢

[Q

/o

0.

f—t
V e
0

0.3 0.4 0.5

X ft.

s’ o
(b) ap = 6%, a, = 6.79".

.2

figure 30.- Concluded.

123




T S AT ) S ol ESCR i . . ) e A i " 2
S L M A e St - A 4 £ oo e Ol B AL o LA

st
¥

tha

LR 2R

¥

—y

P

iy
Y o
Y o
\Ys

A M
0O
=
Q
e
)
A g

et

T o

s
X

22 M}.q ReT

aly
1
o
.
N

i ?‘ Eas 'l.&“

0.4 =

QO Data (ref, 1, vol. II)

-0.4 Primary interference
theory with store-
induced wing camber

I |
~0.85 2 4 6 8 10

Gps deg.

(a} M_ = 0,25,

Figure 31l.~ Primary interference normal force and
pitching moment on a single stoie below the
left wing panel of a wing-fuselage
combination; v/s = ~0.333,

Z/c = -0; 300

: 134




e
SRS Qo
S

a2
W e e T

b @

N
%
]
K
3

B

6.2

X
A
»

o e

e
AL

R

W

X
0
o

Siamie

UG L

-0.2

N

e

0.8

(AR k2
AN

4t

WA RN Y s

5
¥

0.4

x ~a‘f2' e

A
4

Dy

v ¥,
(p]
o
mtn o

= Y !
O Dpata (ref. 1, vol. II)

-0.4 Primary interference 4 — |
1 theory with store- i
induced wing camber

Xy

P
Al
NS

.
ey

*
o5

PG R AR M 15

E | |
S -0.8 |
o 0 2 4 6 8 10

%ps deg.

T R
N—

(b) M_ = 0.70.

Ry

Figure 31.- Concluded.

135

P P




. . - -
SR S R M A AR B A el R A R 00 DA 2 i SR o oA

£

Aot N

e

ALY VI

N
3 ‘ 0.1257
;
0.25 1‘ - - _3
.é r—
- f e 2.00 o
b
. All dimensions
: in inches
i? . Upper surface
g ’ contoured to
s fit wing or
4 fuselage |
- \
I . S ————
0.78
J .
Pylon
q

for wing pylons, pylon centerline located at
40% wing chord.

For fuselage pylon, pylon centerline located
19.43 inches aft of fuselage nose.

Figure 32.- Details of pylons used in experimental
investigation of reference 1.




.

=3 g
. aidad
ARl

aTo

Stens
-

o ® pn by
ﬁ'gk‘xa\'

] '
St

o
WIRER

AT 2D
KA

2 Pcaty N
pyyzistoctind

e

N
L Rt S

?&thge%“ﬂ* -*:%z; B

~ AP m:%&; AL iy DN a2 ol

.
Bt oaty ¥

X f“.

SO

n

N
35

AR TR,
SBE

T e

e

R Ty P T A

eh

AR gy

Pylon

-0.2

@

-0.4

O Data

l

(ref. 1, Vol. I1I)

l |

O.3

Xg) ft.

(a) ap = 0

0.4 0.5

(o}

Figure 33,.,- Incremental loading on single store at 1/3 semispan
location caused by addition of pylon tc wing-fuselage

combinationy M

137

= 0.25,

z/c = =0.,30.




LN 5 NS e i NI o= At Aol e RN 2 . NS S

4TI ST BER S b s

53

e

P

250
TR,

P AR b 2 5 A A paEMAY L Dt
fal Pt SR N '%»\‘?f»(«',; 3

Pylon

-

£ 0.6 T T T

g
R

ST TS
e Tradss

AZATEEy

'y,

e R A

GRS

q‘w\«{‘fﬁ‘;‘, ):;'

B O nDpata (ref. 1, vol. III)

e
H Additional interferencc

' 0.4} calculation (no thickness
effect of pylon)

0 0P

0]
0/

el aesy]
o7
9]
(ON

\h* o

Ye

LAttt L
>
(7
o]
n
T

-~0.2

i R i e A R Bt et Ly o
EANR St )

-0.4
0.1 0.2 0.3 0.4 0.5 0.6

Xg» ft.

s e '\:.“ 0 PR e
o

e}
(b) ap = 6 .

Figure 33.- Concluded.

138




o

TR Ao e ichigs j T i o
PSR ey vt on e AR LR et - SR AR

e WEPOANORY

o

)
W

B

¥

e
~i

TS Pt R

¢

E:
i

b3
;

line

23 2y
ad

49.20

ORIy g A AR A I

o Wing Geometry

9 Area 2.25 sq.ft.
1 ' Mean acrodynamic 0.765 ft.
3 chord

3 Aspect ratio 4.0

E: Taper ratio 0.6

9 Airfoil section

4 parallel to NACA 65A006
g fuselage G,

f i All Drawing Dimensions

3 in Inches

Tt

36.00 -l
e |

ik ';‘w W LA A

X4

I ok

Figure 34.- Swept-wing model of NACA RM L54Bl8 (ref. 15).

9w

139

A T O T R S A RS An




] |
‘PI9T3 MOTJ WIOFTURUOU B UT SI03S B UO 31103

w Teuxou Jo sjusuodwod snoTiea aY3 JO UOTINQTIIISI -°G€ 2INLTI
Wm
. . _ s, _ M
4 0= ="0 (o)
4 s
& (2/%)
rw 0°1 6°0 8°0 L0 8*'C €0 o €°0 Z2°0 T1°0 ¢
, 4 Nll
5
,W‘.‘
» Hll
W* KAxoay3l \%’
- ~

R R A7 N
: ~
WM. — — \\ lllr’.,lpy c
: / 74 s
> Kxoaya Ilnd — B x| a
: MOTJI SSOID SNODSTA T = — - Kouelong W NO -
N 4 1 © M
: _
: 09°0 = 5ve_

Z

3

2103S —_ —
e
uoT&d
PUTM ——e = ——
BN x bt u...Lf.r.‘....wuﬂvm Shas 450 o et i i, it T A S B o




N

~verwsy <
BN a@,ﬁ

‘pPRaAUTIIUOD -°*Gf 2aInb1d

ST -
2 %

ML e

"ol = S~ Mg (q)

.f,
(5/%)
L°0 9°0 $°0 v°0 £°0 ¢ 1°0 o

’%%W\ u’\,‘ S
=
~
()]
o
@
o

&h

4
s

O30 R B Nl
>
0
=
[}
>y
o)
o
m
(@]

- ~
w Kxoays / -~ N 7
|\L . S —
. ",/ - >.Homﬂmu

MOTJISSOID SNODSTA N R
Apoqg-xapusis

09°0 = gvg—

(7/X)p

>
et
W
S

U
. -
=

ceaEdd
%

t
)
U
N
N
o~

8T°0-
€g°0-

|

"

"

v
0
N
>,

gt gl
Ry B
SR

IRA

VISR S

B

o ax103s - -
i UOTAd

¥

% e — — huTM™ E——

s
"7 Ly ey M2 - s

L P TE TU R ST
QTS RENRT ?vﬁ AR .f..,. ﬁawwﬁam R J.:f...&v,w SI e g w..,?::m




S

SRR
A <

e
RE
3

‘panuTluoD -°6¢ aanfrg

'(‘:f;;.x;’m )

.o¢um6n30 (o)

I
BT s
ﬂw ‘ 0°1 6°0 8°n L°0 2°0 S°0 ¥°0 €0 Z'0 T1°0 o

N'

S

w _’ﬁ;{fgﬁﬁéiﬁ}@}é}é

s

m,m,..

X - i’

5 KXzo003 lﬂr'lll..\.\“f\ \ \ b

mw MOTFSSOID SNODSTA = —— \ J X & ¢
£ | _ Kxoayy /N o= -
¢ _ t Apoq-13apuails T «w

: g

m 09°0 = grs_

: x

8T°0- = °(9/z)
€€°0- = °(s/K)




#

SRR D

i

IS

*papniduod -*cg¢ axnbtd

i

LS

o@"ﬂd"n}dﬁgv

O
S /%)
0°1 6°0 8°0 L*0 9°'0 G*0 v°0 £€°0 Z2°0 1°0 0

_
\Unmhosmll/V\\\l//
Hll

)
\.\»//

7 \
, . am— \\\ \ 6
ﬂl"n.l T ~ X /|\¢I||l_

i Kxoaysy M  — e /
MOTFISSOID SNOOSTA / \_

R

% ‘?ﬂ'u

o~
[

T IRy

ks

(r/x)p
143

P AR SR
1
opP

i

09°0 = Frg Kxoays / \ /
* s

Apog-aapuay
— 8T1°0-

€€°0-

TGN

!

/e

TR
([
— 3
>

AT AV

xS

?Xx038S - -

SRR

£

uotAd
—_— —————— futM — —

:—w .ig';a’

3 "‘"’au"":w i




- Ai:\'!);'{@w o - .
B R T R T TR T Sy

! l I !

Present calculation
o= wme o= NASA TN D-3582 (ref, 10)

(y/s) = =0.33 1
(z/e)_ = -0.18

/
+
l
{

0.1

-0.1
-0.2 -
-2 0 2 4 6 8 10 12
a, = Qg deg.

(a) Rvoyancy component.

Figure >6.- Normal force and pitching monent
on store without tail fins.,

144




R N B S B R TPI S IR RER ™ i N R 2 R R I G TR BRI e ST

gk{‘ ‘m&@?mgmm»,“v_ .- . . e

°-¢ I ! | |

Present calculation
= =me = NASA TN D-3582 (ref. 10)

(y/s)g = ~0.33
(z/c)_ = -0.18 A

5.0 —

) el
e

/ /
1 0.47 ,,——”’
—

\

0.1 f;le""”

Zi;—-iiﬁ3 0.33 to 0.60

3
conrian o,
oy
-

-2 0 2 4 6 8 10 12
deg.

Qw = \ls,

2 .};,"

GG

(b} Angle of attack component.

Figure 36.- Continued.

14*




T AT T LIRS W R e g, TS YR ’;‘?V'W-‘r"'wt"ﬂ“:‘f}' b R RELFAInT TP IH T "‘;'W:‘:

0.6
I l | I
— Present calculation
¢ == = «= NASA TN D-3582 (ref. 10)
0.4
Xg o (y/s)s = -0.33
Z_ (2/c)g = -0.18
ta NACA RM L54Bl18
0.% 0.60 4— 0O Da
(ref. 15)
§ \
=
e
~-0.2
-0.4
0.2
’,/‘
- .
0.1 = 192
- - o
pr //o
= - N
e 0 —
&
8 &‘EW' X
—}’-9 , 0.33 to 0.60
-0.1 s
-0.2
-2 0 2 4q 6 8 10 12

a, = ag, deg.
{c) Total force and moment.

Figure 36.- Concluded.

146




G O S S LA AT 2 ang alrlhy g aih X sy L oel
L oaal iy A BT T AT T AR i (e, ek #3 < e h e . -
5N "%}@!ﬁ BNTRRY Wgﬁzﬁ RS LRI ST AR S e GRS IR RTINS AL MY S T S RV PR e SRR RN M ARGT T sttt s8

By e e - )
‘ 0.6
xs,o
0.4 25
b
0.60 —‘“"'// ©_ -
/ O m— - -
0.2 jrmmmme=— ? —
5 o~ P
: .33
8 /
Z
o 0 oneemm———— Present calculation
nen memee = NASA TN D-3582 (ref. 10)
(y/s)s = -0,33
-0.2 (z/c)s = -0.18 S
o) Data NACA RM L54Bl8
(ref. 1Y)
-0.4 l l l l
0.2 v
0.1
&
9]
iy 0 ==
8= < P d o— — oo -
SIS e -t
| —_ o
-0.1 > O ©
: r
2 Xs .0
b —=, .33 to 0.60
i s
; -0.2 | l l
: -2 0 2 4 6 8 10 12
i a, = ag, deqg.

Figqure 37.- Total normal force and pitching
moment on store with ta:l fins.

147

BUR RO LRI CA A




dc
dax

N

(O Data (ref. 1, Vol, 1II)
=0.8 \’/ Primary interference theory

-1.2 l | |

Xs,

(a) ap = 07,

Figure 38.- Incremental loading on bottom store on TER rack at

1/3 semispan caused by addition of two side stores;
M, = 0.25, z/c = -0.30.

i48




T T T 7 T T Loy " oy - —
S S R TATY e X (s ‘_'I.E §'§';T ey AT W-— r aprin — - -
A R e A e S R S N T T e P 5t % IEm DU S DSOS Fon b R T R e T oA

= = ~ b ¥ A1

E5Te R ) o ] » L

25t

L

R
g

%

%

1.2

DANOEOTIAVMOES KA

O Data (ref. 1, Vol. 111}
-0.8 _T — Deimary interforence theory

L
|
L.

R e e SRR

-1.2 -
G 0.1 0.2 0.3 0.4 J.o e

S

Figure 38.- Concluded,




it

A @ A
Zan it

Bl b
e

3
Bs
e

b iz M

Cy

ax

B2

PR DR e

i
a,%» SEa05 95;5}? Em,,

1.2
0.8
0.4 - /
o
.\ o ¢
0
0( =
° o
-0.4
Q Data (ref. 1, vVol. 111I)
-0.8 Primary interference theory
1.2 | |
o 0.1 0.2 0.3 0.4 0.5 0.6
Xgy ft.
o
(a) ap o-.

Figure 39,~ Incremental loading on store no. 2 on TER rack at

1/3 < rispan caused by aad:tion of store no. 3;

M, = 0.25, z/c

150

= =0,333,



PIAR T AL A ear TS T MMMKSNIINEN T ene e NS, s siuT s vmes v aw e e gmi R

O R o

O

Data (ref. 1, Vol., III) ‘

Primary interference theory

e e oo . -

0.2 0.3 0.4 0.5 .6

X ft.

S’

_ .0
(b) ap = 6 .

Figure 39.~ Concluded.

151




=
)
23| 7
.y V.
A7 vy
I \«,’ \
5.96 L
. '| '
4.43 | ”| l
1 Vi
/ VAlA Y
] I T3 T |
[ | NAA
/ [AUITA
I\
IR
ol
Quarter 4.43 ! l' ]
chord R |
|
REny
) Z
\__@
3.34D
——= e +
All dimensions ' ’
in inches -3.43 =2.90
0.268D
g
+
-0.45—-1}“ o4

(a) Store locations,

ryare 40,.- MER grouping of stores in the presence of the
wing-fuselage combination of reference 1.

152

g
sk




A

*pepnisuc) -°0p aanbiy

*sTTelap 23035 (q)

IR STELIGKF {2 EANBIO, KT R IRR R W 1 T T L e

*S03RUTPIOCOD fpoyg 103 I @TYe, ses

“furjzunow soueTeq X03 2309 IdIUBD
Jo uotrssTwo I03 3dooxdD S8I03S JUBWOW pue 923107
aat3dedsax se swes 521035 Awwnp pauuTIuR pue PAUUTJ

*SUTJ JO UOTSSTWO X103 3dedxd Tapow
PouUuUT) se Swes [2pPOW FUSWOW pue 953103 pouUUTIUA

A L e

‘*uoT3itsod Sbetaaed UT WOYM }dea YW uo
BUY TA33udd uorsuadsns Y3aTm paubTie jutodprit 21038

TR

153

saydouUtT ut FIUTOdPTIH
suoTSUBWTP TV 21038

T

%r
K
|
|
:
j
|
|
b
|
|
|
i
o
I
|

1020

* | STZ*?
|18N.o_ll s¥

e o R R A G e

(013 8 o

(SR

"»t'.:'ét":‘.‘ i

%

h : AW il a0 -




m

£
ﬁ
b

5

£
%
A

*STTR319P Ooeld WAW -°TH 2InHTJ

¥-¥ UoT3oSes

BUTTIS93U8D uoTAd
Y3aTM paubIie ST SUITIDIUID
soex ‘uoTAd o3 payoeizje usaym

sayosut ut
SUOTSUSWTIP TIVY

R Y

-
1YV

o

D

uotsuadsng

bo— 98€° T ——ei
uotsuadsng yoed 4 6°82

S

» t"’.“'}ﬂ"% &

e

!
154

SS°0 fw—

o e gt

T

v
L3 X
L 4

& -——— 268°T—

968°¢

T

€LT" S

61T7°9 -

T

SZ29°9

T6L°L

S, 03 Ay e A ST Ly e St B bt drnaoan ity Ly Y ae e ik, . 201 % J nag Ry bt A .
R N R e St A bl s B B2 I 2 e NS & S sy a8 € O e R R b MR MOPET L et e Sy on e gt o s ~ s
% - i i DA £ R TR ARG PR g o i T DR TH s (Al n L




epar = PR Y v, LR IEY RS oy s VAU E £t EE b
Teee P SRS IR TR N TABTAFT IR Y TSy b G TN TN $8 BY TR 15T Ll W

N TSI -y e 0 oSN T R A R T4
Ly gt e RIS AR A !

- U T T P T e aw s
> o ar e o v s er emnmw s o~ R,

OC

Data

O WB - Store Alone
WBP - WB
WBPM ~ WBP
WBPMS,S, - WBPM

-0.2}

r oo

WBPMstSSSS6 - WBPMSZS3

-0.3 - L L

AC

[ e

-~0.3 ]
0 2 4 6 8 10

ap, deg.

(a) Store number 1.

Figure 42,- Incremental interference force and nowent on
finless MER stores; M, = 0,40, z = =3,20 1nches,

R
: 1,9




LR bt iy ol re i L Al T te g Lt ¥ T,

T T R DTy Y e e

NIRRT T T e TRy

- R Y o

|
i &Cy
f
_0.1 5& ]
N
\\\\Si\\\\
; -0.2
, Q
i
Ei& 0
0
-0.1
"'002 g
L“‘Cm
-0.3 I
Data
O WB -~ Stors Alone \
-0.4F O WBP - W3
{ WBPM - WBP
/A WBPMS S, ~ WBPM
D WBPMS, 5.5 555, ~ WBEMSsS,
0,5 1 i 1
0 2 4 6 8 10

qps deqg.

{b) Store number 4.
Figure 42,.,- Concluded.

156




e CFWITO R RS UTPRRS T TmIRR AT T F ey e FTE Y W AT

ACy
Data
-0.2}
O WBPM - Store Alone
O WBPMS,S, -~ WBPM
O WBPMS,S S¢S, - WBPMS,S_
-0.4 . i L 0
¥
i
]
‘ 0.4
i
0.2k
¢ -
A}C 0

ap, deq.

157

|
|
6

{4} Store number 1.

Pigure %2.- Incremental interference force and monent o
finned MER stores; M_ = 0.40, z = =3.80 inches.




ne

AC

!

e T P e
&2 e BT A S A R e
e LT

Y
o~

SR A

-0.4 l

O WBPM - Store Alone
0.2} [0 WBPMS.S, - WBPM

O WBPMS 5,5,5.5, - WBPMSSS,

-0.4

0 2 4 ) 8 10
LY deq,

{b) Siore number =,
Figure 42,- Concluded.




NECOR PRI IEL
e e ————

*suorjernoTed K10305le] uT posn
SUOTI3TUTIOP o7hue puer SWIESAS 8ILUTPICOD - Hp iniid

S e e A b SN e e = =

159

1e3u02TIOH

wmmHmmsmll\\

gy
q A

/FU

S

EPLN

o,
o
. |
)
<,
7
75
i3 o AL A e
X r & DE o .
Y o N TR o oR. Y RO o
.
ey B by B o, fon
LR et LS e Vs e 2t LT S
. TR, ARy T N e
L] -
~ -
# -
* . -



SRS EFRTAMTRE T LRI Y

e R ey R R O S I D R A ol SR i

LS A I TS RN TORY

:

i— Horizontcal

Figure 45.- Fnrces acting on store.

160




B T TRy TS Ao S SR T R oy ™ sese TGP R GRS Rr IRN A R

— e

-y ame S

| ]
) Data, ref. 17
-2 \ O/—— (fig. 8, empty tank)

1\ O
-4 Av 0> ,// O
o N P L~ o
T \_‘_‘_ O__‘__/O/ O]
£ -6 \-Captive
& \ store
13 ' \
H D
§ -8 \\
3 -
: p—
t At t = 0 sec. \F_”
. 10 a, = 6° Vo = 16 ft/sec ZFree
i, =-3°  v_ =570 ft/sec flight
& = -0.29 rad/sec
- 1 | l
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

t, sec.

(a) ritch angle.

Figure 46.- Sample trajectory calculation,




EREIUSSIEI A S

-

——— i

o
%

T T M T TR S B T ST

VA R RST) I B O TR RS TI e i Ao R e Oy L S e s e

-12

-16

TN

flight

2.1 0.2 0.3 0.4 0.5 0.8 G.7
t, sec.
(b) Vertical location of store center of gravity.

Figure 46.~ concluded,

162




1, SRR RE RS AR TN A AW g T AN T Raew T WETT T e T
MEAN VRS b A S C Y SO -E DE  CA P = e~ e ey . ”

AP IRORER T ML Y T LN LR AR

P PRPAR NN AN Y IR RN DA RN AT S RP A 3

¥ oy g

o T ST Wy TS RRT AT T T T AT TR T e e

O &t an A e A

APPENDIX I
INTEGRATION OF THE LOADING EQUATION

Trs integration cf the loading equation, equation ({86), will be
carried out ir this appendix, It will be done in two steps. The first
step will be to integrate the first two integrals to obtain the load
distribution on the store alone in the nonuniform flow field. This
constitutes the primary interference. Following this the last five
integrals will be integrated to determine the load distribution due to
the additional interference between the wing, pylon, and store.

Tc obtain the store-alone pressure ccefficient, we must evaluate ug,

Vg and Wy from equations (77) and (78). Since on the store

o= aele (I-1)
equation (78) yields
. da -
V. = =W sin 26 -~ V cos 20 + V_ === cos5 @
s w dx
(1-2)
W = Wcos 20 -V sin 20 ~ V. 92 sin 8
s © dxs

To obtain u, we need the pertu-bation potential ¢, which can be
obtained from equation (77). Ordinarily, we can just take the derivative
of the pecsturbation potential to obtain ug when the ccomponents of the
free-stream potential V and W are nct functions or Xg4+ However, in
this case a componeut of u_ is associated with the crossflow potentizls
Vy, and Wz_. Accordingly,

u_ = —3-3; (3, + vy, + Wz,) (1-3)

Since ¢y is the real part of W (o) we find at some field point P

where

I, = re {I~4)

le3

T oa T

Rl

TR



TR SR BT

PN

that equations (77) and (I-3) give

. V e
o = &in a . (Wa2) + S8 Y -4 (Va2) + — log r 4 (a2)

dx r  dx 2 2

s S dxs

av oL, G

ys dxs + zs ax_

-

Cn the store where r = a, vy = 6, this beccmes

. \Y
. iy d - d o d2a?
u, = 2 sin 6 I (Wa) + 2 cos @ 3;; (va) + -5 log a ”

S

[0]

From equations (75), (76), and (83)

S us VS “,S
voo Voo ‘o Voo

Since

w

H

]
e~ j<

the perturbation velocity u is

S o 5 sip o oS (Ha g S (¥a), 1
= 2 sin < ) + 2 cos & E: <V >‘+ S log a P

s o

@ 2
L) - @ e o - ) )
+ =) =~ {5 cos 28 = 4 (=) {g— }sin 25
[(Vn Voo] Vo./ VOO/
da (v) (w\ . 1
+ = l{g—)cos 3 + (5~ jsin ©
ax { v, v,/

le4

"ﬂ’{?}'{ﬁ?«!“:’{i’%‘\?ﬁ’ Tt YT YRR Mt R R AT A TTVIRGR N D E TTRTE EU NTR AN g E SR T TS TR TS LRI e ISR TR AT AR T T T e

T R ET TN SR A

(1-5)

(1-6)

(1-7)

(1-8)

(1-9)
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Thus, the first integral in equation (86) is

2 —
ug
. d wa da W
-3 sin 6 48 = 27 == ._.._)+ T ._..._(__.) (I-10)
_([ Ve cxs A dxs V.

The second integral in eguation (86) involves the sguare terms

Vv W\ o 2 2 2 r
(-—51) +(-—s-> - _w__\) + -:i-\\ + (82Y . 2 .9.2.[.‘1 sin 6 + =~ sin 8]
Vo v, Ve Ve / dx dxg | Ve Vo (1-11)

The second integral is thus

21 v 2 w 2
1 f [( s) ( s) ] . da (w)
= -} +\{ = sin ¢ 40 = -7 3=—|( (I~12)
2 J Vv, v, dxs Vg

The store normal force without the vortex system is the sum of these two

integrals
an
s 2_ @ Wa
T T 2TVaR (v—;) (1-13)

It is of interest that the foregoing expression can be interpreted 1in

3 § terms of normal forces associated with apparent mass and buoyancv. Let
3 § us rewrite equation (I-13) as
¢ an
S aw
E T = Vo g (1pa®W) 4 v (rpa?) g (I-14)
3 (3 S
g The additional apparent mass of the store per unit length is
B m = 7pa? {I~15)
L
. E so that eguation (I-J4) can ba rewritten
3 an
S d . aw . .
E a7 = g (W + v rpa? (--lv
a1 4 S 8
§
& 165
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The first term has a clear momentum interpretation. The second term is

& buovant force as will now be shown. For irrotaticral plane flow, we

have!l
V2
»._._%L
S'E"' = (I=17)

n = direction normal to streamline
velocity along streamline

<
]

radius of curvature of streamline

o)
i

The buoyant force st/dxs per unit length is

an /2
s .
el 2 (pz - pu)a sin 9 @6 (1-18)
s
°
wherein
p, - p. =2 %E a sin 8 (I-19)
£ u n ’
The radius of curvature of the flow sketched below is
1 d(w/VL) (1-20)
R dxs

lmilne—Thomson, L. M.: Theoretical Hydrodynamics. Second ed., The
MacMzi . lan Compary, New York, 1950,
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; Thus,

4

4

‘\ dNS 7T/2

s — 2 in2

‘ dxs = 4a %ﬁ-‘[ sin2 8 49

\é' o

- aw

s = 2 - i - \
;A ma2pVy (I-21)
A s

% It is seen that except for a negligible cosine term, the buoyant normal

E force per unit length is the same as the last tecm of equation (I-~16).

% The normal~force distribution calculated in accordance with eguaticn
. (I-16) was the basis of the store force calculations in sections A..L and

g 6.2. The buoyant force was calculated there from actual pressure calcula-
x ¢ tions rather than the simple expression in equation (I-13),

; % The remaining terms in egquation (86), the third through seventh

i § integrals, are the additional interference and will now be evaluated :in

: & terms of the strengths T, of the external vortices which remain Lo be

R % determined.

ES 3

- % In evaluating the third through sixth integrals of eguaticn (B6), i
ié % note that they are linear sums over the external vortices so that we can
_? % carry out the integration for one external vortex I,  and sum over the

i % external vortices. For one external vortex and its image system, tha

g g complete potential is from equation (79)

F ¢ ir, a2

% 5 wl(o) = 5= log (o - 01) -~ log <o - :—-)+ log G] (L2
) 3 o

7 i 1

where o, the field point, is

e

o= te*? (L-2
and g, the vortex position, is
i¢1 .
== ¢ ALt
4 g, r,e (-7
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Tne velocities v, ard w, on the store are given by

1 1
dwl(c)
v, = iw, = (1-25)
1 1 do ¢=a
from which we find
. - 2 2 =
_ r, sin @ - a? - r? N
Vi T 2ra R, ]
5 (I-26)
r, cos 6 [ a2 - rf'
W, o= - - 1 +
1 27a Rl v
wherein
R, = aZ + rf - 2ar, cos (¢, - 0) (1-27)

To obtain u, on the store, we must extract ¢, from equation (I-22).

®, = R.P. W, (0)

or

2
¢, = - <= |arg (o - 0o,) - arg o-2) +argo (1-28)
1 27 . o,

Carrying out the differentiation in the manner shown in reference 13,

we find

Q.

N 3 D - 1 4
_ 1 rl tan—l a sin 9 r, sin ¢,
4, T 3% - 2T dx acos 9 - r

a sin 9 - = sin ¢

- tan~ + QJ
a2
a cos 3 -~ — CcOS ¢

(eq. (I-29) cont. on next page)
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[ ) dyv dz
r, aszne-zv)E-(acose-yv)——

2T l-(Rl

( Ja(%
as:.n9--—- 3

xs‘r Yy
+-— <~_> Rz

2 2

acose—é_-y —g-—/-—-z

( S dxs\rf v (1-29)
R T

i e am—

where the vortex coordinates are

51 i
z, r, sin ¢1 \

Y, = ¥, cos ¢, j

s raasa

(1-30)

The third integral is evaluated by performing the integration uasing
equa’ ion (I-29) in the manner shcown in reference i3 to obtain

e ¢ i s S, A
4

= 27 Z i .._d.._f..a.i - . a( a '\
& {a dstr. cos ¢ (27“3\;’ )l r 7i'avm> cOs {pi .a.}?-j (1_31)

n

The fourth, fifth, and sixth integrals are evaluated using equatjions
(x-2), (I-8), and (I-26) and yield (ref. 13)

Trs By
f -—-—-—----- ein & a9
i=1 o

- i ( )(2787 )[ ) cos 20, + (;}"—":) sin 2¢, ] (I-32)
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L[ [ GG e

N
r
- Z 22\(__i | U -
= (":)(‘Zn‘av )[V cos 2r.bi + g osin 2<bi] (I~33)
=1 NTi “ ® ®

[ 8
[

2T

N
sin ¢.
% z f ( ) (V ) sin 9 6 = 2ra’ Z (ZTraV > laa) (1-34)

1=1

In evaluating thie seventh integral of equation (86; we can perform
the integration for a pair of external -rortices Pl and T, and then sum
over ail pairs. In summing over i @end 3j as specified in eguation (86),
we are summing over the nondiagonal terms of the ij metraix. If i angd
j are inte.changed, the value of the intsgral is unchanged. Accordingly,
we can sum over only half of the nondiagonal terms and double tne sum.

Performing the integration in the manner of reference 13, we find

N N 2T ¢ v, _‘_’l
Z Z f l(v‘)(v ) (-"( ]sz.n 6 aeo
[>2] o
i=1 =1 ©
i#3
N2 N
a
_—.-47rz z [;—SJHD »r—.;-_-smncpj
j=1r i=j+1 1 J
r, T’j \)
* "’/ga’ri’rj’wl’q)j)] 2rav, Zvravo_‘_, (I-35)
where
Yla,c;,r4,05,35)

a .2 2 2 2 s . 2
= = P T o a“ + : . S : tas 4+ ro)o sin b,
3 {:(r3 rl)[( rjlry sin o. - A 4

1 - 2 2 . S - G ) v b -3
+ 2rirj sin (<1>j cbi) [(ri a )x:j cos ""j \rj a )‘i cos “’i]} (T-36)
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and A in the above expression is

= 2 2 4 292y o 2 2 2 2 .
A (rl + rJ) (a rirs ) 2(a® + r2 )(a + re )rlrJ cos (¢ ¢J)

+ 4a2r§r§ cos? (¢>i - ¢j) (I-37)

The five integrals just evaluated determine the store normal foxce
per unit length due to the vortex system. That is,

L L. 18 |2 (_.11_
pvaa 2w Z {a dxS [ri cos ¢i 2rav
[+ <]

i=1
r.
a ( i ) da 1
- o— cos ¢‘ w——
r; 2rav, i Xg J

X r
a2 i ¥ W .
+ 27 Z " (21ran>[Vm cos 2¢i + v, sin 2¢i]
i=1 *i
N 2

3 r.
a i .
+ 27 Z > p (21ran> sin 4,

::i(ri - a“%)

Ne1

- 27 Z Z [— sin ¢ + rl sin ¢ + Y(a, rl,r3,¢l,¢ )]
j=1  i=j+1 3

1 |
° (21rav°°> (21!'an> (1-38)

The total normal force per unit length given by equation (86) is the
sum of the two components given by equations (I-13) and (1I-38) That is,

dN aN

1 an 1 S r
—— ST I e | == = (1-39)
pVia dxg pVia dxg = dxg
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The first term on the right-hand side is the normal force acting on the
store due to a known nonuniform flow field and is evaluated using the
methods of sections 6.1 through 6.3. The remaining term is the force due
to mutual interference between the wing, pylon, and store. To evaluate
this term the strengths of the vortices Fi must be determined. This

determination is described in Appendix II.
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.; CALCULATION OF VORTEX STRENGTHS

II-1, INTRODUCTION

}} The determination of the vortex strengths is simple in principle, but
is complicated from the bookkeeping point of view. Vortices are placed at
selected locations on the wing and mylon together with their image systems
within the store. The velocities induced by the vortex system normal to
the wing and pylon at selected control points a.e calculated in the form
of a linear combination of the vortex strengths. These normal induced

velocities are then equatea to the normal velocities at these points

3 which are to be cancelled, thereby giving enough equations to determine

é the vortex strengths. The velocities to be cancelled, -vhich are consi~

d dered the bowndary conditions, depend on the configuration under ccr.sidera-
tion,

II-2. VORTEX NOTATION, POSITIONS, AND CONTROL POINTS

The general array of vortices on wing and pylorn is as shown in the
sketch below., The left and right wing panels may be of unegual lenath.
Cn the right wing panel we will place egually spaced vorstices of strongt:
Ky, 1 . » g p; on the left wing panel we place equally spaced vortic:s
r,, 1

points are located midway between the vortices. Positive cirxculatior 38

v £ n; and on the pylon vortices vy_, 1 __ 7 { m. The contr>}
4

the various vortices ‘= 23 shown.

vel,2,...,n M= 1,2,...,p

g Ty Ppu Ty Ta Ty Tp Ty Yo K Ky Ky K K
) [

n Nt

o

A I 728
o‘-&

-t

Y1
Y
Yt
h = hp
Ym
—X

¢
N
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Tne vortex centers are thus located as

follows with respect to the store

axis:
Laeft panel: FV v=1,2,..040 o, =~ %% + ih )
Right panel: Xy, A= 1,2,...,p o, = 'sf;' + ih Y (11-1)
Pylon: Y T=1,2,...,m o =0-+i61 - IL
T T P mjJ J

No vortex is placed at the bottom of the pylon because it would be

identically c=2ncelled by its image in the store attached pesition.

Each vortex as sketched above has a trailing leg of cpposite sign
at the pylon-wing juncture. Accordingly,

o= - Z o 'ZKK -er (II-2)

TF#O

The control points are located as follows:

- t . =~

Left panel: Jg = =~ 5a (2g = 1) + ih; g = 1,2,...,n

Right panel: 95 = —5’5 (23 = 1) + ihy 3 = 1,2,...,p > (I1I-3)
. /)

Py lon: oy = 1[hp - L (k- 1)]; k=1,2,...,m

We must satisfy boundary conditions on the left panel, the right

pancl, and the pylon. Let us define the following vortex~induced
velocities:

LA normal velocity on left panel induced by I vortex
’

wL(K) " " K

YL () Y

W) normal velocity c©1 right pane. induced by TI' vortex
‘VR(K) ' " K
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v amc W%
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Vo (r) normal velocity on pylon induced by [I' vortex

“ 1] 1" " 1 " K n

Vp rK)

VB (v) Y !

VW IS RIS L

Vortex velocities incluade those induced Ly their images iacluding the
center vortex.

At each control pcint, we will obtain equations of the following
types which satisfy the condition of no flow through the control point.

Left »anel control points:

. _ ™
Z“’L(I‘v) * z “Lx,) ¢ Z “Liv) * YL(g) 0 (II-4)
v p) T
Right panel control points:
3 = ‘
4 ZwR(PV) + L wR(Kl) + Z wR(YT) + ‘R(j) = 0 (II-3
i v ) p-
Pylon:
. - )
ZVP(PV) * Z Ve(K,) * Z Bly) * VRiK) 0 (1T=6)

v A T

In these equations wL(g)’ wR(j)’ and vP(k) are interference velccities

at the control points tc be cancelled by the vortex system,

II-3. DETERMINATION OF VORTEX~INDUCED VELOCITIES

The expressions for the vortex-induced velocities will now be deter-
mined, The derivation of only one of the nine will be presented, since
they all proceed in a similar manner. The derivation of all nine is
carvied cut in reference 13.

SRAS PRI ST D RN TSR AT T

Let us consider the velocity induced on a right wing panel control
point by a right wing panel vortex plus its images.

175




: g A o e My P R e e S P
QT LR N R KRR B PR S SR A RO ST IR *
TR ;
-
Ko

EPd
~

EL

X
S~
~—

b 7
h

0 T
FASIEN
i

Y
-3
\\
ajm
> N
-—————————

!

S

oy
¥

T~ direction of positive K% is shown in the above sketch.

the external vortex is Tye

1mages, the complex potential is
1K, a2
W, () = = 5= llog{v - :,) - log < - _—__——-) + log ©
Y < ' O
A

from which we obtain

dw

K. iK, I
e B e
u-Ex
Let
0y Yy *+ ih

and for the wing control point

Q
"

y + ih
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(I1-7)

(I1-8)

(II-9)

(I1-10)
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Then the normal velocity induced at a wing control point by a vorcex on
the right wing panel is

Ky 2m\Y =¥y [y(yi + h2) - a2y)]2 v hz[yi + h2 - a2]2 y2 + h?

(I1-11)
For a specific vortex equation (II.-1) gives
sA
= = I1-12
Y= 5 ( )
and for a specific right panel control point (eq. (II-3))
S .
Y= 35 (23 - 1) (11-13)

Therefore, the velocity induced by a right panel vortex on a right panel
control point is

AR RN LT MY A b

P

s .
25 (23 - 1)

H A 1

i YR(K.) 2 s 7. 1 2

E (7\) E(J - A ..-5) s (23 - l)?_ + h2

; 4p°

i 2 2 S

S : 2 S . 8% 32 2) o« = 323\

; g——z 7\2+h>[2p (23 1)<p2w +h> 2 ]

? ) s . s2 .2 2 s 2417 2]} 8% 2 2 2|°
: —(23-1)(——,,\ +2) -2 + [n2][E= 2 + n2 - a
; 2p p? P p*

(11-14)
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In a similar manner the other eight vortex-induced velocities are

bt 2

s

founé to he

oI
BZitteh

£
-1 ___Zntg-b

e s 2
T (2g 1) + P At (2q - 1)2 + h?

an?
s .2 2 22 2 s 241
(—x +h> 3= (29 = 1) —-—,—+h)——a7\J
p° P P ]

t N 52 - 2 2 S 2 2 S22 2 2 2
[ 2n p2 p p2

<
N

=2
2

SE

w. . =
L(X,)

e & o
e A

oy

e o A
SR AT N e WY

“'\\ ¥

Avon

iy ;o
S8 S e

T

* S . .
: w - . FV . 25 (23 - 1)
R(T.) Iy s t 2
v L (23-1)+nv 52(2j-l)2+h2
4p

t'? 2 2> S .
=—v® +nh 5z (23

(nz [2p

s . t2v2 2
[Zp (23 ~ 1) (-—-——n2 + h) +

R

R

R TE
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WL(PV) L L“t'("g“' v +%’> ﬁ.—f— (23 - 1) + n?
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= (23 - 1)2 + n?

t
Vo (E (29 - 1) 1
wL('YT) 27

+ > (I1-19)

- L - 1) -
v - ﬁ hp 2m (2k 1) h . 1
P(K)\) 27 2 _l;
( ~ 2m

(IX1-20)
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3

r h -=- (2k ~1) -h

ke v o) 2m 1

b PP T2 aye % . 21 ho- A (2 - 1)
by T[h-h--—+-—] P 2m -

[haz (- B )

. . x i (II=-21)
2 tvy 4
[a h(h 2m ] [ 6‘ m + 2m j
Y
T 1 1
v = == +
P(v) ~ 2m\xi _ L L
T Lok - 1) [hp - L (x - 1)]
(rp - %)
B __m (11-22)

+ - T
a® - (h - 44:)(? - iy —LB
P m P m 2m

I1-4. EQUATIONS FOR VORTEX STRENGTHS

In wraiting the equations for the vortex strengths, we start first
witl. equation (IXI-3) for the right panel. The value of YR AT is ¢ ven
+  ruation (II-16), YR (K) by equation (II-14), and WR(Y} by ez ion

I1-13). 1In writing these equations, we will also consider a traili:
2g in tne wing-pylon juncture having the opposite sign froa that of
“he other tralling leg. As a consequence, the vortices at the center of

the store will be egual and opposite and thus cancel. The induced volocaty
Jue to the trailing leg at the wing-pylon juncture can be obtained from
that for the other trailing leg by setting *, v, or T equal to zero

(as the case may be) and reversing the sign of the result. Thus for
control points on the right panel we obtain the following p equations.
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p n 492
2.2 2,,2
v 2) | 5 (05 o v 2 zc_z]
<n2+h>[2p(23 l)<n2+h>+navj
B s . t2y2 2 t 2 2 2| t3y2 2 22
5(23-1)<n2 +h>+;av + h e + h2 -« a
S (29 = 1)h2
X 1 5 (23 - L)h

§: 1
+ eeraten - +
2r\8 7. 1 s .
F0-2-2) H@-D £ 5128 (@ -89)°
4

s2 2\ s /- s2a2 2\ _ S
(;—2-7\2+h>[2p(23-1)(p2 +h 2 a2

B s . s® .2 2 s 2,17 2 fs2 . 2 2\
—(23-1)<—-—7\ + h - = a%A + he{ == AN + h® - a
[21’ p* P -p*

>
o
[
djta

m
Yr s . 1 1 _
-ZEES(ZJ-:U 52, 2 p ' 2—52' 12
T=1 ('23)(23-1) +(F+h'hp) 53(3" )
h2
+ - B
e - a?)2 4 [-553 (25 - l)h]
IAZ
- (hL- m)
1L 212 . (Y (25 - 12fn - LY
{h(hp - m)- a] + (2p) (23 1) (hp m)
= 'WR(j) 3 3= 1,2,...,P (11-23)
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The equations for the n left panel control points are obtained from

equation (II-4) with YL (1) Y1, (K)

(11-15), and wL(y) from equation (II~19). There results

from equation (II-17), from equation

t - 2

n
v 1
— +
- ). =t ST :
(V -g+ 2) 7n (29 = 1) —1-—'-—2- (2g - 1)2 n® + (a2 - 1n2)%

v=1 n
t2y2 2 r =
(nz-e- )[ (2g = 1) +h tpav
t t £2y2 y
--—(2~1)<——-+h>+-—va2 +h[ +h-a2]
[2n g n n2

p X 2
_zﬁ 1 1 . 3n (29 - )h
2T\ _t_ - s X - 2
e 5o (2g 1) + 5 A T (29 1) 4’:2 (2g - 1)2 h? + (a2 - hz)e
n
2 2
(S—- R h2> [- éc— (2g - 1)(5—- 2 o4 h2> -2 7\a2]
2 n 2 P
. P D
t s? .o > s . 212 2| 2 s2 .2 2\] 2
--2—n-(2g-l)<;2-7\ +h>--§7\aJ +ha-<—£—)—2—7\ +h)]
m t
. Z Y7§2n>(2g"1) 1 _ 1
2T 2 = 2
12 t 07 . (T o (£ (2 -
=1 2n) (2g - 1) +(m +h hp) % (2g 1)]
h2
+

(h? - a2)% « [-235 (2g - l)h]

(- )
6 2) o] (- )

g=1,2,...,n (11-24)

“YL(g) ?
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The equations for the m pylon control points are obtained from
egquation (II-6) with VP(P) from equation (1II-24), VP(K) from e¢uation
(I1-20), and VP(,Y) from equation (II-22),

n
Z’l' h, - h -2 (2% - 1) 1
2

: T o o
= [ -h-%(zkw.)] By = b= g (2K = 1)

NP Rty

h i
7
- & (% - 1]

+ (h ) )(tZVZ 2>
[az-h(hp-‘,‘n"“"L] [n(hp'%+5%)]

a? - h[hp

¥ ’ﬁ%« ,{'.EE'.@:\‘

P - L -
i ﬁ hp h - 5= (2k - 1) _ 1
2T J4

2 — -
(x) [ -h-E%(zk-l)] hy = h - 32 (2 - 1)

h
2 _ _ L o .
a h[hp o (2 =5

3
: ko L\ s22 2
, ha® - (hp “m * 2m/( o° +h

CaE R RS - S Aere ey

+
PSRN - Nl PR S d
[ae-h(hp-m+2m] + o2 hp pral e
m
+le X - L - 2
2r \1L _ L - - L - 1) - 2 _ £ (k-1
S oL k-0 n-f@k-1-n @ -[n (2 - 1]
T
+ hp-m
2 L I IR
a -(hp-m>(hp m+2m,

~Yb (k) sy k=1,2,.,..,m (II-25)
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These equations, equations (I11-23), (II-24), and (II-25), are a ss3t
of simultaneous linear algebraic equations which can be solved for the
unknown circulations once the boundary conditions wL(g)’ wR(j)’ and
B (k) are specified, These circulations can then be used in the loading
equation, equation (89), to determine the normal force due to the vortex
system. The sign convention on the circulations so obtained is consistent

with that of equation (89).
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