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1rd Turmel keasurements of Iift, Drag and Pitching
lement of two nighaly swept LA_\ = 87° and 81°) delta
wing-body combination models w1th small tip fins at K = 2,47

by

P.J. Bateman

S UMMARY

Teuts have besn mzde to explore the asrodynamic peossibality of a
Peasible wareralt design based on a nighly swept {over 80%) delta planform
vith sufficient body dcpth in the region of the centre of gravity to
zmmmmimctm,beLng:e@ﬁmsﬁqumhmrtﬁﬁﬂﬁ’mﬁlaﬂug.

Twe models werce tested, of 677 and #1° lezding edge sweepback respectively,

The anitial 1ift curve slope is greater than slender body theory would
predict for the wing-body combinaticon due partly to the presence of tip
fins, and the subscquenl non-iincaraty 1s greater for the more lnghly swept
modcel,  Drag measurcrents agres vath t«tlmstcv reagenably well and full
scale 1ift/drag ratios of L2 for the £7° configuration and 5.8 for the 81°
coufiguration arc indicated on the basis of the tumnel results.

The pitemng moment coefficrent measared about the mean quarter-chord
point 1s shown to vary fairly liacarly wath Cp for the £1© model, but the
aerodynamic centre btonds to move forward sllgntly (1.e. deotablllslng) with
increasing incidence for the §7° model.
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LIST CF SYMBCLS

aspect ratio = span2 + planform area

mean asrodynomic chord

dra, +-%pU25 (= -Cy cos @ - Gy sin a)
zero-1ift drag cocefficient

frmction drag coefficient

wave drag coefficient

11Ft + 200% (= Gy smma ~ C, cos a)
11t coefficient for maximum L/D
pitching moment < %PUQSE

axial force + %pUQS

increment of axial force with incidence
normai force + %pUQS

drag

nominal body length (: 9 in, )

inf%

pitching moment; alsc free stream Mach No,

Reynolds nurber

planform area

maximum cross-sectional area

free strecam velocity

orthogonal, right handed body axes, with the x-axas forward facing
along the principal longitudinal body axis, the y-axis to starboard
in the plans of the wings, and the z-axs perpendicularly downwards.
The origin is 4" aft of the nmodel nese

components of foree along the x,y, and 2z axes respectively

angle of incidence

apex semi-angle of delta planform

free stream sar density



1 introduction

interest has arisen in the highly swept delta planiorm on account of
its possible low drag and small change of serodynamic centre with speed, but
due to the low 1ift available at landing and take-of{ speeds with such a
planform auxiliary lifting machinery would appear necessary. Zhe inclusion
of a merred body of revolution ia the models tested represents an atte.pt at
providing & cleser approximetion to & feasible aircraft by providing
sufficient body depth in the vesion of the centre of gravity to accommodate
1ifting engines. This note gives results of wiand tunnel measureuents made
at :I = 2.47 of normal Torce ., axial foree ., and pitching moment M on two
highly swept delta wing body combaination models, expressed for convenishce
as 1ift, drag and pitchin_ moment.

2 Molsls

The models tested were manufactured in steel from the solld, and are
optimum bodies of revolution for siven lenpth and Irontal area® of 6. finee
ness ratio faired into delia wings of RAL 101 section 6 thick with leading
edges tanpential to the body profile (see Fiszse 1 and 2)s The models are
symmetrical top and bottom and heve leading edge sweepback angles of 87° and
©1° respectively. “he intersection of the leadiar and trailing edges
produced occurs at the same longitudinal statioa in both models and this
determines the trailing edge sweepforward angle. This leads to the planform
of the 61° model being determined by the winrs eatirely but in the case of
the §7° model the wing is faired into the body planform at a station some
of the centreline chord from the nose. Thus the most forward sections of
this model are circular and evolve into body-wing, type sections further aft.
The principal dimensions of these models are given in Figs. 1 and 2,

s

Flat plate type wing tip fins with chamfered leading ed es are
incorporated simulating the laterally projected area of the minimm-size
en ine nacelles reqguired to provide the thrust, but considsrations of
lateral stability are expected to require these to be increased.

3 sAxtent of Tests

The tests were carried out in the lo. & 11" x 6", supersonic wind
tunnel at R.4.3, The Mach number of tne tests was 2.47 and the stagnation
rressurgs used were 1 sad 2.3 atmospheres giving Reynolds mmbers of 24 and
5% % 10° respectively based on centreline chord. A three component strain
gauge balance was used with self-balancing bridges to measure normal force,
axial forece and pitching moment, vhich were converted to 1lift, drag and
pitching moment for presentation.

In addition acenaphthalene and azo-benziae indicating coatings, and
titanivm oxide falms were used to obtain a picture of the boundary layer
flow conditions. Tests were repeated witn transition forced by a C.006"

*lhe squation of these bodies was developed by L;I'.g,h‘l:lrl:i.il.l1 and is

given by:~

whera ¥ = ==



rang around the body 1,55" aft of the nosze in the case of the g87° model, and
by a 0.006" diameter wire behind the leading edge of the M ° model,

Each model was traversed in incidence by intervals of half a degree
over a range permitted by the sting deflection inside a fixed wind shield,
and at the higher stagnation pressures this range was just sufficient to cover
the Cf opt for maximum L/D., This limitation was imposed in the interests

of maximum sting sensitivity and mimumum base correction error,

Different nomal force and pitching moment sting balances were used for
each model but the axial force balance used was common tn both and conzequently
resulted in a lower standard of accuracy for the 87° model particularly at
the lower stagnation pressure,

Calibration of the balances was by changing weights to simulate normal
force, varying the pesition to obtain moment changes, and weights acting over
a pulley were used to provide axial force, Simultaneously, model angular
deflection 1n incidence plane with load was measured by means of dial test
indicators, A calibration correcticn was applied for temperature effect
which 1n practice 1s kept as small as possible by controlling stagnation
temperature,

L Accurac

In agsessing the accurascy of theze tests the following sources of error
have been considered,

(1) Calibration scatter,

(2) Reading resoluticn of scales,

(3) Hysteresis in temperature calibration.

(4) Accuracy of setting incidence gear.

Experimental technique was arrenged to minimise the effects of all of

these sources of errors and in fact, the test resuits suggest that the
estimated accuracy given below is pessimistie,

Table T
87° liodel 81° Model
Re 4 106 70 .

2% 5% 2% 5%
CL TC. 0025 +0,00L 0,001 8 *0, 0009
Qm *0,600GE 0, CC0L +(, 0028 +0,001 4
QDO 10,0005 G, 0002 +0, 0002 +0, 00
QD *0, 0008 +0, 0004 +0,0005 +0,0003
e | 0,05 0,05 +0,05 +0,05

5 Results and Discussion

5.1 Iift
5.11 I1ift on 87° Model

The measured values of C; against a for the more slender model are
vlotted 1n Fig., 3, points being recorded at two stagnation pressures both with
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and without a transition ring around the nose, The experimental values
show that slaghtly hagher 1ift was obtained at the higher Reynolds nmumber,
but not sufficiently so to warrant drawing two lanes through the points.
The transition ring apparently had no effect on the 1ift.

The "cross-sectional aspect ratio"* of this medel is smaller than for
the 81° model, being a body of revolution for the first quarter of its
length, and it may be seen from Fig, 3 that the 1lift curve is more non-
linear than that of the & ° model, The sleope of the imatial linear part of
the 11ft curve was measured as O.4 to 0,45, but it extended no further than
three degrees of incidencs,

The measursd value of the 1ift curve slope at both Reynolds numbers
iz considerably 1n excess of slender body theory. A subszequent measurement
with fing yremoved has indicated that the fin-wing interacticn 1s only
partially responsible for this higher 1ift,

Some umpublished results of 1ift measurements on an 87° model at low
subsonic speeds with several sizes of tip fin are shown in Fig, 4, The
present wind tunnel test results with and without fins are alsgo included
together with one approximate value for a free flight version of the same
medel, but with lawger fins, and flying at speeds between M = 1,8 and 143,
From this faigure it is seen that the initial 1ift curve slopes at supersonic
speeds are somewhat greater than for the correspording configuraticn at low
speeds.

The non-linearity increases with incidence rising from a to the power
140 at 3° i1ncidence to @ to the power 1,8 at 9°, staying constant there-
after over the range tested. Estimates based on the method of Kichemann
2 2
which gives CL = ?%? o+ %ﬁ Aag , underestimate the non~linearity in the

upper i1ncidence ranges,

5.12 Lift on $1° Model

The 1ift curve for this model also 1s given in Fig. 3. Poants are
shown for the two Reynolds numbers and for tests with and without transition
fixed by a wire on the wper surface, The effect of these variations 1s
not sufficiently large for any clear distinctions to be made; accordingly,
& single curve has been drawn through all points,

The variation of 11t appears to be linear to an incidence of 1% or
57, and %o increase non-linearly from this incidence onwards, This has
been observed previcusly for example in ref, 3, The slope of the initial
lirear portion is approximately 0.95 per rad and is agein considerably in
excess of that predicted by slender bedy theory for a planform of the same
agpect ralio without tip fins, The non-linear increment in slope is less
than that predicted by Kuchemann in ref 2 for a simple delta with sharp
leadung edges and of the same aspect ratio,

Also 1n Fig, 3 shown for comparison are curves based on Kichemann's
equation and the slender body slope cof C,75. It should be noted that
although Klichemann's analytical curve disregarding tip effect appears to
yield a close approxamation to the measured points the zero 1lift curve slope,
l.¢, the slender body figure of 0,75, 1s considerably lewer than that
measured viz 0,95-1.00.

*i.e. The ratio of the square of the local span to the cross-sectional

area,
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5‘ 2 Drag

Drag curves are presented in Fig, 5. The true axisci~force is obtained
from the balance axal-fcrce measurement, together with a tare correction due
to the gravitational term as incidence 1s varied, and a correction of the base
pressure as measured in the drag unit shroud, to the calculated free stream
static pressure, The accuracy required for deducing whether there 1s a
forward compenent of axial~force due to incadence, 1.e, whether there is any
effecetive leading edge suction, is probably beyond the capabilities of the
balance until incidences of some 6° or 7° are reached 1n the case of the g7°
model, In the case of both models however it ie sufficient at O . %o

make & useful estamate of the proporticn of effective leading edge siction
realiscd,

5.21 Zero Lift Drag

Egtimates of drag duec %o friction have been mads for both models based
on a strip theory of local Reynclds number for fully laminar and fully
turbulent flow, The asswmption made was that the mean friction coefficient
was a linear function of the percentege of turbulent flow area present as
deduced from boundary layer indicator tests. The estimates of wave drag
were based on simple area rule worked out for smocthed versions of both
models, giving wave drags independsnt of Mach number. The results,
eveluated mmerically from the ordinates of the area distrmbution (Lord and
Ehninton)l*', were = O.OOE8 for the 87° model and %W = 0, 0052 for

the 8%° model.®

Estimatcs of zerc-1lift drag coefficient CDO constructcd from the sum of

wave and friction drag estimates have becn tabulated as belowr and compared
with the tunnel measurements of Cp , from which 1t may be seen that agreement
to within about 40% exasts. 0

Table IT - 87° Model

%
Tronsition Re CDF CDN CDO CDO
turbulent | estimated | estimated | estimated | measured
Free 21 x 106 33 0,0035 | 0,0025 | 0.0065 | 0,007,
Free 51 x 106 50 0.003g . 0.0065 | 0,007
Fixed |23 x 108 95 0,007, " 0.0095 | 0,009,
Fixed | 5% x 168 9% 0,005, n 0,008 | 0,009,

“These values are of course for the models with their stings, The
corresponding values for models with stings removed, and thus pointed at the
rear end, as in flight, are 0,002, and 0,006, which are not significantly
different,
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Table TIT ~ &1° Model

Transition Re » CDF CDW CDO CDO
turbulent | estimated| estimated | estimated | measured
Free 21 x 108 S 0.0034 0,005, 0,009, 0,008
Free | 5% x10°| 146 0,003, " 0,008, | 0,008
Fixed |23 x10%] 73 0,005, ! 0,010 | 0,009
Fixed 5+ x 100 73 0. 00, " 0a 0093 0,0095

The wave drags given by an empircal formula due to Collingbourne

q 2
CDW=12(..§9_) tan g

vhere S, is the maximum cross sectional area, and 8 1s the planform area,
are regpectively o.oozo for the 87° model and 0,004, for the 81° model,
which are not sigmificantly different from those given by the area rule,

5.22 Drag due to Lift

Since the balance measured axial-force it was considered preferable 1o
use the incremental axial~force with incidence ag a direct way of obtaining
the drag due to lift and so determine what degree of effective leading edge
suction was realised, AC,, the increrent in axial-force, and -C,a are
plotted against -C, for the 8 model in Fig. 6, Thus the ratio of the
ordinates of the curves is equivalent to & /a , where @ 1s the angle
between the resultant force and the normal to the chord, Linear theory
gives a8 value of 0,48 fer 8/a for a simple delta planform c¢f 81° leading
edge sweepback if full leading-edge suction is developed, From Fig. 6 it
sppears that the ratic 8/a reaches spproximately 0.15 at -C, of 0,10 at the
lower Roynolds rumbers,®  The theoretical value of CO,L48 was not to be
expected 1n view of the fact that the flow separated from the wpper surface
at quite small incidences, as was shown by flow visualisation tests (see
para 5,6), the line of separation moving towards the leading edge with
increase of incidence,

In thig instance the factor I% used by Courtney5 to denote the ratio

X
of the observed drag-due-to-lift factor to the drag-due-to-lift factor
corresponding to camplete loss of leading edge suction would be C.85.

*Mhe value of AC_ was beginning to fall off at this nomal-force due
to the onset of disturbances at the tail of the model caused by sting
deflection, which led to a misalignment of the model base and the sting
shroud, This drag rise at the lower Reynolds number occurred at the same
nomal-foree, corresponding to a higher nommal foice coefficient, This
has an insignificant effect on I/D ratic however,



On the 87° model, no significant leading edge sucktion was in fact
gpparent, from measurements of axial-force increment AC, over the incidence
rangs tested, The precision of measurements was nct sufficient to enable
any leading edge suction to be detected until an incidence of scome 3° was
reached but at the C,. for mexmum I/D, viz 0.07 (& = 7:°) it 1s estimated that
the theoretical leading edge suction could have been measured to X7} accuracy.

5¢3  Lift/Drag Ratio

For long range the attainment of a high value of L/D is ~f the greatest
importance, and consequently, in spite of these models not having all the
features (such as controls etc) which would characterise real sireraft and
their smell secale, the tumnel results will be used t¢ give gmdance on the
long range efficiency of different types of layout, It 1s prrbably
realistic to regard the drag figures obtained in the tunnel as applicable
also in full scale flight since the fully turbulent skin friction at flaght
Reynolds mmbver will be roughly equal to the partially laminar and partially
turbulent skin friction in the turnel tests at lower Reynolds rumber, *

Curves of I/D ratios are plotted 1n Fig.e 7. The zittaurment cof full
leading edge suction would have given theoretical L/D max. of approximately
7¢5 for the 87° mcdel and 8,C for the 81° modsl, The values obtained
experimentally were L2 at Cp of 0,07 and 5.8 at Cp, of .10 regpectively the
former being rather low {or the long range regquirements of this type of
arreraft,

50l Pitching Moment and Certre of Pressure Position

The reference point about which moments are quoted 1z 45" from the nose
which is apprommately the quarter chord statron of the mean aercdynamc
chords The reference length is the mean aerodyrnamic chord vaz, 6,06".

Fig. 8 shows the experimental moment coefficient curve against 1ift
coefficient, In the case of the $1Y model an almost straight line passes
close to all points and Reynolds number effects and the effects of the
transition waire are both very small,

The corresponding curve for the 87° model curves slaghtly in a
direction of decreasing stabilaty, r.e. Torward movement of aerodynamic
centre, with increasing lifi,

Centre of pressure position in tewms of centre-line chord length 1s
plotted agaanst incrdence 1n Fig, 9, A slight mean forward movement 1s
apparent for the 81 riodel, and while it appcars that there is a just
discernible rearward movement of centre of pressure posation due to the
higher Reynolds nurber in the presence of tronsition wires, no sigmaficant
change of position cccurs without the wires, snd a mean line has been drawn
through all the peints,

In the case cf the 87° model the rearwsard mrvement of the centre >f
pressure with Reynclds number 23 seen tn be more pronowrced and again the
influence of the trip wire xs small, The most rearvard pesition of the
centre of pressure occurs at an ineidence of 3° to 4° and the forward
movenent with incidence over the range tested 1s equal to approxamately
1%% of the centre-line chord.

*The skan friction of the tunnel models with free transition is
estimated to be equal to that of an aircraft 120 feet leng flying at M = 2.5
at 75,000 £t with a fully turbulent boundary layer,
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5.5  Flow Visualisation

Using the eveporating solid technique for boundary layer transition
indication, it was found that turbulent flow occurred naturally in the
region of maximum thickness of the wing eon the $1° model. A wire of
0,006" drameter fixed just back from the leading edge on the wper surface
apparently brought the transition forward towards the wire, but the complex
nature of the air flow over the surface of a thick delta leaves considerable
doubt in the precise interpretation of the indicator pattem,

021 flow patterns of boundary layer streamlines nn both models showed
no separaticns at zero incidence, but the spiral vortex flow arising from
flow separations near the leading edge became apparent from very low angles
of incidence (refs. 6 and 7).

In Fig, 11, the upper surface o1l flew patterns for the 81° model are
shown at progressive incidences between 0° ana 10°, The sketches of Fig., 10
are included to clarify the photographs which become blurred on shutting
down the tunnel, At the lowest incidences it sppears that the air flow
remains continuous around the leading edge and aver the upper surface to a
separation line well inboard from the leading edge.  "Herring bone"
structure suggesting vortex flow appears just inside this separation line
towards the rear of the model., With increasing incidence the separation
line appears divaded; the outer portion moving towards the leading edge,
the inner portion denoting the outer boundary of the "herring bone" region
mainteining its spanwise position appreoxmately, while the "herring bone"
pattern extends forwards. At an incidence of 5° the outer portion of the
separation line has almost reached the leading sdge and advances little
further with incidence. The main vortex pattern tends to increase in
intensity, to straighten wp mner kinks and to move inboard, so that an
extensive "open bubble" region may be supposed to exist behind the leading
edge, between it and the vortex, under a vorteg sheet, Subsonic flow
analogous %o thls has been reported by Ornberg® and by Fink and Taylorg.

[ Conclusions

The tests were restricted to a comparatively small incidence range ‘“y
the flexitnlity of the balance and mounting sting which was designed to
meagure forces and moments essentially at the incdence of ma~dmum L/D, and
emphasia was placed on maintaimag the desired body profile wnintermmpted by
sting mounting as far as possible, Thigs has enabled measurements to be
made with greater accuracy at incidences corregponding to crnsing condi-
tions appropriate to the role of aircraft under congideration,

The presence of tip fins has complicated any analysis of the 1ift
curve slopes, and until the tests are repeated in the absence of fins 1t
is not possaible to estimate their total effect, A preliminary test of the
87° model without fins at M = 2,47 shows that they are responsible for an
increment of 1if% curve slope particularly in the very low incidence range,
A corresponding but larger 1ift curve slepe increment with tip fins has been
shown to occur at low subsonic speeds wath the §7° model.

The measured values of drag at zero laft were predicted wath fair
agreement by means of a simplified estimate >f friction derived from boundary
layer tremsition indicabor pactures together with a wave drag estimate by
simple area rule,

From cuxrves of the increment of axal force with incadence it has been

estimaged that some effective leadiung edge suction component is realised sn
the 81~ model but en the 87° model no significant suction materialised,



The value of the maximmm L/D ratio obtained for the 87° modsl showed the
detrimental effect of the extra drag dus to tae presence of the boundary
layer trip ring, but, as has been said, the figures appropriate to the tests
without the trap ring is relevant to full scale. The maxamum value of L/D o
for the 87° model was found to be 4.2 cceurring at & Cp of 0,07; for the &1

model it was 5.8 occurring at a Cp, of Ce10.

Flotted against 1ift coeflficient the pitching moment curves referred
to the gquarter chord of the mean aerodynamic chord for the &1° model are
virtually straight, snd the correspoading forward shif't of the centre of
pressure with incadence is about 1C6 of the centreline chord over tae rangs
tested (= 0° to 44°). The pitching moment curves for the 87° model show
maximum stebility et incidences between 3°© and 4°. The forward shift of
centre of pressure position betwsen 3% and 129 incidence is about 1%% of the
centreline chord.

Thus both on the grounds of otabllity and efficiency as defined Ly the
meximm I/D obtainsble the 819 configuration appears to be superior, slthough
by the time allowaaces have been made for drag due to trim and other
practical encumbrances of full scale aircraft the value of 1/D availeble may
be diminished.
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FIG.9. Cp v o&° FOR BOTH MODELS AT M-2:47.
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