VOL. 17, NO. 3, MARCH 1979
79-4033

AIAA JOURNAL

245

Transonic Flows Past Nonaxisymmetric Slender Shapes—
Classical Equivalence Rule Analysis

Stephen S. Stahara*
Nielsen Engineering & Research, Inc., Mountain View, Calif.

and

John R. Spreitert
Stanford University, Stanford, Calif.

An assessment of the classical transonic equivalence rule is provided. Extensive comparisons of theoretical
results are made with data obtained in conventional transonic tunnels for various slender bodies, as well as a thin
triangular wing of unit order aspect ratio. Results are reported for surface and flowfield pressure distributions at
Mach numbers throughout and beyond the transonic range for both nonlifting and lifting conditions. Particular
attention has been paid to wind tunnel interference effects through use of an interesting alternative to the
classical homogeneous wall condition, whereby experimentally measured flowfield pressures are imposed as an
outer boundary condition. The comparisons with experiment display good agreement, including the region near
shock waves, and indicate that the classical equivalence rule approximation remains effective for certain three-
dimensional aerodynamic configurations over a broad range of geometries and flow conditions.

Introduction

HE purpose of this paper is to present an assessment,

based on recent extensive theoretical comparisons with
data, of the transonic equivalence rule. Attention is focused
primarily on high supercritical and low supersonic flows past
a number of three-dimensional slender aerodynamic shapes
having low-to-moderate lift. The analysis centers on the
small-disturbance theory of steady inviscid transonic flows,
and employs the classical thickness-dominated form of the
transonic equivalence rule. Use is made of analytic slender-
body crossflow solutions for the inner region, and finite-
difference successive line over-relaxation (SLOR) solutions of
the axisymmetric transonic small-disturbance equation for the
outer region. Special emphasis is directed toward wind tunnel
wall interference effects.

Results are presented for pressure distributions on the
surface and in the near flowfield of a variety of slender
configurations, for both nonlifting and lifting conditions, at
Mach numbers within and beyond the transonic regime. The
shapes considered are slender parabolic-arc bodies having
various elliptic cross sections and a thin low aspect-ratio
triangular wing with elliptic cross section. Angles of attack
range from 0 to 6 deg. The particular configurations and flow
conditions were purposely selected to enable comparison with
existing data obtained in conventional transonic wind tunnels.

The analysis employed, and the subsequent theoretical
results, provide the proper comparative basis with which to
judge the classical equivalence rule with experiment. Thus, the
previous results given in Ref. 1, which heretofore provided the
most extensive comparison of the classical equivalence rule
with experiment, have been extended in several important
directions. Freestream Mach numbers have been considered
from 0.90 to 1.20, as well as at M =1.00, with emphasis on
situations where embedded shock waves are located on the
body surface and bow shocks are unattached. Additionally,
actual sting geometry is accounted for, and corrections for
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wind-tunnel wall interference effects are included in all of the
theoretical results presented.

Analysis

Basic Equations and Boundary Conditions

The coordinate system employed in the analysis is a body-
fixed Cartesian system with origin at the nose of the con-
figuration, and orientation such that the x axis is directed
downstream and coincident with the longitudinal body axis,
the y axis to the right facing forward, and the z axis directed
vertically upward, as illustrated in Fig. 1. The oncoming
freestream may be inclined in pitch to the x axis at some
arbitrary small angle «, but sideslip has not been considered.
The flow is assumed to be inviscid and steady, and the con-
figurations sufficiently slender and smooth that the resulting
flowfield is irrotational and adequately treated by small-
disturbance theory. Accordingly, a disturbance velocity
potential ¢ can be defined by 2:

e (x,0,2)=U_l [x+az+d(x,v,2)] )
where & is the total velocity potential, U, represents the
freestream velocity, ¢ is the body length, and the coordinates
(x,y,z) have been nondimensionalized by ¢. The governing
partial differential equation for ¢, appropriate for the low-
lifting slender configurations considered, is given by:

U=M2L)6, +0, 40, = o 2 M3

2
Z[3Miaene] @
We note that the quadratic terms (¢ +¢7), which usually
appear >* within the bracket on the right-hand side to account
for situations where the lift is significant, are of higher order
and negligible for thickness-dominated situations. For the
body-fixed coordinate system shown in Fig. 1, the expression
for the pressure coefficient is given by:

_ PP _
PopLULr2

—2(¢,+od;) — (¢5+9¢7) (3)

In general, the boundary conditions to be satisfied consist of:
1) far-field conditions appropriate to the behavior of the flow
far from the body in either a free-air flow or in a wind tunnel
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Fig. 1 Illustration of the classical transonic equivalence rule for
slender configurations.

environment; 2) the body surface condition that the velocity
component normal to the body surface be zero at the body;
and 3) shock wave conditions to be applied at any shock
surface appearing in the flow, such that the potential is
continuous through the shock and the velocity components
satisfy the small-disturbance approximation to the Rankine-
Hugoniot conditions at the location of the shock. These
requirements lead for slender shapes to the following con-
ditions on ¢ for free air flows:

¢(») =0 C))
[(n,+an;) +n,0, + 136 lyoay = [(n; +an;) + &, lhesy =0
&)
ol mox =0 [{UU-ML) =ML (y+1){$,>} [43]
+ [ 630 + [ 2] noa =0 ' ()

where Ai=in, +jn,+kn, is the unit normal to the body
surface, (n,,n,,n;) are the direction cosines of 7 with respect
to the (x, y, z) axes, and the symbols [ ] and ()
signify the difference and the mean, respectively, of the
enclosed quantity on the two sides of the shock surface. For
flows in a wind tunnel environment, the appropriate con-
dition employed to replace Eq. (4) is detailed in a subsequent
section discussing the outer flow solution.

Transonic Equivalence Rule for Thickness-Dominated Flows

The transonic equivalence rule (TER) was developed
initially in the form, now known as the classical or thickness-
dominated limit, by Oswatitsch3® for thin nonlifting wings,
and extended later to moderately lifting wings’ and slender
configurations of, arbitrary cross section.? Subsequent ex-
tensions of the rule®## to include situations where the lift is
significant both revealed its dependence on lift as well as
clarified the classical limit and range of validity. In essence,
the rule provides the basis for ‘greatly simplifying the
calculation of transonic flows past a special but
aerodynamically important class of three-dimensional
configurations. It accomplishes this by recognizing that the
structure of transonic flows past slender shapes in the vicinity
of M, =1 consists of two distinct but coupled domains whose
governing equations and boundary conditions are
significantly easier to solve than the original equations, Eqs.
(2 and 4-6). The fundamental structure of the equivalence rule
is found to be governed principally by a parameter o, (Ref. 4)
involving a combination of the configuration thickness ratio,
lift force, and leading-edge sweep, and which represents
essentially the ratio of lift/thickness effects. Depending.on the
magnitude of o,, the nonlinear outer problem can be
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classified into one of three domains: 1) g, <1, thickness-
dominated, 2) o, =0(1), intermediate, and 3) o,>1, lift-
dominated. For the classical TER, which represents the first-
order (in o¢,) thickness-dominated limit, the solution domains
consist of an inner region governed by a linear equation, the
same as in slender-body theory, and an outer nonlinear region
consisting of the axisymmetric flow about an ‘‘equivalent’’
nonlifting body of revolution having the same longitudinal
distribution of cross-sectional area.

The theoretical essentials of the equivalence rule for
thickness-dominated flows are illustrated in Fig. 1, which
displays the decomposition of the flow into its first-order
inner and outer components, and the resulting uniformly
valid composite solution; that is,

O=d¢,,+¢,, —b5+0g @)

Here, each component of ¢ has the meaning indicated in Fig.
1. The first-order lift (¢,,) and thickness (¢,,) inner
solutions describe, respectively, the translating and expanding
cross section in the v,z plane, and satisfy the two-dimensional
Laplace equation:

¢2y_v. + ¢2:z =0 (8)

together with the no-flow boundary condition at the body
surface in the v,z plane at each x station. The first-order outer
solution ¢, satisfies the axisymmetric transonic small-
disturbance equation:

(I=M%)(Dp) o+ (05) .+ (1/r) ($5),
=[ME (v+1) (d5) 2], ®

subject to an inner boundary condition determined by the
“‘equivalent’’ body singularity source distribution. This, in
turn, is determined by the outer behavior (¢, ) of the inner
solution:

lirrl; (r(¢g),)=lm r{d,, +9¢,,1],
=r(¢,5),=5"(x)/2% 10

where S(x) is the equivalent body cross-sectional area
nondimensionalized by ¢2, and the effect of lift is recognized
to be small in comparison to thickness effects, so that its
contribution to the outer flow is of a higher order in g,,. Shock
conditions appropriate to the outer flow are given by:

[ 68l hoek =00 [r{ =ML —MZL (y+1)<dp)} [ 03]
+ ”.. (r¢Br)?]] ]shock =0 N (11)

The final boundary condition for the outer problem relates to
conditions representative of the flow far from the con-
figuration. For free air this is given by Eq. (4), while ap-
propriate conditions for a tunnel environment are discussed in
the following section. :

Higher order TER solutions for thickness-dominated flows.
beyond the first-order terms indicated in Egs. (7-11) can be
determined systematically by the methods described in Refs. 3
and 4. These consist of a doubly infinite coupled series of
inner and outer solutions. In general, the higher order inner
solutions satisfy a Poisson equation in the crossflow plane,
with the right-hand side a known function of lower order
inner solutions; while the higher order outer solutions satisfy
a linear equation with nonconstant coefficients dependent on
the first-order outer (¢5) solution. For the results presented
here, only the first-order components are employed.

Outer Flow Solution

The method employed to determine the outer flow com-
ponent ¢, satisfying Eqgs. (9-11) is a finite-difference SLOR
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procedure using Murman-Cole type-dependent difference
operators.*!! To implement the calculation, we have em-
ployed the following fully conservative form of Eq. (9):

[n(Ké,~ 631+, =0 (12)

where

()= /12)bg(x,r), K=({I-ML)/(T°ML)(y+1)

p=TM_ ~Ny+1r (13)
and 7 signifies the thickness ratio of the equivalent body.
Additionally, the actual finite-difference form of the equation
used is that suggested by Jameson'® and a pseudo-time term
of the form e¢, , was added to enhance stability and speed

convergence. The inner boundary condition, Eq. (10),
becomes
. - S’ (x)
lim (y¢n) = (14)
2—0 27
where S(x)=S(x)/72. Since all the comparative ex-

perimental data used in this study were obtained in con-
ventional transonic wind tunnels, >3 an appropriate outer
boundary condition to replace the free air condition at infinity
[Eq. (4)] is required. One choice is the classical homogeneous
wall boundary condition which, for the data considered here,
is the porous condition:

,+ P, =0 (15)
where P=P/7M_~'y+1 is the transonically scaled porosity.
Although such a wall condition is useful for obtaining overall
trends, as Bailey? and others have demonstrated, the
inadequacies of the approximation are well known. In the
results reported herein, we have used an interesting and more
accurate alternative, which is described in Ref. 14. The
procedure consists of employing a single experimentally
measured flow parameter—in our case the pressure—along a
cylindrical control surface located sufficiently inward from
the actual tunnel walls so as to be removed from the local wall
disturbances. The boundary condition imposed on ¢ is of
Dirichlet-type and is given by:

X

- -1
Blum) =5 | G, (Ende (16)

Xy

wheren, =7M_Vy+1 r, denotes the transonically scaled
radial location of the control surface, x,; the position of the
upstream boundary, Cpm the measured pressure coefficient,
and ¢ (x,,n,) has been set to zero for convenience. Further
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details and an evaluation of the procedure are provided in
Ref. 14.

Results

Surface and Flowfield Pressure Distributions on Several Nonlifting
Bodies

To provide both a comparative basis with experiment, as
well as determine the nonlinear equivalent body solutions for
the nonaxisymmetric shape to follow, we have prepared Fig.
2. This figure displays a comparison of theoretical results with
data!? for a parabolic-arc body of revolution having a
diameter to complete body length D/¢=1/12. Results are
shown at freestream Mach numbers M =0.975, 1.00, 1.025,
and 1.10. The data were obtained in the Ames 14-ft wind
tunnel where, for the body tested, the tunnel half-height to
body length ratio was H/{=7/6. The theoretical results are
indicated by solid lines and represent the SLOR solutions of
Eqgs. (12-14). For the results shown in Fig. 2, the measured
pressure distribution outer condition, Eq. (16), was em-
ployed. Pressure survey data obtained at the radial location
r/D =4 were used, which represented the outermost survey at
which data were taken.

The theoretical body surface pressure coefficients were
determined by extrapolating the SLOR results obtained along
the first radial grid line r, down to the body surface according

to the Slender bOdy result
dx

where R is the equivalent body radius. The flowfield pressures
were calculated by bilinear interpolation for ¢ through the
flowfield grid; and then employing the formula

S (x) R

w(

ry

C,(x,Ry=— [2¢X(x,r,) +

C,(x,r) = =26, (x,r) —$2(x,r) (18)
The (x,r) mesh density used for these results was 80 x 24 with
40 equally spaced points on the body. The r grid as well as the
x grid ahead and behind the body were expanded
geometrically using a grid ratio of 1.2:1. The x mesh extended
two body lengths ahead and three body lengths behind the
body, and the location of the first r grid line was at r=17/2.
Relaxation factors 1.7<w< 1.9 were used and the coefficient
of the pseudo-time term was set to € =0.5. Convergence in all
cases was very rapid, with a |A¢! . <1077 criteria reached
within 75 iteration sweeps. Pressure changes on the body
usually became less than 10 4 before 40 iterations.

With regard to the comparisons, we note that the agreement
of the theoretical results with data for both surface and
flowfield pressure is excellent. The numerical procedure is
able to predict with accuracy and throughout the Mach

R R P ‘M T et T Mﬁ’_] T o2 RM ' { I I M‘ ]
Co oI 5 M M oa™? i w oo %
j o - i Ll N SO S TN S S P I 1 - i L L Lo I 1 n L L
[T e e ) , T e ] [T YT S e JN—— - ——
b r/D=} M # r/D=1 M [ r/D=1 i /D=1
. ’ o000 R0
’ = Qo6°” oo™ W Foeor™™” w e
R SO O R U S I N S EU TR SRR S ) S S ITRURTO. kil J it Lt L]
-2 . S e — ; NE—
I SURFACE SURFACE ? E SURFACE SURFACE
L L M vl M soord - a0y
|BASE |BASE Iy A%
¢ O T - ! j ;
L : r & ins
2» M= 0.975 L M, = 1.OO 10 My, =1.025 g Moo= 11O
. t e L L L s t‘ : L a L 1 L L L L I I L ‘I L 1 L L
9 5 0 o 0 o 5 10 0 5 10

x/£ x/4

x/4

Fig. 2 Comparison of theoretical surface and flowfield pressure distributions with data!? for a nonlifting parabolic-arc body of revolution with

thickness ratio D/f=1/12 at several transonic Mach numbers.
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number range the location and strengths of both surface and
bow shocks. Wind tunnel interference effects, known to be
significant for this shape, ' are properly accounted for via the
outer boundary condition, and the actual sting geometry has
been included.

A further point regarding the comparisons in the vicinity of
the shock is noteworthy. This relates to the fact that
presumably an exact solution of the transonic small-
disturbances in the vicinity of the shock would, in the limit of
vanishing grid spacing, yield a sharp discontinuity, as well as
a singularity, at the foot of the shock. This is unlike the rather
smooth transition indicated by the data, which are
presumably softened by shock-boundary-layer interaction.
Therefore, the apparent agreement of the numerical solution
with data near the shock would appear to be fortuitous. We
have examined this point further for the M_=1.00 case
shown in Fig. 2 by obtaining numerical solutions employing a
very fine grid (Ax/f=0.004) in the vicinity of the shock. It was
observed that while a sharp shock discontinuity is obtained
with the fine grid, no postshock expansion, as is common in
two-dimensional results, is found; the flow continued to
decelerate smoothly beyond the foot of the shock. Moreover,
the character of the fine grid pressure distribution in the shock
region was found to be quite close to the calculated coarse
grid results displayed in Fig. 2.

The point of dwelling on these comparisons is to establish
the accuracy of the equivalent body solutions which form the
basis of the TER calculations to follow. In the previous
work,! it was recognized that one cause of the discrepancies
observed in the TER comparisons with data!? were due to
deficiencies in the equivalent body solution. The extent of
those discrepancies could only be conjectured, since an ac-
curate equivalent body solution procedure was unavailable at
that time. The importance of this for the results to follow is
that those solutions presented are essentially exact solutions
of the TER theoretical model given by Egs. (7-11).

As a first application of the TER combined. with finite-
difference results for the axisymmetric flow past the
equivalent body of revolution, we have considered a family of
slender bodies with elliptic cross sections which were tested in
the Ames 14-ft transonic wind tunnel. !> Figure 3 presents the
nonlifting pressure distributions measured along the ex-
tremities of the major and minor axes (#=0, 90 deg) at
" M, =0.975 and 1.025 for three of these bodies having values
for the ratio A=a/b of major to minor axes of the elliptical
cross section of 1.5, 2.0, and 3.0. These bodies were con-
structed so that the ratio of major to minor axes remains
constant along the length of the body. Furthermore, all the
bodies have the identical longitudinal distribution of cross-
sectional area S=mab as the parabolic-arc body of revolution
with D/¢=1/12 for which results were shown in Fig. 2. In
determining the theoretical results, the following expressions
for¢,,and ¢,z apply':

_ S'(x) [o+ (a?—a?+b2)"
Y LN e R
020= - gy 20)

2% . v

where R.P. signifies the real part of the complex quantity
contained within the brackets and o=y +iz=re®. Solutions
required for the equivalent body potential ¢ for use in Eq.
(7) were determined previously from Egs. (12-16) in arriving
at the results in Fig. 2, and C, is related to ¢ by Eq. (3) with
a=0.

With regard to the comparisons displayed in Fig. 3, the
theoretical and experimental results are in good agreement
along the entire body length at both Mach numbers and for all
three bodies. In particular, the comparisons are not deficient

AIAA JOURNAL

| 6  DATA THEQRY

(Tu/ o0 —
h 9 o -

< '
A3 A3 RS N
S o rf})% [ W1

)u)// X 8 ©
& \ N 4
% ‘ o
o7 | C ek e YL [T Bt
2 T e : L e
A=2 i [ A=2 M
- > -
Cp 0 e ¥y }

o
L
@D L @ 2 ]
X=1.5 B~ BODY] A=15 m oDy
Cp o 7 ° |BASE BASE

B /g/ \\é
p
g/ Me= 0975 K Moo= 1025 ]
. .

D S R RO RIS SN IS WS RO | .
0 5 10 0 5 10
x/8 xL
Fig. 3 Comparison of TER results with experiment'? for surface
pressure distributions along the major and minor axes (6 =0, 90 deg)
of three nonlifting slender bodies with different elliptic cross sections.

? oD
Cxp £ Daa THEORY
ab=3 £--b & 00—
AT ¢ e —
Y L e T e T e R e
/D=3 /D=3 -
¢ 00T, oagoeTeeeTootag,

p O o MM_ S o 0as 3
2 1ol - B 71 S L ,VALl-I4l|A,1¥A]
R T T e T e T e T T i ot e e s s

/D=2 /D=2 l

& o P ettt _500eOTOeP0ET0a,

P e ]%GQ%DUB oy
el oo D ]
-2t e [ e T aii S e T

/D=1 M b r/D=1 ]
Cp O Wo%%i
-]
_— M= 1.00 \gmsaj b M= LIO 08
ol oL R e A SV SN R K SRS S S
o 5 . 10 0 5 10
x/E x/2

Fig. 4 Comparison of TER results with experiment!? for flowfield
pressure distributions for a nonlifting body having elliptic cross
section witha/b=3.

near the body base as before,! but are very satisfactory. The
most notable feature of these results is the smallness of the
effects of ellipticity of the cross section. Comparison with the
corresponding results for the equivalent body shown in Fig. 2
indicates the relatively slight effect that the modified cross
section has even for the most elliptic shape with A = 3.

Analogous results for the flowfield at M =1.00 and 1.10
are shown in Fig. 4 for the body having A=3. As could be
expected from the surface pressure results of Fig. 3,
theflowfield pressures also exhibit a strong tendency to
become axisymmetric. The results indicated for this most
strongly nonaxisymmetric shape are virtually independent of
the azimuthal angle 8, and are essentially identical to those for
the equivalent body shown in Fig. 2. Again, the TER results
are in excellent agreement with the data.

Surface Pressure Distributions on Lifting Bodies

For the initial application of the TER to lifting flows, we
have considered the flow at M_ =1.00 past the parabolic-arc
body of revolution with D/f=1/12, for which results at zero
angle of attack were provided in Fig. 2. Figure 5 displays the
comparison between the TER results and data obtained in the
Ames 14-ft transonic wind tunnel!? at angles of attack a =2,
4, and 6 deg along the five lines on the surface of the body
given by 8 = £90, +40, and 0 deg. For the theoretical results,
the crossflow lifting potential ¢, , for use in Eq. (7) is given
by:

36 =0S(x)sind/xr @2n
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Fig. 5 Experimentai'> and TER results for surface pressure
distributions at M_ = 1.00 along the lines § = (+90 deg 2, +40 deg
2 , 0 deg ») on a lifting parabolic-arc body at three angles of attack.

while ¢, ,=¢, 5, where ¢, 5 is given by Eq. (20), ¢ represents
the same equivalent body solution of Egs. (12-16) for which
results were given previously in Fig. 2, C, is given by Eq. (3),
and ¢ by Eq. (7). In contrast to the nonlifting flow results
shown in Figs. 2-4, these results display a significant
dependence on azimuthal angle. Additionally, a strong
variation with angle of attack is also evident. We observe that
TER results are in good agreement with the data along the
entire body length for all three angles of attack and, in
particular, in the vicinity of the shock and the body base. The
agreement in the vicinity of the shock is noteworthy and
deserves further comment. Since within the accuracy of the
classical TER theory, the longitudinal locations of any shock
waves on the equivalent body are similarly located at the same
longitudinal station on the actual slender configuration, at
first glance it would appear that the classical equivalence rule
would be significantly inaccurate in the vicinity of any shock
surfaces due to three-dimensional displacement effects. This
might be the situation if the shocks were sharp compressions,
as is more frequently the case for two-dimensional transonic
flows. However, for the axisymmetric and three-dimensional
flows shown here, the experimental and theoretical pressure
results for both surface and flowfield indicate compressions
which are more gradual. This is due to a special characteristic
of flows past these shapes, whereby the expansion waves
originating from the forepart of the body are reflected from
the sonic surface as compression waves and subsequently
focused onto the aft portion of the body. This focusing effect
produces an active mechanism for smoothly decelerating the
flow in the region where the shock wave will form, and ef-
fectively results in a smearing of the shock and a subsequent
flow situation which is more amenable to treatment by the
classical TER. Consequently, for certain classes of slender
configurations, the classical TER is capable of providing an
accurate approximation for the flowfield properties even in
the vicinity of shock waves.

Additional comparisons of TER results and data!? for
lifting flows are shown in Figs. 6 and 7. These results are for
the bodies having elliptic cross section with ratio of major to
minor axes a/b=2 and 3 for which nonlifting results were
given in Fig. 3. The expression for the crossflow lifting
potential ¢, , required is given by:

(a+b)?
o+ (02 —a?+b?)" ]}

(22)
and represents the two-dimensional potential flow about a
body of elliptic cross section translating downward through

VS (] I
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Fig. 7 Experimental’ and TER results for surface pressure

distributions at M_ = 1.00 along the lines § = (90 deg S, +40 deg
o0 deg 4 ) on alifting body having elliptic cross section witha/h=3
at three angles of attack.

still air with uniform velocity «.'® The comparisons shown in
Fig. 6 for the body with a/b =2 display the same general good
agreement observed for the body of revolution with one
exception. This concerns the comparisons indicated by the
three plots on the right side of the figure, which exhibit the
pressure distributions along the major axis §=0 deg as a
function of angle of attack. The discrepancies observed
between data and theory as « is increased to 6 deg, and which
are not evident at the other azimuthal locations 8 = +90, x40
deg, lead us to conjecture that the data are being influenced by
vortex separation due to the crossflow velocity component, a
result familiar at subsonic and supersonic speeds as well. The
analogous comparisons shown in Fig. 7 for the body with
a/b=3 reinforces this observation. As before, the
discrepancies at 6 =0 deg are most pronounced at « =6 deg
and have moved further forward than on the a/b=2 body, a
result which would be anticipated from body vortex
separation phenomena.

While all the results shown in Figs. 5-7 were purposely
calculated at M, =1.00, to provide both a severe test of the
method and some benchmark comparisons with previous.
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Fig. 8 Experimental’? and TER results for surface pressure
distributions at along the lines § = (=90 deg , 40 deg 7, 0 deg )
on a lifting body having elliptic cross section Swith a/b=3 a( a=4 deg
and four transonic Mach numbers.
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Fig. 9 Experimental'? and TER results for surface pressure
distributions along the lines 8 = (+ 90 deg 2 , £40 deg 2 ,0deg a)on
a lifting body having elliptic cross section with a/b=3 at « =4 deg and
M =0.90 and 1.20.

results,! the question arises whether the TER results
deteriorate as the freestream Mach number moves away from
1. Toward this end, we have tested the TER method at Mach
numbers throughout the transonic regime against data for all
three of the shapes considered in Figs. 5-7. Results for the
most elliptic body with a/b=3 are shown in Fig. 8, which
displays a comparison of lifting surface pressure distributions
at M, =0.975, 1.00, 1.025, and 1.10 and o =4 deg. With the
exception of the discrepancy along the major axis (6 =0 deg)
which was noted previously, the agreement of the classical
TER results with the data is good throughout the entire
transonic range. The large change in the character of the
pressure distributions as the flow proceeds from M, =0.975
to 1.10 is well predicted by the theoretical method. Since this
shape is the most severe geometrically, and because the results
indicated in Fig. 8 are typical of the other shapes, for brevity
the corresponding results for the bodies with a/b=1 and 2
have been omitted. As a final comparison for this class of
shapes, we have prepared Fig. 9, which exhibits similar
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comparisons to those of Fig. 8 but at Mach numbers well
outside the transonic regime for slender bodies; that is,

» =0.90 and 1.20. Once again, the comparisons are quite
good, indicating that for certain slender configurations, the
equivalence rule remains valid over a surprisingly broad range
of Mach numbers.

Pressure Distributions on Thin Wings

As a final application of the classical TER method, we have
considered a thin triangular wing having elliptic cross section
such that the equivalent body of revolution is a slender cone.
These shapes were first considered theoretically in Ref. 2 and
experimentally in Ref. 13 for a triangular wing having a
leading-edge sweep angle of 45 deg, an aspect ratio of 2, and a
thickness ratio of 0.06. These parameters for the wing lead to
a ratio of major to minor axis of the elliptic cross section of
a/b=16.67. The corresponding equivalent body, which is a
cone, has a semiapex angle equal to 0.1225 rad or 7 deg. For
determining ¢, , and ¢,, for the wing, either Egs. (19) and
(22) can be used directly or, alternatively, the simplified
expressions which result when a/b> 1,

b, = (1a/200(a/2) $,,= ta(a?—y?)" @3)

In Eq. (23), ¢,, and ¢,, have been evaluated on the wing
surface approximated to be at z=0, ¢ is the maximum
thickness of the wing elliptic cross section, ¢is the length of the
wing, the variation of the major axis is =mx, where m is the
tangent of the wing leading-edge sweep angle, and the * signs
denote wing upper and lower surface, respectively. Adopting
the customary approximation of thin wing theory that the
pressure coefficient is given by

(Cp)w=—2¢, (24)

it was shown? that the pressures on the wing are related to
those on the equivalent body by

(1 +0n (25)

¢ 2
(C,),=(C,)p— m) (aaima

20 2t Z_y2yn

where (C,)p represents the zero angle of attack pressure
distribution on the surface of the equivalent body, a circular
cone-cylinder. v

In the preliminary comparisons of TER results with data
for this wing,? results were provided only for the differences
in pressures both between related points on the wing and
equivalent body and also between points on the wing upper
and lower surface. This was done since it was previously
recognized !’ that large interference effects of the tunnel walls
were present in the data that had been obtained in the Ames
2x2 ft tunnel. Consideration of the pressure differences
provided an approximate means of eliminating tunnel in-
terference from the comparisons. Prediction of the actual
pressures on the equivalent body, and through application of
the TER theory, on the wing were clearly unsatisfactory. In
the initial comparisons of theoretical results and data for the
equivalent cone-cylinder body, '"'® considerable attention was
devoted to assessing the effects of tunnel interference on the
data. The analysis included a critical examination of several
theoretical solutions, as well as tunnel correction procedures
and additional data'’ subsequently obtained for the same
body in the Ames 14-ft tunnel. Discrepancies between the
experimental results, as well as among the theoretical
methods, remained and were never resolved satisfactorily. It
was concluded that the safer procedure to use was to rely on
an evaluation of both data and theory in terms of pressure
differences. We have found in this study, however, that by
employing the SLOR procedure described previously for the
equivalent body, the observed discrepancies can be completely
accounted for. Moreover, the actual pressures observed on
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Fig. 10 Comparison of theoretical pressure distribution at
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Fig. 11 Experimental'? and TER results for surface pressures at
M, =1.00 along the lines ¢ = (£ 90 deg ) for a thin triangular wing
having elliptic cross section with a/b = 16.67 at six angles of attack.

both the equivalent body and the triangular wing can be
predicted with high accuracy. Figure 10 displays the results
for the equivalent body and indicates the theoretical SLOR
solution for the surface pressure on the 7 deg semiapex angle
cone-cylinder at M, =1.00, compared with the data obtained
in the Ames 2x 2 ft transonic wind tunnel.!? In determining
these results, the homogeneous porous wall boundary con-
dition equation (15) was employed as no flowfield data, such
as reported!? for the bodies considered in Figs. 2-9, were
available for this shape. Values of the porosity from
0.2<P=<10.0 were used with essentially indiscernable in-
fluence on the surface pressures. The results indicated in Fig.
10 are for P=2.0 and display excellent agreement with the
data. Both the level and trend of the pressure are well
predicted. The only discrepancy is a slight disagreement just
ahead of the shoulder of the cone, apparently caused by a
forward influence of the slope discontinuity at that point.
These results serve both to resolve the previous discrepancies
and also to provide the equivalent body ¢, solution for the
following comparisons displayed in Fig. 11 for the triangular
wing. In that figure, TER results for the surface pressures
along lines on the top and bottom of the wing centerline
(v=0) are compared with data'’ at M, =1.00 for angles of
attack =0, 0.26, 0.53, 1.06, 2.12, and 4.24 deg. Except for a
slight discrepancy in the vicinity of the shoulder of the wing
(x/£=1.0) noted previously for the equivalent body results in
Fig. 10, the results are in very good agreement at all angles for
which data are available.

Conclusion
An assessment of the classical transonic equivalence rule
has been made by extensive comparisons of theoretical results
with data for a number of three-dimensional slender shapes of
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aerodynamic interest. In contrast to previous comparisons,
the theoretical results employ the proper equivalent body
solutions based on finite-difference SLOR solutions of the
axisymmetric transonic small-disturbance equation, and
include the actual sting geometry of the models, as well as
wind-tunnel interference effects. Particular attention was paid
to tunnel interference effects by application of a novel
alternative to the classical homogeneous wall condition,
whereby experimentally measured flowfield pressure
distributions were imposed as an outer boundary condition.
Theoretical results for the axisymmetric nonlinear equivalent
body flows employing this measured boundary condition
exhibited highly accurate comparisons with data obtained in
conventional transonic wind tunnels. Based on these
equivalent body solutions, equivalence rule results for slender
bodies having elliptic cross sections, at both nonlifting and
lifting conditions and at Mach numbers throughout and
beyond the transonic regime, display exceptionally good
agreement with tunnel data. Although the classical equivalent
rule locates shocks at the same longitudinal location for both
the equivalent body and the actual three-dimensional con-
figuration, a close examination of the flow in the vicinity of
the embedded shocks on the surface of these shapes also
exhibits good agreement, following both the trend and
magnitude of the experimental results. Additional nonlifting
and lifting comparisons for a thin triangular wing of unit
order aspect ratio and elliptic cross section have resolved
previous discrepancies associated with tunnel interference
effects and exhibit good agreement with experimental results.
In summary, the results presented here indicate that the
classical or first-order, thickness-dominated transonic
equivalence rule can provide an accurate approximation for
determining transonic flow past certain three-dimensional
slender configurations and the range of flow conditions and
geometries over which the procedure remains effective is
broad.
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Practical combustion systems are almost all based on turbulent combustion, as distinct from the more elementary
processes (more academically appealing) of laminar or even stationary combustion. A practical combustor, whether
employed in a power generating plant, in an automobile engine, in an aircraft jet engine, or whatever, requires a large and
fast mass flow or throughput in order to meet useful specifications. The impetus for the study of turbulent combustion is

In spite of this, our understanding of turbulent combustion processes, that is, more specifically the interplay of fast
oxidative chemical reactions, strong transport fluxes of heat and mass, and intense fluid-mechanical turbulence, is still
incomplete. In the last few years, two strong forces have emerged that now compel research scientists to attack the subject
of turbulent combustion anew. One is the development of novel instrumental techniques that permit rather precise
nonintrusive measurement of reactant concentrations, turbulent velocity fluctuations, temperatures, etc., generally by
optical means using laser beams. The other is the compelling demand to solve hitherto bypassed problems such as iden-
tifying the mechanisms responsible for the production of the minor compounds labeled pollutants and discovering ways to

This new climate of research in turbulent combustion and the availability of new results led to the Symposium from
which this book is derived. Anyone interested in the modern science of combustion will find this book a rewarding source
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