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ABSTRACT

The fundamental equations of the transonic box
method were derived, based on the representation of
the velocity potential by a doublet distribution. They
form the basis of a systematic method of treating an
oscillating wing at M = 1, analogous to the supersonic
Mach box method.

A digital computer program, written in Fortran IV,
is presented. The program applies to a planar wing of
polygonal planform, with a straight trailing edge, and
as many as three sweep angles along the leading edge.
For a maximum of ten modes of oscillation, the pro-
gram computes the oscillatory potentials and pressures
and a generalized force matrix,

Results obtained from the program are compared

with existing theoretical and experimental values.
Several pessible extensions of the method are described.
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LUST OF SYMBOLS

Symbol Definition
a Local speed of sound; speed of sound at infinity
a Coefficient in the potential series

AlL-7, Influence coefficiemt: the upwash at the center of Bij caused
i -7 |} by a unit doublet distribution over By
Ajr Term in ¢ evaluated at {x:, yj)

AXY {I,J) An istegral over the wimg planform

AY (J) An integral along the trailing edge

» Root chord length

B Region composed of boxes, approximating S
ij A box

(Brrl) Matrix used in least squares surface fits

BXY Part of AXY (1, 7])

BY Part of AY (J)

C b Pressure coefficient

(C;_), (Cl) Column matrices used in least squares surface fits

d Dimensionless length of box side

d.m Coefficient in deflection polynomial

DA The data array

f Function which describes the wing deflection

F Factor which gives g the proper edge behavior

{Continved on next page.)
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Symbol Definition

"g'u, El , f Functions used in the equations of upper and lower wing
surfaces

h, Weight used in Gaussian quadrature

i N

i, j Indexes specifying box position

I, J Indexes

k Reduced frequency: wb/U,

2 kd

Lij Generalized force coefficient

M Mach number

n, m Indexes equal to power of x and power of yz

NC Number of coefficients

NP Number of points

NS Number of segments of leading edge given by the data

P, 9 Integration variables

Q Quantity minimized in least squares surface fits

r Index

S Function used in the equation of a surface

5 Region in the xy-plane occupied by the wing; the area of this
region

t Time

u, v Integration variables

uj Point used in Gaussian quadrature

LU Air speed of the wing; speed of flow at infinity

(Continued on next page.)
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%Y, 2z
X, ¥, Z
(xjs YJ)

Xpe-*Ns
Yorer 1 ¥YNS

Ymax

Y Yo

Crm? oy

P

Definition
Upwash at =z = 0+
The region of the xy-plane occupied by the wing's wake
Coordinates with dimensions of length
Dimensionless coordinates
Center of B,

J

Point at which a value of potential or deflection is given

Coordinates of points on the leading edge given by the data

Function which describes the leading edge: x = x,(y)
Value of y at the wing tip
Limits of integration
Real part of a

nm
Imaginary part of a_
Constant factor in the deflection
Lifting pressure in the ith mode
Integration variables equivalent to %, y
Frequency
Density
Source or doublet strength
The integral over x involved in BXY
Velocity potential

IS

Steady-petsarbatien potential

Unsteady perturbation potential

{Continued on next page.)
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Sxmbol

-5 |

Time independent factor of ¢
Potential of a point source
Potential of a point doublet
Potential of a source distribution
Potential of a doublet distribution
Value of ¢ in Bi.j

Real part of value of p at (x;, yj)

Upwash in the xy-plane caused by a point doublet

Angular frequency, 2mv



I. INTRODUCTION

The transonic box program is designed to calculate the unsteady potentials
for a given set of modes of wing oscillation and to compute the generalized
forces. Pressure distributions may be obtained from the potentials.

A planar wing with a straight trailing edge is assumed. The oscilla-
tions are assumed to be symmetric in the spanwise coordinate y. None of
these assumptions is necessary for the method. (See Section 5.)

The basic step in the box method is the solution of the system of
gsimultaneous equations [Equati.on {33)] which determine a set of values of
potential on the wing from a corresponding array of upwash values. A sur-
face is fitted to these values, giving a functional representation of the
potential that is used subsequently to find pressures and generalized forces.

The method used is suggested by the success of supersonic box
methods (References | through 4). The potential is generated by a doublet
distribution rather than by a source distribution because the latter method
would involve diaphragm regions of infinite extent, whereas the doublet
distribution is confined to the wing and its wake.
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2. THEORETICAL DEVELOPMENT OF THE METHOD

1. THE DIFFERENTIAL EQUATION

We consider an oscillating body moving at speed Uy through a
nonviscous fluid. From the point of view of a moving coordinate system
(X,y, z) in which the average position of the body is fixed, there is a flow
past the body with velocity Ug at infinity. Assume that the flow is irrota-
tional; then the velocity field of the flow is the gradient of a potential function
®, which satisfies the differential equation

2

2 1
vVie-— e, t2ve ve +(ve v)l/2 (v@)?‘] =0 (1)
a

(See Reference 5, p. 193 where a is the local speed of sound.

Suppose that the flow is approximately uniform in the direction of the
positive x-axis. This may be true, for example, if the body is almost
plane and-the oscillations are small. Then ® may be broken up into several
parts, as

3 = Uylx+¢+o) (2)

where the first term gives a uniform flow, the second term gives the cor-
rection for a steady flow about the body, the third term gives the correction
to this for the oscillating body, and ¢ and ¢ are small.

To the first order, ¢ and ¢ are different solutions of the same differ-
ential equation

(M) gz tges toms e - Lo < G)
P3x " ¥5y  Paz 22 ?x a2 Pee

Yy xt

where M, a are the Mach number and speed of sound at infinity. (See Refer-
ence 5, p. 198.) ¢ is a periodic function of t. Since the differential equation
is linear, we may put ¢ =3 (x,v,z) el®!, where w is the angular frequency

of oscillation. Interms of the nondimensional quantities,



x = x/b

y = y/b
z = z/b
k = wb/Um

(b is a characteristic length of the body); Equation (3) becomes

2 2 2, 2_
- % +3 +% - 2i r s = 0 4
(1-M7)9__ Poy T P02 2iMkg_+t M'k'p (4)
For M =1, this reduces to
7 +3 -2ikg +k%5 = 0 (5)
by Y, 7, 9

the linearized transonic equation {see Reference 6, p. 7). It has been sug-
gested by Landahl {Reference 6)that the proper equation to use instead of (4)
is

—- 2, — -
+¢zz -2iM ktpx+M2k2-:p = 0

quY

if k>>|M-1|. Comparison of this equation with (5)leads to a similarity rule
for flows in the transonic range {see Reference 6, p. 18)

The range of validity of this equation is duscussed by Liandahl (Refer-
ence 6, Chapter 1). First, there is the requirement for linearization in any
speed range, that the perturbation potential $+ ¢ be small. This is not
satisfied at the leading edge of a wing for any realistic cross-sectional
shape; however, it may be satisfied over the rest of the wing, if the wing
has small thickness, and the results on parts of the wing away from the lead-
ing edge are not much affected by the error there.

Another restriction peculiar to transonic speeds is associated with the
absence of the term in?xx. The actual flow has some variation in local Mach
number which may influence the nature of the flow considerably if M is nearl.
The presence of the term in @4 tends to reduce this influence, but for k small
or zero, the equation is valid only for a highly swept wing with a pointed nose.

The difference of the local Mach number from the value 1 assumed in
Equation (5} may come from two sources: (1) wing thickness, and (2) a change
in the free stream Mach number, Thus, for any value of k, there are limits
on the thickness ratio and the Mach number range, which increase with k.
Estimates of these limits are not possible, because of the small amount of
experimental data available.



2. BOUNDARY CONDITIONS

The solution of Equation (1) must give a velocity field which is such
that a particle at the body surface moves along the moving surface, If the
equation of the surface is

S,y,z,t) = 0

this equation must be satisfied when (;c, ;, ;) moves with the velocity v&.
Differentiating with respect tot gives the condition

v¢-vs+-g?s-= 0 (6)

This determines the normal velocity at the surface.

Now suppose that the body (to be referred to henceforth as a wing) is
almost planar, lying almost in the xy-plane (see Figure 1), For vertical

Figure 1. Coordinate Systems

oscillations of the body, the upper and lower surfaces may be represented
by the equations

~ - otz = ~
z =gu(x,y}+e f(x,vy}



Pe g, Gyt i)
where the functions g, §¢ are associated with the deviation of the shape of

the body from planar, and f depends on the mode of oscillation. Then on
the two surfaces, we may take

- o~ ifwt =
S—z—gu~ f
- o~ etz
S5 = =z g, f

Use these expressions for § and Equation (2) in Equa.tmn (6). Neglect-
ing terms that involve products of ¢ or ¢ with g4 1845 or f, the resulting
equation may be broken up into a steady part, Wthh gives the boundary
condition for ¢, and an unsteady part, which gives the boundary condition
for . The unsteady part is

07 of
= 2= 4
9z gx ikt (7)

where f = £/b. To the present degree of approximation, this condition should
be applied at z = 0, over the region of the xy-plane on which the body
projects.

3. THE BOUNDARY VALUE PROBLEM FOR ¢

In linearized theory, a disturbance of a flow at Mach 1 does not have
any influence upstream. Consequently,

7, y,2} = 0, x<0 (8)

if the body lies in the region x =2 0. This is one of the conditions ¥ must
satisfy.

7 is a solution of Equation (5) in all space outside S and W, the regions
in the xy-plane occupied by the wing and its wake (see Figure 1). In general,
7 is discontinuous in these regions. A boundary condition on W is obtained
by equating the pressures above and below the surface of the wake. From
the linearized form of the pressure coefficient,

Cp = -2 ($x+1ka‘)

(see Reference 6, p. 15) we get



0+
=0, {x,y)inW (9)

['@' (x,y, 2} +ikg (%, v, ZJ]
xX
z:O..

This condition, plus Equation (7) applied on the two sides of S, plus Equation
(8), determine § as a solution of Equation {5)

The conditions satisfied by g (x, v, z) are satisfied also by -g(x,vy,-2)
Hence, § is an odd function of z. This implies that T, is zero in the wake.
In the half space z> 0, g is a solution of Equation (5), which satisfies
Equation. (8) and the boundary conditions

—_ _ of . .

qaz(x, y. 0+) = - +ikf, {x,y)in S (10)
'ax(x, y,0+) + ikglx,y,0+) = 0, (x,y)in W {11)

P(x,y,0+) = 0, (x,y)notinS+ W {12)

Such a solution may be built up from a doublet distribution over 8 + W or a
source distribution over the half plane z = 0, x> Q.

4. BASIC SOURCE AND DOUBLET SOLUTIONS OF THE DIFFERENTIAL
EQUATION (See References 7, 8, and 9.)

The solution of Equation (5) which represents a point source at the
origin is

0, x=0
_ 2 2
Tty =) _%ik(“y ;z) (13)
- ——-— g ,x>0
2w x

(See Reference 9. ) The potential of a point doublet oriented parallel to the
z-axis is obtained by differentiation, as

0, x=0
op 2 2
—_ 0 1. y +tz
= = —— F—_—
'Pl(x’y'z) oz ik z Zlk(x X (14)
= 2° » x>0

It is easily verified that these functions satisfy Equation (5) for x+0. They
are poorly behaved at x = 0 for real values of k.



To improve the behavior of g, and g1 at x = 0, assume that k has a
small negative imaginary part. This causes @, and ¢] to approach zero
exponentially as x — 0+, except at the origin. All partial derivatives of all
orders have the same property. Thus, g, and p| are solutions of Equation
(5) everywhere except at (0, 0, 0O). In the final formulas to be obtained,

the imaginary part of k can be put equal to zero.

Solutions of Equation {5) for z > 0 which satisfy Equation (8) are given
for a distribution of sources as

7,05v,2) = [[ e, n) B g, yom, =) dEdn (15)
£>0

and for a distribution of doublets as

Fabeyiz) = [[ p.m)F bx-k, y-m, z)dEdn (16)
£> 0

where, to be completely general, p(f,n) may be any function such that the
integrals exist. From the form of g, and §), the region of integration may
be restricted to the plane strip 0 < £ <x., It is shown in Appendix I that these
functions satisfy the following boundary conditions for z = 0, x > 0:

7,00, 04) = pixy) (a7)

Ed(xr Y, 0+) = P(x=Y) (18)

(in fact, if the same function p is used in both integrals, gq = 9gg/ 9z).

5. THE DETERMINATION OF ¢ BY A SOURCE DISTRIBUTION

One method of attack on the problem of finding @ is to set § = @5.
Then, in terms of the upwash

wix,y) = Ez(x, y, 0+) (19)

we have from Equations {17) and (15)

gx.v.2) = [[ w.n) g, -8, yon, 2)dEdn (20)
§> 0

forz = 0.



The values of w on S are known by Equation (10} Elsewhere, w is
unknown, and it must be chosen so that the boundary conditions
(11) and (12) are satisfied. We may take the limit as z — 0+ in Equation (20)
by taking the limit under the integral sign:

7y, 00) = [[ wignF (x-t, y-n. 0)dgay 21)
E>0

From Equations {11} and (12} are obtained the system of integral equations

ff w(t, ) § (x-E, y-n. 0)dEdn = 0, (x,y)notinS+W (22)
£> 0

(—3+ ik) ff wig, ) F_(x-E, y-n, 0)dgdn = 0, (x,y)inW  (23)

ox
£E>0

Solution of Equations (22) and (23), followed by evaluation of ¢ according to
Equation {21}, would yield the values of § on S, from which pressures and
forces can be computed.

A box method based on a source distribution, described briefly in
Reference 9, has been used by Weatherill at the Boeing Company. Some of

his preliminary results are given in Reference 9.

6. THE DETERMINATION OF  BY A DOUBLET DISTRIBUTION

If we sety = g4, then by Equations (18), (16}, and (12)

stay.z) = [[ 3. 05 (k- yon,z) didy (24)
StW
In terms of
0, x<0
.1 _
Yi{x,y) = lim ;qﬂl(x:Y-Z) = 5 (25)
z—0 1. vy
ik 1 Tzt
?“—_—é e , x>0



the normal derivative of g at z = { is given by a singular integral:

wix,y) = ff PE M, OF) b(x-£,y-m)d Edn (26)
S+wW

The values of g (£,n, 0+) must be determined then from

[] €m0t ¢ tebiymidedn = wiky) (xy)ins (27)
StwW

(a—i +ik) Flx.y,00) = 0, (xy)in W (28)

7. A COMPARISON OF THE METHODS

Except for the singularity of the integral in Equation (27}, all points of
difference are in favor of solving the problem by doublets. There are these
points:

a. The region of integration in the source method extends theoreti-
cally to £®@in n; even practically, the region must be extended an
extreme distance. In the doublet method, the region is restricted
to S+ W. This distinction is not sc great for supersonic flows.
There, the region of influence of the wing is swept back along
Mach lines, and the set of points in this region that influences the
wing is bounded (see Reference 10).

b. After the unknown function under the integral sign is known, the
source method requires an extra step — the evaluation of F on the
wing from Equation (21).

c. H values in the wake must be considered, the condition in the
wake for the source method, Equation (23), is more complicated
than the corresponding condition, Equation {(28), for the doublet
method.

The doublet method was used because of point a.
8. THE ADVANTAGE OF A STRAIGHT TRAILING EDGE

Suppose the wing has a straight trailing edge perpendicular to the
direction of flow (x = constant along the edge); then the wing is not influenced
by the wake. This is reflected in the equations by the fact that the inte-
grands are zero when £ > x. Hence, in either method, for the determina-
tiocn of p on the wing, the condition in W need not be used.

10



9. THE DOUBLET BOX METHOD

Consider a flow at Mach 1 past an oscillating wing with its nose at the
origin, lying approximately in the xy-plane, with x = 1 along the trailing
edge. The value of the unsteady potential ¢ on the wing may be found by
solution of Equation {27), which may be written as

[l €. 00 -tyn)dedn = wiy), (ey)ins  (29)
5

To get an approximate solution of this equation, let the xy-plane be covered
with a grid of square boxes with sides of length d, so that box edges lie
along the coordinate axes {see Figure 2). Let the region B be composed of
all boxes whose centers lie in S5; B is an approximation to S by boxes. Let
i, j be box indexes in the x- and y-directions. Approximate § by a constant
value Eij in the (i, j)-th box B;.. Impose the condition of Equation (7) at the
center {x;,y:) of each box Bjj in B, with the region of integration replaced
by B. Then Equation (29) gives a system of linear algebraic equations for
the Eij's:

2 %y [f ety magan = wix, y;) (30)
if J!

iljl

Examination of the integral in Equation {30) shows that it depends on
i,j,1i',j" only via i-i', |j-j'|. The notation

A [ = [ [ ety dgan (31)
iy

is introduced. Formulas for the evaluation of this quantity are given in
Appendix IL

Segregating the terms with i'=i on the left, Equation (30} becomes
o o — = _ LT P31 —
S a0 1Ty = wiey) - Y Y A F,,  62)
jl i|<i J’|

For fixed i and varying j, this is a smaller system of equations that may
be solved for each consecutive value of i.

11



Figure 2.

B 4~

Approximation of the Wing by Region B
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Now suppose the wing is symmetric about the x-axis; then only modes
of oscillation that are symmetric or antisymmetric in y need be treated.
Consider a symmetric mode. ;. will have the same value at corresponding
boxes across the x-axis. This may be used to reduce the range of the sums
in Equation (32} and the range of j. Let j = 1 in the row of boxes in which
(< y< d. Then, combining terms for symmetrically placed boxes,

> 1A, |5-5]) + A, j+it-1)] i (33)
=1

= wie,y) - D D (Al 150D + AG-E |55 Pprjer 321

ii j'=1

The equations for j £ 0 are implied by those with j Z 1. Thus, the size of
the system has been reduced by a factor of 2.

For antisymmetric modes, Equation (33) applies, with the sums of
values of A replaced by differences.

10. EXTENSIONS OF THE METHOD

The computer program discussed in Section 3 has some restrictions
that are not inherent in the box method, such as the requirement of a straight
trailing edge. Some possible modifications that extend the applicability of
the program will now be described.

To modify the program for modes antisymmetric in y, it is only
necessary to change some of the signs in Equation {(33), as
indicated in the discussion above, and replace even powers of y
by odd powers in the formulas used for deflection and potential.

To deal with a more general trailing edge, it is necessary to
use the values of § in the wake. For fixed y, if x = x7 at the
trailing edge, Equation (28) may be integrated to give

Blx, v, 0+) = e KX = %7} (xq, y, 0 +)

in W. In addition to the set of boxes B on the wing, a corres-
ponding set of boxes By on W must be considered. After finding
a value mij in a box of B along the trailing edge, the formula
above may be used to find values in the boxes directly down-
stream. If the ith row of boxes includes boxes of By, to the
right side of Equation {33) must be added the contribution of all
boxes Bi’ j° in Bw with i’2i. The computer program must also
be modified in several other respects, to take into account the
more general wing shape.

13



A wing that consists of several almost planar sections indifferent
planes, such as a wing with folded tips, may also be handled by
the doublet box method. Equation (33) applies, if ‘T"i.j is inter-
preted as one-half of the discontinuity in ¥ between the upper and
lower surfaces. The influence coefficients involved are given by
a more general formula (not given in this report), allowing for
cut-of-plane influence of the doublets. Formulas analogous to
those of Appendix Il may be developed, which are not much more
complicated. The main effect of this extension on the computer
program would be a greater number of distinect values of the
influence coefficients, so that it would not be possible to store
them all in an array in core unless the limit on the number of
boxes in each direction were considerably reduced.

Rectangular boxes, not necessarily square, may be used. Let
the boxes have sides of length dj chordwise and d2 spanwise.

If
1) -xdy, £, = ka3
1 =kd], £3 = kdp/d;

the formula for the influence coefficients, Equation {39) in
Appendix II, must be replaced by

_ dudv _1/2 1 (£yu + £pv2/u)
_ik 2
A(n, m)=—" u
2w
Iv-mi<l/2

Jju-ni<1/2
u>0

This may be evaluated by the methods of Appendix II. Except for
this difference, the method is essentially the same. The best

choice of box shape probably depends on the aspect ratio of the
wing.

14



3. DESCRIPTION OF.THE COMPUTER PROGRAM

1. COORDINATE SYSTEMS

An initial coordinate system (E, ;}, ;) is assumed, with the x-axis in the
direction of the flow. The undisturbed position of the wing is in a region S
in the ;é;(-—pla.ne. with the x-axis along the center line and the origin at the
nose {see Figure 1). This coordinate system is used in the data.

In the program, a dimensionless coordinate system (x,y, z) is used,
based on the root chord length b:

x = x/b
y = y/b
z = ;/b

2. WING GEOMETRY

The wing is symmetric, with trailing edge x = b, To complete its
description, the portion of the leading edge on which y > 0 must be speci-
fied. This is done by giving the coordinates of the end points of NS line
segments along the edge (1=NS5=3), beginning at a point at which ;r = 0:
(0,y0) (x3.¥1)h ..., (xNg:YNs) The edge of S includes the polygonal line
through these points. If ¥5 >0, italsoincludes the line from the origin to
(0,yo) If ;NS< b, it includes the line from (;:NS, §NS) to (b, ?NS). (See
Figure 3. )

Leading edges of fairly general shape may be approximated by such
polygonal lines.

3. THE DEFLECTION DATA

A mode is specified by the vertical deflection function f(x, y) in terms
of which the equation for the instantaneous position of the planform is

Z = Re[&- e'vt f(x,y)]
where § 1s a constant.

In the program, f is assumed to be a polynomial in X and 2. The
data may give either the coefficients of this polynomial, or values of f at a
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Figure 3. Wing Geometry (N5 = 2)

set of points on the wing. In the latter case, a polynomial is fitted to the
given values by a least square error technique.

4, LEAST SQUARE SURFACE FITS

The problem involved here is the approximation of a function of x and y
by an expression of the form

n, m

when a set of values of the function is known. This arises in the program
in two places. The subroutine DRED fits a representation of the deflection
of this type with F = 1 to the given deflection values. In the subroutine
B#XP, such a fit is made for the potential, with

V2 XO(V)Z V1. YZ/YZ

max

Fix,y) = or . or

16



{x = x,{y) is the equation of the leading edge) depending on the wing shape.
This factor approximates the proper behavior of p at the edges. The factor

\/x2 - X, (y)2 is used for a pointed nose (;o = 0), and yx - x,(y) for an

unswept nose (;o > 0). The factor Vi - yzlyzmax is included if the planform
has a side edge along which y =y ...

The factor F({x,y) is real, so the values of g have real and imaginary
parts that involve only the corresponding parts of the aj,.'s. Hence, these
real and imaginary parts may be handled separately, reducing the problem
from one in complex numhers to one in real numbers.

Let @, = Re[apy ], and let the real parts of given values of the

function at data points be E'j at (x5,y;), =1, ... , NP. Then for the real
parts we wish to have

2

I Im
e x. vy F(x,y)=9p.,j=1l,...,NP
z am %5 Yj Y =

n, m
The least squares method minimizes
| n_2m - 2
Q=2 [ 2 Y F"‘j"’j”"’i]
j n,m
(See Reference 11, Chapter 16. )

For condensed notation, let r be a single index over the pairs (n, m},

let apm = @, and xjn ijm F{xj, yj) = Ajp- Then

2
Q = 2 I:ZQIAjr—qmj]
J T
Let the range of r be from 1-to NC = NP.

To minimize Q, we set

aQ

17



This leads to the system of equations

Z (ZAjr Ajr,) a, = AL B TE 1., NC (34)
rt A j
Put
\
z A_A_, = B_,
jr Jr rr
! | (35)
.1 = 1
Z Ajr ?] Cr
j F,
Then Equation {34) reduces to
ZBrr,ar, = Cl, r=1,....NC (36)
rl

The matrices (B,..:)and (C'r) must be set up to solve Equation (36).
It is not necessary, however, to set up the matrix (Ajr). Only one row of
(Ajr) is needed at a time. This is fortunate, because the program allows
{Ajr) to become as large as 2500 x 20. For each value of j, the jth row of

(Ajr) is computed, and from this the jth terms in the sums in Equation (35)
are formed and added in.

In the complex case, there is a corresponding system of equations for

the imaginary parts:
= 1!
2 Brr' Br‘ Cr

r'

The two systems of equations are solved together by the subroutine XSIMEQ,
which allows for more than one set of values on the right.

5. GENERALIZED FORCES
The generalized force coefficient Lij is defined {Reference 6) by

1
LK =& ————— fpr.(x,Y)f‘(x-Y)dXdY
Y i/2pu’s s !

18



where Apj is the lifting pressure difference in the ith mode, and fj is the
deflection function in the jth mode. In terms of the potential g(x, y) on the
upper surface,

= 2 -
Api = 2pU @x+1kq7)
L. =~ @ +ikge dxd
ij S P ? 3 b4
5
After integration by parts,
4 ij
= — Y + o i - w—ld d 37
Ly =5 | ) e [felig-gy)ax ”s B7)
x=1 5

In Equation (37) insert the series

n 2m
Z a.nmx y F(x,y)

@
n,m
1 1
£ = z d| . n' 2m
j n'm
nilml
The result is
_ 8 1 2m+2m'
Lij s dn'm' 2 %hm 2[ Y F(l,y)dy
nl,ml n,m x:-l
1 + 1
+ik’% f]xnhl YZm Zm Fix,y)dxdy
S
T + 1
- % ffxn+n lyZm Zm Fix,y)dxdy
S5

The integrals in this expression depend only on the wing shape. They
are computed by the subroutine FBRCI before the work on the individual
modes begins. During the work on the ith mode, the sum over n and m is

19



performed in the last part of the subroutine BAXP, for each set of values of
n' and m'. The sum over n' and m' and multiplication by 8/S is performed
in the last part of the main program.

6. THE USE OF GAUSSIAN QUADRATURE IN THE EVALUATION OF
GENERALIZED FORCES

Gaussian quadrature is an approximation of the form

N
b .
[ f(u) du = Z hj f(uj)
a j=1

exact for polynorials of degree = 2N - 1. (See Reference 11, Chapter 7. )
This formula is used with (a,b) = (0, 1), N = 6. The values of the hj‘s and
uj's for this case were obtained from values listed in Reference 11. They
are given as H{1),..., H(6), U(l},..., U(6) in the subroutine SECT.

Subroutine FARCI finds the values of

AXY(L,J) =% Hxl'ly”"?‘r-‘(x,y)dxdy

S
and
1 23-2
AY(J) = 5 fy F(l,y)dy
x=1
for I, 7 =1,...,9. To dothis, the contributions to the integrals from each

section of wing behind a straight piece of leading edge are calculated
separately in SECT.

The form of F(x, y) is

( v |
Ve iy) V12142

F(x,y) = ¢ or \ . ! or y

/ 2 2
X - xo(y) 1

. J “~ J

depending on the wing shape. We have integrals that behave like square
roots at the leading edge. The integrals over one wing section are of the
form

20



yt 1 _
BXY = f dy f dx;rucI lyZJ zF(x,y)
y- x _(y)

and

Yy 2
BY = f d]{},rJ-2 F(l,v)

y_

In BXY, the chordwise integral is evaluated first at each value of y
at which it will be needed. The new variable

u = Jx- xo(y)/ VI-x_{y) (38)
is introduced. Then

1 1
f dx xI- ! yZJ-Z Fix,y) = f da - 2 [1 - xo(y)] xI' ! sz-z Fix,y)
¢

x (y)

The integrand, as a function of u, is well-behaved at the leading edge. It
is approximated by

6
-1
oly) = 2 h, - 2[1 - xoty)]xil sz F(x.,y)

i=l
where x, is computed from the value of u; according to Equation (38)
In the y-integration in BXY and BY, the integrand approaches zero as

as y = Ymax like /1 - y?y,nax or (1 - YIYmax)3 2, Accordingly, the change
of variable

Y- -y e ¥y <y

2 =
Y‘I’ - (Y+ - Y_)v » Y_l_ - ymax

is used, which makes the interval of integration 0 < v < 1 and removes the

square root behavior in the last section of the wing., This leads to the
formulas
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max
BXY = (y -7y )Eh oly.)-

j=1 Zuj, Y = Y max

6 27- 1, Yi< Yma.x
BY—(y+-y)Zth F(l,vy.)

=1 2uj’ Yy T Y max

7. LEADING EDGE CORRECTION

The value of potential found for each box from Equation (33) is taken
to be the value of ¢ at the box center. Thus, the values obtained are in
error only by virtue of the error introduced in the values of upwash when
the actual distribution of potential in a box is replaced by this constant
value. This error is especially important in the first row of boxes, for a
wing with an unswept leading edge. The major effect is on the upwash
values in that row.

To estimate this error, consider the two-dimensional case, in which
¢ is independent of y. In Equation(26), the expression for upwash due to a
doublet distribution, integrate by parts over £, then integrate over n, The
result is

2
— 1 . ( ( - ) )
. —ik|x-E + -
L 96 dn_Fig.m, 04) e x-t
x - £)

O<t<x

wix,v)

1 _Y___u_)
_T_r_[f dgdn (?§+%ik$)ezlk( £+ ;
0<§<X(Y-n)

-%ik(x—g) ,
" Ve fﬁ:-— (7 +3 )

Forx = %d, if kd is small,
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1
W(id ) SN A1 jE ARRD
2 Tag '8

The correct leading edge behavior is possessed by the expression
¢ = C/t. We have

1
;‘(}_d Y)l = -4 EZik E.f—z_d at = -y /z_ik cl,
2 ¢=C\/§_ T 20 /g(%d-g) T 2

If ¢ is constant on 0 < £ <d, and has the value C /1/2 d, then Fg, in the
above integral, can be expressed in terms of a delta function:

Y
—f1 2ik
w(—-d,y) = - C
2 7=C ,%d V n

Note that the latter value is smaller than the value of w evaluated for

?= Cfg_by the factor 2/w. This implies that the values of potential found
for the first row of boxes will be more accurate if the upwashes in that row
are multiplied by 2/m.

Accordingly,

8. THE FORM OF OUTPUT

The viewpoint is taken that calculation of the generalized forces is the
basic purpose of the program. They are always printed out. There are
other outputs that will be printed if the appropriate data signal is given.
Each of the following is printed if the data item specified in parentheses is

non-zero:

a. The coefficients of the deflection polynomial, if it has been com-
puted as a fit to given values of deflection, DA(87)

b. The upwash array, DA(88)
c. The potential array, DA(89)

d. The coefficients of the potential series, DA(90)
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e. Values of pressure and potential at the box centers, computed
from the series, DA{91).

9. THE DATA SUBROUTINE DATRD

This subroutine reads all data items into the array DA. Punched cards
used for data are considered to contain six fields of length 12 as indicated in
the sample data sheets. The first field contains information for DATRD.
Ending in column 12 is an integer giving the location in the data array for
the entry in the second field, The following fields go into consecutive loca-
tions, if the data are numeric, Floating point numbers should be written
with decimal points, and fixed point numbers adjusted to the right end of the
field.

The word ALPHA in columns 2 through 6 indicates that the data on the
card are alphanumeric., These are stored in DA in a different way, taking
up ten locations per card. The data may be printed later, just as they
appeared on the card.

On a numeric card, if a field is blank the corresponding location in DA
is unchanged. This is not true for an ALPHA card.

A minus sign in column 1 indicates the last card to be read at the time.
DATRD reads cards until this minus sign is encountered, then returns to the
main program.

10, A NOTE ON THE USE OF TAPES

In writing of this program, the following tape numbers have been used:
output tape, number 6; input tape, number 5; and tape simulated by an internal
file, number 99,

The tape numbers 5 and 39 appear in the subroutine DATRD, Elsewhere
only the output tape number is used. It occurs in the main program, and in
the subroutines SHAPE, DRED, B@XP and B@XPQ.

11. USE OF THE PROGRAM FOR FIXED WING AND MODES AT
VARIOUS FREQUENCIES

If a non-zero quantity is entered in the appropriate location in the data
array, (DA26), it indicates that a wing shape and set of modes to be used
are the same already used for another frequency. Then quantities that
depend only on wing shape and deflection data will not be computed, but will
be taken from the permanent arrays in which they were stored in the pre-
vious case. The number of boxes along the root chord, DA(27), may not be
changed when this is done.
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When this option is exercised, all work for the present frequency will
be carried out after reading one set of data, which need only include the
frequency and the indicator, DA (26). Titles for the individual modes are
not printed.

12, DESCRIPTION OF THE DATA ARRAY

All data are entered into the array DA, dimensioned for 700, as
described in Paragraph 9. The layout of the array is as follows:

1-10 Title

13 - 22 Mode Title

23 : Frequency (cycles per unit of time), v

24 : Root chord length, b

25 : Speed of sound, a

26 : Indicator for new frequency (See Paragraph 11)

27 : Number of boxes along root chord

28 : Number of modes

29 : Number of sections of leading edge to be given
(See Paragraph 2)

30 - 36 Coordinates of points on the leading edge
(See Paragraph 2)

39 : Indicator to suppress calculation of potential for
a mode

46 - 70 Coefficients of the deflection polynomial
(See Paragraph 3)

87 - 91 Output indicators (See Paragraph 8)

98 : Number of points at which deflections are given
{See Paragraph 3)

99 : Number of X values

100 : Number of y values

101 - 700 Deflection data for a maximum of 150 points
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Note: 23, 24, 25 and 30-36 must be entered in consistent units

of length and time.

13, OUTLINE OF THE PROGRAM

For the purpose of description, the main program has been divided
into 20 parts, as indicated in Figure 4, which shows the flow of the program
and the subroutines called,

14. SIZE LIMITATIONS OF THE PROGRAM

The program's size limitations are as follows:

a.

Box size — the half wing must be enclosed in a rectangle that
contains no more than 50 boxes in each direction. (The use of a
large number of boxes is not recommended, because the time
required is roughly proportional to the cube of the number of
boxes along the root chord. The possibility of 50 boxes in each
direction is intended to allow a large range in aspect ratio. )

Number of modes — ten at most.

Number of points at which the deflections are given for one

mode — 150 at most.

Terms in the deflection polynomial — this is Zd xnyzm, where
nm

0sn=4, 0<sm=<4.
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@ The data array is initialized by making the titles blank and weights 1.0.
(2) Subroutine DATRD reods the first block of data

The following quantities are computed: reduced frequency
k = 2wvb/a, D = dimensionless box size, DH =0.5D.

@ The title is printed, with the values of L {the number of boxes along the chord),
k, and v,

((5) 1 DA(26) # 0 (Ses Parogroph 11 of this section) control transfers to Part

@ Subroutine SHAPE computes the number of boxes in each row and the wing area.

FORCI SECT Subroutine FPORCI computes the integrals to be used in evaluotion of generalized
ge

forces {See Paragraphs 5, & of this section).
Subroutine POT2 computes the influence coefficients. Control goes to Port @

® 1f DA{26)# O {see Poragraph 11 of this section) control goes to Part @
DATRD reads the next black of data.

@ The mode number ond title are printed.

@ If DA{26)# 0, control goes to Part @

The subroutine DRED computes the deflection pelynominal if deflection values were
given. The coefficients are transformed into coefficients of a palynominal in the
dimensionless voricbles x, y and stored in the permanent amay DF.

(14) o(m) = DAGY)

If G{M) # 0, this indicates that the potential should not be computed for the
current mode. In this case, this mode will be used only os g.deflection in the
computation of generalized forces. Conhol goes to Port

Subroutine WVAL sets up the array of downwash values W,

The first row of vaolues in W are corrected os described in Paragraph 7
of this section,

(18) Subrovtine BBXP is colled. The subroutine BPXPD solves Equation (33) to get

the array of potential values. A least-squares fit is mode to these values o5
described in Poragraph 8 of this section. The print options (b}, {c), (d), (e] listed
in Paragraph 8 of this saction ore hondled by this subroutine, The final section of
the subroutine stores in the array PS the sums over the potentiol coefficients apy,
shown in Paragraph 5 of this section.

If there ore more modes, control returns to Part @

The generalized forces are computed by summing over the deflection c@icicms

dpm @s described in Paragraph 5 of this section, Control goes to Part
Figure 4. Program Flow Diagram
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4, RESULTS

1. THE ASPECT RATIO 1.5 DELTA WING

The computer program was run for the plunging and pitching modes
(pitch axis at x = 0) at the reduced frequencies k=0.2, 0.5, 0.8, 1.0. Forty
boxes along the root chord were used, which leads to about 300 boxes on the
half-wing.

Theoretical values for comparison were calculated from Davies' formu-
las (Reference 12). These are analytic expressions of the solution of Equa-
tion (5) for the potential and generalized forces for the delta wing in rigid
modes of oscillation, expressed as series in k. Figures 5 through 7 show
the values of generalized forces Lj} {lift due to plunge), L2] (lift due to
pitch), and L7 (moment due to pitch). Note that the vertical scales have
been expanded in the portion of interest, especially for Lj). Most of the
values agree to within 2 or 3 percent.

The differences indicate the errors introduced by the box method in
the solution of Equation (5}, as distinguished from the errors inherent in
this equation.

Figure 8 gives the chordwise distribution of values of é for the plunging
mode at k = 0,5, for y = ypax/3 = 0.125.

2. THE ASPECT RATIO 2.0 RECTANGULAR WING

The plunging and pitching modes were again used at k = 0.3, 0.6, 0.9.
Twenty-five boxes were allowed along the chord, giving 625 boxes on the
half-wing. The values of Ly and L;, are shown in Figures 9 and 10, with
values from Landahl (Reference 6, page 84) for comparison. Landahl's
values were obtained by a method of solution of Equation (5} which applies
only to a rectangular wing in modes of oscillation with a deflection independent
of y.

3. THE ASPECT RATIO 3.0 RECTANGULAR WING

Finally, for the aspect ratio 3. 0 rectangular wing, a comparison is
made with experimental pressure values. These values were given in
Reference 13 for a 5-percent thickness wing oscillating in an elastic bending
mode. At Mach 1, the reduced frequency was 0.24. The chordwise pressure
distribution at y = y,ax/2 is shown in Figure 11.
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The variation of the experimental values from the computed values is
of the type that thickness effects should be expected to cause: the measured
pressure is {1) smaller near the leading edge, (2) larger before the point of
maximum thickness (x = 0.5), and (3) smaller beyond this point. The experi-
mentally determined values of local Mach number along this chord range
from 0. 84 to 1. 35, which indicates that the thickness has a considerable
effect on the flow.

The theoretical curve given in Reference 13 was obtained from the sub-
sonic kernel function method, applied at M = 0.99. This curve is included to
show how another theoretical method compares with the experimental values.

4. COMPUTER RUNNING TIME

The results described in this section required about 20 minutes total
computer time on the IBM 7094. With nonessential output omitted, this time
could have been reduced. All optional output was given, resulting in about
40, 000 lines of output.
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5. CONCLUSIONS

A procedure has been developed for predicting unsteady aerodynamic
forces and pressures on an oscillating wing by the use of the transonic box
method. The results obtained by this method agree quite well with theoreti-
cal values irom other methods that are applicable only to special planforms.
The box method has the advantage of applicability to a general planform.
The only other method of this generality at Mach 1 is the sonic limit of the
subsonic kernel function method (see Reference 16) that has not been very
successful,

The comparison with experimental values in Figure 11 indicates that
the most serious limitation of the method is that thickness is neglected,
Thickness may be incorporated into a box program by using modified forms
for sources and doublets, depending on the local Mach number (see
Reference 14). This was not accomplished under the present program.

Other possible extensions of the transonic box method, that would not require
much change in the existing computer program, are described in ParagraphlO
of Section 2.
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APPENDIX |. PROPERTIES OF SOURCE AND DOUBLET DISTRIBUTIONS

1. BOUNDARY BEHAVIOR OF A DOUBLET DISTRIBUTION

We wish to evaluate

Fabky, 01) = lim [ didnp.n)F, =€, y-n. 2).
z— 0+ £50

The integrand is zero for £ > x. If we define p{§,n) = 0 for £ < 0, then

740, y, 04) = lim [f dtdnp(t,n) 7, &x-E y-n, z).

z— O+ t<x
Put
E = x-2zu
n = y-zv

Then, using Equation {14), we have

]

Tﬁd(x,y, 0+) lim ff dudv p(x—zzu, y-zv) " z3 'q':'l(zzu, zv, 2)
z— O+ u>0

1, (z 1+v2)
. -—iklz u+
1 ff 2 ik 1 2 u
im dudv p(x-z u, y-zv)-z—-—ze
z— 0+ u>0 T u

Let (x,y) be a point at which p is continuous. Then the value of p in the

integrand approaches p{x,y) as z— 0. Taking the limit under the integral
sign,

_likl-i-v'Z
2 u

ik 1
+ = . — " —
«pd(x. y. 0+) p(x,v) > ff dudv uz e

u>0
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Letv =35 Ju. Then

D

— ik d

rpd(x,y, 0+) = plx,y)" P f = e f ds e
o " -

These integrals may be reduced to a standard form by rotating the paths of
integration in the complex plane into positions in which the exponents are
negative, then making the substitutions

_ik

u _Zp

s = . 2.

ik 4
The result is
1 . _% a 2
Pqbx,y, 0F) = p(xsy)-? f e Pp “dp fe 1 aq
0 -0
= P(st)

since both integrals have the value ,/r (see Reference 12, formulas 507,
512), Consequently, Equation (18) is valid at any point of continuity of
plx, ¥k

2. BOUNDARY BEHAVIOR OF A SOURCE DISTRIBUTION

To evaluate gg,(x, y, 0+), note that

== = [ atdn ple,m5> F_(x-€, yom, )
£>0

ff d€dn p(€,n) P, (x-£, y-n, 2)
E>C

?q
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Hence, by the result of the preceding section, if (x,y)is a point at which
plx, y}) is continuous,

FBZ(X'Y’ 0+) = ;d(er: 0+) = P(an)

which verifies Equation (17).
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APPENDIX [I. EXPRESSIONS FOR THE INFLUENCE COEFFICIENTS

Equaticn (31) may be expressed more conveniently in terms of

u = (xi - £)/d

v = .- d
y; )

m = |j- |

n =1i-#{

4 = kd

(d = box side length). By Equation {14) we have

2
1 v
. -—if (u +——)
An,m) = —g:r— ff du:v e 2 v {39)
u
|v-m|<—;-
Ju- nl< 3
uz0

It is assumed that £ is small. I £ < 0.1, the following approximation
gives an error of less than 0. 1 percent in the value of A:

1, | 1,
"'2—1111 _ ——2"' ifn —Eu(u— n)
e = e e
|
-=—1ifn
1
=~ e 2 I-Til(u-n)——;!z(u—n)z
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This reduces Equation (39)to

1 1 2
= iln -—it v'lu
ik 2 1 1 2 2 du dv 2
Aln,m) = —e (1+-—i£n-—£n)f e
2w 2 8 / )
| 2
=il v“/u
1. 1.2 f du dv 2
+(-31£+4£ n) T e (40)
2tu

where the limits of integration are the same as in Equation {39).

The following formula expresses these double integrals in terms of
single integrals:

v
1 2 1, 2 2
f“z v, 1 “zuvlu 1 Y pay Tz MV /v
du f dv — a - 3 - 2 —p— e
u v up pu u
1 1 )| vEv
1
u
1 2 2
. 2 2 dv e—-z-i.lv /u
3-2p uP-I
v1 u=su
1
Equation (40) becomes
1
Ah+s, m)-A(n-=,m), n>0
1 2 n
R R
Aln,m) = — e , (41)
2n 1
AOE' m); n = 0
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where

u -—11v2/u
An(u,m) = vf due ° -—1—(1 +-1-iln-—;!2n2)

3 2
0 u
m+=
1{ 1 1.2 1.2
+—[-=i2 +=— N
u( 7 U 4‘“) 24! 1
v T m- —
2
2 1 1.2 2 1 1.2
+ | - — —1 - — - =i —_
u(1+21n 8! n)+2( 211+41 n) {42)
m+4 —luvzlu
Ll Zave 2
1z- " fl
m--—

= Bn(u,m) + Cn(u.m)

Bp and C,, denote the contributions of the terms containing the u - integrals
and v - integrals, respectively.

Bn(u, m) may be expressed in terms of the sine and cosine integrals

a
sin xt
S(x)=f =
1
o
C(x) = f gdt
1

(C{x) and S(x) are evaluated by the subroutine CIN.) The resulting formula
for B is
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-lilvzlu
Bn(u.m) = [%(l +-li1n-~l—12n2)--—l- .!Zuv]e 2

2 2 8 24
1 1 2 1 33 .!vz
-—1 - +— 3 _
+[v(21l+4! n) 48 1.!v] [C(Zu) {43)
m =
2
2
] (A
2u =m_i_
2

n

To evaluate C,(u,m), put v
tial gives the approximation

s + m. Expanding part of the exponen-

m+l 2 i!vzfu 1 L it (m2 + 2ms + sz)/u
2 2 2 2
f dv e = f ds e
m-—l 1
2 2
1., 2 1
-3 Um fa 2 -ifmsfu 1., 2
>~ e ds e 1-=its"/u
2
L
2
and performing the integration gives
1 1 A 1 2
L 1. 1.
mT z v/ | Tz um fa | gin (2m/2u) 1 iz
f dv e = e 1 -—= —
1 tm/2u 8 u
moy

4 _iu_|sin (tm/2u)
. 2 tm/2u

- cOS8 (1m/2u)] , m#0

For small values of fm/2u, the trigonometric functions of this argument
are expanded in power series. To sufficient accuracy,

m+t = i!vzlu 2 ilmzlu 2 ,
2 4 2 - . 2 y A fAm) - 1 U fm/2u<o0, 2
f 1 Ve © 61\ 2u 24 ul’ :
m=3
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It may be verified that this is valid for m = 0,

Combining these expressions,

-lilmzlu
_ 72 2 1, 1,22 1., .12 1,2
Cn(u;m) = e [-?(1 + 21!!1 -E‘ n )+ 2(— —2-1.! + 4 £ n) - ﬁ! u]

r

1i2\ sin(fm/2u) , iu |sin{fm/2u)
(l'ﬁ'u‘) tm/2u +1 z[ tm/2u '°°s“m/2“’]'

(44)
tmf/2a> 0,2

. 2
y - LU ~l(3-’3-) , tmf2u<0.2
2u

The subroutine P@T 2 evaluates the influence coefficients according to
Equations (41), (42), {43), and (44)

51






APPENDIX 1I1, COMPUTER PROGRAM LISTINGS
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APPENDIX IV. SAMPLE DATA SHEETS

The following pages are sample data sheets for a computer run on
three modes at three frequencies. The potential will not be computed for the
first mode. The generalized forces found will be L2), L22, L23, L31, L32,

L3,

Of the first fourteen cards, the cards numbered 6, 9, 10, 11, 12, 13,
14 do nothing and are included only to indicate how all data is entered,
Cards 1 through 14 are complete in this respect, and all later cards are of
the same type as one of the first fourteen, The data used in the least
squares surface fit for the deflection is entered in locations 101 through 700,

Card number 22 represents 56 cards for the intermediate data points
which would have to be included in an actual run,
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