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Oscillatory Supersonic Kernel Function Method

for Interfering Surfaces

Atlee M. Cunningham Jr.*.
Convair Aerospace Division of General Dynamics, Fort Worth, Texas

In the method presented in this paper, a collocation technique is used with the nonplanar super-
sonic kernel function to solve multiple lifting surface problems with interference in steady or oscil-
latory flow. The pressure functions used are based on conical flow theory solutions and provide
faster solution convergence than is possible with conventional functions. In the application of the
nonplanar supersonic kernel function, an improper integral of a 3/2 power singularity along the
Mach hyperbola is described and treated. The method is compared with other theories and experi-
ment for two wing-tail configurations in steady and oscillatory flow.

Nomenclature
a = freestream speed of sound, m sec
a = conical coordinate
AR = aspect ratio
B = supersonic Prandtl-Glauert factor, 32 = M2 — 1
brir = reference length, meters—usually % wing chord for

two-dimensional flow or % MAC for finite wings in
three-dimensional flow

b(H) = wing semichord at span station #, nondimensionalized
by brer

Cp = pressure coefficient, (p — p., /q)

h(%,5) = mode amplitude at point %,7, nondimensionalized by
REF

i = (-1)1/2

k = reduced frequency = (wbgrrr/U)

m = (G/tanALE)

M = freestream Mach number = (U/a)

MAC = mean aerodynamic chord, meters

P,(£,7) = supersonic pressure weighting function in the plane of

the gth surface, nondimensional

p = pressure, Newtons/meter?

Apg(&,m) = lifting pressure amplitude in the plane of the gth sur-
face, Newtons/meter?

q = freestream dynamic pressure = (pU2/2), Newtons/
meter?

r = [y = 7% + (z = {)2]*/2, nondimensionalized by brgr

So = wing semispan, nondimensionalized by brer

U = freestream velocity, m sec

u,u,w = velocity components in the x,y,z directions, respec-

tively, m sec

wp(%,y) = amplitude of the oscillatory downwash normal to the

~ pth surface, m sec

Wo(z.3) =87 wp(£,5)/U

x,,2 = Cartesian coordinate location of the downwash point in
the kernel function (x is in the direction of U), non-
dimensionalized by brgr

5,2 = coordinates in the plane of the pth surface with % per-
pendicular (see Fig. 1)

X0,50,20 = distance from an influence point to the downwash
point, (x — £), (y —n), (z — {), nondimensional

AC), = lifting pressure coefficient

« = angle of attack, degrees

ALg, Arp = leading and trailing edge sweep angles, degrees

&n,f = location of an influence (or integration) point in the
o kernel function, nondimensionalized by brir i
&n,¢ = coordinates in the plane of the gth surface with ¢ per-

pendicular (see Fig. 1)
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ém(7)  =location of the midchord at span station #%, non-
dimensionalized by brgr

Enf =[& = &m(n)/b()], 71/50, /50

fa,Tin = limits of the spanwise integration as determined by
geometry and the Mach hyperbola

[ = chordwise variable of integration, nondimensional

w = rotational frequency, rad/sec

Subscripts

LE = leading edge

MC = Mach cone (or hyperbola) boundary

TE = trailing edge

© = freestream conditions

p = downwash surface

q = integration surface

Introduction

REALISTIC prediction of steady or oscillatory aerody-
namics on actual airplane configurations requires that
equal consideration be given to the interference effects as
well as the geometric properties of the lifting surfaces. A
pressure function series was introduced in Ref. 1 for iso-
lated trapezoidal wings which was characteristic of super-
sonic flow by virtue of the weighting function derived
from conical flow theory solutions.2 When used in a collo-
cation technique with the acceleration potential kernel
function, the new pressure series converged much faster to
the discontinuous solutions characteristic of supersonic
flow than a conventional pressure series composed of
smooth functions. The rapid convergence was attributed
to the fact that the discontinuities were implicit in the
new pressure series. Thus, it was felt that the approach of
Ref. 1 provided a solid basis for developing a method ap-
plicable to general planforms with multiple leading and
trailing edge breaks.

As has been shown in subsonic flow, the effect of aero-
dynamic interference between multiple surfaces cannot be
ignored.3-5 The Woodward vortex panel method® has been
developed for interfering surfaces in either subsonic or su-
personic flow. The method is restricted, however, to
steady flow. In unsteady flow, Mach box procedures have
been developed for T-tails, V-tails, and top-mounted ver-
tical tails? as well as wing-tail configurations.8 The Mach
box methods have the disadvantages of 1) requiring a
large number of unknown quantities to obtain a solution,
2) using “diaphragm” regions off of the surfaces where the
boundary condition of zero pressure difference must be
satisfied, and 3) using rectangular boxes which result in
jagged leading and trailing edges for swept planforms. In
general, the methods are expensive to use and cumber-
some to program. A more complete discussion on these
and other existing supersonic methods is given in the In-
troduction of Ref. 1.
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A more direct approach to solving the supersonic inter-
ference problem is to develop a supersonic kernel function
method similar to that developed in subsonic flow.5 The
nonplanar supersonic kernel function of Harder and Rod-
den® and the supersonic pressure series of Ref. 1 together
provide the ingredients for such a method. Early attempts
to develop the method with conventional pressure func-
tions, however, revealed that the supersonic kernel func-
tion has a nonintegrable singularity of the 3/2 power along
the Mach hyperbola for noncoplanar surfaces.l® The
source of this problem and how it could be solved was dis-
cussed in Ref. 10.

Presented in this paper is a supersonic kernel function
method for predicting steady and oscillatory airloads on
multiple surface configurations with interference. The
method uses a collocation technique with the supersonic
nonplanar kernel function® and the supersonic pressure
series.] A numerical integration technique is developed for
evaluating the improper integral of the 3/2 power singu-
larity discussed above. The method is applied to a copla-
nar wing-tail configuration in steady flow and a noncopla-
nar wing-tail in oscillatory flow. Comparison of results
with those obtained with existing methods shows excellent
agreement.

Definition of the Problem

The fundamental problem to be treated in this paper is
the development of a technique to solve the integral equa-
tion that relates the normal velocity imposed by boundary
conditions with the load distribution on an arbitrary array
of planar lifting surfaces in supersonic flow. The equation
may be written as

7;1’ (Xa Vy 2 F
U 4"er‘2

f)fAP (&,m, OK

-1,z — &, ky,M)ds 1)

for @ total surfaces. The downwash w,(x,y,2) is the veloc-
ity normal to the pth lifting surface at control point
(x,y,z). The function Apy(&, n, {) is the normal lift distri-
bution on the gth lifting surface at load (or integration)
point (¢, 1, ¢). The kernel function K( ) is the influence
function which is actually the velocity field due to an ele-
mental normal load at point (£, n, {) on the gth surface.
The unknown quantity is Ap,(&, 5, ) and wp(x,y,z) is
prescribed by the boundary conditions on the lifting sur-
face due to surface slope and motion.

The method used to solve Eq. 1 in this paper is based
on a collocation technique. The unknown pressure func-
tion is assumed to be composed of a series of polynomials
weighted by a function that is characteristic of supersonic
pressure distributions as developed in Ref. 1. The nonpla-
nar kernel function as given in the Appendix is derived
from the formulation of Harder and Rodden® for steady
and oscillatory supersonic flow. The integration of the
pressure-kernel function product is performed in essen-
tially the same manner as done for subsonic flow? with ex-
ception of the case p = ¢ in Eq. (1) which has already
been treated in Ref. 1. The development of the necessary
equations for p = ¢ is presented in the following para-
graphs.

(46 - g,3’

Assumed Pressure Function

For the gth surface, the pressure function is assumed as
a series

Ap(E ) = aP (5, Mg, @A® + ¢, @A E) +...] Qa)
where
gnq(ﬁ) &= [anquo(ﬁ) + Uy 6) + (2b)
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U,(%) = Tschebychev polynomial of the second kind.

The function P,(£, 7) is the supersonic weighting function
described in Ref. 1. The coordinates, £, %, £ are defined in
the plane of the gth surface with { perpendicular to the
surface as shown in Fig. 1. For mathematical convenience,
the pressure function is now defined in the coordinates in
the plane of the gth integration surface.

The supersonic weighting function! is based on conical
flow theory solutions to the lift distributions on flat swept
wings.2 Some liberty was taken to simplify the expressions
and yet maintain the basic characteristics. The function
has been developed only for simple trapezoidal wings;
however, the extension to a general trapezoidal element is
currently under development.

Kernel Function

The kernel function, K( ) shown in Eq. (1) is quite
complicated but can be reduced to simple form if k =
(steady flow). Under such conditions, the nonplanar func-
tion is expressed as follows:

K(X - g;,\" - Mz - ~50 IW)
2x 2 3 ]
A
= 0,x, < B7 (3)

where

g =M -1
Ty = cos(6, — 6,)
T, = (z, cosh, — v, sind,)(z, cosf, — v, sinf )

(see Fig. 1 for definitions of 8, and #,). The characteris-
tics of the nonplanar supersonic kernel function are iden-
tical to those of the subsonic kernel for large values of xo.
For small values of xq, particularly for xo =~ fr, the differ-
ences are of major importance. Although it is not obvious,
the kernel has a 3/2 singularity along the Mach hyperbola
if, for example, zo # 0 and 6, = 6, = 0. This characteris-
tic leads to an improper integral in the evaluation of Eq. (1)
which requires special treatment in a manner analogous to
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Mangler’s treatment of the spanwise singularity in sub-
sonic flow.11 The integration technique developed in the
next section will be applicable to both steady and oscilla-
tory flow.

The unsteady form of the kernel function is more com-
plicated than that of steady flow and is given in the Ap-
pendix. The singularities are similar to those of steady
flow and may be integrated in essentially the same man-
ner as was shown for subsonic flow in Ref. 5. The only ex-
ception, like subsonic flow, is a logarithmic singularity in
the integrand of the spanwise integral encountered only in
unsteady flow.

Self-Induced Downwash

The self-induced downwash produced by a lifting sur-
face in supersonic flow is calculated in the manner de-
scribed in Ref. 1. The only exception is for a surface which
has a nonzero value of 6, then the image surface-induced
downwash is calculated in the same manner as for § = 0
but the nonplanar kernel function is used instead of the
planar form.

Interference Effects

The calculation of interference effects in supersonic flow
is almost identical to that for subsonic flow.> The chord-
wise integration presented in Ref. 1 is directly applicable
with the addition of a term to account for the 3/2 power
singularity along the Mach hyperbola. The spanwise inte-
gral requires treatment of the nonplanar kernel function
such that it converges to the coplanar case as the surfaces
become coplanar as shown in Ref. 5 for subsonic flow.

Chordwise Integration

The form of the integral equation for parallel nonplanar
surfaces in steady supersonic flow is

o~ U ™ e T = 2%,
wp(x’}) = - m J;a fgLE Aﬁp(g’ 77);2'7{"
2z, 2,28 ol
x (1 -2 28y @

where 7, and 7, are the left- and right-hand limits of inte-
gration defined by wing geometry and the Mach hyperbo-
la. If the chordwise integration is carried out to the Mach
hyperbola, a 3/2 singularity is encountered of the form

Lim [(x — £)? — g%?]3/?
=,

Hence, the finite value of the improper integral must be
taken.

In order to determine the finite value of the integral,
the differentiation of the potential equation for the down-
wash must be considered. Let the downwash be expressed
as the following simplified form:

n ¢
wley) = 5= [ 7 [ " aple, ot £5,m, 2, 0)zdn

LE
(5)

where ¢( ) is the potential at point (x,v,z) due to a point
load at (&, 5, 0). Since the differential operator is outside
the integral sign, Leibnitz’s rule must be used to perform
the operation

d

d_ b(t) 3b(t)
dt alt) g(x’ Ddx = g{b(t) ? t] ot

ot

The limits a(t) and b(t) are constant in subsonic and co-

~ ela, 1250 & 17V 2 et plar )
a(t)
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planar supersonic flow; thus, their derivatives are zero.
For the supersonic noncoplanar case, however, the deriva-
tives are not zero. Since the chordwise term is of much
greater importance for interference effects, only the deriv-
atives resulting from the variation of £,. with z will be
accounted for.

For the chordwise integral, G(yv,7), a constant pressure
distribution, Ap, will be assumed for simplicity. The inte-
gral may then be expressed as

¢
G(y’ 77) = Apé—}a_z- JE Mc¢(x) 5,3’,77,2,0)615 (7)

LE
which, with the application of Eq. (6), becomes

a
G, = ap{ 0, Euey .1, 2,0) 54

4
o [ Lol g y,m, 5,00 ®
ELE
For

2U z
¢(x,§,y,77,2,0) = ”m;&kg—’ Xy = .87"

it can be shown (after some algebraic manipulations given
in Ref. 10) that the following is true
(9)
ol R]

a.L;Mc iy zOB [L
T dmp »2

The differentiation inside the integral in Eq. (8) is the

kernel function

2
'é_z‘(b(xy E,y,n,Z,O) =

(b(x, ‘EMC’y m, 2,4 0)

___Z.U__QCO__[]_ _.2;2_0_2 + 5.0_2..6.2.,]
47p v2R 72 R?

U
= - pK(x, ¥, M,2,0)  (10)

Combining Eqgs. (8-10) and removing the singularity

yields
ApU 220282[ -J MC 2x020 B
GO, n 477p{ ¥2 ELlEr;CI—{, * 2R3 dt
e 2xy2 [3
, %92
o (Kt 6 v,m,2,00 + 2228 Jagl an)
But

Sarc Doz, 232 2.2

¢ 020" B dt ZZOS[ . (1) 1 ]
= Lim (= )} — =—

BELE ¥ 2R3 7?2 £t R R;p

Thus, Eq. (11) becomes

A 22
G(‘\r’n) — ZT/:—;]{ZZO ﬁ

H
-9 + f e [K(X, 5:%77, 270)
YR g -

which is the final form for the chordwise integral with a
constant pressure distribution. For a variable Ap(§, ),
the singularity is treated at the Mach hyperbola; hence

124 {%0262

Gl,n = Ip VR, Ap(& e, 1)

s [ apte, G, £,3,n,2,0

‘rE
2 22
+ ;fg;og B Ap{Eye, TI)] dg}

Thus, for steady or unsteady interference of nonplanar
surfaces the quadrature integration? of the chordwise inte-
gral becomes

21— 6, 20p, €, ML
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2z
— &,y - — &, R,M) + TQAP (EMcx'n) OB {RLE

J
L
J'1 1

where T’ is defined for Eq. (3) and
RJ‘ - (x - gj)2 - BZ/VZ

2j —1 .
0; :—cos(]zJ 71), ji=1,2,...d

[(1 + EM(;)GJ' + (gMc - 1)]

Jer
g

Il
DN| =

g, = g6 + £,
For the case of the Mach hyperbola falling aft of the trail-
ing edge, the 3/2 singularity need not be considered.

Hence, the chordwise integral takes on the form given in
Ref. 1

Gy,m = b(n)—E(l EN2ap E, MK — &5,y

- 1N,z ga kaM)7 gMC =1 (13)

— 2j — 1 .
£, = —cos( ]2J 7T>,] =1,2,...J

In the existing method, no special treatment of pressure
function discontinuities in the integrand has been made.
The means of evaluating the integral simply depends
upon the use of at least twenty or more chordwise integra-
tion points, i.e., J > 20. A scheme is under development,
however, which will reduce the nominal value of J by a
factor of two to four depending on the value of the re-
duced frequency, k. For B < 1.0, the factor would be
about four and for & ~ 1.0, it would be about two. The
reduction in required integration points will result in a
substantial savings for oscillatory flow problems due to
the reduction in the number of times that the unsteady
kernel function must be evaluated.

where

Spanwise Integration

The spanwise integral for nonplanar interfering surfaces
may be written as

- K — [T 2T
]q(y) = f_‘a Hq(y’n) [712 - ;‘4—2] (14)

where the sign ¢ denotes a “Pseudo Mangler” evaluation
of the integral as discussed in Ref. 5. The H,(¥, %) func-
tion is the modified chordwise integral

- - G, n)
Hq(y’ n) = m
=]
which will be expanded as
H(y,m = HJ(3,9) + 0 —»HG,¥) + ...

Following the developments of Refs. 1 and 5, the spanwise
integral is evaluated as

S
L6 = § U HAHG,T) ¢ @, (5 16

(15)

where h(7;) and 7 are defined in Ref. 1,
RS (3,) = H (3,9 F(¥,) cos(o, — 0,)

- 0]+ H,(3,,9)[F,(3,) cos(8, — 6,)]
(16b)

+ Fy(y,) sin(0,

and

- YV, — VYr = M
F (3, = [ rrbznb Yo ]
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Fig. 2 Induced downwash on an AGARD coplanar wing-tail
configuration in steady flow, M = 1.2.
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The variables (y, 7, Z) are all measured relative to the
surface over which the integration is being performed as
shown in Fig. 1. The perpendicular distance from the sur-
face to the downwash point is Z and it is measured at span
station ¥. The terms ryq, ryo, rrs are

Traz = (yr - 7—7(1)2 + 22 (173‘)
' = G, w4 2 (L)
VrsZ = (51‘ - ﬁs)z + E? (170)

This completes the equations necessary to perform the
spanwise integration for interference effects due to a
streamwise planar surface of arbitrary orientation in
steady flow.

Shown in Fig. 2 is an example of calculated downwash
distributions on a wing-tail configuration for the first
pressure term in both the wing and tail pressure series.
These terms correspond to the supersonic weighting func-
tion in either case. As can be seen, the downwash distri-
butions are quite flat and well behaved with exception of
the jump in the tip Mach cone on the horizontal tail.

For unsteady flow, it is necessary to include additional
terms which account for the logarithmic singularity in the
spanwise integrand, k2In|r|. This singularity is relatively
weak for most problems, i.e., B < 1. The correction terms
developed in subsonic flow® are applicable in this case.
The spanwise integration function, h(y;), is given in Ref. 1
[Eq. (17)]. The form for the unsteady correction terms be-

comes
2

R
QS (3) = Q5(y,) + 5 cos(6, — 0){ (yr,;,,)[JI@r)
-G | 6,566,

~ S 26, =5 wrt ]} (tea)
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where
Ji(ir) = (ir - ﬁa) 1nfr'ra2 -

+ 2|z [tam‘1 <§—’|—2—0—‘—ﬁ"—) + tan™ (-ﬁb—l;—;%)] -4

(18b)

(y, — ) lm’rbz

— 1 -~ — —
JZ(yr) = - E [Vraz ln’ymz - ’V'rbz 1r“/"rbz] L Zyr
(18¢)

which completes the equations for unsteady flow.

Solving the Boundary Value Problem

The boundary value problem is solved in the usual
manner for either steady or unsteady flow by equating the
calculated downwash from the pressure assumed functions
to that prescribed by the boundary conditions. The vector
of unknown pressure series coefficients, {a;,mq}, in Eq.
(2b) are solved for as follows:

! PN e~
la} = — qn[A]-i{—(fv—yrl,, + iwn(z,3,),}
ax
where [A] is the matrix of influence coefficients as derived
from the evaluation of Eq. (1). The locations of the con-
trol points on each surface are prescribed as

— 2¢7
X; = — COS

m), (2 :1’2”"NCP

— ¥
¥, = cos (———) Rectangular
r 2NS, +1)°

- rm
Yy = €08 (W) » Swept \
» 3

where the transformation from X; to X; is the same as that
for £; to §; is given for Eq. (12). The %; and , are coordi-
nates in the system coplanar with the pth surface. NC,
and NS, are the number of chordwise and spanwise func-
tions used to describe the pressure distributions. For more
discussion on relationships between (NC,, NS,) and
(NC,, NS,), the reader is referred to Ref. 5.

Z’V = 1,2,
...(NS, = R)

Numerical Results

Two examples of application of the supersonic method
are shown in Figs. 3 and 4. These results are preliminary
in nature and are presented to verify that two objectives
have been achieved. The first is that the use of the non-
planar supersonic kernel function in a collocation tech-
nique is shown to be a valid means for treating problems
with interfering surfaces. The second is that the validity is
established for the chordwise integration technique that
accounts for the 3/2-power singularity along the Mach hy-
perbola.

The first example in Fig. 3 is a case in which the
AGARD wing-tail configuration is at « = 1.0 radian in

6 £
‘ Woodward M =120
o =1.0 Rad
(Actual Geometry Shown)

o Wing
o Tail
Present Method with
Supersonic Weighting

Function
ol
ACp o’ R
4 o z /A - 7
3 . S v
2 // n=0.5
\
L Z /‘ n=0.2
0 e /

Fig. 3 Steady lift distribution on the AGARD coplanar wing-
tail configuration.
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steady M = 1.20 flow. The number of terms used are NS
= 4 (spanwise) on both the wing and tail and NC = 3
(chordwise) on the wing and NC = 2 on the tail. The re-
sults shown as solid curves are compared with results from
the Woodward method® as indicated by the symbols. The
disagreement at the wing and tail tips is due to the in-
ability of the Woodward method to predict these discon-
tinuities with a reasonable number of vortex panels.

The second example in Fig. 4 is a case for a noncopla-
nar rectangular wing and tail. The wing is oscillating in a
uniform translation mode at & = 0.2 (based on semispan)
and M = 1.20 flow. The tail is stationary. The results of
the present method (solid and dashed curves) are com-
pared with those obtained by the AFFDL Mach Box
method® (symbols). Both real and imaginary parts of the
solutitn are shown. The number of terms used were NC =
3 and NS = 4 on both the wing and tail for a total cost of
about 3% min on an IBM 370/155. The Mach Box solution
used 189 boxes on the wing, tail, and in the diaphragms.
This particular case led to the discovery of the chordwise
integration problem since the Mach hyperbola for leading
edge control points on the tail fell forward of the wing
trailing edge. Not accounting for the improper integral
produced singular pressures on the tail which were oppo-
site in sign to Mach Box pressures along the tail leading
edge. Hence, the investigation of this phenomenon was
pursued as discussed in Ref. 10. As shown by the final re-
sults in Fig. 4, the chordwise integration technique is a
valid treatment of the 3/2 singularity along the Mach hy-
perbola.

Conclusions

In this paper a supersonic kernel function method has
been presented for predicting steady and oscillatory air-
loads on multiple surface configurations with interference.
The method uses a collocation technique with assumed
pressure functions and the supersonic nonplanar kernel
function. The pressure functions which were developed
originally for isolated wings! are weighted by approxima-
tions to conical flow theory solutions for the flat plate
trapezoidal wing problem, hence, the first term in the
pressure series is nearly an exact solution for uniform
angle of attack. A numerical integration technique has
been developed for evaluating the improper integral of the
3/2 power singularity in the kernel function that exists
along the Mach hyperbola for noncoplanar configurations.

The method was used to obtain preliminary results for
wing-tail configurations in steady and unsteady flow
which are also coplanar and noncoplanar. These results
were very encouraging and will provide momentum for re-
fining the method into an efficient practical computer
program. The principal refinements will be involved with
improving the integration schemes such that coarser inte-

REAL  IMAG
o ©  Mach Box L0y 0 |—1.0-+

—— ———Present Theory

Fig. 4 Unsteady lift distribution on a noncoplanar rectangu-
lar wing and tail configuration due to a unit wing translation
mode.
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gration grids may be used and modification of the pres- Table 1 Kernel function series coefficients
sure functions such that configurations with intersecting

surfaces (T-Tails and Wing-Pylon combinations) can be n an bn
more easily treated. 1 ~0.24186198 3500407
. 2 2.7968027 57.17120
Appendix 3 —24.991079 —624.7548
The nonplanar kernel function for unsteady supersonic 4 111.59196 3830. 151
flow has been given by Harder and Rodden® in the fol- g —gg;‘;gggg —é‘éﬁggé
lowing form ik, K, T, 7 41.183630 —~57824 .14
Kl - -1z — L k,M) = — [K1T1 + —~—] 8 —545.98537 61303.92
LY ” e re I’ 9 644.78155 — 4006958
—xy = Br 10 —328.72755 15660.04
—0,x, < Br (A1) 11 64.279511 —2610.093
- b
where all of the terms have been previously defined [for
Eq. (3)] with the exception of the K7 and K3 terms.
The Ky and K, terms as defined by Harder and Rodden
have been modified to a more convenient form similar to <0
that presented in Ref. 5 in subsonic flow. The K; term is or for u ’
expressed as o -ierwg U p g
Ky = Ky + Ky (aza) = iy
where -ibru 11 b
X ) + 2|:e Y14 (Br)? 25 ~——"———] (A6b)
Ky = <§i + 1) et — Ijy (A2D) =t Qne)l + (kr)
. and
K12 = (i{l — 1) e-ikruz + Iy (AZC) I ) -ilz'ru2 11 bnEZZn
929 = ikve ﬁ (AGC)
xy — MR (A32) i 2RC itky
= a . . . L
Uy B2y ? =M -1 The a, and b, coefficients in the series summations in
X, + MR < - Egs. (A4) and (A6) are given in Table 1. The a, set are
My = Rcra— (A3b) those given originally by Laschka? for the approximation
> u 11
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F-12 Series Aircraft Propulsion System
Performance and Development

David H. Campbell*
Lockheed California Company, Burbank, Calif.

The F-12 aircraft propulsion system elements are described. Flight performance of the inlet, en-
gine, and ejector are treated, and the importance of flowfield simulation and engine nacelle leakage
are demonstrated. The inlet design philosophy is discussed along with the importance of inlet con-
trol to the whole propulsion system. The inlet unstart is described, followed by a brief development
history of the control schedules and their effect on the frequency of unstarts. Close cooperation be-
tween the airframe and engine manufacturers allowed an interface beneficial to the propulsion sys-

tem.
Nomenclature
AB = afterburning
G = normal acceleration
Btu = British thermal units

LVDT = linear voltage differential transducer
Cr = lift coefficient based on wing reference area

Cp = drag coefficient based on wing reference area

Crp = ejector gross thrust minus pressure drag over ideal pri-
mary gross thrust

rpm = revolutions per minute

o = angle of attack measured from the wing reference plane

Engine Face Mass Flow Ratio = ratio of engine face station mass
flow to the flow through an area equal to the inlet capture area
at freestream conditions

Engine Face Total Pressure Recovery: total pressure at the engine
face station divided by freestream total pressure calculated
with a specific heat ratio of 1.4

Distortion: maximum pressure minus minimum pressure divided
by the average pressure at the engine face

Mach number: velocity divided by the local speed of sound

Introduction

THE F-12 series of aircraft were designed in the early
1960’s by the Advanced Development Projects group (the
“Skunk Works”) of Lockheed. The YF-12 set speed and
sustained altitude records in 1964 which stand unchal-
lenged to this day. These aircraft have unique propulsion
system components required for sustained cruise above
Mach 3.0 and at altitudes in excess of 80,000 ft. The pro-
pulsion system consists of an axisymmetric mixed com-
pression inlet, the Pratt & Whitney J-58 bleed bypass tur-
bojet engine, and a fuselage mounted blow-in-door ejector.
The purpose of this paper is to describe the F-12 pro-
pulsion system with particular emphasis upon the air-
frame mounted components. The airframe portion of this
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system interacts with the aircraft flowfields to significant-
ly affect the performance of the aircraft in flight. Flight
test results have been compared with various ground tests
to confirm these effects and will be presented. The air-
craft design objectives included efficient high-altitude
cruise at maximum or part afterburning power. The air-
craft angle of attack range was to be modest so the inlets
were expected to accept air over a limited range of angle
of attack. At supersonic speeds above Mach 1.6, the inlets
operate in the internal compression mode, and supersonic
flow within the inlet can become unstable, breaking down
in what is known as an inlet unstart. This phenomenon
requires careful control of the inlet geometry and the air-
flow passing through the inlet. The success of this propul-
sion system in avoiding unstarts is discussed in terms of
inlet control; however, the care taken in minimizing en-
gine airflow transients by the engine designers is equally
important.

Propulsion System Description

The F-12 aircraft (Fig. 1) is clearly dominated by the
propulsion system, with nacelles larger in diameter than
the basic fuselage. The propulsion system depicted in Fig.
2 is made up of three major elements: 1) inlet and inlet
control, 2) engine and its control, and 3) self-actuating
airframe mounted ejector nozzle. Ready engine access is
provided by hinging the outer wing about the upper out-
board nacelle split line. The hinged portion of the nacelle
and ejector is depicted separately for clarity.

Inlet

The inlet is axisymmetric with a translating spike.
When the spike is retracted to its high Mach number po-
sition, the inlet contains an internal throat typical of a
mixed compression inlet. Boundary-layer control on the
spike is provided by a porous centerbody bleed with the
bleed air passing overboard through louvers located at the
ends of the centerbody support struts (Fig. 3). Cowl
boundary-layer bleed is taken off through a “shock trap”
bleed, oversized to provide sufficient pressure to feed the
air through the engine secondary compartment and into



