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ABSTRACT 

The aerodynamic characteristics of an M-117 bomb in steady,   in- 
compressible,  potential flow are computed by representing the bomb 
planform with a discrete network of vortex singularities.    Distribution 
of velocity and pressure coefficients over the bomb,  as well as total 
force and moment coefficients,  are calculated as functions of pitch 
attitude, the surrounding flow field,  and various assumed vortex-lattice 
modelings.    Both spatially uniform and nonuniform flow fields are in- 
vestigated; the nonuniformities were created by the presence of a parent 
aircraft.    For a properly modeled bomb immersed in a uniform flow, 
the lift and pitching moment coefficients summed over the entire con- 
figuration are found to be within 10 percent of wind tunnel measurements. 
When the bomb is surrounded by the disturbance flow field produced by 
an F-4C aircraft,  the incremental effects on lift and pitching moment 
are very similar for theory and experiment. 
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NOMENCLATURE 

A/C Aircraft 

Bx, By, Bz        Direction cosines of unit normal at boundary points 

C^ Axial-force coefficient 

Crj Drag coefficient 

CrjQ Drag coefficient at a = 0 deg 

(C£))f . Skin-friction drag coefficient 

CL Lift coefficient 

CL Local lift coefficient 

Cm Pitching-moment coefficient about center of gravity 

Cp Pressure coefficient defined by Eqs. (23) and (24* 

Cp. Pressure coefficient of internal flow 

Cp, Base pressure coefficient 

c Reference length,  4. 395 in. 

F Aerodynamic force 
-»■ 

G Geometric influence coefficient defined by Eq. (14) 

H Matrix of geometric factors defined by Eq. (18) 

M Mach number 

NUFF Nonuniform flow field 

n Unit vector normal to surface 

p Static pressure 

q Dynamic pressure 

Sbase Base area of bomb,  0. 2241 in.2 

Sref Reference area,  0. 5025 in.2 

Swet Effective wetted area of bomb,  9. 912 in.2 

-*■ 

Ha Velocity in the flow field surrounding a store 
-* 
V Velocity defined by Eq. (4) 

-► 
AV Velocity resulting from distributed vorticity contribution 

X, Y, Z Coordinates in parent aircraft reference system 

Vll 
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x, y, Z 

a 

Aa0 

r 
r 

p 

Coordinates in store reference system. 

Angle of attack,  positive nose up 

Angle of attack for CL = 0 

Net vorticity strength on a segment of a vortex filament 
-*■ 

Magnitude of r 

Downwash angle,  positive downward 

Density 

SUBSCRIPTS 

l 

3 

Straight line segment of a horseshoe vortex 

Horseshoe vortex 

Field point at which velocity is calculated 

Free-stream condition 

OTHER 

[Fx, Fy, Fz] Alternate notation for any vector F with components 
Fx» Fy, Fz 
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SECTION I 
INTRODUCTION 

Adverse or critical store separation characteristics are usually 
not determined until quite late in the development of a given weapons 
system because higher priority is usually assigned in wind tunnel pro- 
grams to areas affecting performance of the parent aircraft itself and 
because of the lack of any analytical methods of predicting store separa- 
tion trajectories in the nonuniform flow fields existing beneath parent 
aircraft.    Another factor militating against comprehensive store separa- 
tion testing early in the development stage is the sheer volume of testing 
required to cover all of the many possible combinations of stores on a 
given aircraft.    Furthermore,  many stores are not even developed until 
the aircraft is well into its service life, and store separation testing 
frequently continues into this stage in both flight and wind tunnel testing. 

It is recognized that any analytical assistance in store separation 
analysis would be of appreciable value to both wind tunnel tests and 
flight tests.   Not only could wind tunnel tests be planned more intelli- 
gently,  by screening out clearly noncritical cases,  but analytical 
methods could be used to conduct parametric variations about "base" 
cases measured in the wind tunnel.    In addition,  theoretical techniques 
would be of value in analysis of critical cases discovered in flight or in 
the wind tunnel. 

Under a previous project,  a complete set of measurements of 
the nonuniform flow field beneath a 1/20-scale F-4C aircraft model 
was obtained for four different store combinations.    The force coeffi- 
cients on a model of the M-117 bomb were also measured at-different 
locations in these nonuniform flow fields and in uniform flow.    These 
data (some 12, 000 data points) were intended to provide basic informa- 
tion for study of analytical techniques.    Initially,  it was envisioned that 
the present research effort would be composed of three parts:    a theo- 
retical calculation of force coefficients on the M-117 bomb in the F-4C 
flow field for comparison with measured values,  an empirical correla- 
tion of the measured force coefficients in sufficient generality for use 
in store separation calculations,  and an application of the more success- 
ful of these two approaches to actual store separation trajectory calcu- 
lations.   As it has developed, the main part of this'research effort has 
been concentrated on the theoretical calculation of force coefficients of 
the M-117 bomb.   It was not found possible to obtain a generally satis- 
factory correlation of the experimental force coefficients,  and no 
attempts at trajectory calculations were made. 
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SECTION II 
GENERAL DESCRIPTION OF STORE SEPARATION PREDICTION 

The trajectory of a freely falling store separating from a parent 
aircraft can be calculated by a double integration of the equations of 
motion 

Trajectory = T(t)   = X^t)   =JJ^ dt  dt 

+ Cit   + C2       i  = 1,2,3 (1) 

Clearly, the trajectory has a functional dependence on the initial condi- 
tions, the store inertia,  and the aerodynamic forces on the store.   These, 
in turn, depend upon numerous other parameters 

Initial conditions    = f(separation force, location of 
carriage position on aircraft) 

Inertial character 
of store = f(mass, center of gravity location) >    (2) 

Store forces = flM,,,,  altitude, store shape, parent 
aircraft configuration,  aircraft 
attitude in flight,  relative orientation 
of aircraft and store) J 

It is noted that Eq.  (1) is only the integration of linear momentum and 
that integration of angular momentum equations would also be required 
because of influence of store angular orientation on the store forces. 

In any analytical calculation of store separation trajectories by 
means of Eq. (1), the key part of the calculation will be the aerodynamic 
forces on the store,  F{,  and the source of these force characteristics 
will define the method used.    The difficulty in obtaining the store forces 
is that the store is immersed in a nonuniform flow field (NUFF), pro- 
duced by the parent aircraft,  at least near the critical initial stages of 
the trajectory.    This means that in addition to the usual dependence on 
attitude,  store force will also depend upon spatial position with respect 
to the aircraft, that is,  Fi(X, Y, Z, attitude).   If this spatial dependence 
were not present,  special store separation tests in the wind tunnel would 
not even be necessary.   It would be sufficient to measure the store force 
coefficients in uniform flow with no parent aircraft present and to use 
these coefficients as inputs for integration of the equations of motion. 
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2.1   EXPERIMENTAL METHOD 

The most straightforward source of store force characteristics is 
experiment.    The store force coefficients are measured in a wind tunnel 
at a large number of points in a three-dimensional grid beneath a model 
of the parent aircraft,  F^(X, Y, Z, attitude).   These data are stored in an 
array and,  using three-dimensional interpolation,  used as input to a 
numerical integration procedure which is almost always performed in a 
large digital computer.    This method has become known as the "grid 
method. "   It is probably quite accurate but requires a large amount of 
wind tunnel test time if more than a single aircraft-store combination is 
to be studied.   If only a single combination is of interest,  however, it is 
adaptable to a parametric study which includes altitude, separation 
force,  carriage location,  store mass and center of gravity.    Parameters 
which cannot be varied systematically entirely on the computer are Mach 
number,  aircraft configuration,  store configuration,  and aircraft atti- 
tude.    So far,  the grid method has been limited to planar trajectories. 

The Captive Trajectory System (CTS) used in the AEDC-PWT Aero- 
dynamic Wind Tunnel (4T) can be recognized as a special form of this 
experimental method.    The force grid is not acquired in toto from the 
wind tunnel, but force coefficients are obtained only at a sequence of 
closely spaced points along any given trajectory.    The wind tunnel is 
used as a source of aerodynamic data and in a closed loop with a digital 
computer which integrates the equation of motion point-by-point and 
positions the model in the tunnel- at the sequence of points predicted by 
this integration.   Generally, the same parametric variation can be, made- 
in a CTS test as in a grid method calculation.    The disadvantage is,  of 
course, that the calculation inherently requires wind tunnel operation; 
the advantage is that aerodynamic data need be measured only along 
store trajectories. 

2.2  THEORETICAL METHOD 

It is of interest to investigate analytic means by which the force 
characteristics can be obtained short of complete reliance on wind tun- 
nel tests.   It is possible to obtain the exact solution for the flow field 
(and hence forces) over a parent aircraft and a separating store for any 
relative orientation of the two bodies in an incompressible,  inviscid 
flow.    In compressible flow,  the differential equation of the velocity 
potential is highly nonlinear and exact solutions are not generally 
possible to obtain.    Almost all work in the compressible regime is done 
in the linearized approximation.    Some attempts to calculate store 
forces in this approximation have been made (Ref.  1) but in the present 



AEDC-TR-71-186 

case, it was desired to retain the accuracy of exact' incompressible 
solutions.    In this case, the calculation of the flow field requires a solu- 
tion of the Laplace equation 

V2«   = 0 (3) 

subject to the Neumann boundary condition on each body 

grad *.n ■= -y.n =0 (4) 

and the boundary condition at infinity 

grad *   = -ill    at X-Y-Z-» (5) 
OB 

Since the Laplace equation is linear,  superposition of elementary solu- 
tions (sources,  sinks,  and vortices) will allow buildup of a complex 
flow which satisfies the boundary conditions, Eqs. (4) and (5),  with no 
restrictions on body thickness. 

Although the procedure just outlined is straightforward in principle, 
in practice it can represent a prodigious calculation problem,   even on 
a modern large capacity computer.   Although most aircraft stores are 
geometrically simple shapes which can be represented by a relatively 
small number of elementary flow solutions (singularities), the parent 
aircraft is usually a quite complex shape and the combined solution for 
both aircraft and store could require of the order of 1000 elementary 
solutions.   In addition to the mathematical processing and "bookkeeping" 
associated with this many singularities, the crux of such a flow calcula- 
tion is the solution of a system of linear algebraic equations equal in 
number and in number of unknowns to this number of singularities.   A 
solution of this order of complexity might require many hours on even 
a large digital computer.   When it is further considered that such a 
lengthy solution would provide the store forces at only one point on a 
trajectory, the possibility of such an approach to store separation pre- 
diction is clearly seen to be a practical impossibility. 

2.3   PRACTICAL HYBRID METHOD 

Further analysis suggests that there are conditions of relative 
separation of aircraft and store for which the required number of singu- 
larities can be reduced to manageable proportions. 

2.3.1   Regimes of Interference of Two Bodies 

It is recognized that when two bodies are of appreciably different 
size, as is the case for an aircraft and a store, there are three possible 
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regimes of relative orientation of the two shapes.    For generally small 
separation, the disturbance field produced by each body extends to the 
other body,   Fig.   la,  Appendix.    In other words,  the perturbation poten- 
tials resulting from each body are significant at the other body.   This is 
the classic case of mutual interference for which the potential flow 
problem represented by Eqs. (3) through (5) must be solved simultane- 
ously for both bodies, leading to excessive computer requirements. 

However, there is an intermediate range of separation of the two 
bodies for which the perturbation of the smaller body will be negligible 
at the larger body,  Fig.   lb, the case of simple interference of the large 
body on the small body.   In a mathematical sense,  this allows a certain 
simplification of the problem since the flow over the larger body can be 
obtained without regard to the boundary conditions on the smaller body 
and this flow can then subsequently be used to provide nonuniform flow 
boundary conditions for a solution of the smaller body flow.   The actual 
reduction of computer requirements, however,  would not be great be- 
cause the main contribution to the number of singularities required in 
the full solution is in the parent aircraft simulation. 

There is,  of course, the trivial case,   Fig.   lc,  in which separation 
of the two bodies is such that there is no interference of any kind and 
the flow over either could be calculated without reference to the other 
body. 

2.3.2  Possible Hybrid Method for Simple Interference Regime 

In the intermediate regime of simple interference, the NUFF pro- 
duced by the parent aircraft is all that is required for boundary condi- 
tions for a potential flow calculation on the store alone.   As a result of 
this decoupling of the store flow solution from the parent aircraft flow 
solution,  several possibilities present themselves.    A potential flow 
over the parent aircraft could still be calculated to provide {NUFF)A./C 
with the result that the larger of the two potential flow calculations would 
then be appreciably smaller than for the two-body case.    However, the 
tremendous advantage to be gained by performing potential flow calcula- 
tions for only the store suggests the possibility of obtaining the 
(NUFF)A fr from experimental measurements- rather than from a poten- 
tial flow calculation.    This is,  in fact,  the approach followed in the 
present study,  using the flow-field measurements of a previous project. 

The nature of the elementary singularities used to construct the 
store is such that the boundary condition at infinity is automatically 
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satisfied and the condition at the surface of the store itself, Eq. (4), 
must be modified to reflect a NUFF 

V«n =  (U|(xfy,z)  + U   .       _...)•   n - 0 /R\ v •' singularities yv) 

where the (NUFF)^/c is given by U^x.y, z).    There are actually two 
very great advantages to be gained from performing potential flow calcu- 
lations for the store only: 

1. The magnitude of the potential flow problem to be 
solved by the method of singularities can be reduced 
to a more practical level of 100 to 200 singularities. 

2. Of equal importance,  as a result of reduction to a 
single-body problem,  the main part of the potential 
flow solution (calculation of the influence coefficients 
and inversion of the coefficient matrix of the system 
of simultaneous linear equations) need be done only one 
time for a given store.    Completion of the solution for 
any set of boundary conditions (different NUFF or 
orientation of the store within the NUFF) becomes a 
very small matter for a modern computer,  Section 3. 3. 
As an example, once the main part of the potential flow 
problem for a given store shape has been obtained, 
which might require up to an hour of computing time, 
subsequent completion of the solution for specific 
boundary conditions at any trajectory point might re- 
quire only 3 min per point on an IBM 360/50 computer. 
Such computing requirements are no longer classifiable 
as prohibitive and certainly justify a careful evaluation 
of the merits of this proposed calculation. 

2.3.3  Inherent Approximations of the Proposed Hybrid Method 

In a proposed method of calculation of store forces by means of an 
"exact" potential flow solution for the store,  using the NUFF boundary 
conditions measured in a wind tunnel test for a given parent aircraft, 
there are a number of effects which represent inherent approximations 
in this method which should be kept in mind for subsequent evaluation: 

1.     Compressibility Effects 

The potential flow solutions are necessarily per- 
formed for the incompressible flow case.    At the 
Mach numbers of interest, there will be compressi- 
bility effects which can be allowed for by the usual 
linearized rules (Goethert,  Prandtl-Glauert), but 
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these rules are approximations which lose accuracy 
for bodies of the thickness ratio of the M-117 bomb. 
It may turn out that experimental data are a more 
valuable source of compressibility corrections. 

2. Viscous Effects 

Since the potential flow solutions do not include 
viscous forces, a correction to the axial force should 
be evaluated,  based on wind tunnel measurement or a 
skin-friction calculation.    This is fairly straightfor- 
ward,  but second-order effects of viscosity are not. 
By these are meant the shedding of trailing vortices 
from the lee side of the bomb body at nonzero angle of 
attack, resulting in nonlinear force coefficients.    The 
angle of attack at which such vortex shedding occurs 
(and changes the entire flow pattern) is not known. 

3. Mutual Interference Effects 

As noted, the proposed method completely ignores the 
effects of mutual interference between the parent air- 
craft and the store - that is,  small separations of the 
order of a single store diameter.    Evaluation of such 
effects was beyond the scope of this investigation.    It 
is possible,  for sufficiently energetic separation forces, 
that the time of residence of the store in the mutual 
interference regime is so short that the effects on the 
trajectory are negligible.   In any event, the practical 
analytical method outlined in Section 2. 3. 2 cannot in- 
clude this effect so that it could only be allowed for by 
an empirical correction. 

2.4  PARAMETRIC CAPABILITY OF THEORETICAL METHODS 

The parametric capability of the completely theoretical approach 
would be unlimited, albeit at the expense of gargantuan computer re- 
quirements.   In the suggested "practical" method,  however,  which sub- 
stitutes an experimentally determined (NUFF)^/c f°r a calculated one, 
all parameters can be varied in the computing routines except the parent 
aircraft configuration and.its attitude.    Any variation of these param- 
eters would require a new measurement of a different (NUFF)& m in 
each case. 
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SECTION III 
DESCRIPTION OF ANALYTICAL DETERMINATION 

OF STORE FORCES BY THE VORTEX-LATTICE METHOD 

Potential flow solutions in the incompressible case can be con- 
structed to any degree of complexity by superposition of elementary 
solutions for sources,  sinks, doublets,  and vortices.   Since each of 
these solutions represents a singularity in the flow,  this method is often 
referred to as the method of singularities.   The Douglas Neumann Pro- 
gram,  Ref.   2,  is a good example of a method involving only sources and 
sinks.    This program is inadequate for bodies which incorporate three- 
dimensional lifting surfaces because neither sources nor sinks can 
represent trailing vorticity in the flow.    In such cases,  vortex elements 
must also be considered as elementary solutions.    The Boeing Company 
has developed a very comprehensive potential flow program,   Ref.   3, 
which was found to exceed the normal capacity of the IBM 360/50 com- 
puter,  but which incorporates vortices as well as sources and sinks as 
the elementary solutions.    Since no program was available which had 
the required capability for the present purposes, a new potential flow 
program was developed, based on use of vortices alone. 

3.1   FUNDAMENTALS OF VORTEX REPRESENTATION OF A SOLID BODY 

For various reasons it is important to consider the physical mean- 
ing of the vortex-lattice representation of a physical body in a flow. 
This requires consideration of Prandtl's concepts of free and bound 
vorticity as described in Ref. 4.    Prandtl noted that the presence of a 
solid body in a flow,  Fig. 2a,  created difficulties in calculation of 
velocities produced by a vortex system.    It was proposed to regard the 
body as nonsolid, with the volume contained within the surface contour 
filled with fluid,  rendering the fluid region to be simply connected and 
allowing the vortex field relations valid for regions of infinite extent to 
be applied.    The fluid inside the defining contour was assumed to be at 
rest at a pressure equal to the stagnation point pressure.   Thus, there 
was at the surface of the body a velocity discontinuity which was con- 
sidered an infinitely thin vortex sheet.    Thus, any solid body is com- 
pletely equivalent in external flow to a sheet of continuously distributed 
vorticity at the location of the surface of the body,   Fig.   2b.    The 
vorticity representing the solid body {the "bound" vorticity) does not 
obey the Helmholtz theorem on vortex motions since it is constrained 
to remain on the body surface.    Prandtl further derived a conservation 
of vorticity such that wherever there was a variation in strength of 
bound vorticity,   free vorticity was shed from the body and trailed 
downstream to infinity - the foundation of finite wing theory. 
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It is necessary for computational reasons to replace the distributed- 
vortex sheet representation of a solid body (an exact concept) with a 
series of concentrated vortex elements having the same net strength 
(an approximation),  Fig.  2c.    This is because there are no general 
closed form, expressions relating induced velocities to elements of 
distributed vorticity, but there are such simple expressions for ele- 
ments of concentrated vorticity. 

3.2  VORTEX FIELD RELATIONS 

The superposition of vortex elements in a region of fluid flow may 
be considered as imposing a sort of "inner boundary condition, " with the 
flow in the rest of the field being determined by the Laplace equation, 
y2$ = o.   A relation exists between the incremental velocity at any point 
and the strength and orientation of the vortex element which is identical 
with the Biot-Savart law which describes the magnetic field induced by 
an electric current flowing through a conductor.    By analogy, there- 
fore, the flow-field velocity increment is referred to as the velocity 
"induced" by the vortex element,  even though a direct physical mechan- 
ism relating the two is not obvious. 

In its fluid-mechanical formulation, the Biot-Savart law is 

dq\, T    ds  x R (7) 
F       4TTR

3 

where dqp is the induced velocity at point P induced by the vortex ele- 

ment ds having a strength r,  and R is the radius vector from seg- 

ment dsfto the field point P.    The entire vortex-lattice method is based 
on application of an integral of this simple equation. 

For a finite length linear vortex element the total induced velocity 
at a field point P is found by integration of Eq. (7) to be 

qD - ?   (cos  9i -  cos  02) (8) 
*r 4.TTT 4nr 

where r is the perpendicular distance from P to the vortex line,  01 
and 09 are the angles between the vortex line and radius vectors from 
its end points to P,  and P is a unit vector parallel to ds x R, that is, 
perpendicular to the plane formed by the vortex element and the field 
point,  Fig.  3. 
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There are occasions in dealing with trailing vorticity in which the 
velocity induced by a semi-infinite linear vortex element is required. 
In this case, integration of Eq. (7) gives 

5P = ? i£r" (1  - °OS 9a) (9) 

where the semi-infinite element is considered to be formed by allowing 
Point 1 of Fig.  3 to recede to infinity. 

The unit vector P is readily evaluated from the vector L x R^ (or 
-*    -+ 
L x R2) as 

LxBi la,b,cJ 
P= —  , (10) 

ILXR3J       Vaa+b2+c2 

-+■    -* 

where a, b,  c are the components of the vector product LxRj using 
the notation of Ref.  6.    The perpendicular distance, r,  is given as 

r.iMiL (10 
|t| 

Since the components of the three vectors,  L,  R\,  and R2,  are simply 
differences in the three cartesian coordinates of the three points in 
space,   1,  2, and P, it is clear that all of the vector relationships in 
Eqs. (8) through (10) contain a purely geometric component independent 
of the vortex element strength. 

3.3  VORTEX-LATTICE METHOD 

Although the surface vortex elements are usually arranged in a 
series of generally quadrilateral elements,   Fig.  4a,  it is convenient 
for calculational purposes to conceive of this array as being composed 
of a series of overlapping,  adjacent horseshoe vortices,  Fig. 4b.   Each 
of the individual horseshoe vortices has a single spanwise element and 
an even number of generally chordwise segments, the last two of which 
are semi-infinite segments which trail downstream to infinity,   Fig.  4c. 
The induced velocity at any field point, P^, attributable to a single 
complete horseshoe vortex denoted by j is,  of course,   a summation of 
contributions of each of the i linear segments of the j horseshoe 

-   (cos eÄ - cos ea)-j (12) J r     (cos 6 . - cos e Jl 

\ 1 - *   ri P H K'J       i=l    j L 4nr J 
k,j,i 
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Of course, corresponding to the two semi-infinite segments of the 
j-vortex, two of the terms of the summation of Eq. (12) will be of the 
form of Eq. (9); that is, with either cos 0j or cos 02 equal to unity.   It 
is noted that the vortex strength is not involved in the summation,   so 
that the entire induced velocity at k due to vortex j can be expressed in 
terms of a strength factor, T-s, times a geometric factor which depends 
on the orientation of j and k 

Vj   =rj  Vj (13) 

where G^ A is the geometric influence coefficient 

N ■ J     r    (cos  9i -  cos  62) "] 
G =   I       P -  (14) 

K'J       i=l   L 4nr J.    .   . 
k,j,i 

a vector quantity. 

Clearly,  if the strength of all the horseshoe vortices in the net- 
work,  Tj,  were known,  the flow field would be completely determined 
because the velocity at any point in the field* could be calculated as the 

vector sum of U,,, and all the induced velocities, q^ ^ 

The unknowns,  Tj,  are determined by application of boundary conditions 
constraining the flow to be directed in a prescribed manner.    The 
streamlines on the body are required to be tangential to the surface, 
and in addition (this is an optional capability),  the streamtube they com- 
prise may be constrained to any assumed direction near the forward 
and/or aft edges of a body.    This requirement is imposed at a number 
of points exactly equal to the number of unknowns,  T-j,  such that a 
solvable system of linear equations results.   The points^ai^whictyjthe 
flow is constrainpri ftp bp-pä-r,anelJ:o-the-s.ur-£ac.e-ar-ß E^ggredto as 
boundai;y,pjo.intsJ_r A single boundary condition is expressed as 

NJ 
f    .   D.    -   (fl     +   Z     3.    .   T.)   •   n.    - 0 (16) 

k k OB k,j     j k 

which can be recognized as Eq. (4) written at a specific point.    The 

^This is not strictly true,  as shown in Section 3. 4. 
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system of N; equations representing all the required boundary condi- 
tions is thus 

£ <"k • 2k,j)rj -1 <\ ■ V k = 1 NJ    (17) 

It is convenient to introduce the matrix notation 

K.j] ■[■* • vj <i8' 
giving 

as the system of equations to be solved for the elementary vortex 
strength,  I\.    Each element of the H matrix is a scalar product of the 
unit normal to the surface at the boundary point and the geometric in- 
fluence coefficient at k attributable to one of the individual horseshoe 
vortices, that is, the normal component of the geometric influence co- 
efficient at the boundary point.    Each row of the H matrix corresponds 
to a given boundary point.   If the components of the unit normals are 
given in terms of the direction cosines of the normals 

**" [VV\] (2,) 

then the H-matrix elements are given by 

(21) [H..1  - |B       G +BG +BG 1 
k  -k,j      jk "k.j      -k  -k,j 

The solution to the system of Eq. (19) can be expressed in terms 
of the inverse H matrix 

fcHvrtv'j 
Since therH..matrix.is,.pvurej.y_g^ometric;_depending only upon the shape 

of the vortex network and the location of the boundary points, the 

H-inverse matrix will also be purely geometrical.    Once I Hk ^ has 

been obtained and stored in some readily available form, the flow field 

/ 
/ 
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in terms of Ti can be obtained for any set of boundary point velocities, 
IJook»  by matrix multiplication, which is a rather simple mathematical 
operation.   This means that changes in angle of attack and yaw and any 
NUFF can be readily accommodated without repeating the relatively 
complex operation of matrix inversion. 

Once the vortex strengths,  T^,  are obtained for a specific set of 
boundary point velocities, the velocity field is obtainable from Eq. (15) 
and the pressure coefficient at any point (except on the body surface} is 
given by 

l'kls 

cPk - 1 - 
IB I* 

3.4  SPECIAL CONDITIONS ON SURFACE OF BODY 

The concentrated vortex approximation of the surface vortex sheet 
provides a very good approximation of the velocity field except in the 
immediate vicinity of that section of the sheet approximated by a given 
concentrated vortex filament.    In Fig.   5 it is shown that in going from 
the vortex sheet to the concentrated vortex approximation of a given 
amount of vorticity, the tangential component of the induced velocity on 
the vortex sheet surface attributable to that vorticity is lost.    (The 
normal component remains the same,  however, so that the application 
of the boundary condition at a boundary point on the surface, which is 
in terms of the normal velocity component only,  is correct.)   There- 
fore,  to obtain the correct value of flow velocity at any point on the 
surface of the body, the tangential component of induced velocity 
attributable to the adjacent (concentrated) vorticity must be restored 
and added to the velocity given by Eq. (15).   The magnitude of this 
tangential velocity increment is expressed in terms of the vorticity 
density, dr/dü,  as 

I-'-if 
and AV is tangential to the surface of the sheet and normal to the direc- 
tion of vorticity.    The vorticity density is approximated as r /9. where 
T is the net concentrated vorticity on the segment in question',  and i is 
the distance over which it is compressed from distributed to concen- 
trated vorticity.    The pressure coefficient just above (zero-thickness 
planform) or just outside (closed surface) a boundary point is given by 

13 
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2 2 2 
(u + AV )     +  (v  + AV )     +  (w + AV ) 

CD  =  1  -      * =-1
£ ^" (23) 

P |U   |S 

and similarly,  just below (zero-thickness planform) or just inside 
(closed surface) a boundary point is given by 

(u   - AV   )     +   (v   - AV  )     +   (w  - AV  ) 
C„  =   1  -      2 1 5_ (24) 

13.1 = 
where u, v, and w are the components of V^ and AVX, AVy, and AVZ 

are the components of AV. 

Another situation exists on the concentrated vortex elements them- 
selves.   The distributed vorticity correction to tangential velocity is 
still applicable at such points,  and should be made if the pressure co- 
efficient at that point is the desired end.    However, the main reason 
that velocities at the physical location of the vortex elements is desired 
is to allow calculation of force coefficients by the Kutta-Joukowski law, 
for which a different restriction on velocity must be observed, 
Section 3. 5. 

3.5  TOTAL FORCE ON BODY 

There are two ways to obtain total force on a body which is 
approximated by a vortex-lattice network.   The surface pressures ob- 
tained from Eqs. (23) and (24) can be integrated over the body surface 
in the conventional manner.   Alternatively, the force on each elemen- 
tary vortex element can be obtained by application of the Kutta- 
Joukowski law 

f±   =  P  V±   x T. (25) 

and these forces then summed.    The two approaches are fundamentally 
equivalent and would be numerically equivalent if the solutions could 
be carried out in closed form.    However,  as a result of the numerical 
discreteness actually used to perform the calculations, two different 
approximations are possible.   In the present study the latter approach 
was adopted,  following Ref. 6. 

In using the approach suggested by Eq. (25), two precautions .mus.t 
be observed. First, the velocity vector in Eq. (25) should not indicate 
any induced effects of the vortex element itself.    That is,  Vj should be 
— ** - M        g|   ||<| III—■■!■ I'       " "      '  "    '"' *"***       ■■"*■■■■ A 

the flow-field velocity vector which would exist in the absence of the 
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vortex element, but at the physical location of the element,  usually 
assumed to be the midpoint of the element.   Secrmd._for certain cases 
the summation of forces given by Eq.  (25) dcjejs_,no.t,.giy-e_the^cornple.te 
answer.   If one returns to the exact concept of the vortex sheet,  it is 
readily shown that Eq.  (25) is equivalent to obtaining the difference in 
pressure load across the vortex sheet.   If forces given by Eq. (25) are 
summed over a complete vortex network, the effect of the uniform 
pressure internal to a closed body cancels out,  leaving only the sum- 
mation of external (pressure) forces.    However, when it is desired to. 
obtain. forces„oy,er only a part of the vortex network, -the -effect-of-t-he 

^internal pressures does not cancel.jq.u_L.and there willjbe_a large, un-. 
balanced pressure force.    This was found to be important in the vortex 
network formulation of the M-117 bomb with a trailing wake.    Specif- 
ically,  it was found necessary to correct the axial force determined by 
summing forces of the type of Eq.  (25) by adding an axial-force cor- 
rection equal to the bomb base area times the pressure in the imaginary 
flow internal to the bomb surface,  essentially stagnation point pressure. 

SECTION IV 
DESCRIPTION OF COMPUTER PROGRAM DEVELOPED 

FOR VORTEX-LATTICE CALCULATIONS 

4.1   BACKGROUND 

The method of determining the steady,  incompressible,  potential 
flow aerodynamic characteristics of three-dimensional surfaces by 
representing planforms with a vortex-lattice has been incorporated in i 
number of different computer programs in recent years.    Among the 
programs which have found application in industry one of the earlier 
efforts,  performed at The Boeing Company,  is described in Ref.: 6. 
One of the most recent developments of a computational procedure has 
been performed at the Langley Research Center (Ref.  7) and has re- 
sulted in a program that is designed to readily accommodate plan- 
forms of particularly complex geometrical configurations.    The first 
program cited above,   Ref.   6,  has been utilized in a modified form at 
AEDC in applications which include modeling V/STOL aircraft 
problems and struts and model supports (Ref.   8).    Reference 8 
describes a means of incorporating;_thg.effect of compressibility_ 
in the analysis using linearized, simall perturbation airfoil Üieory^ 
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4.2   DESCRIPTION 

The theoretical results presented in this report were obtained from 
a computer program written ab initio (in the FORTRAN IV language) 
using the equations for vorticity, velocity,  pressure coefficient,  and 
force and moment coefficients given in Ref.  6.    This new program 
differed from that of Ref. 6 in that more efficient influence coefficient 
routines were used which eliminated duplication of purely geometric 
calculations and,  in addition,  a capability for nonuniform flow boundary 
conditions was added.    Because of the conflicting requirements of calcu- 
lational efficiency and computer memory capacity in terms of the num- 
ber of vortices which can be handled, two different versions of this 
vortex-lattice program have been developed.   The simpler version 
(designated as Program PRP 16) is restricted to a relatively small 
number of vortices which,  in turn,  requires only brief computational 
times.    Consequently, this program has proved to be a useful tool to 
develop familiarity with the vortex-lattice technique and to perform 
studies of the modeling requirements of various physical shapes.    This 
program has been used for some of the simpler models representing 
the M-117 bomb and for investigation of some of the fine points of 
representation of a physical shape by concentrated vortex elements. 
The entire potential flow solution is obtained with a singleinDujLoJL 

.pjtmched cards, the output is written in printed format,  and no. mag- 
netic tapes are required. 

The accuracy of results is a sensitive function of the number of 
discrete elementary vortex filaments used-to approximate the actual 
continuously distributed vorticity at the surface of the body.   In order 
to be able to attain more accurate results than are possible with PRP 16, 
a second version (designated as PRP 28) of the basic program has been 
developed which can accommodate a greater number of vortex elements. 
This is accomplished by segmenting the program into three separately 
compiled job steps (for descriptive purposes these steps will be refer- 
enced in this report as PRP 28A,  PRP 28B,  and PRP 28C).   Since the 
source program for each of these steps is stored in a smaller portion 
of the core than is required for PRP 16, this saving of core memory is 
used to store larger matrices that arise in the intermediate calcula- 
tions, of an increased number of vortices.   Whenever-a.dif.fe.rent-geo,- 
metric model is postulated,  the potential flow calculations mustjbe~ 

,      ■  -—■  iiim%iiFinnuiMHL_i»OTrir-T—'-n^fn-rrn^fmuvu* a*nini Tirr—•- «-^■-»■•- ^wz^JHurpflrHgji***\aj?L*ffR^fr     ~* 

initiate.d_frjom^the.beginning which results in lengthy execution times. 
However,  when the computations that are purely a function of model 
geometry are completed (in PRP 28A and PRP 28B) and stored on mag- 
netic tape,  the subsequent calculations for vorticity,  velocity,   pressure 
coefficient,  and aerodynamic force and moment coefficient distribution 
can be rapidly performed (in PRP 28C) for parametric variations of 

V 
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(1)   incidence_of _the_b.ody wjLthj^sjDe^J^he,^ 
and (2) variations in the nonuniform Jlow field iinduced by a neighboring 
body..    Whereas the input'/output media,  use of intermediate memory 
devices,  and job step arrangement are different for the two programs, 
the computational techniques described below are essentially the same. 

4.3  COMPUTATIONAL TECHNIQUES     * 

The execution of the solution begins with the specification of coordi- 
nates that define straight-sided panels approximating the actual plan- 
form (Fig.   4a).    The bound vortex filaments are taken to be coincident 
with the edges of these panels (Fig. 4b).    The coordinates are given in 
a store body-axis reference system in order to render the calculations 
of the geometric quantities invariant with respect to the spatial orienta- 
tion of the body. 

The criterion used in the course of this analysis for specifying fin 
coordinates on the M-117 bomb fins was straightforward - uniform 
chordwise and uniform spanwise spacing - and resulted in no numerical 
difficulties.    On the body of the bomb a uniform spanwise (circumferen- 
tial) spacing at each longitudinal station was used in all the -solutions, 
and this gave no computational problems.   In the chordwise (longitudinal) 
direction different spacings were used on the bomb body in the various 
solutions; in some instances the spacing was approximately uniform, 
and in other instances the spacing was varied (in an irregular manner) 
over the length of the body.    It was found that the results can be crit- 
ically dependent upon the manner in which the coordinates are specified 
in the chordwise direction,   which is discussed in more detail in 
Section 5. 1. 2. 

In order to complete the specification of the geometric factors re- 
quired by the vortex-lattice method,  a procedure for locating the con- 
trol points at which the tangential flow boundary condition is to be 
satisfied must be determined.   Rules' for locating both the vortex net- 
works as well as these control points (referred to as boundary points) 
are given in Ref.  6 where a method of representation of a surface was 
assumed to be optimum when the forces and vogtigity disTiribTifi'on'were 
foundTo be intlependent of the number of vortices used tTTrepresent the 
s.ur:f.ae.e.,„ and wene_o.f_a-magnitude corresponding to that predicted by 
pihe.r__thepxies__and experiment.    The criterion for boundary point loca- 
tion used in obtaining the results described in this report combines 
simplicity and plausibility - the boundary point coordinates are taken 
to be the arithmetic average of the end points of the surrounding vortex 
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segments.    This criterion for locating boundary points appeared to be 
satisfactory, judging by the results of the solutions, with one notable 
exception,  which is discussed in Section 5.1.2. 

Subsequent to the calculation of the matrices containing only geo- 
metric quantities (G and H,  defined by Eqs.  (14) and (18)),  the inversion 
of the H matrix is performed.    Two different algorithms are used to 
effect the inversion, depending upon whether or not the flow field is 
symmetric about the x-z plane {a yawing attitude or a NUFF with side- 
wash components will produce asymmetry).   The explanation for this is 
shown by writing the matrix equation for vorticity,  Eq.  (19),  for the 
general nonsymmetrical case,  and then noting how the equation can be 
simplified in the case of no yaw and free-stream boundary conditions 
symmetric about the x-z plane of symmetry.    Let Eq. (19) be written 
in the partitioned form 

f(i)  ,    „(2)-,rr(lK /-pCl) rr:ir:T£.i.i£:'i <»> 
where H^' contains the influence of vortices on the +y side of the x-z 
symmetry plane at control points on the +y side; Hv2) contains the in-' 
fluence from the -y side on the +y side; H D is the vector of strengths 
of vortices on the -+y side,  and r(2) is the vector of vortex strengths on 
the -y side.   Terms cd) and c(2) are the components of free-stream 
velocüyjnor.mal_tojhe surf ace (normalized by H^ ic,__the„elements_of 
the_principal_diagonal o_£the matrix definecTby Eq.  (18)) on_the ±y sides 
of the~V-z"symmetry planeTThäf is,  g^WlTT^nTTj^T-O'/H^ k," 8. = \, 2. 
The significance of a zero yaw attitude combined with symmetry of free- 
stream flow field is that fulfillment of these two conditions implies the 
vorticity distribution is symmetric about the x-z plane, that is, 
r'D = -r*    .    The matrix equation for such a case thus reduces to 

IrC1)} = [HC1) _ H<«)]"VC(*)T (27) 

In the more general case of asymmetry about the x-z plane the inver- 
sion of Eq.  (26) is obtained using 

eg-BSisaföi} 
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where 

iU1)   = [i  - H^)"1 H<*>  H(l)_1 H<2>1 H ^       «-» 

A 

In deriving Eq. (26) the elements of the H matrix (given by Eq. (18)) 
have been normalized so that all elements on the principal diagonal 
of H^ 1) have the value unity in order to enhance the conditioning of H 
with respect to inversion.    The inversions are performed using the 
Gauss-Jordan method of complete pivotal condensation.   As an optional 
diagnostic feature, the results are checked by forming the product 
H"lH and comparing this with the identity matrix.    A further check on 
the solution is obtained by computing the product H r and comparing 
this with the C matrix. 

The remaining calculational techniques involve a straightforward 
implementation of formulas given in Ref.  6, with the exception of the 
specification of the free-stream flow field in which the body being 
analyzed is immersed.    The free-stream velocity is characterized by 
a spatially varying (x, y,  and z directions) NUFF distribution pre- 
scribed at a finite set of points comprising a control volume about the 
body.    (A program option is available which permits specification of a 
uniform free-stream velocity vector.)   The values of free-stream 
velocity which are used in the computations are required at points on 
the panels approximating the planform geometry.    In general, these 
points have different spatial locations than those at which the NUFF 
values are input to the programs.    The values used in the calculations 
are obtained from a three-dimensional interpolation of the input NUFF 
values.    The computer programs,  as presently coded, have no provi- 
sion for free-stream sidewash and also require the magnitude (but not 
the direction) of the free-stream velocity vector to be uniform through- 
out the flow'field.   The removal of these two restrictions would require 
only a small effort. 
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4.4   COMPUTER PROGRAM CAPABILITIES 

The capabilities of the computer program developed during the 
course of this analysis will be described with regard to. modeling, 
maximum number of vortices and selection of variables to be com- 
puted. 

4.4.1   Modeling Capabilities 

Programs PRP 16 and 28 have been written so that analyses may 
be performed for geometri^al^cjQnfiguj^jtipns^of a very general nature. 
A configuration is composed of an arbitrary number of components. 
In order to facilitate the subsequent discussion, the terminology of 
Ref.  6 is employed in which these components are referred to as "wing 

.parts. 

When two or more wing parts are adjacent to each other such that 
vortex segments on one wing part coincide with vortex segments on the 
other,  special treatment is required in the calculation of forces along 
these segments,  and also in the computation of pressure coefficients 
at the boundary points adjacent to the common vortex segments.   As 
regards the evaluation of forces along these segments, this is purely 
a coding detail and not a physical problem since the net force incre- 
ment along such a junction is the superposition of the contributions 
from the individual wing parts.    When the general formula for pressure 
coefficient,   Eqs. (23) and (24),   is applied at boundary_jBoi&t_SJ~ad.jac,e_nt. 

-±0-a junction line of wing parts assumplTdhs .o.f.a physical nature„asJ^. 
well as coding detailisirrairg^inyiqlve(J7 '^^^'•Vl'e'c'es^itv''''of^inv'6l<1mT°a!3di- 
tional assumptions stems from the fact that the concentrated v_Qrjtic.e_s 
comprising the vortex-lattice actually represent yortieity distributed 
on the surface,  and the influence of this distributed vorticity on the 
velocity at the boundary points must be computed in solving for the 
pressure coefficients.    The assumptions mentioned above require 
specifying the manner in which the vorticity that is concentrated along 
a line common to more than one wing part should be distributed over 
the adjacent wing parts.    Whereas the subject programs could be modi- 
fied to accommodate any desired approach to this problem,  the method 
that .has been incorporated is to distribute Vortex A over Wing Part 1, 
and Vortex B over Wing Part 2_in,the example shown.    This scheme 
possesses the advantage that it can be applied to combinations of plan- 
forms of arbitrary configuration without requiring any change in 
coding. 
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Wing 
Part 1 

Wing 
Part 2 

i ,      " i>      ' ' 

Vortex A   -— ••—Vortex B 

The modeling capabilities are such that the streamlines of the flow 
field which are attached to the body can be constrained to lie on any 
extension of the body,  either upstream or downstream.   A possible 
application of an upstream extension would be the simulation of only the 
aft portion of a thick body - the entire body presenting an intractable 
problem.   Possible applications of downstream extensions would be to 
enforce a postulated wake geometry,  or to impose a Kutta condition 
that the flow leave a zero-thickness trailing edge smoothly. 

4.4.2  Maximum Number of Vortices 

The accuracy of the results is a function of the number of vortices 
-iised_in the analysis.    (Whenever reterence is made hereafter to a   '   ■""""" 
specific number of vortices,  it will indicate the number on only one 
side of the x-z symmetry plane.)   The permissible number of vortices 
in both PRP 16 and PRP 28 is limited by the requirement of performing 
matrix inversions in the core.    This in-core inversion requirement is 
a consequence of using an inversion algorithm that repeatedly processes 
all the elements of a two-dimensional array; presumably the maximum 
number of vortices could be increased if partial,  rather than complete, 
pivoting were used since this would require that only one row of data 
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need be retained in the core memory at any given time.    The permis- 
sible number of vortices are approximately 

PRP 16 PRP 28 

No Yaw With Yaw No Yaw With Yaw 

85 85/V~2~ 180 180/ >/~2~ 

for calculation by a computer whose Central Processing Unit (CPU) can 
store a source program of 45, 000 decimal words using internal memory. 
If a CPU with a larger memory unit were employed, almost all of the 
increased capacity could be utilized to store additional elements of the 
H matrix resulting from an increased number of vortices. 

4.4.3 Optional Selection of Variables to be Computed 

The computer programs which were used to produce the results 
reported herein can be controlled so that the variables of primary im- 
portance which are obtained in the solutions consist of any,  or all,  of 
the three following sets': 

1. Horseshoe vortex strength,  r^,  from either Eq.  (27) 
or Eq. (28) depending upon whether or not the flow 
field is symmetrical about the x-z geometrical plane 
of symmetry; resultant velocity at the boundary points 

Ni 
-* J -*■ 

(free stream,  U,,,, plus induced,    L   q^ ^,  from 
J -*■ 

Eq. (13),  plus distributed vorticity contribution,  AV, 
using Eq.  (22)); pressure coefficient,  Cp,   at the 
boundary points from Eqs. (23) and (24). 

2. Force and moment coefficients (lift,  drag,  side force, 
pitch,  roll,  and yaw) resulting from the individual 
(linear) bound vortex segments - in addition to the 
corresponding coefficients for the entire body obtained 
by summing the appropriate segment coefficients. 

3. Resultant velocities at specified points in the flow field 
off the surface of the body,  from an expression of the 
form of Eq. (15). 

All variables are referred to a body-axis coordinate system with 
the exception of the force and moment coefficients, which are given in 
a wind-axis reference system. 
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4.5  COMPUTING TIME 

The vortex-lattice solutions reported herein were obtained on an 
IBM 360/50 digital computer.    Examples will be cited of computational 
times required to execute solutions.   The time required varies as the 
square of the number of vortices since the execution time is primarily 
a function of the size of the matrices containing the geometric factors 
and the number of elements in these matrices varies as the number of 
vortices squared.    A representative calculation assuming 156 vortices 
(and symmetry of flow about the x-z plane) required one hour to com- 
pute the G, H,  and H"1 matrices and write these on magnetic tape.   An 
additional 3 min per case was required to perform the calculations for 
vorticity, velocity, pressure coefficient, and force and moment coeffi- 
cients (a case nifiaas one value of angle_of attack).    When asymmetry 
about the x-y plane (resulting from a yaw attitude or lateral variation 
of free-stream boundary conditions) is included, the time is increased 
by about 50 percent. 

SECTION V 
POTENTIAL FLOW OVER M-117 BOMB 

5.1   REPRESENTATION OF BOMB BY VORTEX NETWORKS 

A number of different vortex networks representing the M-117 
bomb were evaluated to obtain a potential flow solution with force char- 
acteristics reasonably close to wind tunnel values. 

5.1.1   Successful Networks 

Vortex elements were chosen as the flow singularities to be used 
because of the need to represent trailing vorticity in the flow due to the 
bomb fins.    It was initially decided that there was to be no trailing 
vorticity from the bomb body,  hence a network was assumed in which 
the trailing segments of horseshoe vortices were brought together and 
cancelled before leaving the body.    The horseshoe elements were 
assumed to begin at the base of the bomb and "trailed" forward over 
the bomb surface to the nose, at which point the left and right segments 
of each horseshoe became superimposed and passed to infinity down the 
axis of the bomb.    All successful models of the bomb were based on 
this swept-forward configuration of the vortex network. 

The shape of the wind tunnel model of the M-117 bomb,  Fig.  6, in- 
cluded a cylindrical base section to accommodate a force balance. 
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(The actual bomb shape tapers to a point in the region of the base.) 
During the development phase of the vortex-lattice computer program, 
the simplified network of Fig. 7a was used, composed of 40 horseshoe 
vortices on the body and 8 on each fin,  giving a total of 56 vortices to 
define the bomb shape on the positive side of the x-z plane.   When it 
was found necessary to impose a wakelike character on the flow, 
8 vortices were added downstream of the base of the bomb,  shown as 
dotted lines in Fig.   7a.    Another refinement was given by increasing 
the fin representation to 32 vortices,   for a total of 112,   Fig.   7b. 
Finally, the most complex network used was composed of 76 vortices 
on the body,   16 in the wake region,  and 32 on each fin,  for a total of 
156 vortices (on half of the bomb),  Fig.  7c. 

5.1.2  Mathematically Unacceptable Networks 

The three vortex networks shown in Figs.   8a through c were found 
to be incompatible with a potential flow solution.    These three networks 
were formulated in an attempt to produce a wake flow at the base of the 
bomb.    The geometric influence coefficient matrices,  G,   and the 
H matrices appeared to be normal in all respects for these networks, 
but upon attempting to invert the H matrices,  mathematical difficulties 
appeared.    Gigantic values for certain elements of the inverted matrices 
appeared with numerical values as large as 10^.    The largest elements 
in the successful inversions were of the order unity.    One difficulty, 
occurring only in the network of Fig.  8b,  was that the most forward 
horseshoe vortices were so located that the spanwise elements formed 
a degenerate ring vortex of zero radius at the nose tip.   The main diffi- 
culty,  however,  common to all three networks, was that at the last 
boundary point downstream of the last vortex element,  it was attempted 
to impose on the flow a condition which was incompatible with a closure 
of the flow to the axis of symmetry.   Such a closure was necessitated 
by the inability of a finite number of vortices to represent the wake all 
the way to infinity.    It was theorized,  but not actually demonstrated, 
that if the last boundary condition had incorporated a finite angle of 
closure, the solution would have become tractable.    Indeed,  this is 
precisely the situation that prevails at the nose of the bomb in the valid 
networks described in the previous section. 

Another type of difficulty in modeling was encountered with the net- 
work shown in Fig.  8d, in which it was attempted to selectively refine 
the concentrated vorticity approximation in the nose region only,  by 
doubling the number of vortex elements in the chordwise direction in 
this area.   Although this network produced an apparently valid inver- 
sion of the H matrix, the external pressure distribution for the solution 
was drastically different from accepted solutions and the internal 
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pressure distribution departed significantly from the usual stagnation 
values.   This anomalous behavior disappeared when the refined longi- 
tudinal spacing was extended over the entire body.    Such behavior was 
an apparent verification of the warning given in Ref.  6 against sharp 
discontinuities in the spacing of vortex elements. 

5.2   UNIFORM FREE-STREAM FLOWS 

Prior to applications in disturbance fields, considerable effort 
was devoted to establishing an adequate potential flow calculation for 
the M-117 bomb in uniform free streams. 

5.2.1 Pressure Distribution on Bomb with No Wake 

Since the program being developed was a new one,  some standard 
of comparison was desired for evaluation purposes.   To this end,  a 
source-sink solution for the bomb body alone at 0-deg angle of attack 
was obtained using the program of Ref.  2.    The pressure distribution 
for a 19-element source-sink configuration is given in Fig.  9.    The 
first mathematically successful vortex-lattice solution using 40 elements 
(half-body) is also given in this figure,  demonstrating sufficient agree- 
ment with the source-sink solution to justify further program develop- 
ment, but with sufficient differences to indicate a need for a refined 
model.    By increasing the number of vortex elements to 76,  with a 
longitudinal spacing identical to that of the source-sink solution, the 
two pressure distributions were brought into very close agreement. 
The small remaining differences apparently result from the fact that 
the vortex network is discretely distributed circumferentially, whereaV 
the source-sink solution represents a uniform distribution of singu- 
larity in this direction. 

It is noted that stagnation points (and associated high pressures) 
are indicated at both the nose and base of the bomb for these solutions. 
The large negative values of Cp just forward of the base reflect high 
velocities as the flow turns the corner at the base. 

To demonstrate the importance of the distributed vorticity correc- 
tion to surface velocity, Eq. (22),  a typical pressure distribution on 
the bomb is also given for a case in which this correction has not been 
made,  Fig. 9. 

5.2.2 Force Coefficients on Bomb with No Wake 

In Fig.   10 is given a comparison of lift and pitching-moment co- 
efficients obtained for several vortex networks used in defining the bomb. 
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The case of the body alone obviously represents the D'Alembert Paradox, 
that is,  essentially zero force, but with a finite pitching moment.    The 
addition of the fins introduces a net lift force and simultaneously stabi- 
lizes the configuration (negative dCm/da).    However,  the magnitude of 
the lift coefficient is considerably less than measured in a previous 
wind tunnel test as shown.    Examination of the distribution of lift 
along the length of the bomb,   Fig.   11,  demonstrated that the lift de- 
veloped on the nose of the bomb was offset by a negative lift contribu- 
tion In the base region of the bomb, basically because of the high pres- 
sures associated with the rear stagnation point.   It was apparent that 
better agreement with wind tunnel measurements could be obtained by 
imposing a wakelike flow at the base of the bomb to eliminate the nega- 
tive lift contribution. 

5.2.3 Flow over M-117 Bomb with Wake 

Several attempts to construct a vortex network which would im- 
pose such a wake were unsuccessful, Section 5. 1. 2.   Success was 
finally achieved by adding eight forward-running horseshoe vortices 
downstream of the body with corresponding boundary conditions con- 
straining the flow to leave the base of the bomb without change of 
direction from the axial direction,   Fig.   11.    This model did allow 
formation of a rear stagnation point, located downstream of the last 
vortex element, so that in the region of the physical base of the bomb 
the flow was a close approximation to a wake flow.   This appears in   • 
the pressure distribution curves of Fig.   12,  for flows over the bomb 
body with and without the wake vortices.    The forces on the bomb with 
the wake imposed were obtained by summing forces on only those 
vortex segments which corresponded to the physical bomb.    Returning 
to Fig.   10, it is apparent that the addition of the wake did,  in fact, 
result in lift and pitching moment for the complete bomb which were 
in reasonable agreement with the wind tunnel values. 

5.2.4 Comparison of Optimum Vortex-Lattice Calculation with 
Wind Tunnel Data - Skin Friction and Base Drag Correction 

Once the necessity of a wake was demonstrated on the 64-vortex 
model, final evaluation of the potential flow solution was performed 
with more complex models:  the 112- and 156-vortex models of Figs. 7b 
and c.   Since the 64-vortex model yielded CL and Cm values in reason- 
able agreement with measurements,  it was deemed reasonable at this 
stage to include the drag coefficient in the comparison. 
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The artifice of obtaining the bomb forces by summing over only a 
part of the vortex network - namely, those elements corresponding to 
the physical bomb - resulted in drag coefficients which were incorrect. 
In fact, fairly large values of thrust,  rather than drag, were calculated. 
This was a result of the fact that summation of forces of the type 
pVj x Tj,  Eq, (25),  for each element of concentrated vorticity is equiva- 
lent to taking the difference in pressure load across the corresponding 
section of equivalent vortex sheet.    Thus, the force summation cor- 
responds to an integration of external and internal pressure loads,  and 
if the vortex network is truncated,  the integration does not cover a 
closed body.   In the present case, the base area of the bomb body is 
neglected and the large internal pressure load (essentially stagnation 
pressure) on the base,  in being omitted,  results in a large axial thrust 
on the bomb.    To correct for this omission, the axial-force coefficient 
must be modified by an allowance for the internal and external pressures 
on the base 

C.     =  (C.)     _     + -±ase 
A A calc       Sref [CPi  "  CPbJ 

Since the present purpose is to obtain a comparison with wind tunnel 
measurements,  it is appropriate to refer the axial force to the standard 
zero base drag condition (Cp^ = 0) and to make an allowance for skin- 
friction force 

«i - 'Vcalc  + J^£ Cpi  + f^t (cD)fric 
sref Sref 

where (CE>)frk, *s a ^at P^ate skin-friction drag coefficient.    The wind 
tunnel data were obtained at a Reynolds number of 1. 1 x 106, based on 
the length of the bomb; consequently both laminar and turbulent skin- 
friction allowances were made.    The comparison of calculated results 
and the wind tunnel measurements is given in Fig.   13 for both the 112- 
and 156-vortex networks.    Since there is a slight dependence of CL 
upon QA in the usual transformation from body to wind axes, the two 
skin-friction allowances result in two lift curves for each model,  as 
well as two drag curves.    The pitching-moment curve,  of course,  is 
not affected.    The experimental force coefficients have been (approxi- 
mately) adjusted to the zero base drag condition by assuming a Cp, 
equal to the potential flow value on the base cylinder of the bomb. 

A comparison of results for the two networks is as follows: 
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Percentage of Difference between 
Theoretical and Experimental Coefficients 

Coefficient 112-Vortex Model 156-Vortex Model 

CL,  a = 10 deg -17.6 -9. 8 

Cm,  o=10 deg -15.0 -5. 8 

CQ,   a = 0 deg +200.0 (Experimental CD between 
laminar and turbulent 
predictions) 

As should be expected,  the 156-vortex solution is better in all respects. 
The lift and pitching-moment coefficients are within 10 percent of wind 
tunnel values.    At small angles of attack,  the theoretical values of drag 
(adjusted to-zero base drag) are less than the measured values when a 
laminar skin-friction correction is made and greater when a turbulent 
skin-friction correction is made.    This is a reasonable result for the 
Reynolds number of the wind tunnel test.    In lieu of a more accurate 
calculation of location of boundary-layer transition, the laminar cor- 
rection was adopted as the standard correction for skin friction. 

The wind tunnel data were obtained at M = 0. 49, whereas the poten- 
tial flow solutions were for M = 0.    Compressibility effects would reduce 
even further the difference between the calculated and wind tunnel data. 
No attempt was made to apply the usual subsonic compressibility cor- 
rections because the thickness ratio of the M-117 bomb (0. 182) is large 
enough to place the applicability of these corrections in question.   In- 
stead,   it was felt that future work would incorporate compressibility 
corrections from experimental data.    Furthermore, it was also recog- 
nized that the ultimate use of the potential flow calculation would 
probably be only to give incremental corrections to force coefficients 
caused by flow nonuniformities.    This would not necessarily require ex- 
tremely high accuracy of the absolute values of force coefficients. 

5.3   EFFECT OF NONUNIFORM FLOW FIELDS ON BOMB FORCE COEFFICIENTS 

Subsequent to selection of the 156-vortex representation of the 
M-117 bomb for further study,  the program option which accommodates 
nonuniform flow fields was exercised.    Only the downwash angle of the 
free stream was allowed to vary,  not the sidewash angle or magnitude 
of the velocity vector. 
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5.3.1   Idealized Nonuniformities 

To demonstrate the NUFF capability of the program and to deter- 
mine the typical magnitude of effects which physically realistic flow 
disturbances can produce,  a set of four idealized NUFF was initially 
studied.    These fields were formulated in simple analytic form to 
facilitate calculations and are shown in Fig.   14. 

Case I -      A constant 2. 5-deg downwash throughout 
the field. 

Case II       -      A linear variation of downwash in the 
longitudinal direction; from 2. 5 deg at the 
nose to -1.0 deg (upwash) at the base. No 
vertical variation. 

Case III      -      No longitudinal variation,  but a cubic 
vertical variation from 2. 5 deg downwash 
at the bomb center of gravity to 0 deg at a 
point 5 in. below the bomb center of gravity. 

Case IV      -      Linear longitudinal variation,  and cubic 
vertical variation, which is a combination 
of Cases II and III. 

The potential flow was computed for the M-117 bomb pitched about the 
center of gravity in these NUFF. 

An elementary consideration of simple downwash fields suggests 
the following possible effects: 

a. A uniform downwash,  6-Q,  should produce a simple 
parallel displacement of the CL and Cm curves by an 
amount nearly equal to the downwash. 

b. A longitudinal variation of downwash along the bomb 
should also result in a parallel shift of the CL and Cm 

curves.    The incremental effects of a longitudinal 0rj 
variation about a mean 0Q should be offsetting in the 
local CL on either side of the location of 0rj,  and addi- 
tive on Cm.  suggesting larger shifts in Cm than in CL- 

c. A vertical variation of downwash,  on the other hand, 
should produce changes in slope of the CL and Cm 

curves,  attributable to a variation of local downwash 
angle with angle of attack of the bomb.    For the same 
reason as in (b), the effect on Cm should be larger than 
on CL»  except for the special case in which 0rj reverses 
sign somewhere along the length of the bomb.   In this 
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case, the incremental effects on CL and Cm are 
reversed and the larger effect would be expected in 
the CL curve.    However,   in this special case 0rj is 
also small, so that expected effects on both CL 
and Cm are small. 

The results of the calculation of force and moment coefficients for 
the four simple NUFF are given in Fig.  15.   Several points of agree- 
ment with the simple predictions just listed are apparent.    The CL and 
Cm curves for Case I are clearly shifted by 2. 5 deg along their entire 
length,  in agreement with (a).    The Case II curves appear to demon- _ 
strate (b) above, except for the direction of displacement.    Since the öj) 
for this case is +0. 75 deg, yet the CL and Cm curves are displaced -1.0 
and -2. 5 deg,  respectively, it appears that the base of the bomb is 
affected disproportionately more by the nonuniformity than is the nose. 
The curves of Case III distinctly exhibit the changes in slope predicted 
in (c),  including the greater change in slope for the Cm curve.    Although 
Case IV possesses a vertical variation of downwash which would,  in most 
cases,  produce changes in slope of the CL and Cm curves,  it is an 
example of the special case cited in (c) in which 0rj) reverses sign and 
yields only very small changes in slope. 

The changes in drag coefficient produced by the four NUFF appear 
to be larger than one would expect from a simple consideration of small 
variations of downwash.    Horizontal shifts of the Cjy curves parallel to 
the a axis would be expected, with relatively minor changes in minimum 
drag coefficient.    In Fig.   15, the CD0 can be seen to change by up to 
50 percent for Case III.   Although the fundamental reason for the unex- 
pectedly large effects of the NUFF is not known,  it is noted that these 
effects are not inconsistent with the variations of the experimental drag' 
coefficients, Section 5. 3. 2. 2. 

A summary of the effects of the four NUFF on the three force coeffi- 
cients is as follows,  where the values in the table are the changes with 
respect to the uniform flow values: 

cL ^m 

ACCQ, ASlope. AQ-Q, ASlope, CDo' 
Case deg percent deg percent percent 

I 2. 5 0 2.5 0 -4 
II -1. 0 -2 -2.5 -3 18 
III 2.5 6 2.3 11 52 
IV -1.0 -3 -2.6 -5 20 
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5.3.2   F-4C Experimental Downwash Field 

The potential flow calculations were next extended to a more realistic 
NUFF,  namely that existing beneath the F-4C aircraft.    Unfortunately, 
expiration of the project allowed only a preliminary application of this 
flow field in a rather approximate manner.    The parent aircraft configu- 
ration is shown in Fig.   16.    It includes the basic F-4C,  a 370-gal fuel 
tank on the outboard pylon,  and an empty triple ejection rack (TER) on 
the inboard pylon.    This configuration was chosen as the parent configu- 
ration because it was the only one for which both flow-field measure- 
ments and bomb force measurements at various locations within the field 
were available.    The distribution of downwash angles in the F-4C flow 
field at M = 0. 49 with the parent aircraft pitched to a 0. 3-deg angle of 
attack is presented in Fig.   17.    (The complete flow velocity vector was 
measured during the wind tunnel tests using a five-orifice conical flow 
angularity probe; however,  only the downwash data are presented here.) 

5.3.2.1   Effect of F-4C Flow Field on Bomb Forces - Potential Flow Calculation 

By a minor addition to the potential flow program developed for this 
project, the capability of complete allowance for NUFF as boundary con- 
ditions on a store in the simple interference regime could be obtained. 
Because of time limitations, actual application was restricted to the 
approximate case of zero sidewash components and a downwash field 
which varied in the X- and Z-directions but which was constant in the 
Y-direction.    Calculation of store forces in this approximation was a 
preliminary step but can be considered of importance for purposes of 
demonstration of the program capability. 

The potential flow results for three vertical positions of the bomb 
directly beneath the carriage position on the TER,  X = 12. 99 in. ,   are 
given in Fig.   18 as CL,  Cm,  and Crj versus angle of attack.    The bomb 
was pitched about, the nose rather than the center of gravity in this case 
because the wind tunnel test was conducted in this manner.    There can 
be seen a generally consistent trend of the force coefficients towards 
the uniform flow values as the bomb is positioned farther and farther 
away from the aircraft,   as would be expected from the downwash curves 
of Fig.   17.' The size of the incremental effects of the F-4C NUFF on 
the force coefficients is less than for the idealized case of Fig.   15 be- 
cause the downwash angles encountered are smaller.    From Fig.   17 it 
is observed that at Y = 4. 66 in.  the average downwash over the length 
of the bomb is approximately +0. 75 deg,  whereas all the Aa0's in Fig. 18 
are negative,  except for the CL curve at Z = 7. 13 in.    The appearance of 
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negative Ao0 for positive ©D indicates a predominance of the fins and 
base of the bomb over the nose of the bomb in determination of the 
effects of the NUFF.    A maximum incremental change in the slope of 
the Cm curve (referred to the uniform flow case) is -2.5 percent at 
Z = 5. 13 in.,  for which case the change in the CL curve is -1. 4 per- 
cent.    The effect of the disturbance field on the drag coefficient is an 
increase in Cj) at locations closest to the aircraft,  amounting to 
16. 5 percent increase at Z = 3. 13 in. 

The potential flow res.ults for a series of four horizontal locations 
of the bomb at a constant vertical distance (Z = 3. 13 in.) below the 
F-4C are given in Fig.   19.    Here,   again,  a very regular variation of 
force coefficients with position is observed,  although the asymptotic 
approach to uniform flow values does not occur because the most for- 
ward position of the bomb is clearly still in the disturbance region. 
The AQ-Q'S vary from -0. 4 to 0. 6 deg for Cj_, and from -0. 2 to -1.0 deg 
for Cm.   The maximum slope change is 1. 1 percent for Cm and 1. 4 per- 
cent for CL.    The minimum drag coefficient varies regularly from an 
8. 5-percent increase to a 23-percent increase over the uniform flow 
values.  • 

From Figs.  18 and 19, the general effects of the F-4C NUFF may 
be summarized.    As the bomb is moved vertically towards the aircraft 
at a longitudinal position corresponding to the carriage position,  Cj_, in- 
creases,  Cm decreases,  and CD increases.    As the bomb is moved 
towards the aircraft from the upstream direction,  at a vertical position 
2. 5 bomb diameters beneath the aircraft,  CL increases,  Cm decreases, 
and CD decreases. 

5.3.2.2   Effect of F-4C Flow Field on Bomb Forces - Experimental 
Measurement and Comparison with Potential Flow Calculation 

Although the potential flow calculations did not correspond to a 
proper application of the experimental F-4C flow field as boundary con- 
ditions (because of the limitations of zero sidewash and a two- 
dimensional downwash field), a comparison with experimentally mea- 
sured force coefficients is nevertheless of interest to determine if at 
least the proper trends are followed. 

The experimental force coefficients are'given in Fig.   20 for the 
same positions of the bomb as in the vertical series of Fig.  18.   The 
agreement of calculated and measured force coefficients in terms of 
absolute magnitude is no better than that observed in the case of uni- 
form flow,  Fig.   13.   But,  it is not the absolute magnitudes which are 
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of primary concern.   A method of force prediction (leading to store 
separation prediction) has been proposed which would rely on calcu- 
lated incremental effects of a given NUFF for correction of store force 
coefficients measured in a uniform flow. 

If the incremental effects of the NUFF on the bomb force coeffi- 
cients are next considered,  both favorable and unfavorable results can 
be observed.    The unfavorable result is represented by opposite signs 
of the Aa0 in the calculated and experimental data.    That is,  consider- 
ing incremental effects with respect to uniform flow values, there is no 
agreement between experiment and theory.   A favorable result is found 
in the observation that the CL and Cm curves for the various values of Z 
are distributed in the same order in theory and experiment,  independent 
of the relation to the uniform flow curves. 'This implies that the incre- 
mental effects obtained within the NUFF itself (ignoring the uniform flow 
values) are in agreement.   This can be observed more clearly in Fig. 21, 
in which CL and Cm are given as functions of Z for both calculated and 
experimental data, at constant values of a from -4 to 6 deg.   If one con- 
siders only 3. 13 < Z < 7. 13,  thus ignoring the uniform flow values,  the 
incremental effects of the NUFF are remarkably similar in shape for 
theory and experiment.    The similarity is more pronounced in the CL 
curves than in the Cm curves, but is remarkable in either case when 
one considers the approximate manner in which the NUFF boundary con- 
ditions were applied in the calculation.    Better agreement yet would be 
expected upon proper application of the boundary conditions.    Even in 
the present approximation,  a fair prediction of the experimental force 
coefficients in the range of Z from 3 to 7 in. could be made,  using only 
the measured values at Z = 7. 13 in.  and the incremental corrections 
obtained from the potential flow solutions.    This must be considered as 
fairly convincing evidence of the ultimate possibility of using potential 
flow solutions to modify uniform flow store force coefficients in. store 
separation predictions. 

The incremental effects on drag coefficient,  even in the range of 
Z = 3.13 to 7.13,  are much larger in the experimental measurements 
than in the theoretical calculations,  although the direction of change is 
the same in each case.   This may be a result of changing base drag, 
which is not allowed for in the potential flow calculation.   In any case, 
the bomb drag is not an important parameter in store separation. 

The situation with regard to the uniform flow force coefficients can 
be further considered.    In Fig.   21,   for Z > 7. 13 in.,  it is apparent that 
neither the experimental nor the calculated CL and Cm curves fair 
smoothly to the uniform flow result in an asymptotic manner,  as should 
be the case.   The potential flow curves come close to such behavior, 
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however,  indicating some small,  unaccounted effect in the calculations. 
In the case of the experimental curves,  however,  the apparent disagree- 
ment between Cj_, and Cm and the uniform flow values at the maximum 
value of Z at which they were measured is so large that one or the other 
is apparently in error. 

SECTION VI 
RESULTS 

Consideration of the requirements of analytical store 
separation prediction suggested the most important 
element of such analysis would be an accurate calcu- 
lation of forces on a store when located in the disturbed 
flow field produced by a parent aircraft. 

Two computer programs were developed for calculation 
of exact potential flows over vortex networks represent- 
ing typical stores at M = 0.    The lift and pitching- 
moment coefficients calculated for the M-117 bomb 
represented by 156 horseshoe vortices were found to 
agree with wind tunnel measurements at M = 0. 49 to 
within 10 percent.    For small angles of attack, the 
calculated drag coefficient (adjusted to zero base drag) 
was less than experimental when a laminar skin-friction 
correction was made and greater than experimental when 
a turbulent skin-friction correction was made. 

A provision was made, valid in the simple interference 
regime,  for the imposition of nonuniform flow boundary 
conditions.    Flows were calculated for the bomb im- 
mersed in both idealized nonuniformities and in the 
actual disturbance field measured beneath the F-4C air- 
craft.    In each case,  only the downwash component of 
nonuniformity was considered. 

In the idealized nonuniform flows the calculated force 
coefficients agreed with qualitative predictions and 
demonstrated in most cases the greater effect of non- 
uniformity on pitching moment than on lift. 

In the F-4C flow field the calculated force coefficients 
were observed to display very nearly the same incre- 
mental behavior as did experimental force coefficients, 
even though the application of nönuniform boundary con- 
ditions was incomplete.    This equivalence of incremental 
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behavior suggests the possibility of obtaining accurate 
force coefficients in disturbed flow by simply adding 
theoretical corrections to values measured with good 
accuracy in uniform flow. 

Optimization of the vortex network was based on com- 
parison with wind tunnel measurements and with pres- 
sure distribution on the bomb body calculated by a 
source-sink method.    The usual dependence of accuracy 
on number of vortices was observed with the final opti- 
mum configuration utilizing 156 vortices to represent 
half of the M-117 bomb.    An equally important factor 
was found to be elimination of the rear stagnation point 
by adding more vortices to impose a wake -flow at the 
base of the bomb.   In the process of optimizing the 
vortex network, a number of empirical rules for avoid- 
ing mathematically unacceptable networks were formu- 
lated. 

For an IBM 360/50 digital computer having an internal 
memory of 45, 000 decimal words,  a single potential 
flow calculation for the M-117 bomb using 156 vortices 
was found to require one hour of computer operation. 
However,   once the initial geometric part of the solution 
was obtained, subsequent solutions for any other set of 
boundary conditions, that is,  angles of pitch or yaw or 
any nonuniform flow field,  could be obtained in three 
minutes of computer operation. 
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-     "X^X- Disturbance Field of B 
Disturbance Field of b 

Int. 
a.   Mutual Interference Regime, B  **  b 

o    z> 

Int. 
b.  Simple Interference Regime, B  -*■  b 

c.  No Aerodynamic Interference 
Fig. 1   Two-Body Flow-Field Interference 
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a.  Solid Body Immersed in Fluid Flow 

b.  Solid Body Replaced by Fluid at Rest, 
Boundary Surface Becomes a Vortex Sheet 

c.  Vortex Sheet Approximated by Concentrated 
Vortex Filaments Distributed on Surface 

Fig. 2  Vortex Representation of a Solid Body 
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Fig. 3  Vector Relationships of Biot-Savart Law 

a.   Quadilateral 
Vortex Panels 

b.   Horseshoe Vortex 
Network 

.PK 

I  \ /- ith segment of jth vortex 

c.  Single Horseshoe Vortex 
Fig. 4  Surface Representation by Vortex Networks 
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Fig. 5  Approximation of Vortex Sheet by Concentrated Vorticity 

42 



AEDC-TR-71-186 

MS 12.99 
en IM   TER NOTE: All  dintntiom.   In lacht* 

Fig. 6  Dimensional Sketch of 1/20-Scale M-117 Bomb Model 

43 



AEDC-TR-71-186 

^z ^Z S —v--q 

^^ 

a.  64-Vortex Model 

-^ ̂  
^22 

75 
S 

^yy Si ''^ 

—-f--i 

b.   112-Vortex Model 

S7S7/n\ 

p—^ w ^fflWV 

<f1 
^ 

-*■ -*" = 
■=* JD 

I—T—T     1 
—r--r—i—| 
«iij 

N ̂  
i     i     i    • 
 1 1 L-J 

*"J ^ mm 
c.   156-Vortex Model 

Fig. 7  Successful Vortex Networks for Approximation of M-117 Bomb 
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d.   Body and Wake Vortices Swept Upstream, Reduced 
Spacing of Vortices on Nose Only 

Fig. 8   Unsuccessful Vortex Networks 
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Fig. 9  Comparison of Pressure Distributions on M-117 Bomb Body 
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Fig. 10  CL and Cm on Various M-117 Bomb Vortex Networks 
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Fig. 11   Lift Distribution on Bomb Body with and without Wake 
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Fig. 12  Pressure Distribution on M-117 Bomb Body with Rear Stagnation Point 
and with Wake 
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Fig. 13 Comparison of Force and Moment Coefficients for 112- and 
156-Vortex Models of M-117 Bomb with Uniform Flow 
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Fig. 14  Idealized Nonuniform Flow Fields 
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Fig. 15  Calculated Force Coefficients in Idealized Nonuniform 
Flow Fields 
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a.  Side View 

b.   Front View 

Fig. 16   Locations of M-117 Bomb with Respect to F-4C Parent Aircraft 
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Fig. 18 Calculated CL, Cm, and CD for M-117 Bomb in F-4C Downwash 
Field for Vertical Displacement of Bomb 
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Fig. 19  Calculated CL, Cm> and CD for M-117 Bomb in F-4C Downwash 
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