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ABSTRACT

A theoretical and experimental investiga-

tion was

conducted to explore the applicability

of the transonic similarity concept and also of
the transonic area-rule for non-slender wing-

body combinations,
combinations

A family of eight wing~body
(wing aspect ratios 3-5) and their

equivalent axisymmetric bodies were mvest:n.gat—
ed at zero 1ift,

The transonic drag was determined by wind
tunnel tests and by thebretical calculations
using a transonic small disturbance method., The
theoretical and experimental results for these
non-slender configurations deviated from the
transonic area-rule as the span increased, but
confirmed the transonic similarity concept.
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zero-1lift drag coefficient with wing
area as reference area
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body surface z= f(x,y)

free stream Mach number

unit vector normal to body surface
free stream dynamic pressure

radius of a body section

radius of computational cylinder
Reynolds number based on cre f=0.1055 m

maxinmum cross sectional area

wing planform area, including

portion within body

cross sectional area at station X1
maximum thickness of wing profile
free stream velocity

velocity

Cartesian coordinates

location of the end of the body nose
location of the end of the body
longitudinal coordinate, measured
from body nose ’

angle of attack

average wing thickness ratio
perturbation parameter- scaling factor
similarity para:ﬁeter A= (1-M2) /M

angle about x-axis from plane of
symmetry

see Figure 8

perturbation velocity potential
total velocity potential

thickness ratio for the equivalent
axisymmetric body = maximum body
diameter/body length

2y/b spanwise coordinate

spanwise location of wing-body
Jjunction



INTRODUCTION

When the experimental part of this investi-
gation was conceived about three years ago,
there was no suitable method available in Swe-
den for accurate calculation of the transonic
drag characteristics for wing-body combinations,
The main interest concerned at that time swept
wings with aspect ratios around 4, Wings with
supercritical airfoils designed by computation-
al methods for two-dimensional flow had been
windtunnel tested, but the improvement in drag
characteristics demonstrated in two-dimensional
tests, did not come out in three-dimensional
tests. It was obvious that more detailed in-
sight had to be gained about three-dimensional
transonic flow around swept wings of moderate
aspect ratio, '

One of the approaches to the three-dimension-
al flow problem was the experimental investiga—
tion reported in this paper., The purpose of
the investigation was to explore the applicabi-
lity and the limitations of a transonic similar~
ity concept and also of the transonic equiva-
lence rule for non-slender wing-body combina-
tions at zero lift. A large number of investi-~
- gations on the transonic similarity and equiva-
lence rules have been carried out during the
last three decades., Summaries with bibliogra-
phies of the most important work have been made
for instance by Spreiter (1) arnd Oswatitschf? 3},
Systematic experimental investigations have been
made on the similarity rule among others by
McDevitt M on wings with rectangular. planform
and by Page {5} on wings with triangular planform.
The classical investigations of the area-rule
by Whitcomb {8 dealt with thin triangular and
swept wings of low aspect ratio. An investiga-
tion by Drougge !7) of the interference between
bodies of revolution at transonic speeds accom-
plished important results with reference to the
sonic and supersonic area rules as well as the
transonic similarity rule, It appears however,
that the validity of these concepts for wing—
body combinations with fairly thick, moderately
swept tapered wings of intermediate aspect
.ratios has not been explored, - The present in-
vestigation was therefore conceived, to provide
some test data for this kind of configurations,
typical for advanced jet trainers and. strike
aircraft, '

- The basic configuration for the models in-

- vestigated had a 35 swept wing with 8,9% thick-
" ness and an aspect ratio of 4 in mid-wing posi-
tion on a cylindrical body with an ogive nose.
Two affinely related wing~body combinations and
their equivalent axisymmetric bodies were con-
structed for investigation of the transonic simi~
larity rule for slender bodies!”8, The wings
where also investigated in combination with
bodies designed in accordance with the trans—
sonic area-rule!®, In the area-rule investiga-
tion the wings were tested with two bodies, one
having the axial area distribution of the basic
configuration and one having a more favourable
area distribution. The equivalent axisymmetric
bodies for these configurations were also in-
vestigated. The tests covered drag measurements,
flow studies and Schlieren photography.

While the experimental investigation was in
progress, a theoretical three-~dimensional relax—
ation method based on the transonic small dis~
turbance equation was developed!¥®!, As soon as
it was demonstrated that the method could be
used also for calculation of transonic drag
risel?)), it was decided to start a parallel theo-
retical investigation, using the transonic small
disturbance method for drag calculations, All
wing-body combinations tested have also been in-
vestigated theoretically but not the equivalent
axisymmetric bodies. The reason is that the com-
putational grid is adapted for wing-body calcula-
tions and is therefore not in its present form
particularly suited for the calculation of flow
around axisymmetric bodies alone., A special
technique, developed to handle the computation
of the "area-ruled” bodies, as well as the Ye~
sults of the calculations are described in the

paper,
EXPERIMENTAL INVESTIGATION

Wind Tunnel

The experimental investigatioil was done in
the FFA-HT transonic wind tunnel, which is of
the continuous drive, closed circuit, variable
pressure typel*?), The test section, which is
0.90 X 0.90 m® with octagonal cross section, is
ventilated by shallow longitudinal slots, one
in each corner. 7The open area of the slots is

9.2 %.

Models

Basic Model.
is shown in Figure 1.
of a high-wing configuration PT1, which has been
extensively tested at FFA and NAE!S:¥)

The basic model designated PTS5A
It is a mid-wing version

The wing is a swept tapered wing with an
aspect ratio of 4,0, taper ratio 0,4 and a sweep
back angle of 35° on the 25 % chord line, The
wing profile is NACA 64A010 perpendicular to the
quarter~chord line, which gives a wing thickness
ratio of 8.9 % in the free stream direction, The
body consists of a circular cylinder with a tan-
gent ogive pointed nose of fineness ratio 2.5.
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FIGURE 1,

The basic model PT5A

Models for Similarity Rule Tests., Two wing-
body combinations with geometry affinely related
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to the basic configuration were obtained by
scaling the model cross sections with radial
scale factors of /0,6 and / 1.k respectively,
The scale factors had to be limited in order to
avoid steep area variations on the bodies for
the area-rule models described later, The plan-
forms of the models are shown in Figure 2, The
model designated PTUA has a thimmer wing of
smaller span. than the basic configuration while
model PT6A has a thicker wing of larger span,
Main data for the models are presented in Table
1, The sting diameter is scaled in accordance
with the models,
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FIGURE 2, The affinely related wing-body

models for testing the transonic similari-
ty rule

The axial area distributions for these models
are presented in Figure 3 and their equivalent
axisymmetric models with stings are shown in
Figure 4, The axisymmetric models have an R
added to the designation, for instance PT4AR,
etc, These models among themselves are clearly
affinely related in accordance with the similar-
ity rule,
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PT4A PTSA PT6A
Aspect ratio {A) 4,0 /G.87= |4.00 L0 /TE =
3.10 4,73
Max, wing thickness 8.9 /0.6 = 8.9 % 8.9/7.% =
in free stream 6.9 % 10.5 %
direction (H«:)max
Sweep angle at 42 35% 3056
quarter-chord line
Relative thickness 13.91 /0.6 = | 13.9 % 13,91 V1.4 =
for equivaleni body 10.77 % 16.45 %
of revolution {7)
Wing area (S, cnf) 307.7 397.2 470.0
Max, cross section- 25,59 42,66 59.72
al area (5 cm®)

TABLE 1, Certain data for the three
affinely related models
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FIGURE 4, The affinely related axisymmetric
bodies area equivalent to the models in
Figure 2

Models for Area-Rule Tests. The wings of
the models PT4A and PT6A could also be combined
with bodies designed in accordance with the
transonic area-rule in such a way that these
configurations have the same axial area distri-
bution as PT5A (area distribution 1 in Figure 3).
The compensation for the differences in the cross
sectional area of the wings is made by varying
the diameter of the body, which for each model
is a body of revolution. The models, denoted
PTUB and PT6B, are depicted in Figure 5 together
with the area-equivalent models PT5A and PT5AR,

All three wings could also be combined with
another set of bodies designed in the same way
to correspond to a common, more favourable area-
distribution (distribution 4 in Figure 3). These
models, denoted PT4C, PT5C and PT6C, as well as
their equivalent axisymmetric body PT5CR are
presented in Figure 6,
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FIGURE 5. The models with axial area FIGURE 6, The models with axial area

distribution 1 for area-rule tests distribution 4 for area~rule tests
Tests
To ensure fixed transition in all tests and
a turbulent boundary layer where shocks occur PT4A PT5A PT6A PT5C
A . . . PT4AR PT4B PTGAR PT4C
the models had transition trips consisting of. PTEB . PT6C
0.2 mm diameter steel balls with 4 mm spacing PTSAR PTC
welded to the models close to the wing leading - o ’1 = 0.16h5 | T = 0. 1409
edges and on the body nose as shown in Figure 1. ©=0.1077 |7 =0.1391] 7 43
} z M Mt M M?
The test'programme consisted of three-compo- 110 0.663 C.565 0.501. 0.561
nent force measurements and measurement of the 70 - 0.743 0,652 ‘ 0-238 8-627
base pressure for in all 12 model configura- ’*g g'ggf , g;g; g' 7193 0:393
tions in the Mach number range 0.5- 1,05 at a . :;0 0:901 0:8149 0:806 0.8h6
constant Reynolds' number based on reference 16 0.918 0.87h 0.835 0.871
chord Crep= 0.1055m Re = 1,0+ 108, The angle 12 0.937 - 0.901 0.869 0.899
of attack was varied within the range o=:+5° 10 0.947 | 0.915 0.887 0.914
for the wing-body configurations and o= %20 8 0-927 ! 3-9;1 g-ggg g-gﬁg
for the axisymmetric bodies, The results pres- 2 5 g'g,,g O‘gs‘g 0.916’0 0:958
ented in this paper however cover only the zero- 3.0 0:9é3 0:372 0.962 0.972
1lift case. 2.0 0.939 ©.981 0.97% 0.981
1.0 0.9% 0,990 0.987 0,990
The test Mach numbers were selected to ach-~ g.gs 1.000 1.000 :g?g 1.000
‘jeve test results at given values of the simi- i - - . -
- . .02 1.018
larity parameter A = (1-M2)/T°M2, where 7 is - ;zs ::g;? :g;g ! S s 1,037
the thickness ratio of the equivalent axisymmet— - 5.0 1.030 1.052 - 1.054
ric body. The test programme is shown in ° - 6.5 1.0ko - - -
Table 2, ’ :

Schlieren photographs were taken at most R
test conditions and oil flow studies were made TABLE 2, Test programme
in some selected cases,.

295



Corrections to Test Data

All drag coefficients obtained from the wind
tunnel tests are presented with the measured
base drag subtracted. No corrections for wind
tunnel wall interference have been applied,

For correlations with the similarity concept
and for comparisons with theoretical calcula-
tions the pressure drag coefficient is required,
This is obtained by subtracting the friction
drag coefficient from the drag coefficient Cp
determined by the force measurements. It has
been assumed that the friction drag coefficient
changes negligibly in the transonic range and
that it can be approximated by the drag coef-
ficient at Mach number M = 0.85. The drag
rise coefficient ACp wused in correlations ex~
presses the drag rise above the drag level at
M, = 0.85.

A further correction had to be applied to the
experimental results before comparison with the
theoretical calculations could be made, As the
calculated drag does not include the nose drag,
the experimental results were corrected by sub-
tracting the estimated nose drag. The estima~
tion was made by extrapolating the experimental
pressure drag data for slender bodies of revolu~
tion investigated by Drougge ") to the nose geo—~
metries of interest for our models, The estima-
ted nose drag correction ACp as shown in
Figure 7 is subtracted from tﬁgsﬁrag rise coef-
ficient ACp and a corrected drag rise coeffic~
ient ACﬂ suitable for comparison with theore-
tical results is obtained., This method of cor-
rection seems reasonable for the A- and B-models,
where the nose is followed by a circular cylind-
er, For the C-models, where the body cross sec-
tional area increases smoothly downstream of the
nose the method of correction seems more ques-
tionable, but has been accepted, as the correc-
tions are small for Mach numbers M_ < 0,94 and
the same for all models in the family.

ACOrose
Al -
ot . distribution
p 2
-1
-7
_—®
0
085 0.90 . 088 100 Mg
FIGURE 7, The estimated nose drag correc-

tion

THEORETTCAL INVESTIGATION

Method of Calculation .
The classical small-disturbance equation for
the perturbation potential ¢ is given by

(1)

where ¢ is defined in terms of the full veloc-
ity potential ¢ as

[(1-M§°) - (Y+1)eM§° qpx:]q)xx+ "Py'y+ ®,5=0

‘ ¢(x,y,2) = Uoo[x+e(p(x’,y',z)] )

(2)

with e = 62/§/M°° and b Dbeing a measure of
relative wing thickness.

The velocity vector is given by (see Eq.(2))
(3)
If the surface of the configuration to be treat-

ed is z = f(x,y) the unit vector normal to any
point on the configuration is given by

B (0,08,08,) = Usl1+ ey 09 ,60,)

1
V 1+f§+f;

Flow tangency condition at the surface can be
expressed as

n = ()

(£, 0 =£05 1)

n=0 (5)

1_1.. .
(3), (4) and (5) give us the boundary condition

9, = (g + @i +o, £ (6)

For small disturbances (6) can be simplified to

1
%, = 5 fx (7)
Assuming the wing to be thin (7) can be used as
the boundary condition on the wing.

The computational body points do not coincide
with the real points on the body. Correction
was therefore made for the slopes when transfer-
ring them fr@m the real to the computational
body points. The slopes dr/dx were scaled
with the ratio of the body radius r to the
reference cylinder radius R. This is in ac-
cordance with the slender body theory as long
as the angle of attack is zero,

To solve Eq.(1) the relaxation procedure in-
troduced by Murman and Cole (13 has been used.
The shock point operator (1) has been used through--
out the computations., Details of the method can
be found in Ref, 7,

The pressure coefficient Cp for i'sentropic
potential flow is given by the relation

o
o= v (-5 tesnrs® (Grgeat)] -} ()

The second order approximation of (8) gives

Cp = - {2wx+e2 [“‘M;)‘P;“P;"“’ez]}

Expression (9) has been used to calculate pres-
sure coefficients on the complete configuration,

(9)

VWing Drag Evaluation .

Pressure coefficients are integrated in oxder
to obtain the forces on the configuration, As
the angle of attack is zero in the present in-
vestigation the drag evaluation is of great im-
portance, The integration has first been per-
formed around the wing contour at fixed spanwise-
location in order to obtain a measure of the
drag cp(7N) at each section.

op (M) = § €5 (2/c,Ma(z/c)

(10)
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Finally the integration was carried out over
the span of the wing and the total drag is ob-
tained fyom

1
% = I%m'cn(“)'d“

nbody

(11)

where 1

[ e an

[+

c =

(12)

and T = 2y/b., The for the drag important lead
ing edge pressure coefficient cannot be comput-—
ed by small disturbance theory and simple sweep
theory has been used to estimate it instead,
For more detailed description of the drag eval—
uation on the wing see Ref, (!}, '

Body Drag Evaluation
Considering the fact that the nose region of

the body is represented by few computational
points it was decided not to try to evaluate
the drag of the nose reégion from computed pres-
sures but to estimate it from earlier experi-
ments!” and subtract it from the drag obtained
by experiments in this investigation.

As the slopes (i.e, boundary conditions)
have been corrected (see Method of Calculation)
for the entire body and as the. distances be-
tween the real body points and the correspond-
ing computational points are considered to be
small, except at the nose region, it can be
assumed that the computed pressure coefficients
are valid for the corresponding real body points.
As the cross-sectional areas of the bodies in-~
vestigated are circular, and as the wing is mid-
mounted and symmetrical through the z= 0 plane
and the angle of attack « is zero the integra-
tion needs to be performed only for one quadmnt
of the body section (see figure 8)., =

z Body O Body point

Computationat points

FIGURE 8, Geometry and computational
points at wing-body junction

Multiplying the result by U4 and then integrat-
ing along the body (excluding the nose region)
gives .

u x=x2 9=9w
. dr ’
o5 | [ ePepxeamn (1)
x=x1 Q:O '
where
Sg = c+*b (14)

" an effect of wind tummel wall interference,

RESULTS AND DISCUSSION

Similarity Rule Investigation

Correlation Parameters, The affine models
are related by constant radial scaling factors,
which means that in each cross section of the
wing the spanwise coordinate and the thickness
are scaled by the same factor, This was done
for the purpose of checking whether and if so
within which range the transonic similarity
rule for flow around slender bodies was applic-
able for this family of not-so~slender radially
scaled wing-body combinations., The similarity
rule for slender bodies {78! states that the wave
drag is proportional to T° and is a function
of the parameter

Vi

The wave drag is not measured directly, but is
assumed to be approximated by the transonic drag
rise. The correlation was therefore made by
plotting :

ACD/ 72 versus \

for the experimental investigation and
AC]')/'\'2 versus A\

for the theoretical investigation including com-
parison with corrected experimental results. '

One attempt was also made to determine the
range of applicability of the transonic area-
rule by correlating the results in accordance
with the tramsonic similarity rule for thin
wings'>1®), This was done by plotting

ACD N
—-—-9-5 versus A(t/c)#

(t/c)s

Experimental Results, The basic character-
istics of the measured zero-lift drag versus
Mach number for the wing-body combinations are
presented in Figure 9 and for the equivalent axi-
symmetric bodies in Figure 108, It should be
noted that the drag coefficient  Cp., shown in
Figure 9 and the drag-rise coefficieént ACDO in
Figure 14 are evaluated with the wing planform
area as reference area to indicate the drag leve
els in terms typical for aircraft aerodynamics,
but for all other results presented in this
paper the maximum cross sectional area is use
as reference area, . o L

The correlation of the transonic drag rise
with the similarity rule parameter ) for all
the affinely related models is presented in
Figure 11, The correlation for the wing-—body
models is very good except for the PT6A model
very close to A = O (Mg = 1.00). This might be
The
good correlation is nevertheless remarkable, as
noticeable separations on the wing were observed
at some Mach numbers during the flow visualiza-
tion tests, In Figure 12 are depicted Schlieren
and surface flow visualization pictures for
A= 4,5, where the separations were most severe.
The Schlieren and oil flow pictures are enlarged

to the same scale, so that direct comparisons
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FIGURE 9. The zero-1lift drag coefficient for

PT4A, PT5A and PT6A with the wing area as
reference area
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Figure 10, The zero-lift drag coefficient Cp

for PT4AR, PTSAR and PT6AR
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FIGURE 11, Correlation of experimental trans-

sonic drag rise for the affinely related models

FIGURE 12a.

FIGURE 12b

M_ = 0.944
FIGURE 12, Schlieren and surface flow
visualization pictures for the affinely
related wing-body models at A\ = 4.5

can be made between the shock positions and the
separation for each model and also between the
models. The shock positions and the separations
are remarkably similar.

The correlation of the equivalent axisymmet-
ric bodies in Figure 11 is reasonably good be-
tween PTUAR and PTS5AR, but the PT6AR drops some-
what below. The surface flow visualization
tests for the PT6AR revealed that in the entire
A range 0-10 there is a separated region with
reversed flow at the downstream end of the bump,
equivalent to the wing, An example can be seen
in Figure 13, where PT5AR and PT6AR show separa-
tions with reversed flow, while PT4AR shows oil
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paint accumulation in the same area but no indi-
cations of complete separation rather of intense
boundary layer thickening. Broadly the same
flow picture was found for PTUAR in the entire

A range and in some cases also for PT5AR, while
this latter model in other cases showed separa-—
tion,

From Figure 11 it is further obvious that the
curves for the wing-body models are far from the
curves for their equivalent axisymmetric bodies,
so that already here it can be seen that the
simple transonic area-rule is not valid for any
of these configurations.

In Figure 14 is shown for the family of wing-
body combinations the variation at sonic speed
of the reduced drag-rise coefficient ACDO/(i/c)S{5

FIGURE 13a, PTUAR )\ = 3

FIGURE 13b, T

FIGURE 13c, PT6AR

A=3 M

[e<]

= 0,962.

FIGURE 13, Schlieren and surface flow
visualization pictures for the affinely
related equivalent axisymmetric bodies

at x =3-4,5

versus A(t/c)/3, the correlation parameter
according to the transonic similarity rule for
thin wings, In the same diagram are included
for comparison previous test data for wings with
rectangular Y and triangular (3 planform, The
figure shows that the data for PTUA and PT5A

are on a straight line through the origin, while
the curve deviates from this straight line at
some value of A(t/c)/® between the data points
for PT5A and PT6A, It has been stated in earl-
ier investigations (5.18) that when data plotted
in a diagram of this kind correlate to a straight
line through the origin, they are in accordance
with the transonic area rule, This should im-
ply that the test data for PT4A and PT5A are in
accordance with the transonic area rule, but
that the data for PT6A are not, This is contra-
dicted by the results shown in Figure 11 and
also by other results presented later in this
paper, where it is inferred that the transonic
area-rule is not valid at sonic speed for any
of the wing-body combinations tested in this
investigation.
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FIGURE 14, Comparison of the drag-rise at

sonic speed for triangular and rectangular
wings with the affinely related trapezoidal
wing-body combinations ’

Theoretical Results and Comparison with Experi-
ments, Computations have been carried out for
Mach numbers .85, .90, .92 and ,94 for all con-
figurations except PTHA where Mach numbers ,96
and .97 have been added, Convergence problems
could clearly be seen at M = ,97 which corre-
sponds to quite low \. The computational time
is increasing considerably with increasing Mach
number for each configuration and this fact to-
gether with convergence problems for low A's
decided the upper Mach number limit for the com-
putations,

Shown in Figure 15 is the variati?n of the
calculated drag-rise coefficient ACp (nose
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FIGURE 15, Comparison of experimental and
theoretical drag-rise coefficients C]') (nose
drag subtracted) for the affinely related
models PTHA, PT5A and PT6A
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FIGURE 16, Verification of the transonic

similarity concept from tests and computations
for the three affinely related wing-body
models

drag subtracted) versus Mach number for the af-
fine wing-body family., Correspondingly correct-
ed experimental data are included for compara-
tive purposes, The agreement between theory and
experiment is very good for the PT5A, whereas
the slope of the calculated curve is a little
bit lower than the experimental for PTHA and
higher for PT6A, Boundary layer separation at
the wing trailing edges shown in Figure 12 would
probably have the effect of lowering the exper-
imental cuxve,

Presented in Figure 16 is the calculated re-
duced drag-rise coefficient AC_/T® versus the
similarity parameter A , and the experimental
results are included fbr comparison, All data
correlate very well and the validity of the
transonic similarity concept for this.kind of
configurations is verified by the theoretical
calculations as well as by the experiments.

Area Rule Investigation

Results for Models with Area Distribution 1
(B-family).. The transonic equivalence rule of
Oswatitsch'®and the transonic area-rule of
Whitcomb ¢} state that the drag at near sonic
speed of a non-lifting slender body or a low-
aspect ratio thin wing-body combination is
primarily dependent on the axial cross-section-
al area distribution. The drag is equal to
that of the equivalent body of revolution when-
ever, according to Berndt '*¥ and others, the area
distribution has zero slope at the rear end of
the body or the body ends with an axisymmetric
portion. The models in the family with area
distribution 1 in the present test all have
cylindrical afterbodies of the same diameter
but the wings are not-so-thin and the aspect
ratio not-so-low allowing investigation of the
applicability of the area-rule for this kind of
configuration.

Depicted in Figure 17 is the drag-rise coef-
ficient ACp versus Mach number for this model

family., The reference area, which is the same
for all models is the maximum cross sectional
aCp "PT4B O
PTSA (o]
0.4 PT6B O S
PTSAR &
0.3
0.2

%
0 4
0.80 0.90 100 Mgy
FIGURE 17, The experimental drag-rise curves

for models with axial area distribution 1
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FIGURE 18a, PT5AR M_ = 0.959

FIGURE 18b, PT4B M, = 0.959

FIGURE 18c, PT5A M_ = 0.959

FIGURE 18d. PT6B M, = 0.947

=

FIGURE 18, Schlieren and surface flow visual-—

ization pictures for the models with axial area

distribution 1.
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area, It is obvious that these configurations
do not correlate at all with the transonic area-
rule concept., Shown in Figure 18 are some
Schlieren and oil flow pictures representing

the Mach numbers around M, = 0.95, where the
boundary layer separations are most severe. At
M_ = 1.00 the separations are limited to a nar-
row band close to the wing trailing edges for
the configurations PT5A and PT6B, It is there-
fore not likely that the deviation from the area-~
rule to any large extent can be attributed to
boundary layer effects,

Presented in Figure 19 is the calculated
drag rise coefficient versus Mach number for the
three wing-body combinations with area distribu-
tion 1, For comparative purposes the experi-
mental results are included, Although the cal-
culations have not been carried out at Mach num-
bers higher than M_ = 0.9%, it is evident that
the theoretical results do not correlate either
with the transonic area-rule at speeds close to
sonic, The agreement with the experimental data
is fairly good, however, O0il flow studies at
M, = 0.90 reveal that at this Mach number there
are no separations on any of the models, but
that on PT6B the boundary layer flow at the wing
surface near the trailing edge is largely direct-
ed towards the wing tip.

It is noteworthy that at the beginning of the
drag-rise there is reasonable correlation between
the lower aspect ratio models PT4B and PT3A in
the theoretical and the experimental results,
while the results for PT6B deviate practically
at all points of the curve., This indicates that
for this type of configurations simple "area-
ruling" of the body could be an effective means
to influence the critical Mach number, even if
it is not effective at sonic speed.

Ach
Experiment Calculation
PT4B (w] W
0.2 prsa o} ®
PT6B O @
0.1
0
0.85

FIGURE 19, Comparison between measured and
calculated drag-rise curves for models with
axial area distribution 1



Results for Models with Area Distribution 4
(C—family). Shown in Figure 20 is the drag-
rise coefficient ACp versus Mach number for
the C~family., It is apparent that for this
family, which has a smoother and more favourable
area distribution, the deviation from the trans-
sonic area~rule is generally even more marked
than for the B-family except for the low aspect -
ratio model PTLUC, which at low Mach numbers
(around M, = 0.90)‘correlates fairly well with
the equivalent axisymmetric body PT5CR., From
the oil-flow pictures in Figure 21 it can be
observed that at the Mach number shown M = 0.95,
the flow is attached on PTAUC and PT5CR, while
on PT5C and PT6C there are extensive areas of
separated flow on the wing as well as at the
body indentation, It might be inferred that
the partly separated flow is the main reason
for the deviation from the transonic area rule,
but this is contradicted by the calculations as
depicted in Figure 22, which show the same de-
viation from the area rule, The experimental
drag-rise values for PTUC shown in Figure 22
are low, which -might indicate that, as mention-
ed earlier, the nose drag correction is prob-
ably not adequate for the C-family and that con-
sequently the very good agreement between cal-
culated and experimental results for PT5C and
PT6C is partly fortuitous., The trend is the -
same, however, in the calculated and in the ex-— FIGURE 21b,
perimental results, and it is therefore conclud-
ed that the transonic area-rule is not applic-
able for this family of wing-body combinations,
except for the low aspect ratio configurations
at Mach numbers in the beginning of the drag-
rise curve,

FIGURE 21a, PT5CR M_= 0,945

oo

&Cp PT4C O /
PTSC  © j
04 PTEC  ©
PTSCR &
03 FIGURE 21c, PT5C Moc = 0,958

/7
2

0+
0.80 0.90 100 Mg

FIGURE 20, The experimental drag-rise

curves for.models with axial area ' -
distribution 4 (C-models) FIGURE 21d, PT6C M, = 0.958

FIGURE 21, Schlieren and surface flow visual-
ization pictures for the models with area
distribution 4
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0.2 -
Experi- Calcu- T
, ment  lation
8 Cp PT4C o .
PTSC o} °
PTEC  © . 2.
0.1 ‘

FIGURE 22, Comparison between measured

and calculated drag-rise curves for

wing-body models with axial area distri~ Se
bution 4 (C-models)

CONCLUDING REMARKS

The results of a theoretical and experiment-
al investigation conducted to explore the applic-
ability of the transonic similarity concept and
of the transonic area-rule for non-slender trap-
ezoidal swept wing-body combinations (w:Lng
aspect ratios 3-5) and their equivalent axisym-—
metric bodies at zero 1ift have shown that

7.

o The transonic similarity rule for the flow
around slender bodies is applicable for the
investigated family of non-slender radially
scaled wing~body combinations and also for
their equivalent bodies of revolution.

e The transonic similarity rule for thin wings
is applicable at sonic speed. 8.

e The transonic area-rule is not valid at sonic
speed for any of the wing-body combinations’
investigated. The lower aspect ratio models
(A= 3-4) correlate reasonably well with the 9.
area~rule at Mach numbers in the lower end
of the drag-rise curve,

o Drag rise coefficient calculated by the
transonic small disturbance method shows good 10,
agreement with experimental data, The method
seems to be a useful tool also for drag com-~
putations for fairly complicated wing-body
combinations,
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