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SUMMARY

A further modification and enhancement of the doublet lattice computational proce-
dure in use at ARL is described. The theoretical hasis for the new procedures used to
integrate the unsteady Kernel function is covered in detail. A number of cases involving
nonplanar and nonparallel lifting surface combinations are studied. and the results are com-
pared with those of other workers. These show generally good agreement. although the
predictions of the magnitudes of the forces acting on a tipstore and an underwing store
do not compare as favourably. The present method has been implemented ar ARL into the
FORTRAN 77 program called DOUI AT.
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LIST OF SYMBOLS

A B points at either end of the doublet line on the sending panel

Ag nondimensional area of the k’th panel defined in Equations 6-25 and 6-26

C control point on receiving panel

c® C:z’ weights used in finite part integration of the planar and nonplanar parts of the

Kernel function, defined in Equations B-20 and B-21

Cy unsteady pitching moment coefficient defined in Equation 6-26
Cwy unsteady spanwise sectional pitching moment coefficient defined in Equation 618
Cy unsteady yawing moment coefficient defined in Equation 6-37
Cy unsteady side force coefficient defined in Equation 6-36
C; unsteady normal force coefficient defined in Equation 625
* Cy unsteady spanwise sectional normal force coefficient defined in Equation 617
L C, root chord
11 é mean geometric chord of NLR wing; ¢ = 0-4183 m
D,, element of matrix of aerodynamic normalwash influence coefficients defined in
{ Equation 2-2
D:,”’ D‘:) planar and nonplanar parts of D, defined in Equations 4-12 anc 413
t F frequency of oscillation in Hz
{ S/ nondimensional mode shape
{ G, G# numerators of the planar and nonplanar parts of the Kernel function defined in

Equations A-4 and A5

h vertical separation between wing and 1ail defined in Section 6-1
i V=1
ihjhk orthngonal unit vectors in the x, y and = directions
4 K Kernel function defined in Equation 3-)
K, Kernel function relating the induced normalwash at a receiving point r 1o the

pressure at a sending point s

NI




y——

N

Kl! KZ

D\

-

zZ X T X

X

Tap(0)

th (21
ul ‘wl

Yaglo). ¥Yaglo).

ZAB(G)

YBat

X

elements of the planar and nonplanar parts of the Kernel function defined n
Equations 3-4 and 35

nondimensional frequency parameter, w// U

reference length

quarter chord line of s’th panel defined in Equation 2-4

free stream Mach number

unsteady pitching moment defined in Equation 6-24

unsteady spanwise sectional pitching moment defined in Equation 6-16
unsteady yawing moment defined in Equation 6-33

number of straight line segments into which the interval / is divided
pressure defined in Equation 2-1

generalised force coefficient

control point on the receiving panel located at the 3 4-chord point and illustrated
in Figure 4

position vector of points along the doublet hne of a panel as a funcuion of non-
dimensional position parameter o defined in Equation 5-1

semi-span

elements of the planar and nonplanar parts of the Kernel function defined in
Equations 3-2 and 33

element of the nonplanar part of the Kernel function defined in Equation 4-9
time
frec stream velocity

weights used in integration of the planar and nonplanar parts of the Kernel
function when r? > 0, defined in Equations A-37 and A-38

dimensional normalwash defined in Equation 2-1

components in the i, j. k directions of the poesition vector r00) defined in
Equation 5-1

orthogonal coordinates of a point defined using the global (X, Y. Z) coordinate
system of Figure |

dimensional y-ordinate of the balance centre defined in Equations 626 and 6-35

dimenstonal x-ordinate of the lift point on the A'th panel defined in Equations
6-26 and 6-35
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Subscripts and

(n

(2)

(3]

dimensional x-ordinate of the 1/4-chord point of the j'th section defined in
Equation 6-18

unsteady side force defined in Equation 6-32

unsteady normal force defined in Equations 6-23 and 6-30

nondimensional normalwash defined in Equation 2-3

parameter used as a criterion for selecting the appropriate integration scheme,
defined in Equations 5-15-5-17

J1I— M?
sweep angle of quarter chord line of the s’th sending panel defined in Equation 2-4

dihedral angles of the receiving and sending points defined in Equations 3-2
and 3-3

angular rotation in torsion

nondimensional pressure defined in Equation 2-5
density of air in the free stream

parametric position coordinate defined in Equation 5-1

circular frequency of oscillation

superscripts

denotes planar part of variable or function
denotes nonplanar part of variable or function
denotes value at point A on doublet line
denotes value at point B on doublet line

denotes quantity relating to a panel in the i’th row of the jth streamwise column
of panels

denotes receiving panel or point
denotes sending panel or point

denotes a quantity relating to the steady Kernel function.
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1. INTRODUCTION

A previous report by Waldman [1] describes a FORTRAN program for calculating general-
ised air forces on arbitrary combinations of lifting surfaces. The method used therein is a
variation of the doublet lattice method of Albano and Rodden [2]. This report describes
further modifications and enhancements to the integration procedures used.

The initial formulation of the doublet lattice method [2] is adequate for calculating inter-
ference effects on general nonplanar lifting surface configurations; however, some computational
difficulties have occurred for nearly coplanar wing/horizontal tail combinations [3. 4. 5]. The
formulation of the doublet lattice method used in [1] is able to deal with nearly coplanar surfaces.
up to the point where the vertical separation is so small as to be negligible. Although the method
yields accurate results, it is computationally expensive, especially for nearly coplanar surfaces.
since the number of integration points needed is lurge.

A significantly improved method for carrying out the required integrations has been devel-
oped and implemented. This uses some features of the approach proposed by Giesing er al. [4]
and extends the techniques found in {1].

2. THE DOUBLET LATTICE METHOD

The doublet lattice method is a panel method for the solution of the oscillatory subsonic
pressure-normalwash integral equation for multiple interfering surfaces

v

WX, ¥, 2,) 1 . -
1 - = 3 >‘< Ky, —x v~y z,—z0 M ow)p(x, v, z)dS 2-1
U drpU J ’
L.S.
where w(x,, J,. 2,) €' is the induced oscillatory normalwash. p(x_. y. =) e'" is the pressure

distribution over all lifting surfaces. L.S.. and K is the subsonic nonplanar Kernel function.
The coordinates of the sending and receiving points are given by (x.. y.. z.) and (x,. 3. z,). The

symbo]inndicatcs integration in the sensc of Mangler [6].

In the doublet lattice method the lifting surfaces are divided into small trapezial panels,
as shown in Figure I. By assuming that the unknown pressure p ts uniform over a panel. Albano
and Rodden [2] have shown that the integral equation, Equation 2-1. reduces to a set of linear
simultaneous equations. These may be written in matrix form as

2= (O] 22

wel v, ¥y, 2)
where ¥, = Lot 7.3

¢

p - s b by,
4n ,

A
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L= (X, ¥s» 25)

. oU? 25

¢, is the mean chord of the s’th sending panel

B, is the sweep angle of the 1/4-chord line of the s’th sending pancl

K., is the subsonic nonplanar Kernel function relating the normalwash
at the control point (mid-span 3/4-chord point) on the r’th receiving
panel to the pressure occurring at a sending point on the s'th sending

panel

I, denotes that the integration is carried out along the 1/4-chord line of
the s’th sending panel.

By evaluating Equation 2-4 we are calculating the contribution to the normalwash at a (receiving)

point on panel r that is due to the uniform pressure occurring over a (sending) panel s.

3. THE KERNEL FUNCTION

The Kernel function relates the complex normalwash w(x,, y,. z,) e'' to the complex
pressure p(x,, y,, z,) ¢'“!, and can be written in the following form

—lwx,

K =e U (KT, + K, Ty).r? 31
where T, = cos(y,~7y,) 32
T, = {z,cosy,—y, sin y,H{z, cos y,—y, sin 3.} r? 33
M ;
K, =[,+7r(l +ud)y tre 34
-,MZ’.Z R
Kz =_312—HR2 (]+ '41-) xz(, uy 3-5
M , pirt Mru .
2 (1 + u,‘)l—ﬁ— R RS aLS ) I ) Yle v
R R*
R
Xy = X — X Y= Ye— ¥ Sy Ly — 4 36
B=(0—=M»"2 r=(y?2+ 2,9 R = (2,7« iyt s 1.7
or MR — x,
V= -—— U, ‘—/f-z—r— RER

and 7y, and y, are the dihedral angles of the receiving and sending points located at (x,. v,.z,)
and (x,, y,, z,). The terms /, and /, represent the two infinite integrals
z i
e
I(u,, v) =

e —x
(1 + uh)??
.
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0 e— ivy
f(uy, v) = Wdu 310
Uy
Techniques for the calculation of /, and /, can be found in [, 4].
Note that for the steady case (w = 0), the expressions for K, and K, simplify to [7]
_ X
K1‘>’=7‘+1 311
2
X X
K==L =2} = +1 312
2 R N&

In discussions involving the Kernel function it is customary and convenient to refer to
the terms incorporating K, T, as the planar part of the function. The terms incorporating
K, T, are referred to as the nonplanar part of the function.

4. BEHAVIOUR OF THE KERNEL FUNCTION

The general form of the nonplanar Kernel function, &, was given in Equation 31 as:

fwx )

K=e¢ T (K, T, + KTy #? 1]

The formal basis of the doublet lattice method is to approximate the numerator of A with a
polynomial and integrate Equation 2- 3 analytically [2]. The integration used to obtain the normal-
wash influence coefficients. D, works well for all cases. planar and nonplanar. with the exception
of the nearly coplanar casc {3. 4. 5].

Consider the case where the receiving point is downstream of the sending panel. where A
detines the downstream direction 1in Figure 1. When there exists a small normal separation
between the receiving point and the plane of the sending panel. then the numerator of the Kernel
function has large variations along the interval /oo the hine integral

D, - Ll 4.2
4n f
/.

The typical behaviour of the numerator of the steady Kernel tun oo asallustrated in
Figure 2. Values of the numecrator. (A, 77+ A, 70 are plottad apanst the spanwise
variable y; in the vicinity of 1y = 0 for three vidues of vertc Fdistance & and o chordwise
distance x; = 0-5. Both the sending and receving panels he i planes parallel to the honzantal
plane. Note that the curves are asymptotic to the value (A" 7, - A7 1) Iutor vidues
of y, » + «. although this is not apparent from Figure 20 Giesmg o7 af |3 has o tound that
when the length /. of the line integral s large compared with » Lo the vandtons ol

(K\("™'T, + K, T;) across the panel are very large  Theretore o sccond cnder polvnomimal
fit 15 inadequate.
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Expressions for the various parts of the unsteady Kernel function valid for small values
of y,. and downstream of the sending point are {4]

K, -2 4-3
K; - —4 4-4
Ty = cos(y, — v,) 4-5
Ty = (2, cos y, — ¥, sin y,)(z, cos y, — y, sin y)/r? 4-6

where r%(= y,? + z,%) » 0 and x, > 0. Using Equations 4-3 to 4-6 in the numerator gives

- iwx,

lim €U (KT, + K, T3}

>0

- iwx;

e U {2cos(y,—y)—4(z, cos y,—y,; sin 3.z, cos y,—y, sin p,)r’} 47

The term that requires the most care during integration arises from the nonplanar term and is
the one divided by r? and involves T,. A plot of T, as a function of y, is given in Figure 3 for
7, = 0° y, = 45° and two values of z,. It is clear that a low-order polynomial fit will not give
accurate results when r//, is small.

One solution to this problem is to consider the nonplanar terms separately from the planar.
The planar terms vary as 1/r? but the nonplanar terms vary as 1.r*, hence the Kernel function
can be written as [4]

—iwx

K=e¢ U (K T, r + Ky To*r) 4-5

where Ty* =r*T, = (z,c08 3, — ¥, sin 7,0z, cos 7, — ¥, sin y.) 4-9

Equation 4-8 may be rewritten as

- twx faxy

K=¢e¢e T K Turl+ e U K, T,** 4-10

and the numerators of each of the terms may now be approximated with a low-order poly-
nomial since they are slowly varying functions over the line interval /..
Hence, Equation 4-2 may be written as

D.=D "+ D 411
~ S ; e N
where D(“ = (ioj/‘ ‘ e U Ky T, rdl 412
" 4n ,
‘I\
Q2 c.cos f i)
p't = Leosh xr(’ T K, Tyt dl 413
" 4n J
R
4




By a suitable choice of integration scheme, it is possible to analytically incorporate the 1/r?
and 1/r* behaviour into the integration procedure. This has the effect of minimising compu-
tational errors involved in evaluating the integrals over regions where r is small or becomes

equal to zero.

5. INTEGRATION OF THE KERNEL FUNCTION

5.1 Geometric Considerations
In calculating the aerodynamic influence coefficients defined by Equation 2-4. let us consider
the interaction of a receiving panel r and a sending panel s, as shown in Figure 4.

The position vector corresponding to points along the doublet line may be written in terms
of the parametric variable ¢ as follows

Tap(d) = Xaplo) i+ Yaplo) j+ Zugla) k O g 1 S-1
where Xap(0) = vy + (xg — VA)O 52
Yap(0) = pa + (g —ra)o 5-3
Zag(0) = zp + (25 — 2a) 0 5-4

From the definitions of x,.y,, and z, in Equation 3-6 it is clear that when evaluating the
line integral of Equation 2-4 the variables x,, v,, and z, may be written in the following form

X, =a, + bo yw=a +bao = =ua, +bo 5-5
where a, = X, —~ X, a, = ¥, — ¥ @, = 5, — I, 56
b, = x, — g by = vy — 1y b, = za— Ip 5-7

In the squation for the Kernel function the variable r* is present. The equation for r* may
be written as

rP =g 06 +ho+o, 5%
where a, = b7+ b} 59
b’ = 2[”» h_v : ul h/] SIU
2 : -
¢ =a,” +ua A

If the minimum value of r° for 4 given panel combination is denoted by 7 and the
location of this mmimum by g .. then we have that

_h’ .
Toven = 4 512
2a,

2

) h,
T ¢, — S-13

min ' da

r

5




The span of a given sending panel, As, may be calculated from
As* = b + b} 5-14
Due to the organisation of panels into streamwise columns, g0, 2 min 8nd As need only be

calculated for combinations of columns, rather than individual combinations of paneis. This
strategy reduces the number of times these three parameters are calculated.

5.2 Basis for Choice of Integration Procedure

A decision which determines the integration procedure to be used is made on the basis
of the values r_;,, 0., and As that have been calculated for a given combination of sending aad
receiving columns of panels. One of the following conditions can occur for such a combination

(1) Tin/As > € —LD> Opin > + % 5-15
(i) 0 < rpin/As < € Omia <0 01 o, > 1 5-16
(iii)0£rmin/As£E Ogdmingl 517

where € is some small number (typically, ¢ = 0-01 in the program). The ratic r;,; As is a non-
dimensional parameter that compares the smallest value of r obtained for a given combination
of sending and receiving panels with the span of the sending column of panels. For compu-
tational purposes, the singularity r = 0 is assumed to occur when r;, lies in the range defined
by 0 < rin/As < €.

Condition (i) corresponds to the case where no singularity occurs for the combination of
sending and receiving panels (or columns) being considered. The integration procedure used is
described in Appendix A for the case where the interval / is subdivided into # smaller sub-
intervals. In the program the integration for condition (i) is evaluated with n = 1.

Condition (ii) corresponds to the case where a singularity occurs, but it lies outside the
interval of integration /. The integration procedure described in Appendix A is applied with n=1.

Condition (iii) corresponds to the case where the singularity occurs within the interval of

integration /,. The singularity is assumed to occur in the centre of the interval. This requirement
can be met by aligning all columns of panels in streamwise strips. The integration procedure
used is described in Appendix B for the case where the interval /_ is subdivided into (2n — 1)
straight line segments. In the program n = 4 and the singularity falls in the centre of the 4th
subinterval. The width of the fourth subinterval is /,;n. The remaining six subintervals are placed
symmetrically about the segment containing the singularity, three on cither side. and the length
of each of these subintervals is /,/(2n). The choice of n = 4 follows the technique used by Farrell
[S). By changing a PARAMETER statement in the FORTRAN source code (IR2EQ0 = 2.
n=1,2,...) it is possible to vary the integration scheme used to deal with the singularity.

In order to ensure that a high degree of numerical accuracy is maintained in all cases. it
is necessary to choose an appropriate value of the parameter . used previously in Equations
5-15to 5-17. If the chosen value of € is too large then the “finite part™ integration technigues
of Appendix B will be applied when there is no singularity present. On the other hand. if ¢ is
too small then the proximity effects of the approaching singularity will cause the integration
techniques of Appendix A to lose numerical accuracy.

Giesing et al. [4] have investigated this situation. They tfound that numerical difficulties
arose in their integration algorithm when r,,;,/As = 0-00125. With the present method, no
numerical difficulties were encountered for cases with r_,,/As = 0-01. Hence. the value of ¢
was set at € = 0-01, this being more conservative than the cquivalent value used by Gicsing
et al. [4]. Since As is small, r_;, = Ase is very small and can be assumed to be zero: i.e. the
planar case. The small value of € ensures that the transition from the case of very nearly coplanar
surfaces to the case of coplanar surfaces is achieved without a discontinuity in the results,

6
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6. COMPARISON WITH OTHER METHODS

The method described above has been implemented at ARL into the FORTRAN 77
program DOULAT. The format of the input data to DOULAT, and the definition ot pressures
and generalised forces, is the same as that used in [1].

In order to test and verify the operation of the presemt method, a number of lifting surface
configurations have been investigated. The test problems selected cover a wide range of frequency
parameters, Mach numbers and variations in geometry. These are designed to test both the
planar and nonplanar aspects of the computational procedure, since both have been significantly
modified.

The various configurations are described in Sections 6-1 to 6-5. and the comparisons of
the results with those of other workers are shown in Tables | to 7. The comparisons inctude
results obtained by a variety of computational formulations ot the doublet lattice method,
lifting surface methods. and also some experimental results.

In the Tables the results are presented in terms of modulus and phase. Where the frequency
parameter s zero (k = 0), the steady state Kernel function was used.

6.1 AGARD Horizontal Wing and Tailplane

The AGARD horizontal wing and tail combination has been specified by AGARD for the
calculation of generalised airforces. The configuration is shown in Figure 5. Calculations have
been made for two values of frequency parameter. k = Oand k& = | -5, at Mach number M =0-8,
The modes of oscillation are anti-symmetric and are defined by

ey oy = v — 225y — 0-85) on the wing 6-1
=y on the tail 6-2
v,y 2y=1y on the wing 6-3
= (x — 3-35)sgnty) on the tail 64

where the origin of the coordinates is at the apex of the wing. The first mode s torsion of the
wing about an axis 38°, of the local chord, coupled with roll of the tarl. The sccond is para-
bolic bending of the wing coupled with pitch of the tail.

A number of variations have been investigated for h = 0-0. 0:-01. 0-04.0-1. 0-2. 03, 0-4.
0-5 and 0-6. Tables | to 3 compare the results obtained by different workers [2. 5. 8.9, 10)
with those calculated using the present method. The results of Davies [8] and Albano. Perkinson
and Rodden [9] are based on lifting surface methods, and the remainder are based on various
computational formulations of the doublet lattice method.

Using the present method generalised torces have been caleulated for two different pancl
distributions. Panel distribution (1) consisted of ¥ evenly spaced panels along the semi-span
and 6 evenly spaced pancls along the chord of the wing. and of 8 pancls along the semi-span
and 4 panels along the chord of the tailplane, also evenly spaced. This distribution was the same
as that used by Albano and Rodden (2]. Panel distribution (2) had 8 evenly spaced panels along
the chord of the wing and tailplane. Al panels on the wing and tailplane are aligned in stream-
Wise SITips.

Table 1 presents gencralised torces obtained tor two values of frequency parameter. & = 0
and & = -5, for the coplanar case. The results of the present miethod agree well with those
of other workers. Note that the results of Farrell's doublet laitice calculations were obtained
using an array of 10 panels along the semi-span and 5 panels along the chord of the wing and
the tailplanc.

It 1s worth noting that in order to converge to Hedman’s [11] vortex latuce resolts for steady
flow. and to improve the approximation of Equation 2-4, Albano and Rodden found 1t necessary
to subtract the steady part (& == 0) from the Kernel function & before applying ther integration
formula, and then to add the cffect of a horseshoe vortex which was calculated analytically.
When comparing the results of the present method (1) with those of Albano and Rodden (the
pane] distributions for these two cases being identical) for the steady planar case (A = 0. 41 = 0),




it is evident that there is excellent agreement. There is also negligible difference between the
results of panel distribution (1) and (2).

When comparing the results of the present methed for &k = 1-5 and A = 0 with those of
the refined doublet lattice method of Giesing, Kalman and Rodden, it is seen that results obtained
with the finer panel distribution of the present method (2) are in excellent agreement. The results
of the present method (1) do not display such good agreement, although they differ by a maxi-
mum of less than 7%;.

It is interesting to note that for the unsteady case there is always excellent agreement in
the phase angle calculated by the four formulations of the doublet lattice method for any given
generalised force. The small variation that is evident is very much less than that occurring in
the magnitudes of the generalised forces. It is also evident that the variation in results obtained
using the present method and panel distributions (1) and (2) is much greater for the unsteady
case than it is for the steady case.

Table 2 presents results for generalised airforces calculated with h = 06 for kK = 0 and
k = 1-5. The results of the present method once again agree well with those of other workers.

Table 3 gives a comparison of Davies lifting surface results for Kk = 1-5 and 4 = 0 to
h = 0-6 with results from the present method obtained using panel distribution (2). There is good
agreement in the trends predicted for the generalised airforces as the vertical separation is varied.
together with an acceptable agreement between individual pairs of generalised forces. As described
in Section 4, early formulations of the doublet lattice method experienced difficulties with non-
planar wing and tailplane combinations where the vertical separation, A, was small [3. 4]. In the
critical region of interest when # = 0-0l and # = 0-04 there is acceptable agreement between the
results due to Davies and those of the present method. No numerical difficulties were encountered
when the above two 4 values were used.

6.2 Stark’s Swept and Tapered T-Tail

The swept and tapered T-tail analysed by Stark [12] 1s shown in Figure 6. For this 7-tail
the trailing edge of the stabiliser extends beyond the fin trailing edge at the stabiliser  fin junction.
The T-tail is assumed to be oscillating in three rigid-body modes. These consist of vawing about
a vertical axis through the centre of the root chord of the fin (positive nose right). sidesway
(positive left) and rolling about the fin-stabiliser intersection (positive right stabiliser down).
These modes are defined as

filx oy 2y = Mx + 0-1557D) on the fin 65
=0 on the stabiliser 6-6
LHlvoyony =10 on the fin 67
=00 on the stabiliser 6K
.y, 2) = — = on the fin 69
=y on the stabiliser 6-10

Figure 7 shows the panel distributions used on the fin and stabiliser. The present idealisation
is similar to that used by Kalman. Rodden and Giesing {101

Table 4 presents generalised airforces calculated for A = 0 and M =0 and M = 08
The results of the present method agree well with those of other workers. When companing the
results due to Kalman, Rodden and Giesing [10] with thos: of the present method, the Lirgest
difference in the generalised forces oceurs for the @, term. This term represents the fin vawing
moment due to yaw. and since the side force acting on the fin. Q5. agrees well. this indicates
that the predicted chordwise location of the centre of pressure will ditfer. A similar ctfect oceurs
for the Q,, term in the results presented for & = 0-6 and A = 0-9 in Table 5.

Table 5 presents generalised airforces calculated for Af = 08 and A - 0-6 and A - (9,
The results due to (i) Davies. (ii) Zwaan, and (ii1) Kalman. Rodden and Giesing, were oblinned
from {10].
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The results shown in Table 5 compare favourably with those predicted by the other methods;
however, the agreement between the magnitudes of the generalised forces Q,,, Q,, and Q,,
as calculated by Farrell is comparatively poor.

The generalised forces Q,,, 0, and Q,; represent the yawing moment due to yaw, sides-
way and roll, respectively. Nine and eleven panels were used down the chord of the fin and
stabiliser in the present method, compared with only four panels down the chord of each surface
for the results due to Farrell, whilst the spanwise distributions were similar. Since the present
method has a significantly finer chordwise panel! distribution, it is to be expected that the yawing
moments will be predicted with greater accuracy. As shown in {1}, if the chordwisc panel distri-
bution is chosen to approximate more closely that used by Farrell, then the results of estimates
for Q,,, O, and Q,, approach those obtained by Farreli. Note that this trend is also followed
by the remaining six generalised forces.

6.3 NLR Clean Wing

This wing (Fig. 8) represents that of the F-5 aircraft and it has been the subject of both
theoretical analysis and wind tunnel testing at the National Aerospace Laboratory (NLR) in
the Netherlands [Ref. 13, Part 11]. During the wind tunnel tests the model was oscillated in
pitch about an axis parallel to the y-axis and passing through the mid-point of the root chord.

Two combinations of Mach number and frequency were investigated. These are M = 0-6
and F=20Hz and also M = 0-6 and F = 40 Hz. The nondimensional in-wind vibration
modes are respectively [Ref. 13. Part 1}]

Si(x13) = (0-330 — 1-001x + 0-002) — 0-013xy + 0-052y* — 0-067xp%) / 6-11
Solxy 3 = (0:312 — 0-954x — 0-148y + 0-532xy — 0-339y° + 0-602xy7%) / 6-12

where the reference length, /., is taken to be equal to the root chord (/ = 0-639 m). Note that in
Equations 6-11 and 6-12 the x- and y-ordinates must be given in metres. The expressions for
/1 and f, assume that there is no elastic deformation in the chordwise direction. A parabolic defor-
mation is assumed to occur in the spanwise direction. The major component of both modes
is due to rigid body pitch (rotation) about an axis through the centre of the root chord. with
only a small proportion being due to a spanwise bending and torsion contribution.

The in-wind vibration modes for the clean wing are illustrated in Figure 9. The normalis-
ation of the modes is carried out such that at the chordwise wing section containing the point
(x.y) = (0-5648, —0-0977) the chordwise slopes of the oscillatory modes are given by

d
— (= —1 6-13
dx

d
— ) = —1 6-14
dx

Note that the displacements f, and f, are positive in the positive z-direction.

The panel distribution used in the present method (Fig. 10) is the same as that used by
NLR [Ref. 13, Part 11]. The present method was used to calculate the unsteady spanwise normal
force and pitching moment distributions. The sectional normal force and pitching moment
are given by

y n 2 . i)
[J.:—z—;) V‘('j(”()(' ! 6-15
. n L,’Z 2 1ot
M; = YUY Cy;le 616
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where Z, is positive in the positive z-direction and M | is the pitching moment about the quarter-
chord point of the section (positive nose down). The chord c; is the local chord of the section.
The sectional normal force and pitching moment coefficients are given by

A2
C, = oA 6-17
Z ncjdij/”A”

4’ -
n(‘jzd)'j —

i

Ay Ay = &) 6-18

Cu; =

where  4;; isthe nondimensional pressure acting on a panel in the i'th row of the j'th section:
l’AU is the area of the panel in the i'th row of the j'th section;

Xy; is the dimensional x-ordinate of the mid-span quarter-chord point of the panel
in the i’th row of the j'th section:

& is the dimensional x-ordinate of the quarter-chord point of the j'th section;
dy; is the dimensional width of the panels that comprise the J'th section;

and the summation /; is carried out over the i panels down the chord of the j'th section,
Lot

1
Figures 11 to 14 show the unsteady normal force and pitching moment distributions for
the clean wing obtained by the present method and compare them with results of NLR doublet
lattice calculations and experimental measurements. The results of the present method are in
excellent agreement with the results of NLR. Both methods predict forces that are greater than
those obtained from NLR experiments.

6.4 NLR Wing with Tipstore

This configuration was studied theoretically and experimentally at NLR [Ref. 13. Part 1],
It comprises a tip store added to the clean wing described in the previous section. The stare
represents an AIM-9) missile and launcher. The panel distribution used (Fig. 15) was chosen
to conform as closely as possible to the panel distribution presented in [Ref. 13, Part Hi].
The nondimensional in-wind vibration modes arc as tollows [Ref. 13, Part 111]

Silx ) = (0-336 — 0-997x + 0-045y + 0-032xy

+ 0-14137 + 0-001x12) / (on wing) 6-19
= (0-380 — 1-022x) { (on store)
% y) = (0351 — 1-022x + 0-162y — 0-29611
+ 0-5313%F — 0-06770%) / (on wing) 620
= (0-459 — 1-075x) / (on store)

where the reference length / is taken to be equal to the root chord ¢/ = 0-639 m). Mode f,
corresponds to M = 0-6 and F = 20 Hz, and modc f, corresponds to M = 0-8 and /= 20 Hz.
Note that the x- and y-ordinates ar¢ to be given in metres an | the term “on store™ (used in
Equations 619 and 6-20) refers to the complete store and launcher assembly.

The expressions for f, and f, assume a parabolic deformation in the spanwise direction
and no elastic deformation in the chordwise direction. The major component of both modes
is due to rigid body pitch (rotation) about an axis through the centre of the root chord. and
a small proportion is due to spanwise bending and torsion. The displacements f, and f, are
positive in the positive z-direction.
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The modes are normalised such that at the chordwise wing section containing the point
(x, y) = (0-5648, —0-0977) the slopes of the oscillatory modes are given by

d
E(lf')z ~1 6-21

d
W)= -1 622

The nodal lines for the in-wind vibration modes for the NLR wing with tipstore are pre-
sented in Figure 16. The figure shows that as the Mach number is increased from M = 0-6
to M = 0-8 the nodal line is bent further rearwards. Comparing Figure 16a with Figure 9a
indicates that the wing with tipstore possesses a nodal line that is bent further rearwards, especially
over the outer part of the wing.

The present method has been used to calculate the unsteady spanwise normal force distri-
bution on the wing in the presence of aerodynamic interference from the tipstore. The normal
force is defined in Equation 6-17. Figure 17 compares the unsteady local normal force distri-
bution calculated by the present method with that obtained by NLR doublet lattice calculations
and experiment [Ref. 13, Part [11]. It is seen that the present method agrees very well with the
NLR doublet lattice results. When compared with theory. the experimental results yield smaller
values for the real part of C;; (especially near the wing tip) and larger values for the imaginary
part of C;;. This corresponds to a reduction in the magnitude of the force together with a phase
shift. A comparison of Figures 11 and 17 indicates that the tipstore acts as an endplate. thus
increasing the load on the wing.

The normal force coefficient C, and pitching moment coeflicient Cyy have been caleulated
for the tipstore (together with its launcher) using the present method. The normal force and
pitching moment about the balance centre (positive nose up) are defined by the following
equations

N
i

n
S PV Cp0 et 623

M

it

2 A -
?1 pl=css Cythet! 6-24

where ¢ 1s the mean geometric chord (¢ = 0-4183) and s is the semi span (s = 0-6226). The
normal force and pitching moment coeflicients are given by

210"
BTN

= — 2y COS A 6-25
i p—
47 i
Cy -~ — N A COS 0 A (X — Xgag) 6-26
nety —
A
where /. is the nondimensional pressure on the kth panel:

i is the dihedral angle of the &'th pancl;
Ay isthe dimensional v-ordinate of the mid-span quart:r-chord point on the &'th panel:
Xgay. 15 the dimensional x-ordinate of the balance centre (xg, = 03480 m):
1?4, is the dimensional arca of the k'th panel;
and the summation is taken over all panels on the tipstore and launcher assembly.
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Table 6 presents the unsteady normal force and pitching mornent cocfficients obtained by
the present method and compares them with theoretical and experimental results obtained by
Tijdeman et al. [Ref. 13, Part 111]. The coefficients have been calculated for a frequency of oscil-
lation F = 20 Hz and two Mach numbers, M = 0-6 and M = 0-8. When compared with the
NLR doublet lattice method, the present method yields coefficients whose magnitudes are 119,
to 31%, greater, the largest variations occuring in the moment coefficients. However, in contrast
to this, the agreement exhibited for the phase angles is excellent. the differences being
less than 1-1".

For the spanwise normal load distribution, excellent agreement has been obtained between
the present method and the NLR doublet lattice method. Even at the wing tip, where the non-
planar effects of the tipstore are greatest, the agreement is still very good. However, when the
unsteady force and moment coefficients for the tipstore are compared. it is found that the force
and moment coefficients are consistently larger when predicted by the present method. On
average, the force coefficient C,is 13°, greater, and the moment cocefficient Gy, is 287, greater.
the differences in phase angles being negligible.

When the theoretical force and moment distributions over the wing arc compared with
experimental results, it is evident that the theoretical methods overestimate the magnitudes of
these forces. This feature was also apparent for results for the clean wing, described in Section
6-3. However, it is not possible to 1solate a similar trend in the force coeflicients calculated
for the tipstore.

The reader 1s referred to Section 7 for additional comments related to the differences
between the theoretical calculations of the present method and the NLR doublet lattice method.

6.5 NLR Wing with Underwing Store

This configuration investigated by NLR [Ref. 13, Part IV] involves the addition of a pylon.
launcher and missile to the clean wing described in Section 6- 3. The store represcits an AIM-9J
missile, and is represented by additional thin lifting surtaces. The panel distribution is shown
in Figure 18 and conforms as closely as possible to the pancel distnbution presented in [Ref. 13
Part 1V].

The wing model was oscillated in pitch about a 307 rout chord avis at a Mach number
M = 0-6 and frequency F = 20 Hs. The resulung vibraton mode on the store consisted of
both vertical and lateral motion. The nondimensiona! im-wind vibration mode is detined as
[Ref. 13, Part 1V]

fulv 1) = (0302 — 0891y — 036210 - 1371w
\ . .

=681 - 2-606v1 )/ (on wing) 627
—(0-320 — 0-952\) ) (on store)

Hitv vy 000 ton wing) 628
S (=0-017 - 0-047 0/ (on store)

where the term “on store™ refers to the store. pylon and Laundher assembly, The vertical com-
ponent of the modal displacement s given by £, for which 1he displacements are positive i
the positive z-direction. The lateral component of the modo s given by . for which the dis-
placements are posiive 1in the positine v-direction. The reterence length 700 0-6396 m and
the x- and y-ordinates are assumed o be ginven i metres.

The expression for f, on the wing assumes a parabolic deformation in the spanwise direction
and no elastic detormation i the chordwise direction The miggor component ot 7, s due to
rigid body pitch (rotation) about an axs through the centre of the root chord, with o small
contribution being duce to 4 spanwise bending and torsion distribution. The lateral component
of the displacement mode. £, 15 composed of rigid body saw and sidesway o 1the underwing
store assembly.
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The mode is normalised such that at the chordwise wing section containing the point
(x,y) = (0-5648, —0-0977) the slope of the oscillatory mode is given by

d
— = — -29
W | 62

on the wing.

The nodal line for the in-wind vibration mode for the NLR wing with underwing store is
presented in Figure 19. Comparison of Figure 9a with Figure 1) shows that the nodal line of
Figure 19 is very similar to that of the clean wing at Mach number M = 0-6 and frequency
F = 20 Hz. Note that the vertical displacement of the store was taken equal to the displacement
of the wing at location (x, y) = (0-430. 0-477).

The unsteady spanwise normal force distribution on the wing in the presence of the under-
wing store has been calculated by the present method. The equation for the normal force distri-
bution has been defined in Equation 6-17. Figure 20 shows the unsteady local normal force
distribution calculated by the present method and compares it with the results of NLR doublet
lattice calculations and experimental data [Ref. 13, Part [V]. As for the two previous cases
involving the NLR wing combination (described in Sections 6-3 and 6-4). excellent agreement
has been obtained between the present method and the NLR doublet lattice method for calcul-
ations of the spanwise normal load distribution on the wing with underwing store. Even at the
discontinuity caused by the presence of the pylon, and where the nonplanar effects are the
greatest, the agreement is very good. Once again, the experimental results yield a force distri-
bution whose magnitude is less than that predicted by the theoretical methods.

When compared with the loading distribution on the clean wing, the nonplanar interference
due to the pylon and store placed beneath the wing has a pronounced effect. The aerodynamic
interference is responsible for an increase of the loading inboard of the pylon and a decrease
on the outboard side. A discontinuity or jump in the real part of the normal load distribution
also occurs at the pylon station. However, no such discontinuity is present in the imaginary part.

The forces and moments acting on the store and pylon assembly have been calculated using
the present method. and are defined by the following equations

7T

/= 3 ;)l 2(_'_\'(‘1 e 630

Vo- i Cy et R
1

Y = S b Gyt 632

R R SN A SRR
4

where €, s the normai foree coeflicient (positive i the positive z-diveciiom,
Cy is the pitching moment coeflicient about the balance centre (posttive nose up:
Cy 15 the side foree coceflicient (positive in the positive y-direction):

Cy 1s the yawing moment coefficient about the balance centre (positive nose i the
positive y-direction);

¢ 18 the mean geometric chord (¢ = 0-4183 m)

s 15 the semi-span (s = 0-6226 m).




The force and moment coefficients are given by:

212 \
C,= — /4y €08y, A 6-34
13 7is £y N Ix A

a4t .
Cy = — —+ N A €OS Y ALy — vgad ! 6-35
™S Lo
A

2N .
Cy = - — N A8y AL 6-136
REOS

A

<)

a4 T
Cy = — N 2y SIN Ay (- xgag ) ! 6
NS ey

s

where xg,, is the dimensional v-ordinate of the balance centre (g, = 0-430 m). The variables
A Yuo Ay and x, are as defined in Section 6-4 (Equations 6-25 and 6-26). and the summution
is taken over all panels on the store, launcher and pylon assembly.

Table 7 presents the unsteady force and moment coeflicients obtamned by the present method
and compares them with theoretical and experimental results obtained by Tijdemaun er al. [Ref. 13,
Part IV]. When compared with the NLR doublet latiice method. the present method vields
coefficients which are from 1:6° to 46-1", greater in magnitude. In contrast to this, the phase
angles exhibit considerably better agreement. the differences bemng less than 2-05 L This behaviour
is similar to that described for the tipstore in Section 6-4.

For a further discussion of the differences between theoroncal catculations with the present
method and the NLR doublet lattice method. the reader s referred 1o Secton

6.6 Aligned Panels for NLLR Wing with Store Configurations

In the apphcution of the doublet kittice method 1o hfong surface combinations that are
coplanar it is essential that the pancls be aligned i streamwise strips. Bor nonplanar contigur-
ations this requirement may be relaxed as fong as the wakes of panels do not cross and cause
a singularity that is not located at the contre of the mtegratien mierval of the panels. Tt must.
however. be roted that for nonplanar pancl combimations win v are m close provmity o cach
other. such a configuration will lead to a more comples varatior of the planar and nonplanar parts
of the Kernel function.

From an inspection of Figure 1500 v appurent that the streamwese edges of panels on the
canard fins and aft wings of the upstore do not hme ap e streaniswase streps weth the pancls
that comprise the launcher and missile body A simnlar viuaton exses e brgare 18, where the
pancls on the canard finy and att wings of the underwing stere doones e up e streantwise
strips with the nearby panels on the lnuncher the store bod and the wine.

Two new panel distributions were created for the Bpsie ©oamd oavion store configurations,
and they speatically embodied the feature that all planar aad nonplasar pancis were abgened
i streamwise strips. The abgned panct distrbution 1or o0 - s watn tipsiore o iustrated m
Frgure 210 and was created simply by modifying the spanaes dicnhation of panels on the
fauncher and missife body. increasig the total number o pandds trom 235 10 306, Fpare 22
shows the aligned pancl distnibution tor the wing with underwr ¢ store This new pancel distrr-
bution increased the number of pancis from 244 10 3id. and mos cithe retinement i the panel
distribution occurred on the launcher, missile bedy and the wie i the vicininy of the wing-
pylon junction,

Table & presents the unsteady normal force and pricking momeni cocthaents obtained for
the aligned panel distribution on the NLR wing wirh tipstore using the present method. The
results are compared with those of the NER doublet Littee method 1131 and carher caleulations
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using the present method, both of which did not have an aligned panel distribution. The coethi-
cients have been calculated for a Mach number M = 0-6 and frequency of oscillation £ = 20 Hez.
When comparing the two results obtained by the present method, it 1s evident that the normal
force coefficients are in excellent agreement. The greatest relative difference occurs between
the magnitudes of the pitching moment coefficients. Since the normal force coefficient was less
sensitive to the change to an aligned panel distribution, the change in pitching moment reflects
a change in the predicted centre of pressure. Note that it is common to see a greater change
in a moment coeflicient than the corresponding force coetlicient when a relatively coarse panel
distribution is refined.

An inspection of Figure 21 shows that the panel distribution on the surface representing
the launcher and missile body has been considerably refined. In comparison o the non-ahgned
panel distribution shown in Figure 15, the number of panels on the launcher and missile body
has been increased by a factor of 2-5. Since this aerodynamic surface is large in relation 1o
the complete tipstore. and its panels make a large contribution to the pitching moment. it is
reasonable to sec a large variation in the pitching moment coeflicient.

As the aligned panel distribution resulted in a considerably more refined panel distribution
for the tipstore assembly, it is not possible to separate the effect of abigning the pancls in stream-
wise strips from the overall effect of having a more refined panel distribution. As the results
obtained using the aligned panel distribution are similar to those that would have been obtained
with only a refinement in the pane/ distributton, there is no evidence of any numerical difficultics
associated with the non-aligned panel distribution.

Table 9 presents the unsteady normal force, pitching moment. side force and yawing
moment coefficients obtained for the NLR wing with underwing store using the present method
and an aligned panel distribution. The results are compared with those of the NLR doublet
lattice method [13] and carlier calculations using the present method. both of which did not
have an aligned panel distribution. The coetlicients have been calculated for a Mach number
M = 0-6 and frequeney of oscillation £ = 20 Hz.

As for the ohvned panel distnibution for the tipstore, the aligned pance! distribution for the
underwing store vields forces and moments that are in excellent agreement with those obtained
for the non-aligned case. The largest refative differences occur in the results for the vawing
moment coefficient, and all the phase angles experience only minor variation.

As mentioned previously ftor the NLR tpstore. the aligned pancl distnibution is much
more refined than the original non-aligned distribution (see Fig. 21). In particular, the number
of panels on the launcher has increased by a tactor of three. Since this aerodynamic surface
has a large surface arca. it is not surprising to see that the predicted vawing moment coeflicients
have varied from those obt. ned tor the non-aligned panel distribution. The relatively much
smaller varation i the pitching moment coefticient s due to the reduced fevel of retinement
of the panels on the underwing store that contribute to the pitching moment voeticient. As
For the tipstore case, there is no evidence of any numerical instability 1 the caleulanons per-
tormed with the non-aligned panel distribution.

7. DISCUSSION

I'he present computational formulation of the doublet lattee method bas been appiied 1o
many diferent Iftimg surtace configurations. The various combinations cnabvsed comprised a
wing and tadplune tnoandem, a -t o wimg mosolanon, g wing with o tpstore and o wing
with an underwing store. Of these many configurations the Latter two reprosent the most complex
nonplanar acrodvnamic mteraction analysed hereo and they orm particuarly dithealt test
cses used an the evaluation of the present method,

The wide range of configurations that was analysed ~hows that the computer program
DOULAT cun handle most contiguravons. provided that they are adeahsed with w the hini-
tations imposed by the deoubtet Littie method, Although not considered i tins report, tull- or
partial-span control surtaces may be included. Alsol problems mnvolving Fornls or twin fins
may he analvsed without additional difficulty,
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When compared with [1], the present method has resulted in a significant improvement in
the speed of computation of the matrix of aerodynamic influence cocflicients. For the NLR
wing with underwing store configuration (described in Scction 6-5), the present method reduced
the time spent in this phase of the computations by 39“. This improvement in compulationa
speed has been achieved without any reduction in numerical accuracy.

The results obtained by the present method for planar, nonplanar and intersecting hifting
surface combinations have been compared with the results of other workers n the field. The
comparisons show that the results of the present method generally lie within the range of results
obtained by the other methods. Problems with a small (non-zero) vertical separation between
streamwise columns of panels [3] can be handled up to the point where the separation s negh-
gibly small.

However, for the configurations involving a wing and tipstore (Section 6-4) and a wing
and underwing store (Section 6-5), the comparisons indicate that a number of ditferences exist
between the theoretical results of the present method and those of the NLR doublet lattice
method. When compared with the results of the NLR calculations, the present method consis-
tently predicts forces on the tipstore and underwing store that are larger in magmitude. There
does not, however, appear to be any constant fuctor involved. Although the magmitudes are
significantly different, the agreement in the predicted phase angles is excellent for all the forees
and moments.

The possibility that the non-aligned nature of the pane! distributions on the NLR tipstore
and underwing store configurations was contributing to the difterences in force and moment
coefficients was investigated. Aligned panel distributions for both the tipstore and underwing
store cases were created (Section 6-6). and the results of the calculations were compared with
those obtained using the original panel distributions. The differences between the two sets
of results appeared to be due to the refinement of the panel distributions which had oceurred
for the cases with the aligned panels. There was no indication of any numerical mstabilities.

Another interesting point artses when the theoretical results for the foree and moment
distrtbutions over the NLR wing are compared with experimental results. Tt s evident from
Figures 11,12, 13, 14, 17 and 20 that there is a trend tor the theorctical methods to predict foree
and moment distributions whose magnitudes are greater than the experimental results, This
trend is generally followed by the theoretical results of the present method when predicting forces
acting on the tupstore and underwing store. A similar trend in the NLR doublet Jatuee predic-
ttons is not evident in the results that have been presented.

8. CONCLUSION

The present formulation of the doublet fattice method has been applicd 1o aiarge vanety
of hfung surtace combmuations. As programmed at ARL. the method s generally applicable
to nonplanar and nonparallel combmations ol interfering htting surtaces. The results of the
present method have been compared with those obtamed by other workers: and the comparisons
show generally good agreement. However, For the test cases imvolving NLR wings with ather
a tupstore or an underwing store, the agreement between the predicted magnitudes ot the torees
acting on the store assemblies was not as good. although the phase angles were e exeellent
agreement,
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APPENDIX A
tntegr ston proceduie when r > 0 over the integration interval
When 17 - O the o artntegrals of Bquations 4-12 and 4-13 no longer apply. Hence,

the normalwash vogieo oo o taent relatimg the normalwash on the r'th receiving panel to the
urmtorm pressure s Goe ne the s i sending panet becomes
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Let the line between points A: (x,. V4. z4) and B : (xg, yp, 25) be represented by the para-
metric relationship

rap(p) = Xpp(p) i+ Yas(p) J + Zun(p) k —l=p=1 A-10
where Xap(p) = X+ Xp %= (x4 + xp)/2 X = (x5 — X,u)2 A-ll
Yoy =7 +3p  J=(a+)2 F=(yp—r)2 A-12
Zup(p) =3+ 2p I =z, + 2p)2 Z o= (zg — 2,)2 A-13
Hence Equations A-8 and A-9 may be written as
[ gy (P, 24 (p)) dl
- X;(P)Jl(l’)vu(l’))_ A-id
_ yipY + z(p?t dp
] .
jo | CPE ). sy » AL
~1 0P + 2 dp
where X(p) = x, — X, p(p) A-l6
yp) =3, — Yaulp) A7
2y(p) = z. — Zyp(p) Al
. 12
ﬂz dtrp  drap =¥+ 7422 A-19
dp dp dp

and (x,. ¥, z,) is the location of the control point on the 'th receiving panel tor the combination
being considered.
By substituting Equations A-16, A-17.and A- 18 into Fquations A-i4 and A-15 we obtain

1 .
/i + ot
po 4 2 g A-20
dp 1) D(py
w17 2
[ dl G )(m‘[p A 21
dp 1 D(p)?
where Dipy =ap* +~ bp + ¢ A-22
a=7?a = A23
h = =2[#My, ~ )+ XNz, — 5] A-23
C=Op =) 4 = D) A-23

Now. in order to ¢valuate the integrals in Equations A-20 and A 21, let us represent V()
and G*¥'(p) by second-order Lagrangian interpolation polynomials
3
Go o N\ (ap? ¢ bip+ ) GM(p) A-20
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where the abscissae pare
may by calcubated from

aypt
g
dxp”

by cquating hike powers of

G \ (g /1‘/‘ o ut A-27

the zerees of the Legendre polynomial - The coetficients a,. b, and ¢

b (p =~ o= pp = iy = Py A2
,.'t” tot: Vo Py g Sl A-29
Mooy A e S N O NN [0 DU O A0

o0 Vhus we obtam

a, Lty = panp. = ra by S Py AN AR
dro beps o npip— 0 by TH P o P A32
d. L N (T S B PP oy L A-33

where the abscissae ) and

abscissiae 1o correspond
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I
|
g

_ =2

T b+ 2ap’
p t b
Pap-—mip~2|=4
JDP 7am Pl 2JD”
. , .
P p b b* — 2ac | |
Pap=P 2+ 222y
Jde a 2azln[ * 2a? J[)tp

bt — dac = 0

The indefinite integrals corresponding to the definite integrals in Equation

) 1 b + 2ap 2a l
—dp = — S —dp .
p: ¥ (4ac — bHD  (dac — b)) | D r
(Y% o
p bp + 2¢ b )
—dp = — 2 T | = dp.
1027 " Gac =D dac— ) | DY
"pt b? — 2ac)p + be 2¢ ‘|
p ( P ‘ ¢
—dp= — 35—+ ———— | —dp.
D atdac — bH)D (4ac — PHY ' D
1y ga’
PP T T A L ap
P 2a° h 1
—dp = — == | - sdp.
Y hoe 2apr 2a 02
I da'p b* 1
cdp = — -2 —- — —dp.
ol th ~ 2apy* 4a” | D°

h? — dac
b® — dac
b? — dac #
h? — dac
b* — dac
bt _ duc -

Note that since D? represents the variation of r* = y,° + z°

2

A3 are:

#0

# 0

A

interest and. therefore, we may neglect any integrals obtained for the case b° — dac =~ 0.

4]

42

43

44

-45

46

-47

4%

-49

over the interval /. then
D* - 0. Thus the determinant A% — dac is less than or equal to zero for all practical cases of




el S

APPENDIX B
Integration procedure when r? = 0 in the ceotre of the integration interval

In the doublet lattice method. when the r? = 0 singularity occurs it must do so in the centre
of the interval I, over which the integration of Equation 2-4 is defined. Following the method
of Appendix A, the interval /. may be subdivided into n smaller intervals. Furthermore. if we
assume that the singularity falls symmetrically within the /'th interval. then the downwash
influence coetficient may be written as

(RE] t2)
D, = D, + D“ B-1
VB o B, "B . 1)
) m G( ) i th m Gt
where P = N\ Clue Ty N , di B-2
;:{l ‘.‘m\ r '41‘ m._n_ll Anu r
i 1 * 1) n *
N Bm ~(2) B (2 < B S(2)
2 G G G
pM = N Zdl + | ol D i B3
m.-:.’l ma ’ A." m ‘Tll '4mv r

The line itegrals are ¢valuated over u straight line segments between points 4,0 (Xame Fam» Zam)
and B, (Xgn Ygme Zue)- PoInts A, and B, represent the two end points of the interval /.

The integrals in the first and third terms of Equations B-2and B-3 may be evaluated using
the method described in Appendix A. [t now remains to derive a method for solving the finite
part integrals in Equations B-2 and B-3. If we dispense with the subscript i then the integrals
of interest are

B b Nal

I = ;‘ “ B4
AT
H ! (2}

I ! (_’,1 dl B-5
Ad !

Now since 27 = 0n the centre of the interval from pemt 4 (v by, 2.0 1o pomt B (.
¥g. Zg). the line between these two points can be expressed by the parametric relationship

) = Xgglpl b= Yty j+ Za(m k -1 Boe
where Vaglpry = ¥+ 3p V= vy — v 2 R (R WO W B
Faplpy = ¥~ ip V= g~ a2 Voo, (T3
Zatp) = v Ip Iy — a2 R B

and the control point for the panel combimation is focated at (voa, 200 Note that when s i
the control point on the receiving pancel and the bt point on the sendimg panch tshownon fre 3

lie on the same streamwise line.




Using the above definitions of X,g(p). Yan(p) and Z,4(p) we obtain

x(p)=x, — (¥ + %p)

nlp) = —jp
z(p) = —ip
Hence we see that r* = p,2 + 2z, % is simply

= (7 + 1Yt

and, as in Appendix A, we have that

Thus Equations B-4 and B-5 become

Lo G

"= - _Z dp
* Fl+ itdp ~]J p?
+1 ' ~i2

: PR
L P+ dp —1J pt

mated by polynomials of order (n — 1)

G(l\(p) — \ \ hjlp\ A (I‘\\)(/.")
— ot

vt j- 1

{ G- NNy

1= j=1

Gt

following equation [Ref. 15, p. 889]

_ 2= hr
pi = — COS ‘2'”~'

= L N o,

dp —,
it

At
~

+

tn

df '{ .
5 (;) = (“'(ZI Gp)

I(Z) —

tap)

Retl|

By substituting Equations B-17 and B-18 into Equations B-15 and B 16 we obtain

Following the method of Farrell [5]. the numerators G'''(p) and G'*'(p) may be approxi-

B-17

IR

where the #;, are the coefficients of the polynomial. The abscissac p, are the roots of the #n'th

order Tchebycheff polynomial of the first kind. The abscissac may be determined from the

B 19

=20




h— e —oy -

where . i
¢ N hy, ! r dp B 22
A _ l ,
[ .
;‘ " . \ l “
CL N hy, St Sdp B-23
T I
By equating hike powers of p. the A, may be calculated trom
h.
n
" ITw - po
“ u- f
b \h“p’ '=~“:'——~. i=1,2.....mn B-24
e [T (pi—ro)
v=1
v #i

As in Reference 5, an eighth order polynomial has been chosen. This corresponds to
P n = 9. and the abscissae p, and the weights C,''’ and €2 have been caleuliated and are hsted
m Table 11,

———




TABLE 1

Values of Generalised Airforces, 0, for the AGARD Wing-Tailplane Configuration (for 4 =0)
as Obtained by Different Workers

>y

i

h=0 Albano Giesing ‘ Present | Present
M _ 0-8 Cra Perkinson| Albano | Kalman Method | Method
- Davies | Rodden | Rodden | Rodden | Farrell (1 (2)
O | 04403 | 0-4425 | 0-4554 | 0-4401 | 04377 | 0-4551 | 04557
. Qi 1 3599 359-9 359-9 359-9 3600 } 360-0 36000
SR R . | ‘
Q| 06202 0-6121 | 0-6655 | 0-6557 | 0-6457 ' 06654 | 0-6653
Q| 1800 | 180-0 | 180-0 | 180-0 | 180-0 | 180-0 | 1K0-0
k=0 - . L
Q| 0:-1046 | 0-1054 | 0-1107 | 01044 | 0-1049; 0-1109 | 01083
2 Qa | 1803 | 180-3 | ys0-3 | 180-3 | 1800 | 180-0 1 1800
O O
O | 01750 | 0-1954 | 0-2237 | 0-2126 | 0-2184 | 0-2235 0-2261
Q| 180-2 | 1802 | 1802 | 1802 ' 180-0 | 180-0 | 1800
S R S , :
Q| 1-5865 | 1-6022 | 15496 | 1-5688 | 14212 ] 1-5187 | 1-5714
S0 | 342 | 344 | 32 0 3107 5 312:3 1 3127 L 308
- ‘ [ . -
Q12 | 09180 | 08910 | 0-90K | 0-9495 | 08752 0-9006 | 09454
_Qua | 2655 | 26603 | 267-2 | 2654 | 2650 | 2671 | 2658
k=18 - E A
O, | 1-0043 | 1:0099 | 1-0550 © 1-0S1L ¢ 0-9507 | 1-0250 | 1-0654
SO0y | 2917 1 2914 } 287-2 1 x5 o299 | 2882 1 2890
} ! [
N : - | b
L O \ D-2845 0 12386 0 1-2044 0 12719 1148 141906 12747
L@y 2947 2943 2937 1 2929 2940 [ 2940 | 2932
i | | ; .

B 8




TABLE 2

Values of Generalised Airforces, Q. for the AGARD Wing-Tailplane Configuration as Obtained
by Different Workers

h

M=

e e

o

QII
Qll

O,
0

O
SO

Q)

o
(.)11

Ui
¢

O
.

PRAPU

0-6402

1801
02404
1801

0-1619
1803

11009
RIVA G

11342

2507

0-907?2
27X

|- 3867

2Ny 2

Albano
Perkinson
Rodden

(- 1490
389-%

0-6312
1801

02405
180 -]

0-1817
[80-2

11200
-3

1-112K
251y

09122

hRhiiy

[ ERREN
I8N 6

|
|
|
|

Farrell

0-1374
360-0

06601
1800

0-2527
1800

O- 195K
1%0-0

0-97%0)
299 9

1-073s

2495

0-%259
2769

|- 20X2

INT D

Present
Method
(€))]
0-1425

360-0

0-6866
180-0

0-2674
(800

0-2093
180-Q

104758
29X

11072
18006

(-8937

2754

2007

ALYIRRY!

Present
Method
(2)

0-1432
360-0

0-686%
180-0

0-2669
1800

0-2117
180-0

1-OK3%
29% -3

11384
2300

(0-924]

AT

|- 3343
Ik 3
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TABLE 3

Generalised Airforces for the AGARD Wing-Tailplane Configuration for Various Values of
Vertical Separation, 4, Between Wing and Tailplane

|
k=15 Q4! Q.2 U ! Q>
M=0-8 £ @n 0. Qa | Q2
Y SR [ - _|
Present Present Present ‘ Present
h Davies | Method | Davies | Method | Davies | Method | Davies | Method
(2) (2) 2y [
— RN O B, o |, | ,
0 1-5865 | 1:5714 | 0-9180 | 0-9484 | 1-0043 | 1:0654 1 1-2845 , |-2747
314-2 | 310-8 | 265-5 | 2658 | 291-7 | 289-0 | 294-7 . 2932
0-01 | 1-5519 | 1-5514{ 0-9332| 0-9524 | 0-9973 i 1-0577 | 12890 12730
313-3 | 310-7 | 264-0 | 2649 | 290-4 k &7 2940 292K
0:04 | 14773 | 1-4782 | 0-9640 | 0-9789 | 0-9843 | 1-0350 po1:2992 0 127K}
311°4 | 309-3 | 261-2 | 261-7 | 287-7 | 2866 ;, 292:6 2913
0-1 1-3730 | 1-3606 | 1-0040 | 1-0304 | 0-9662 ! 10043 13151 12947
308-7 | 306-1 | 258-0 | 257-5 | 284-3 | 282k 2913 2892
—— SRS PR !
0-2 1:2624 | 1:2463 | 1-0479 | 10780 | 0:9428 © 09726 1:3376 - |-il40
305-9 | 3030 | 2552 | 2541 [ KId 27905 0 2904 KT
| ¥
P, JE R D — . t . : ' |
| . !
0-3 | 1-1948 | 11788 | 10790 | 11073 0:927) 1 09520 ¢ 1-3SSy ] A2
3040 1 301-2 0 2537 | 2823 ¢ 279k - 277-% L 290.0 %72
—— i, - , }
0.4 ¢ 1-ISID . 113500 1-1024 - 1-1285  0-9174 0 09384 [-3095 | 3377
Co302-K8 2999 2328 0 28102 2790 276 2897 2869
05 U 11216 1-1049 11204 114520 09113 0 009296 13793 346y
009 2990 2522 . 25005 0 2784 27602 2895 K66
|
| ‘
0-6 F1009  1-0%3IX 11342 0 1584 0-9072 0 0-9241 © 3867 [-35343
A3 2953 2517 0 250-0 0 27800 275-8 L 2892 . 286 4
TABLE 4

Generalised Airforces for Stark's 7-tail for Zero Frequency. and Two Mach Numbers as Obtained
by Ditferent Workers

A -0
Vo0
! ‘ - Kalman
f Opa i i Rodden
[ ‘,S(urk J Giesing
| i ‘
. |
| O i—()‘bll() 06098
- ‘
0, —3:2503 } — 13647
| !
O —0-7813 | —0-7965
|
I

Present

Mcthod

— (- 5436

— 14012

— () K230

0
|
i

Stark

N AT

~ 17366

~ 0 TRAN

/\
v/

-0
0-8

Kadman
Rodden
Gresing

—- ()

5
K

-0

T804

K768

TONS

Present
Method

—0-7203

3w941

= 28T
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Generalised Airforces for Stark's 7-tail as Obtained by Different Workers

Stark

© 30826

RAT.EE

|

0-3202

239

01695

4462y

62-4

2107

0 TTEN

12

02103
298 2

ioINTD
AR
HERRELY
INY N

Davies

0-7930)

C 2821

0-219]
2990

I-1134

2247

(RN
2998

TERRED !

XY H

S -

k
M

Zwaan

3-2873
2598
i 0-3475
327-4
0- 1865
608

i 0-7936
"KE9

0-2183
295 9

|- 1006
22346

0- 1874
299 .7

(-2149

C 289 6

1

I

TABLE §

1

0-6 k=09 |
038 M=08 f
el [ S — ;ﬁj
Kalman ! |
Rodden | Present Present |
Giesing | Farrell | Method | Stark | Farrell | Mcthod |
3-3527 | 2 7470 | 3-097S | 4-8800 | 41775 | 4-8070
260-0 | 260-6 | 260-4 | 264-9 | 266-2 | 265-5 |
0-3431 | 0:2799 | 0-3215 | 0-7020 | 0-6016 | 07045
3294 3%1 | 328 330-6 | 3337 | 3327 |
i |
- I | !
01830 ' 0-1680 | 0-182% | 0-3214 {0»2971[ 03358
619 616 | 60:9 S0 | S04 | 497
| ! ‘ ‘
\ 4 DT T
46612 | 4-4291 {4-6103 L3-3736 | SH1126 0 5-4491
223 2000 120010 22008 122001 22002
. . : ‘
CO-BI340-K1S 0 STOR O 1223419 102185 0 1-2K827
2§33 282-3 72822 T 2865 28823 2aTe6 |
; | \
02269 022K2 02331 003692 038K 0-3055
2961 2966 297k 3102 3076 0 3090 |
. 1 ‘ ‘
P3N 11483 1 16NO 1237600 1-4446 0 | 4904
D49 52083 24y 2321 2 2353
01948 0-2000  0:2022 03204 0-3484 03537
299 -8 RIVARS 2997 RIVARES RISEE 076
0-3523 0 0035900 0-361% - 05384 05794 (1591
294 2MKX O 289-d 298] 2968 2978




TABLE 6

Comparison of Unsteady Loads on the NLR Wing
with Tipstore for M =0:6 and M =08 at

F = 20Hz

M=206 NLR NLR Present
k = 0-4 |Experiment| Doublet | Method
F = 20Hz Lattice

C, 0-08374 | 0-08334 | 0-092%6

e 171 551 6-05
e - o |,4 . .
Ca | 004610 | 003298 | 004125
Cu E 356-27 | 345-95 | 34489
1

(aj

' | |
: |
M=08  NLR ' NLR (‘ Present
k =0-3 | Expen- | Doublet | Mecthod
F=12 Hli ment | Latuee ‘
i 0-09531 , 0-09402 1 010733
(, ;937 122 1e6s
Cy 0-04540 | 0-03324 0-04367
Cy C352.40 34029 34373
(h
FABLE 7

Comparison of Unsteady 1.oads on the NER Wing
with Underwing Store for 3 0 6 and F 20H/

Mo 06 NER ~NER Present

ko 04 I aperi- Doublet Meithod

f 20 H, ment Latiice
(«, TR RRE! NEIIRRE 0 oolsT
«, 3739 26 36 AL
Ca (-02223 O9-02309 [F SRR
Cy )68 342 39 RRRRNT
Cy 004612 ¢ 0504 00646
C, | 62 38778 15977
(@S 001900 000707 000718
.\ |79 82 17187 169 - %6




Abscissae p, and Coeflicients a .. b, and ¢ (for

TABLE 8

Comparison of Unsteady Loads on the NLR Wing
with Tipstore Obtained Using Aligned and Non-
aligned Panel Distributions

M=06 NLR Present Method
k =0-4 | Doublet |- ~ ——— —— -
F = 20Hz| Lattice | Non-aligned | Aligned
Panels Panels
C, 0-08334 0- 09286 0-09339
G, 5-51 6-05 5-46
Cu' 0-03298 0-04125 | 0-03571
- Cu 345-95 344-89 342-75
TABLE 9

Comparison of Unsteady Loads on the NLR Wing
with Underwing Store Obtained Using Aligned and
Non-aligned Panel Distributions

M=06 ‘ NLR i Present Method
k=04 ‘ Doublet — -
}F = 20Hz | Lattice | Non- allgmd Ahgmd
: Panels | Panels
. ,‘ - ,,,i S J— . i -
<, COOTTIS T 0-01571 [ 0-01564
¢, L26-56 0 - 2%-48 w3
. : - 1 - ‘
Cy F0-02309 0-03374 | 0-03354
Cy \ 34235 0 2100 1341096
. ! - | '
«, TOAOSI04 T 006146 1 0-06261
C, 18775 0 389077 REDPERT
[GN (-00707 0-00718 0-00647
o, 171-%7 169 %6 16826
TABLE 10

Scheme When £2 - 0

— ————

1 to 3) Used in Integration

i I o, h,

] — - 774596669 0-x¥23333313 | — 0 643497224
2 0n | — | 666H6666T 00

R 0774596669 0 X3131313113 (0-645497224

0-0

00

X




TABLE 11

Abscissae p, and Weights (" and (¥ for “*Finite Part'’ Integration

I AT
~t) p

+1 ‘ ,/“3,(/”

——

G

d[’ ~ > C.(“f“'(l’.)

i
=

9
d[’ > \ ("t."’ul(pl)

—_ 1J n —t

i , P, c't f '

— _ — S R
1 i —0-984807733 —~0-007642844 1 2-523788807

|
2 ] — 0866023404 0-469841270 ; - 8- 800000000
370 —0-642787610 —0:00316737% | 26-207863447
|

4 — 0342020143 3010810220 — 63020541147
5 0-0 — 14139682541 SG-THHTTTI20
6 0342020143 SS610N02 2 — 636020341147
7 O-03278"A10 — 0 (36737 24 2UTNGRYT
5 (- 866025304 0 3oysd 27n — NCNONDOD00O0
9 0984507732 — 0007642839 AR T TR
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FIG. 18- PANEL DISTRIBUTION FOR THE NLR WING WITH PYLON STORE USED
IN THEORETICAL CALCULATIONS WITH THE DOUBLET LATTICE
METHOD.
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