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SUMMARY

Measurements have been made of the pressure field in the plane of symmetry
of each of threc slender delta wings of unit aspect ratio, at a distance of 12
model lengths from each medcl and at a Mach number of 1.80. One model was
uncambered whilc the others were cambered to have attached flow at their leading
cdges at C. = 0.1: the cambered models had different lengthwisc 1if't
distributions.

Estimates of the front shock wave strengths of the models made using
hitham's thcory were found to be in geod agrcement with the measured values,
though cstimates of 1ift effects scomed a littlc low, An estimate of the
complete pressure signeturc of a model at zere lift agrced well with
mcasurcments.,

Replaces R.A.E. Tech. Note No. Aero 2976 - A.R.C. 26436
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1 INTRODUCT ION

Since the likely effects of the so-called 'sonic beom! due te proposed
supersonic transport aircraft are of sufficient importance tc influence the use
and flight plan of such en aircraft (e.g. Ref.?), it is essential to be able to
predict pressures in the far field of such an aircraft accurately. 1iletheds of
estimation arc based on a theery, which is essentially a modified linearised
theory, originally prepounded by hitham™ and further developed by Whitham® and
Walkdenlt, Since current designs for supersonic transports involve slender
wings with leading edge separations cccurring at all except one particular
incidence, it was thought neccssary to check Whitham's theory for this type of
flow. A possibility existed that the strength of the front shock wave below an
aircraft might differ from that predicted by theory when the flow was separated.

Seme wind tunnel measurements of far-ficld pressures have been made by
Carlson5, principally thesc produced by nen-lifting bodies, though scme work on
the effect of angle of incidence is included. Othcr comparisons between theory
and expcriment have been made using full-scale aircraft (c.ge Refs.6 and 7).

All measurcments have shown good agreement with estimates, but have not included
the casc of a slender aircraft. The present wind tunnel measurements were
intended te provide a check for this casc.

The tests were made in the 8 £ x 8 £4 tunncl at R.A.L. Bedford during
Aupust, 1961,

2 Tl 1ODELS AND SUPPORT SYSTEM

‘"hree models (Fig.1) werc uscd for the tests. All were delta wings of
unit aspcct ratic with centre-line cheord lengths of 6 inches. The lengthwise
distribution of cross-sectional arca (Fig.2) was the same for cach model and was
a Lord V distribution with a maximum thickness-cheord ratio of 8,435 at the

centre~line.

The three models have been designated A, B and C. Model A was uncambered
with rhombic spanwise secticns whilec the other twe medels were cambered versions
of A. Model B was cambered conically by Brcebner's methed: the camber used is
specified in Ref.8 by the parameter n = 2, with the camber shoulder-line at 75%
of the local semi-span, and was designed to give attached flow at the leading

edge at CL = 0.1 and M = 1,0. Ilcdel C was cambered and twisted by Roper's

methed, being in fact Wing 3 of Ref.9, which was designed to have attached flow

at CL = 0,1 and M = 4.56. Models A and B had theoretically linear lengthwise

load distributions while Model C had a non-~linecar distribution, (Fig.j).

A sketch of the model support system is shown in Figes and a photcgraph
in Fige 5. By means of the actuating systems the model could be pitched through
an angle of over 5C and traversed in the streamwisc direction a total distance
of about 8 inches. The centre of rotaticn in pitch was at the centre of area
of Models A and B; in the case of Modcl C a support strut 3 inches longer was
used with a conscquent displacement of the medel ahcad of the centre of
retation.



3 TEST TECHNIQUE

The arrangement of the model and static probe in the tunnel is shown in
Pige6. The probe could be traversed in the streamwise direction at a distance
of 12 inches from the tunnel wall opposite that on which each medel was
mounted, All measurements were thus made in a streamwise plane through the
model centre-line and normal to the plane of the wing, and at a distance r,
normal tc the free-stream direction, of 12,0 model lengths from each of Models
A and B and 11.85 model lengths from Model C, (due tc the longer suppert).
Measurements of the bow shock wave strength for Model C were corrected for
this small difference in distance by assuming the shcck strength to be
proportional to r‘3/h, i.e. the theoretical asymptctic variation for large r.

Probe static measurements, p, were referenced te free-stream static
pressure, p , and the ratio p-p P, obtained. In the tunnel free-stream (i.e.

with no gredients or disturbances present), this ratic was found to be accurate
to within *0,0004. Irrors duc to interactions between shock waves and the
prebe boundary layer and to vibrations of the model and shock wave, etc., are
discussed in Section L.

The procedure adopted in surveying the modcl pressure field was to
traversce the model streamwisc with the probe in a pre-sclected pesiticn. It
was not possiblc to explore a completc pressure signature with a single probe
position because of the limited range of model movement: consequently in the
cases wherc the full pressure signature has been cbtained two probe positions
have been set up. In most cascs, hewover, only the regicn of the bow shock
wave was surveyed,

ifeasurements were made for each medel at a Mach number of 1,80 and a
Reynolds' number of L.25 x 10° per foot at scveral angles of incidence. The
1ift coefficient correspcnding to cach incidence angle was determined in the
case of Models A and B from force measurements made cn larger models in the
8 ft x 8 £t tunncl’®. In the case of iiodel C, the lift coefficient at the
design attitude (i.e. at the incidence intended to give attached flow at
M = 1.56) was calculated by linearised theory?>11 to be 0.098 at M = 1.80. The
1ift curve slope was taken as the mean of those measured on Models A and B over
a 5° incidence range, (these mean slopes differed by less than 1% and
reprcsented the variation of GL with @ with negligiblc errcer over this rangc).

I DISCUSSION O RESULTS

Plots of the basic measurements made arc presented in F'igs.7, 8 and 9.
In thesc figurcs the origin of streamwise distance is arbitrary, being merely
the extreme downstream positicn of each model when the front section of the
ressure signaturc was being explored. The origin of the pressure co-crdinate
fp—po)/Pb is the mean of valucs cbtained in the free strcam ahead of the

pressurc field of each model.

The blunting and rounding of the pressure profiles in the neighbourhoed
of shock waves is probably due to a combination of the follewing causes:~



(1)  shock wave - boundary layer interacticns on the static probe;
(2) vibrations of the medel and/or probe;

(3) tunncl free-stream turbulence, rcsulting in vibraticn of the shock
wave over the probe.

If it can be assumed that the blunting process is due only te limitations of
the measuring technique and that elimination of these would result in & 'sharp'
bow shock wave being obtained, then the blunting offect can be approximately
corrected for as shown in Fig.7. The pressure rise between the recar and front
shock waves has been continued Torward and terminated in a sharp bow wave, the
position of which has been chosen by satisfying the condition I1 = 12. (This

condition is obtained if vibraticn errors arc assumed to predominate and the
static pressurc measured is a simplc mcan of the variation during one
oscillaticn.) The profilcs in the regicn of the front shock waves obtained
using this corrccticn method arc shown as broken lines in Pigs.7 to 9.

In Pig.10 the pressure signaturc of liedel A at CL = 0 is comparcd with an

estimate made using the methed outlined in the Appendix., In order to super-
impose the estimated signaturc on the experimental results, it has been assumed
that the thecretical front shock wave ceincided with the corrected experimental
front shock wave in strcamwisc position. On this basis Fig.10 shows good
agrecment between theory and experiment over all parts of the pressure signature,
in spitec of the simple wake model assumed and nceglect of the model support in
the estimates,

The front parts cf the pressure signatures of Models A and B are comparcd
at identical 1ift cocfficients in Figei1. The small differcnces obscrved are of
about the samc magnitude as thc possible error; however if camber does
contribute to them, then the comparison would be cxpected tc be cven better at
greater distances from the models, when the asymptotic N-type pressurc
signature is approached,

Measured front shock wave strengths for the threc models (using the
corrected pressure profiles) have been plotted against CL’ and are compared

with each other in Fig.12 and with theory in Figs.14 and 15. Fige13 compares
the estimated valucs (see Appendix). Fig.12 shows no significant difference
between the front shock wave strengths of lModels A and B, the infercnce being

that the shock wave strength is independent of the CL value at which leading

cdge flow is attached., Fig, ik shows that the estimates are in good agreement
with the mean cxpcrimental results for Models A and B, though the theory
indicates a rather smaller increase of shock wave strength with Lif't coefficient
than that mcasurcd. It should be noted that, since the experimental results
for Modecls A and B agrce with cach other, this disagrecement cannot be ascribed
te the ocourrcnce of scparated flows,

Estimates indicate (Fige13) that, as a result of the different lengthwise

loading of livdel C comparced with Mcdels A and B, Model C should have a weaker
front shock wave over the CL rangc covercd in the cxperiment: measurements show,
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however, that the reverse is the case (Fig.12). There is thus for Model C
rather poorer agreement between estimate and experiment (Fig.15) than that
obtained for Models A and B. This discrepancy might arise if the theoretical

1ift distribution assumed in deriving the F-function and CL ve & relaticnship

for Model C were not achicved in practice®. As in thc case of Models A and B,
a smaller cffect due tc 1ift is obtained thecrctically than that obtained
experimentally. (A similar offcct is to be expeciced for all three models
since, according to linearised theory, the incremental distribution of 1ift
due to incidence is independent of camber designe)

5 CONCLUSIONS

A wind tunncl technique for measuring the pressures at a large distaunce
from small medels in supersonic flow has been described, and used tc explore
the far pressurc fields of three lifting, slender delta wings at a distance of
12 model lengths and a Mach nunber of 1,80, Allowance has been made for
deficiencies in the technique which result in weekening and thickening of
measured shock waves, Thc results have been compared with cstimates made
using Whitham's theory and the following conclusions reached:-

(1)  Theory agreed well with measurements of the complete pressure
signature for an uncanbered model at zerc lift,

(2) There was good agreement between the front shock wave strengths of
two models, both having linear lengthwise 1lift distributions but different
attachment 1ift coefficients. Theory also agreed well with both, though the
predicted variation of front shock wave strength with 1ift coefficient was
somewhat lower than that mcasured: the effect was, howcver, relatively small
and of thc samc size as the cxperimental error.

(3) Theory agrced less well in the case of the front shock waves
preduced by a cambered model with a non-linear lengtlwise 1ift distribution.
Again the estimated increasc with 1ift was rather less than that measured.

These results indicate that far-field pressurcs, in particular front
shock wave strengths, can be predicted fairly accurately in the case of a
slender wing irrespective of the 1ift coefficient at which lecading edge flow is
attached. The greater apparent discrepancy between theory and measurement in
the case of a wing with a non-linear lengthwise distribution of 1lift could
probably be cvercome if the 1lift distribution were accurately known, It is
posaible however that, for an aircraft flying at high altitudes, when the 1ift
contribution to thc sonic boom is important, the strength of the sheck wave on
the ground may be undcrestimated by theory.

*The camber of Model C was designed te effect a departure from conical loading
(in addition to attached flow at a given QL), and thercfere the estimates

depend cn the extent to which the camber design is cffective. The theoretical
conical loadings on Models A and B arc unmodified by camber and are thus more
likely to be achieved in practice,

-7 -
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SYMBOLS

M Mach number

CL Lift ceefficient = 1ift force/kinetic pressure x model plan area
o) static pressure

P, frec-strecam static pressure

Ap change in static pressurc associated with a shock wave

(p)lcwcr surface (P)upper surface
kinetic pressure

£{t,s) lecal leading coefficicnt =
/0
L(t) = [ #(t,s) ds, (in modcl length units)

-t/

t,8,r co-crdinate system with origin at model apex: t and s arc along and
perpendicular to medel lengitudinal axis respectively, in the plane of
the model: 1 is parallel te the 1ift vecter, but in the opposite
sense. The unit of length is onc model length (6 inches)

¥ lengthwise paramecter defined by cquation (4) of Appendix: unit of
length is one model length
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APPENDIX

THEORETICAL ESTIMATES

Igtimates of the front shock strengths and complete pressure signatures
of thec models tested were made using ¥hitham's thecry of far-field
pressure52:3>4. The following is the application of the theory to the present
case: allowance is made for boundary layer thickness on the model and for a
simple wake, but none is madec for the presence of the model suppert. Calculae-
tions are restricted to the casc of the pressure field in a planc parallel to
the free-strcam and normal te¢ the plane of the wing, through the medel centre
line., Only the field below the wing is considered.

THE F-FUNCTIONS

Far-field pressure signaturcs arc detcrmined in terms of the P-function.
Consider a lifting, slender wing with lengthwise distribution of cross-
scctional area SA t), an additional area distribution SB(t) due to boundary

layer thickness and wake, and lengthwise 1ift distribution L(t). The unit of
length is taken to be the length of each model, i.e. 6 inches. If
s(t) = SA(t) + SB(t), and 3'(t) and L(t) arc continuous functions of %, then

the F~functicn is defined as:

F(y) = T ) + F(y) (1)
y
where /
1 d S'(t
Folv) = 5m |7 . (2)
gy -
and

i

J
P(y) = & [LHE (3)

y is defined by the equaticn,
1
t = Br-kP(y) r’ +y (%)

in which k = (Y+1)M%/f2 65/2, B = \/M? - 1, and r is a distance co-ordinate
parallel to the dircction of the 1lift force but opposite in sense: Y is taken

to be 4ehe When discontinuities occcur in S'(t) and L(t), equations (2) and (3)
camct be used in the vicinity of such discontinuities: in Ref.2 Whitham

derives an expression for the case of a body of revelution which can have
discontinuities in S'(t). However, although cquaticn (2} has been shown to.be the
same for a slender wing as for a bedy of revclution, the use of discontinuity
formulae derived fer a body of revelution docs net appear to have been

-0 -



similarly mathematically justified. Thus, in the present case, a boundary
layer-wake system has been chosen to aveid a discontinuity in St(t) at the
wing trailing edge, although there is a discontinuity in S&(t) at this
position,

The present models have an arca distributicn given by:
5,(8) = 0,039t $(1-8) [1-(1-)*] .

The boundary laycr contribution to volume has been estimated assuming a
laminar, compressible, 'flat plate' development along the model centre line
given by

&% ='M'6'Xt

IR

b

where 0* is displacement thickness and Rt is Reynolds' number bascd on the

distance t. The thickness is assumed tc vary as the square root of sparwise
distance sec that,

g (t) = 0.00%9 32,

iee,

S(t) = 0,03941 £(4=t)[1=(1-t)*] + 0,00W9 /2,

This distribution has been applied for t € 0,95, while for t » 1,05 a wake of
constant cross-gsectional area has been assumed equal tc the boundary layer
area indicated for t = 1.0 by the above relation for (t), iee.

S(t) = 0,00149, t > 1,05, 'Within the region 0.95 € t < 1,05 a polynomial
expression for S(t) has been derived which has the same valucs of S(t) and
S'(t) at t = 0,95 and 1,05 as the distributions for t < 0,95 and t > 1,05
respectively. It was found,

S(t) = =0.00455 + 0.2221 t -~ 0,4066 2 + 0.1910 £ s
0.95 < t < 1,05 .
S(t) and SA(t) are shown in Fig,2.

The 1ift distribution for Mcodels A and B is assumed tec be given by:

L(t) = 2¢C t,

- 11 -



and for Model C, using Ref.9,

L(t) = %t3 (a-bt+ot2)+’§(cL-o.1)t,
where a = 3.8861, Db = 8.1598 , ¢ = L4400,

The lengthwise 1ift distributions for all three models are shown in Fige3 for
C, = Od1e
L

The F=functions for the models were thus derived using the above
distributions and equations (2) and (3).

For y < 0.95,

yl*'j + Ou 00056 .

!\)l\n
—|r

I
FV(Y) = O—'%izﬁyz {‘1—5y+8y2-%0-+

For 0,95 <« y < 1.05,

, F(y) = E+2 [y=0.95{0.76 y = 04503} .
. Por y » 1.05,
Fy) = E+ -};Jy—o.% 0,76l y = 0.4.503} -;1— y=1.05 {0,764 y - Osl121}
Here,
E = 9=9%§§§-{y {A + By + Cy2 " Dy3 + g-yAJ
e
- 20T [7-0.95 (4 + B(30.95) + 0(3=0,95) + D(y-0.95)’
+2 (y—o.95)ﬂ
,0.00112 ’o.grg ’
. ® Y
where A = L4 - 30y + 6Oy2 - 50y3 + 15yh s B = 10 - 40y + 5Oy2 - 20y3 ,

12 - 30y + 18y2 s D = 71429 = 8,571y

F (y), which is identical to F(y) for Models A and B at zero lift, is shown in
Flgo 1 70

C

i
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For Models A and B,

;
2 - )
}:L(y) = 0.1190 C; ¥

.

and for Model C,
& 2 fn 3 b
Fo(y) = y° {0651 37 = 11161 3~ + 0.6748 v + 041190 (O = 01) | &

Examples of the total I-function, i.e. FL(y) + Fv(y), are shown in

Fig.16, where the range of y covered was sufficient to make estimates of the
front shock wave strengths for each model.

THE PRESSURE SIGNATURE

The static pressure p at any point in the far field, other than at the
shock waves, is given by

P=-D

X M2
2 = —=¥(y) (5)
Po J2Br

where p is free-stream static pressure.

The strength of a shock wave is given by

by )
= - m{m F(y2>} (6)

where y y and y, are points behind and ahead of the shock respectivcly and are
defined by the conditions

Y4
[ Fy) ay = i, - 3, [F(yp-xv(yz)}
T2
and
?(y,) - F(y,) ]
Yy =V R

In the case of the bow shock wave, F(y) = O shead of the shock wave, and
equation (6) simplifies to

- 13 =
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s

éﬁ) = X¥EE:F ) (7)
(P front J2Br (y1
shock

wherce Yy satisfies the condition
71
./ F(y) ay

Q

o}~

N}

Fz(y1)

At very large values of r, it can be shown that the front shock wave strength
approaches an asymptotic value, given by:=

Jo 1

{ /’ F(y) dy}g (8)

where y_ corresponds to the first zero of P(y) other than y = O.

[

(A.n) Xy
front

b (Y+1)2_

B
?Murzk

o
shock

The position of either shock wave is given by

t = PBr - &{r) (9)

i

A
where G(r) k F(y1) r? - y,» for the front shock wave,

and  &r)

f

N
kF(Y,}) rd = y.13\

1 ,§ for the rear shock wave.
= k F(yz) E AR y2’

For the present models, the measuring station was not sufficiently far
from the models to justify the use of cquation (8) for accurate estimates of
front shock wave strengths, as is apparent from Fig.13., These have therefore
been made using equation (7), and the complete pressure signature for Models A
and B at C, = O has been estimated (Fig.10) using equations (5), (6), (7) and

L
(9).
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FIG.5. MODEL ON THE SUPPORT SYSTEM
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WIND TUNNEL MEASURRMENTS OF THE FAR-FIELD PRESSURES DUE TO SQME LIFTING,
SLENDER DELTA WINGS. Cook, T.A. August, 1964,

Measurements have been made of the pressure field in the plane of
symmetry of each of three slender delta wings of unit aspeect ratio, at a
distance of 12 model lengths from each model and at a Mach mmber of 1,80.
One model was uncambered while the others were cambered to have attached
flow at thelr leading edges at CL = Og1: the cambered models had different
lengthwise 1lift distributions.

Estimates of the front shock wave strengths of the models made using
vhitham?!s theory were found to be in good agreement with the measured
values, though estimates of 11ft effects seemed a little low, An estimateof
the complete pressure signature of a model at zero 1lift agreed well with
measursments,
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Measurements have been made of the pressure field in the plane of
symuetry of each of three slender delta wings of unit aspect ratio, at a
distance of 12 model lengths from sach model and at a Mach number of 180,
One model was uncambered while the others were cambered to have attached
flow at their leading edges at CL = 0,1: the cambered models had different
Jengthwise 1ift¢ distributions.

Estimates of the front shock wave strengths of the models made using
Whitham!. theory were found to be in good agreement with the measured
values, though estimates of 1ift effects secemed a little low. An estimate of

the complete pressure sigmature of a model at zero 1lift agreed well with
mea suremsnts.,
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Meagurements have been made of the pressure fleld in the plane of
symmetry of each of three slender delta wings of unit aspect ratio, at a
distance of 12 model lengths from each model and at a Mach number of 1.80.
One model was uncambered while the others were cambered to have attached
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