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SUMMARY

Force measurements and flow patterns for six models, with the same
ogive-cylinder body and variocus wings, are presented for a free stream kach
number of 4, Five of the wings were unswept, and the sixth was a 65° delta.
Values of G_, cm and ¢

L D
aspect ratio and taper ratio. They are also compared with values from the

are compared for models of different wing section,

same models tested at lower Mach numbers.

* Replaces R.A.E. Technical Report 6719 = 4.R.C. 29730
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1 INTRODUCTION

A series of tests have been made in the 3ft x 4ft Tunnel (H.S.S8.T.) at
R.A.E. Bedford to investigate the forces and flow on aix models with the same
ogive-cylinder body and various wings at a Mach number of 4. The models were
selected from & number already tested at Mach numbers up to 2 to investigate
the effects of change in wing section, aspect ratio and taper ratio. The

1
results are compared with those at lower Mach numbers -h.

2 EXPERIMENTAL DETAILS

(1) Detaeils of models

The principal dimensions of the models used in these tests are shown
in Figure 4. All the models had the same ogive-cylinder body and symmetrical
wings lying in a plane containing the axis of the body. Models 1 to 3 had
the same wing planform but different wing sections, models 3 to 5 had the same
section but differing planform. Models 1 to 5 had zero mid-chord sweep.
Model 6 had a delta wing. The details of the wings are summarised in Table 1.

The models were made of steel. Boundary layer transition was fixed by
a2 strip of 36 grade cerborundum to 10% chord on models 1 to 5 and % inch
streamwise oh the delta wing. On the nose, carborundum of the same grade was

applied over the second half inch from the tip.

(i1) Experimentel technigue

Al1l the tests were made in 1963 at M = 3,97. The models were mounted
on & sting, and 1lift, drag and pitching moment were measured over a range of
incidence from -50 to 20° with an internal strain gauge balance. The measured
forces have been corrected for balance interactions, giving an estimated

acecurecy of*-

CL * 0.003, Cm * 0,0005, CD * 0.0005.
The Reynolds number for the tests was constant at 6 x 106 per foot.

Visual studies of the flow were made from schlisren observetions
and surface oil flows. The mixture used for the oil flows consisted of 4
parts oil of vitrea 72, 2 parts oil of limeas 93%, 3 parts of titanium oxide
and two drops of oleic acids. It was applied thinly over both surfaces of
the wing and the body. The tumnnel wes run for about 15 minutes at the test

Reyrolds number until the o1l flow pattern had formed. The tunnel pressure



was then lowered as quickly as possible, the model incidence returned to zero
and the tunnel shut down. No change was observed in the oil pattern during
the shut down.

5 RESULTS AND DISCUSSION

The basic force results are plotted in Figures 2, 5 and 6. The
derived curves are shown in Figures 3, 4, 7 and 8. The reference area used
for these figures is the gross wing area, and the reference length is © for
the gross wing, The values of gross wing area and © for the six wings are
shown in Table 1,

Lift curves are given in Figure 2, a staggered origin being used for
different models, to avoid congestion of the results. The differences in
1ift coefficient at low incidences are small for models 1 to 5, However,
increase of aspect ratio (Models 1-3 compared with 4 and 5) causes a small
inorease in 1ift slope; and decresse in taper ratio from 0.6 (Model 4) to
0.32 (Model 5) decreases the lift slope. The delta (Model 6), with aspect
ratio 1.71, taper ratio 0,04 and large sweepback has much less 1lift at given

incidence than the other models.

These points are illustrated by comparing the values of (dCU/quo on
an aspect ratio, taper ratio plot (Figure 3), The points on the plot show .
values of aspect ratio and teper ratioc for the six models, and the length of
the arrows represents the value of A = (dCI/dqQo—1. This clearly shows the

increase in (dcﬁ/do.)0 with teper ratio and aspect ratio,

The 1ift curve slope of all the models increases as incidence increeses
over the whole range of positive incidences tested; the non-linsar lift is
epproximately the same for all models when they are compared at a given 1lift

coefficient,

Models 1, 2, 3 and 6 have also been tested at lower Mach numbers1‘k.

The values of (dCH/dqu are shown as a function of Mach number in Figure 6.
They show that, as Mach number increases, the value of (dcﬂ/dq)o decreases
as indicated tentatively by the 'broken' lines, The linear theory vslue of
dCB/da.for a flat plate (i,e. 4/p) is also shown for comparison,

The pitching moments are shown in Figure 5 plotted against 1laft
coefficient. The pitching moment centre is taken 15 inches from the nose for
a1l the models, For models 1 to 5 this corresponds to the wiung centre, The

main contribution to pitching moment is frow tihe body nose for these models,
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The differences in the values of pitching moment coefficient result from
differences in the gross wing area and the aerodynamic mean chord used as
reference, For the delta wing model, the moment centre is at 0,468¢ and this

partly accounts for the smaller nose-up moments.,

The drag is shown in Figure 6 plotted against 1ift coefficient. The
zero 1ift drag is largest for model 1, with its 6% wing section., The
difference in drag between models * to 3 is approximately constant over the

range of C This is demonstrated in Figure 7 by plotting CD against Gi.

L.
The curves approximate closely to straight lines, hence the drag is well
represented by

2

CD = GDO + KGL

The values of X are given by the gradients of the lines, and are approximately
0.67, 0.65, 0.65, 0,69, 0,77 and 0,91 for models 1 to 6 respectively. These
values suggest that K decreases with increasing taper ratio through models 4,

5 and 6, and decreases with increasing aspect ratio.

The experimental values of K for Mach numbers between 1 and 2 can be
found from reference 2 for models 4 to 3, and from reference 3 for model 6.

In Figure 8 they are plotted along with the velues for ¥ = 4.

A tentative estimate of the variation of K with M, from the available

data, is given by the broken line, The linear theory value of K assuming the

Kci term is all pressure drag is p;ﬂ+. This is shown for comparison in

Figure 8.
4 FLOW PATTERNS

The flow about the models was investigated by means of o1l flow
patterns and schlieren photography. The oil flow photographs (Figures 9, 14,
13 and 15) show the upper surface of the wing on the left and the lower
surface on the right. The schlieren photogrsphs (Figures 10, 12, 14 and 16)
are all side views., Light end dark areas, when ascending vertically, indicate
regions of increasing and decreasing pressure respectively. As the flow
patterns for models 2, 4 and 5 are similar, a diagram showing features typical
of Figures 9 to 14 is presented in Figure 17. Models 1 and 3 differ from

model 2 only in wing section, and have flow patterns similar to model 2.

The flow over the compression surface of models 1 to 5 is fully
attached over the range of incidence investigated, The flow corresponds

approxamately to the parallel flow from a nearby plane shock wave atiached to



the leading edge of the wing. The schlieren photographs show the wing shock
wave as a broad light coloured band behind the nose shock wave, The width
of this band depends on the sweaep of the wing leading edge, for the front of
1t corresponds to the shock wave from the wing root, and the rear to that
close to the wing tip., Except at large incidence the shock wave is nearly
straight. The position of the shock wave close tc the body 1s indicated by
the il flow pattern,

Near the wing tip there is a region (labelled 'tip region' in Figure
17) over which the flow expands outwards, This can be clearly seen on the
o1l flow photographs of models 2, 4 and 5, Over this region, the pressure
18 reduced and thas asccounts an part for the smasller 1:1f't curve slope at
Jower aspect ratios. A typical position for the shock wave generated by the
nese Yo impinge on the wing is shown in Fagure 17. The flow deflection
caused by this shock wave on the wing of model 2 can be seen from a close
rrspection of Figure 9. In Figure 11 and 13 11 becomes confused with the tip

eXPANSION,

Cn the expansicn surface the effect of the nose shock wave 1s more
marked, In Figure 9, it induces early separation of the flow from the wing,
Ir general for models 2, & and §, the flow separation near the trarling edge
increases progressively with incidence., The vortices sassociated with the

streanwise wing tips, the wing root and the body also cause separation,

The flow about the delta wing (model ©) daffers in psttern from those
of models 1 to 5, Close tc the delta wing surface, the flow is shown by
Figure 15 to be nearly conicel., On the upper surface behind the leading
edze 1s a region of almost parallel flow formed from an isentropic expansion
around the leading edge. The flow 15 attached over this region, in contrast
to the separated leading edpge vortex flows often encountered at lower Mach
numbersB. The parallel flow separates eventually due to a conical shock wave
which turns the over-expanded flow more streamwlsej. At high incidences the
induced separations from the body and wing root vortices occur similarly +o

those of Figures 9, 11 and 13,

At high Vach numbers and moderate incidence the pressure on the lower
surf'ace 1s commonly several times free stream pressure. The upper surface
pressure Nh2s a lower limit in zerc pressure however, hence the reduction in

upper surface pressure tends to be less than the increase in lower surface

19
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pressure, The contribution then of the upper surface to the overall gerc-
dynamic forces is less than that of the lower surface. It is partly for this
reason that the complicated flow on the upper surface csuses no sudden change

in the overall forces and moments.
5 CONCLUSIONS

On sll six models the flow was attached on the wing compression
surface over the full range of incidence investigated {q = -5o to +20°). On
the expansion surface a complicated flow pattern, including flow separations,
was found. However this flow pattern did not upset the smoocthness of the

plots of the basic force results.

From these results it was found that the value of dcn/da increesed
with increasing incidence, aspect ratic and taper ratio, decreased with Mach
nunber, and changed very little with wing section. For the unswept wings,
the pitching moments about the wing half chord point were domingted by the
body. On the delta wing, the moments were measured about 0.466G, but this
only partly accounts for the smaller nose up moments, The value of dCU/dCi
was practically independent of G, for each model., The value of the constant

L
was found to increase with aspect ratic and KMach number.



Table 1

DETAILS OF MODEL WINGS

roted | fomn shoms. | AectIacio | LD | wing Taper | ing
(T) (gross)
4.15in 3.5 564n° 0u5 65 RAE 10k
L.15in 3,5 56in” 0.5 L HAE 10
4,150 5.5 561n2 0.5 4% Biconvex
4 Bedupin 2,06 58§in2 0.6 4 Biconvex
5 5.987in 2,06 62%in? 0,32 L% Biconsex
& 8.93in 1.71 81%1:12 0.04 % RaE 101

NB

Body Area (total) = 60in® for all models

196,
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SYMBO

? aerodynamic mean chord
¢y lift coefficient, 1ift/q.$S
Gm pitching moment coefficient, about axis 15in from body nose

(ie half chord point for models 1 to 5, 0.468¢ for model 6)
Cp drag c;efficient, drag/qee S

dCD/dCL
Qoo free stream dynamic pressure
3 Gross wing area
a incidence

2

p (M, - 12

o (aCda) oy
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