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SUMMARY

The f'orces developed by sharp delta wings with vee roofs at hyper-
sonic speeds have been experiuentally investigated and theoretical considera-
tion given to the relationship of these results to full scale condations.

The theoretical cvevelopment considered the case of upper surfaces
lield streamwise znd derived the maxamum 1ift/drag ratio and correspondang
optimum thickness (8') which result from applying this restraint. Simple
expressions for both these guantities and their variation with Mach number,
Reynolus number and surface heat transf'er have been obltained using a new :ormi-
la for pressure versus {low deflectaion at hypersonic speeds developed for this
purpose. When related to practical cruise vehicles operating an the atmosphere,
these optimum coniipurations proved to be unrealistic as they corresponded to
vehicles that were only 19 to 2° thack or had very low wing loadings.

Numeracal estimates for vehicles having practical wing loadings and
tlicunesses showed that reasonable lift/drag ratios could only be obtained at
the lower altitudes, 1,e. up to sbout 150,000 £t and at these altaitudes base
arag haa a significant effect. It was also shown that for these conditions
the maxinum 117t/dra; ratio occurred when the upper surfaces were streamwise
lor a thickness of about 5°.

A si,piflcant result, applicable to wings of thickness around 5° to
10° was that while viscous e¢ifects played an important part at the Reynolds
numbers usual in tunnel testing, they were relatively unamportant in the con-~
ditions appropriate to g cruise vehicle in the atmosphere.

The experimental programme was carried out in the Imperial College
Lun turinel at a Mach number of 83 and two strain gauge balances were develcoped
for this purpese. The models were sharp deltas with vee roofs and incluued
two thicknesses, two aspect ratios, flat-bottomed, caret and twisted shapes
whach were tested at Reynolds numbers ol U9 x 10% to 35 x 109 .
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The results agreed with theoretical estimates to wathin the estimated
experimental accuracy. The lift of the flat wings was seen to be closely
predicted by the two~dimensional oblique shock equations assuming each surface
to be part of an infinate unswept plane, the dafference being the order of
3-5/a a8 predicted by Babaev For almost similar conditions. The loss of 1lift
with leadang edge shock detachment was seen to be small.

Within the margin of unknowns, the skin fraiction was adequately
predicted by strip theory and the intermediate enthalpy method. There was
some evidence of transition on a flat-bottomed wing which was not so evident
on a similar wing of lower aspect ratio, an apparent increase of transation
Reynolds number with increasing sweep. There was also evidence of viscous
effects on the caret wings and on the twisted wing.

At the Reynolds numbers of the tests there was little to choose be-
tween the three different cross-sectional shapes in terms of maximum lift/ﬂrag
ratio. The caret and twisted wings developed their maximum 11ft/drag ratio
at a higher value of laft coefficient which is advantageous for cruise vehicles
in the atmosphere, and this benefit would be expected to remgin at the appro-
priate full scale Reynolds numbers, at least in the case of the caret wing.

The twisted wing had its centre of pressure 2. further forward - also advaenta-
geous = gnd a more useful cross-sectional area distribution.

The experimental results also substantiated the theoretical estimates
of optimum thickness with streamwise upper surfaces (6') for the conditions
of the tests.
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Notation

speed of sound
base pressure ratio, see equation (2.8)
constant in Sutherland viscosity law

constant in simplified viscosity law,
see eguations {g.S) and {(B.10)

drag coefficient, D

05y M* p S

pressure coefficient,
P-P

o5y Ml 5 _

1if't coefficient,
L

05y M®* p 8
drag

ratio of surface areas, see equation (B.13)

constant related to surface cooling, see
equations (B.15) and (B.17)

1-n
r By - )95
L .__.._.._..] , see equation (B.21)
2

skin friction parameter, see equation (B.31)
lif'%

overall length of vehicle

Mach number

power in viscosity law, see equation (B.9)

pressure .
Pq,2...91.2..

p_U?

ratio of dynamic pressures

Reynolds number

Reynolds number based on unit length



S wing, plan area
8 seml-span
T temperuture
u velocaty
v volune
v yal 3
v volume parameter —— | sometimes
/2 ( s
X distance af't of leading edge
., incidence of wing centre-line, see Appendix A and
Fig. L1
g wing semi-thickness angle, see Appendix &
V% ratioc of specifaic heats, taxken as 1.4
& flow deflection angle
3] wing thickness angle
g wing thickness angle for maximum lift/drag ratio
with upper surfeces streamwise

M viscosity
p densaity
c relat.ive densaly
L surface skan friction
X leading edge interaction parameter, see equation(2.1)

w L
w wing loading, =— = —

5 35
Suffaxes
B hase
D drag
F total skin fricticn
T local skin fraction
L lower surface
£ based on vehicle length
S standard
U upper surface



max

el.
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at wall

adiabatic recovery at wall

distance from leading edge

free stream

lower surface with upper surface streanwise
at deflection equal to half thickness angle

based on intermediate temperature defined by
equation (B.15)

optimum values
maximum obtainable at any incidence

maximun with upper surface streanwise

1./



1. Introouction

The work described in this report was carried out at the Imperial
College of Science and Technology on an NPL sponsored research programme
aimed st measuring the forces on lifting bodies 1n the gun tunnel. It was
thought desirable to restrict the measurements to a small area of what was
otherwise a rather large field of possable configurations and so attention was
concentrated on two related topica which have recently aroused considerable
interest in this country, namely hypersonic cruise vehicles (Refs 1-4) and
wave-rider designs (Refs. 5-15)., Various estimates for one or the other of
these can be found in the literature (Refs. 16-22).

Hypersonic lifting, veharcles can be roughly davaded inte those in
which 1ift 1s used only transiently as a control, as in lifting re-entry
vehicles (e.g. Ref. 23), and those in which a proportion of the weight is borne
by aerodynamic meens in an equilibraium condition, such as cruise vehicles.

The former are characterized by very high Mach numbers, high incidence and high
heating rates, low Reynolds numbers and low lift/drag ratios, large amounts of
blunting and the possibilaty of signifacant variations of aerodynamic character-
istics araising from non-equalibrium, dissociation and possibly ionization
eff'ects, The provisieon of volume is not usually a problem.

Among cruise vehicles there 1s z division between the lower speeds
where the majority ot the weight is borne by serodynamic means and air breath-
ing engines are possible and higher, near orbital speeds where only a fraction
o1’ the lit't is serodynamic. The test Mach number of 8¢3 aimplied the foruer
of the two above alternastives and the latter has not been explicitly examined,
though it is not difficult to read from one to the other in some cases. These
lower speed vehicles operate at comparatively high Reynolds numbers, high 1if't/
drag ratios and low incidences and can have effectively sharp leading edges <¥ .
The main aerodynamic problems a:e those of providing adeguate laft and volume
at reasonable lift/drag ratios.

Cruise vehicles can be further sub-divided intoc interference and non-
anterference designs, a typical example of the former being the flat delta wing
with underslung half-cone (e.c. Ref., 34). These shapes compare favourably with
the merged confaigurations such as wave riders at Mach numbers below about & but
begin to lose this advantage as Mach number 1s incressed and reguire increasing-
ly complicated shapes in order to derive the full benefits available (Refs. 24=27).
These shapes have not been investigated.

The particular object of the present work therefore, was to study the
factors affecting the performance of hypersonic lif'ting cruise vehicles of the
merged wing-body type. These bodies are included in the designation 'wave-
riders' which can be applied to any bodies with nominally attached leading edge

shocks including interference designs.

2. Lift Drag Performance of Delta Wing Cruise Vehicles

2.1 General

An analysis has been carried out on sharp, flat-bottomed or caret
delta wings with vee roofs and attached leading edge shocks. The obgject has
been to find the conditions giving the highest value of 1lift/drag ratio with
reasonable volume and wing loading, to investigate the characteristics of these
wings in the atmosphere and to obtain an indicataon of the relevance of tunnel

tests to free flight condations.

2.2/
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2.2. Anal!sis
2.2.1 Assumptions
Wing shape

The basic shape considered in this section is g flat-bottomed delta
with a vee roof. A delta was chosen as being representative of the sort of
shape that would be practical as a cruise vehicle since low speed handling and
troagonic stuvilaty are as essential as good hypersonic performance. Since the
theory used herein assumes an average pressure over each surface equal to the
two-dimensional oblique shock pressure applied to a streamwise section, the
basic equations are equally applicable to caret wings and, with an appropriate
change of' a numerical constant, to wave-rider wings of any planform, provided
lesding edge shock attachment 1s maintained.

The assumption of sharp leading edges should not be a severe limita~
tion. Some calculations presented in Ref. 28 show typical leading edge radii
of one or two inches i1n the range of speeds and heights of inberest to cruise
vehicle design and Capey<? shows that if provision is made for heat conduction,
the leading edge can be made arbitrarily sharp. Addationally, Ref. 31 shows
that for haghly swept edges, even quite large smounts of blunting have only a
small effect on the laft/drag ratio.

Flow conditions

Air is assumed to behave as a perfect gas and the entire boundary
layer flow is assumed laminar. For the 200 ft vehicle in the atmosphere for
which numerical calculations have been made, the average Reynolds number is of
the order of 40 x 10° and the assumption of completely laminar flow is probably
optimistaic. Information on transition at hypersonic speeds is sparse and there
gre known variations between different tunnels and between tunnel and free flight.
From some recent free flight measurements on & caret wing, Picken and Greenwood 43
obtained a maximum transition Reynolds number of 8 x 10% at a Mach number of 3.
With the known tendency of transition Reynolds number to ancrease with Mach
number, the above assumption may not be impossible but the position of transition
must remain one of the largest unknowns especially when the possible effects of
blunting and sweep are included.

Leading edge interaction has been assumed neglagible. Cooke in Ref. 18
gives the following craterion for interaction to affect less than 5% of a delta
surface

M3
x& = < Qez2
Re‘& where M = Mach number
Re = Reynolds number

based on overall length.

For a 200 f't vehicle at Mach 10 and 100,000 f£+ x, = 0+07 and hence
the above assumption 1s likely to be adequate. ¢

Theoretical
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Theoretical methods used

The averu e pressure on each plane surface has beun ussumed to be
given by the two-aimensional oblique shock equations, assuming the suriace 1o
be pari of an infinite unswept plane. Babaevo! has solved the problem of
flow over such surlaces numerically, and has demonstrated that for the sweep
angles considered (0°-50°), the loss of average pressure from the 2- D vailue
is only 2-4% up to an incidence of 21° on the pressure surface, and less than
z*54 up to =-7° incidence on the suction surfaces at a Mach number of 4 to 5.

The present experimental results tend to confairm that the appropricte
figure for the higher Much numbers and sweep angles of these tests, is also
less tharn 5.. The 1ift/érag ratio i1s rather insensitive to small variations
in the assumed pressure.

Strip theory has been used in calculating the laminar skin fractien,
assuming that each streawwise strip bebaved &s a sharp lat plate at zero in-
ciaence and with [ree stream conditions cqual to those after the oblaigue shock.
No allowance has becen made for boundary layer dasplaceusnt in the anproxinate
uevelopment of this sectiun, (Boundary layer dasplacement 1s included in the
comparative theoretical results of Sectaon 3).

Other .ssumptions

Since maximum 1aft/drss ratio is achievec with a wing of' zero thick-
ness, another form of optimum must be sought .f one wants a practical vehicle.
A maximum in 1af't/drag ratio versus thickness other than zero thickness, can
be obtained by rixang the incidence of the upper surface at some appropraate
value. A convenient value is zero, 1.e. the upper surfaces are held streamwise
and the resulting relationship between the L/D for this condition and the
L/D for any thickness and incidence 1s shown schematically in Figs. 2.1 and 2.2,
the appropriate eguations being given in Appencax A. I a negative upper suri-ce
mcadence (1.e. suction) had been chosen, the curve would have started at some
posiiive value ot L/D and touched the {ull curve at a lower thickness with an
opposite trend for fixed posilive upper surface incidenccs. Anticipatine the
results, the upper surface streamwise condition coincides with the maximun
laft/drag condition for thicimesses arcund 5°.

2.2.2 Theory

A full deravaiion of the theory is saven in Appendix B, it being
caven only uin outlane here. Pressure versus [low deflection was obtained, ¢3
shown in Ref'. 42 {rom tre expression

P
(—-— - 1) = yMS + 101 (MB)R 1P eve (2.1)
P

For the case of upper surlace stresmwisc, all pressure forces are
generated on the lower surface whose incidence is equal to the thickness angle
8 . TFor slender wangs the norwmal force is nearly equal to the 1af't force and
Lence with equation {(2.1) above,

20
— 4 JepyO'is gB-is cee (2.2)
M

for y = 14

CL o

It/
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It is shown in Appendax B (equation(B.26s) and equation (2.6) below)
that the skin friction on eny surface can be expressed by

5 ()

For slender wings the rates of change of pressure with incidence of
upper and lower surfaces are nearly equal in magnitude and opposite in sign
and thecefore so also is the rate of change of skin fraction. Hence total skin
friction 1s approxaimately invariant with wing incidence at fixed thackness.

Usang the Blasius solution of the laminar boundary layer on a flat
plate with zero pressure gradient, the reference temperature method ?f Ref. 39
and performing the necessary integration for the triangular planfornm 7 the
total skin friction drag becomss,

Ca
Gy, = 1770, (B + By) e (244)
F R
€3
L
where upper and lower surfaces are taken at 6/2 incidence, and
2
ps U3
93 is ; By and &, upper and lower surface area/S respectively,
R
- / T * f«n
end Cs = - ee (2.5)
\ Tax

where n is the exponent in the assumed power relationship betwsen temperature
and viscosity and can be found for any temperature range, by using Sutherland's
law. T*, the intermediate temperature can be incorporated in a parameter H
which only varies over narrow limiis (07 to 0¢8) as the wall temperature varies
from static to adiababtic wall ftemperature, 1.e. as the cooling varies from 100x
to zero.

Af'ter some manipulation, gaven an Appendix B, the total skin friction
drag is,

177 {E. + B) p 1/3
C _ L UU . (.n: > e (2.6)

I E p
L) e ©
“1

and From a graphical solution using the exact relation for the pressure rise
through =n oblique shock

P 1/8 1
( . ) =1 + Z yMB + O+ 0435 (Me)i'TT s (2_7)
P

where, for the condition given by the suffix s the flow deflection angle &
is hall the thickness angle 0 .

In considerang the 1lift/drag ratio, 1t 1s easier to treat the reci-
procal, i.e. drag/lift ratio. From Appendix B.

9]
o

<2
[
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12 77(k, + EU)M(1+H)[1 + 0-35(M8) + O-uB(Me)*" 77 ]

C
D o_oe, .
C —
L I{J R, [20W + 105(M0 )18
"L
b e
+
1-4M0 + 4+05(n0) **°
where
P -p
b o= 2B sve (2.8)
poo

This expression hes a mininmum witn respect to thackness 6 which us
tne optamun thickness 8' s (efained 1n Section Z.i.4 and Fig. 2.2. Put ting,
b = 0, i.e. assumin; that base drag bLas only a suall effect on the thickness
angle for asxiumum 119t/Cra, rotio (see Section 3) o relationshap as obtained,

ry (MO') = K(') cer (2.29)

where

c77(E 4 5} )
1 ?Y(ﬁL Ey;) M e (2.10)

The solution to equstion (2.9) i1s,

G4y

MO' = 0v683K veo (2.41)

which enables 06' to pe round, gaven the vehicle gecuwetry and the flight ar
test conditaions. Supstituting equation (2.11) into equetion (2.8) and solving

{srarhically) gaves

D . b
/ ) = 1°23K°"*%% aae (2,12)
el

M{ - =
\ 1 1+38 + 0+ 68K° P8

which 15 the maxamum lift/drag ratio with upper surfaces streamwisc.

Combining the Mach nuaber terms to obtain the variation with M

g, LVES
Qed 77T
n=0 a4
T EM
G' ~ MU 078 for n = O.?E) LN (2"13

and/
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and - D ) L.n~o 86877 O + 466
.- ~ M J
\ L /g
;L
\— ) ~  pTOe” for n = 076 ser (2.14)
D /o

e

2+3 Numerical 1llustration

The theory of Section 2.2.2 has been 1llustrated by applying it to
a delta wing in the atmosphere. Values have been obtained for the optimum
thickness, €' together with the corresponding lift/drag ratios and wing
loadings.,

the results cover hzights from 75,000 to 200,000 ft and Mach numbers
from 5 to 20. A 200 ft long vehicle has been used as was done in Ref. 19.
The heat iransfer parameter, H , was taken as 075, a value representative of
lhe condition half way between the adiabatic wall condition and 1004 cooling
(T Tw) . Atmospheric data were obtained from Ref. 41.

Fig. 2.5 gives the results for the optimum thickness angle 0',
versus Mach number and altitude and Fig. 2.4 gives the corresponding lift/dray
ratios and wing loadings.

Some interesting points emerge. The optimum thickness angles are
extremely small, except at very high altitudes. The wing loadings correspond-—
wng to ' are impossibly small except at low altitudes and high Mach numbers.
It is evident that the optamum (8') vehicle is not a practical design and that
wing loading 18 a magjor factor.

This being so, some calculations were performed to i1llustrate the
performance of non-optimum vehzcles {but still with upper surfaces streamwise),
having practical wing loadangs. Lift/drag ratios corresponding to the range
of wing leadings from 20 to S0 1b/sq ft are given versus height for Mach number
of 5, 10 and 15 an Figs. 2.5 (a},(b) and (c) respectavely. The corresponding
thickness angles are plotted in Fags. 2.6 (a),(b§ and (¢). The 1lift/drag
ratios are given both for the case of zero base drag and for a base drag corres-
ponding to a base pressure egqual to half the free stiream static pressure.

If a laft/drag ratio of 5 as arbitrarily taken as a minimum, then
tne usable area of the flight spectrum 1s reduced to the lower altitudes. The
following table shows the position with base drag included

Maximum eltitude for L/D 4:5

Wang loading
M=5 M =10 M =15

20 1b/sq £t [110,000 #t | 150,000 £t |170,000 £t
90 1b/sq £+ | 80,000 £ |142,000 £t [125,0001t

Figs. 2.5 clearly show the considerable effect of base drag, especi-
ally an the area of interest, 1.e. low altitudes, moderate Mach numbers and
hizh 1lift/drag ratios. Base drag must rank as one of the major uncertainties

1n estimating lift/drag ratio.

The/
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The results also show that the inclusion of base drag produces little
change 1n the thickness angle for maximum 1laft/drag ratio, thus substantiating
an wssuanption nade in Section 2.2 and Appendix B.

Results for constant Lhickness angles of 6° and 10° have been extrac-
ted I'rou the figures and are given in Fag. 2.7. The laft/drag ratios
achieved dopend mainly on the thickness and secondly on the Mach nuwmber. Alti-
tude, wnd hence Reynolds numcer, has little effect except on wing loading. This
is because tre thackness angles are well away froum the optamum and hence the
skin fraction drag i1s small in comparison with the pressure drag.

2wy Analytical resultls and deductions

241 Relatioaship of upper surface streamwise condition to genersl csse

The maximun lift/drag ratic is evidently achieved with a wedge of zerc
thickness al an incicence determined by the skin friction, (see appendix A and
Figs. 2.1 and 2.2). The upper surface is at a negatlive angle equal to the
lower surface flow deflection angle which 15 usually small (say, 1° to 2°) for
practical Reynolds nunbers. As thiclness, and hence volune, 1s antroduced,
the maxanum L/D  1s reduced continucusly while the lowsr surface incidence 1s
increasad, wid tnat of the upper surface becomes less negative until, again
for practical Reynolds numbers, 1t becomes streamwise as the lower surface reache
about 5°, For preater thickness angles, the optimum condition corresponds to
slightly posative values of the upper surface incidence. Taking the upper sur-
face streamwise condition as constant in this report has introduced an optimum
thiceness 6' and corresponding maximum laft/drag ratio, with the L/D fallang
to zero as the thickness and incidence fall to zero. For thicknesses preater
than 6', the absolute L/bmax has been slightly underestimated with the opti-

mun incidence veing slightly greater below about 5° and slightly lower above it.

242 Sagnificance of 8!

From the Newionian standpoint, negative upper surface incidence would
hove nc effect on the laft/drag ratio, thus reducing the volume for no zain.
In practice, the upper surface is capable of, but less efficient at, producing
11t than the lower surt'sce and thus the optimum thickness 6' may be rcgarded
28 3 poant of dimainishing returns below which the gain 1n L/D a1s not worth the
loss of volume. At ©', numerical results show that the viscous drag 1s

approximately equal to the nressure drag.

Simple expressions have been obtained for ©' and the corresponding
L/Dmax , enabling their value to be obtained quickly for any particular con-
datins. While practical cruise vehicles would be mainly well away from these
optimum conditions, this does not apply to tunnel tests or to tests of small
models in the atmosphere. The relative importance and effect of several of
the vaizables 1s different, depending on whether the case being considered 1is
negr or far from 9', and a knowledge of 6' is helpful in making any compari-

sons or cxtrapolations.

For example, the curves of Figs. 2.3 and 2.4 show the position for a
tyrical venicle off 200 ft length in the atmosphere. Optimum thicknesses are
entirely ruled out in thas case, maanly due to wnsufficrent wing loading. In
the small area of very higli Mach number and low altitude where the wing loading
1s adequate, ©' 15 ruled out due to insufficient volume, (thicknesses of 1°

to 29).

The/
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The provision of adequate waing loadings has the effect of moving
the point of operation well awa; from 9' ., Viscous effects become consider-
ably less importani while thackaess angles, which are now reasonable, become
0 primary importance. Thus, comparisons made at or near 6' ovpecome entire-
ly dafferent when transposed to the resion of practical operation. Thas
change 1s particularly wwportant since many tunnel tests are performed near
By, ( 2.5, & 6% thick vehicle 1n a wind tunnel would be operating at its
optimum, 8' condition at a Reynolds number of 2.5 x 10° while at full scale in
the atmosphere the relevant value of ©!' would be < 29).

2.4.3 Deductions frou previous analysis

The spectrum of practical operation is covered by Figs. 2.5 and 2.6.
Increasing Mach number at constant wing loading and altitude reduces the thack-
ness snd hence increases L/D . Alternatively, the effect of keeping the
thickness constant 1s shown an Fig, 2.7. Increasan, the Mach number stall
tends to increase the lift/drag ratio though not so markedly. Thus it as
advantapeous to have the highest Mach number possible.

The 1ift/drag ratio varies little with wing loading. This is due
rartly to the smailln ess of the viscous drag compared to the pressure drag and
partly to the fact thet the change of vase drag with altitude tends to cancel
the change of wiscous drag. Thus the lift/dras ratio 1s firstly a function of
wing thickness, secondly of Mach number and is almost independent of the wing
loading which only determanes the required altaitude.

In practice, the desisn Mach number could well be limited by heatang
and the minimum thickness limated by the need for volume. Typical fagures
could be Mach number of 10, 5° thackness snd 50 1b/sq £t waing loading giving
an ultitude of about 100,000 £1 znd L/D of about 85 for the case of base
pressure equal to half static pressure. IC 10° thickness were reguired, the
figures would be 112,000 £t and L/D of 5.

It 15 evadent that altitudes greater than sbout 150,000 ft are unlikely
to be usable (for cruise) and even this height will require very hagh Mach
numbers with very high heating rates. One result of this is that base drag has
a comparatively large effect, being largest at the lower altitudes and Macn
nunbers., At present, bhase drag seems to be a major uncertainty.

In looking for experinental confirmation of the theoretical estimates
from tests perforaed in low Re mnolds numbers facilities, the best quantity to
compare 15 the thickness for maximum l1ift/drag ratio wath upper surfaces stream-

wise (8‘) .  This 1s bscause, as hac beea shown, 8' 1s relatively insensitive
to the value of base drag while the actual value of L/Dm is very sensitive
to 1t. Such a comparis.n 1s made in Section 3 where the values of €' and

(L/b)e, appropriate to the tunnel conditions of the present tests are also
given.

3. Experimental Results and Analysas

3.1 Model and test conditions

3.1.1 Model desagn

The six delta wing models tested are listed below and shown in
Figs. 3.1 (a),(b) and (c) together wath their leadang particulars. All models
had vee roofs and the thickness angles quoted refer to angles in the vertical
plane parallel to the centre-line chord. All were > 1n long with sharp leading

edges of 0+ Q03 in to O 007 in daameter.

Model/
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Model Cross-sectional shape  Thickness angle AR Sweep
1 Flat bottom 10° 1 76°
2 Caret 10° 1 76°
3 Flat bottom 6@ 1 76°
4 Flat bottom 62 3/2 69+ 5°
5 Caret £o 3/? 69+ 5°
6 Twisted §° 3/2 69+ 5°

Nominal

The angle between the plane of the leading edge and the lower ridge
line of both caret wings was 6°. For inviscad flow at the test Mach number
of 8+3, the shock would lie in the leading edge plane at lower ridge line in-
cidences of 4° and 16° and be within 0*7° of thas plane between the above angles
(e.g. Ref. 36). Thus essentially two-dimensional flow would be expected at
close to these incidences, with probably only small departures in the interven-
ing range. Large departures from this state would probably indicate signifi-
cant viscous effects.

The twisted wing was designed to have the same volume as the 6° wings
of equal aspect ratio and to have a linear reduction of lower surface incidence
from centre~line to tip such that the centre-line incadence was twice that at
the tip. The object of the design, apart from merely testing the effect of
twist, was to try to obtain sone of the benefits of anterference designs by uti-
lazing the effect of the boundary layer in spreading pressures laterally, as
has been noted in the case of delta wings with underslung half cones where the
leading edges were outside the conical 'shock from the half cone, e.g. Ref. 32.
In these cases, pressures at the leading edges were obtained that were much
hagher than those to be expected in invaiscid flow and this dafference was attri-
buted to the presence of the boundary layer and a resulting spreadang of the
shock induced pressures, outwards to the tips. A simalar phenomenon occurring
on the twisted wing would produce a high pressure towards the tips than that
appropriate to the local incidence and hence a higher laf't for a given laft/drag
ratio. Appendix C gives the deraivation of the expressions by which the ordinates
of the twisted wing were obtained.

3.1.2 Test conditions

The relevant condations for the results obtained on the MK 2 balance
and used for comparative purposes here are given in Ref. 38, Details of the
ME 3 balance, on which the bulk of the present results were obtained, can be
found in Refs. 50 and 51, which also ainclude details of the flow faeld calibra-
tions. The gun tunnel characterastics are dealt wath in Ref. 4k,

Fig. 3.2 shows the available tunnel unit Reynolds numbers against
driver conditions extracted from Ref. 44 with Mach 8+*3 nozzle condaitions added
and the conditions of the present tests marked. The following conditions were
obtained for the 5 in chord models used.

Draiver/
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Driver Barrel Mach Reynolds q TT T; Balance
pressure pressure No. No., ps1i T4 Bk I—
1,000 psi 14+ 7 psia 83 09 x 10®° 3.05 1030 70 MK 3
1,000 psi 40 psia 83 1.5 x 10*  3+05 740 50 MK 2
2,000 psi 95 psia 83 35 x 10° 61 700 47 MK 3

3.1.3 Tests made

Model and test conditions were as follows:

Model Incidence ;Nl_\l_ ia Balance
Wings 1=6 0-12° 83 09 x 10° MK 3
35 x 10°
Wings 1 and 2 o-~11° 83 1+48 x 10° MK 2
20° half angle cone 0-30° B3 148 x 108 MK 2
Hemasphere Q° 83 09 x 108 MK 2 and
1248 x 108 MK 3
35 x 10°

(Por wing details refer to table of model geometry, page 19 and Fig. 3.1)

In each case the quoted ancldence is that of the line joining the tip
to the mid-point of the trailing edge in the plane of the centre-line chord
except for the twisted wing where a line 3° from the upper ridge line was used
as datum.®

Measurements were made of 1ift, drag, and pitching moment (axial force,
normal force and pitchang moment in the case of the MK 3 balance). In adda~
tion schlieren photographs of the flow in side and plan views were obtained for
the two 10° models and some 6° models.

3.2 Comparative theory

Details of the theoretical estimates used for comparison with the
results obtained on the MK 2 balance are contained together with the results
in Ref. 38. For the results obtained on the ME 3 balance, the theoretical
estimates shown on Figs. 3.3 to 3.10 were obtained using the methods outlined in
3 ection 2 but applied indivadually to each plane surface and including a
boundary layer displacement correction cobtained by the methods of Ref. 4O,
The correction was applied by calculating the displacement thickmess 62
at the trailing edge of the rcot chord and assuming a unifiorm angular displace-
ment over the surface of &*4 . The value of n in the expression

u T\n
— ~| — ) taken as appropriate to the tunnel conditions was n = 0-8i.
T*
Newtonian/
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This datum was chosen so that upper surface conditions would bhe i1dentical
between models at the same incidence. Thus gifferences would be due to
the lower surfaces alone.
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Newtonian theory was shown to be very inaccurate under the conditions
of the present tests 38 ond hes therefore not been concidered agaln,

Convenient and saignificant parameters for comparing the theory of 3Sec—
tion 2 with the experimental results are the thickness angle required for
maxiaum 1ilt/drag ratio to occur with upper surfaces streauwise and the assoc.i-
sted maxauum laft/drag retio.  Applying the tunnel conditions to the appro-
Iriate equations, 1.e.

MBt = 0G688K°M77 eee (2.11)
D
and M (-) = 1+ 28K°'488 for zero base drag see (2.12)
L /gy
1+77(8, + & )M(2+n)
where K = = ree (2,10)
-}-f RO 5
e
“L
gives,
L.
Reynolds No. g ( - )
D /g
0'9 x 10° 7+45° (6+4°) L= 16 (4+85)
1450 x 10° 6:6° (5°7°) 466 (5°42)
2065 % 108 6+0°  (5-1°) 541 (5+95)
35 x 108 5ehl (47°) 571 (6+65)

viiere n = O34 f{or tne tumel conditions and the figures in brackets give
the corrssponding values 1f n  were taken as O¢76, the usual value in the atmos-

rhere.

It can be seen that for the 6° wings a maximum L/D of 51 should
ve achleved when the upper surlaces are strsamwise at a Reynolds number of
2+65 x 10°% . Keeping the upper surfaces streamwise snd increasing the Reymolds
number will raise the 1ift/fdrag ratio. The condation for (L/D) howesver
max
will no lenger be with upper surfaces streamwise.,

3.3 Results obtained with the MK 3 balance
(Those from the MK 2 balance are contained in Ref. 35)

3.3.1 Magnitude of significent variations

For dafferences in the results to be saignificant, 1t 1s necessary for
them to be greater than the differences to be expected from experimental sources
and other unknowns. The magnitude of the unknown errors wary according to
the particular quantities being compared. Thus, for example, in comparing the
experimental results off diflerent models with each other, only the renco. part
of the Lalance error 1s important while in a comparison between the experanmental
results and the theoretical predictions consistent errors are involyed.

It/



- 0o

It is possible to divide the incidence range into three parta an
each of which the relationship of pressure to viscous forces is different and
from which, in consequence, different deductions can be made., These are:
near zero incidence, at maximum 11ft/drag ratio and at the highest incidences
tested. The minimum significant variation for each type of comparison and
2ach i1necidence range 1s:-

Comparisons between Absolute comparison with theory
models and i1ncidences and dete from other balances
Pargmeter
- O° - 490 - O° = 1o
G, = 0 (L./D)max a =12°la =0 (L/D)Illalx a =12
Axial
force 165% 15% 9% 29% 27% 25%
CD + base
I drag el 247 22% L% 4006 300
¢, 16% 12% 8% 9% 21% 10%
6, 9% 57 97 3% 570 o
L/D 25 2% 170 WYl 2o 19%

In the ahove table the consistent errors include a contribution for
base drag equal to balf the free stream static pressure (14% of szero 1ift/drag)
and a further contraibution for belance induced surface separation which occurred
at high 1ncidence (6% 1lift at a, = 129) but no contribution from random errors

since the figures refer to the mean line in every case. The figures for random
error include twice the balance error5? and an allowance for possible
variations of base drag up to a quarter of the free stream static pressure.

In the absence of sting effects, the expected variation of base
pressure with Reynolds number is gilven, for example, by Hemak®, Base pressure
reduces with increasing Revnolds number as transition moves upstream from the
far wake to the body. The evidence of Hamahﬁ, Kingh" and McLellan et al.ls8
would suggest a value of Ph/Hw of 0.5 to 0.8 for fully laminar flow reducing

to 0.2 to 0.3 for the fully turbulent case.

The schlieren photographs presented as Figs. 3.5, however, clearly
show that the presence of tne sting and balance has severely modified the base
flow and caused upper surface separation which is jJust visible at o, = 5o

for the 6° wings, and becomes progressively more extensive with increasing
incidence. In these circumstances the base pressure would he expected to be
higher than that for a free wake and probably close to the free stream static.
Thus the allowance for variationsg of base pressure incorporated in the table of
significant magnitudes should be entirely adequate.

The effect of the observed upper surface separation has been estimated
on two assumptions; that the separated area lay parallel to the leading edges
and that the leading edge of the separated area was at right angles to the
centre~line. Both lift and drag were considered and the worst result
incorporated in the table. Only the high incidence case was affected as the
separation occurred only at incidences higher than those for maximum 11ft/drag
ratio,

3.3.2/
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3.3.2 Axial force (Figs. 3.3. and 3.4.)

Referring to the figures, the differcnce ain theoretical axial force
as between plain wings and caret wings is due to a combination of higher
pressure draf, from the greater pressure recovery of the caret wing and Lts
grester skin triction drag resulting from greater wetted urea. There 1v also
& conpensating contribution due to a smaller pressure dafference p - p, on

the roof sutfiuces resulting from their greater angling relative to the [low.

The experiuental results show a pattern of variation as between
dufferent models whach 1s significantly dafferent to the theoretical pattern.
The differences are more noticeable at the lower Reynolds number of 0+9 x 10°
but meny of the differences are also present at Re = 35 x 108 , Near zero
inciuence, ot R, =09 x 10° the twisted wang has a higher drag than the
plain wings and so, to somec extent has the caret wing, but these variations
are no longur signaficant at the incidence for maximum 1aft/drag retio. The
fact that the discrepancy occurs at low Reynolds numbers and incidence sugpests
& bound~ry layer eflect, on the concave lower surfaces.

At both Reynolds numbers there 1s a signiaficant dafference of axial
rorce between the results for the two 6° plain wings of different aspect ratio
al intermediate and high incidences. At the higher incidences, the axial
force contains a substantial contribution from the lower surface pressure and
o smaller contrabution from the upper surface suction, In order to trace the
source ol the observed daflerences in axial force, these contributions heove
been subtracted from the observed values of axaal force, using the measured
values of normal force together with a theoretical estimate of the relative con-
triputians from upper and lower surfaces to deduce the average pressures. The
resultang values of CD + base drag * are shown in Figs. 3.4.

F

Comparing the results for the two 6° plain wings and recallang that
Gifferences greater than 245 are significant, it can be seen that the higher
aspect ratio wing has the higher drag in all conditions except at low ancadence
and high Reynolds number. Low aspect ratio appears to be benefacial, especa-
ally at low Reynolds numbers. The amount by whaich thejexperlmental value of
C, + base drag exceeds the theoretical for the AR = /2 wang at

D,
I

R, =30 x 10% ana x, = 12° is also signaficant (> 100/3) and this coulu be

due to the onset of transaition. If thas is the case, the figures suzgest
that transition 1s delayed by increased sweep, at least under the test conditions.

Comparing plain and caret wings (Figs. 3.4(d) and (e} ) there is latile
to choose between the two for the higher aspect ratio, 6° thick wings except for
the near zero aincidence effect previously noted. In the case of the lower ws-
pect ratio, 10° thick wings (Figs. j.h(a{ and (b)) the caret wings show a
marked ancrease in CD plus base drag over both the plain wing results and

F
the theoretical estimates at the highest incidences, most probably due to
viscous effects in the streamwise cornmer of the under—surface3® which was, of
course, more acute on the AR =1 wing than on the AR = 5/2 wing.
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*These values are strictly the exial components of skin friction and base drag

but BCD = ACA cos ¢ and cos a= 1 for the range of « of these tests.
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3.3.3. Laft (Figs. 3.6 and 3.7)

Referring t¢ the figures, the theoretical differences in CL

between caret and plain wings are very small as they arase only from differences
1r upper surface geonetiry. 4t low incidences, in all cases, the experimental
1ift coelficients for the plain wings lie close to the 2-D values while, an
contrast, the caret wing results are above. This 1s another indication of the
viscous effects on the caret wings at low incidence noted in the axial force
rezults and this is further substantiated by the fact that the effect in
question is greater at the lower Reynolds number,

With increasing incidence the caret wing results become equal to the
2~D values while the plain wings fall away, partly as would be expected from
the numerical calculations of Babaev already discussed (Section 2), partly due
to the upper surface separation mentioned an Section 3.3.1, and partly due to
leadang edge shock detachment which would occur at about 6+8° pressure surface
incidence for wings of AR = 1 and at about 14+7° for wings of AR = 3/@ .

The values of 1lift coeflicient obtained et zero incidence reflect
the diflerent geometries of the models with caret wings giving more lif't than
plain wings due both to the lower lunsses on the lower surfaces as o result of
more 2-D flow (and viscous effects previously mentioned) and to lower losses
from the upper surfaces as a result of the greater angling of these surfaces.
The above effects are accentuated on thicker wings, resultang in greater zero
incidence 1ift on 10° wings than on 6° wings.

3.3. Drag

The drag coefficients are geometric resolutions of the axial and
normal forces and are presented in Figs. 3.8,

3.5.5 Centre of pressure position (Fig. 3.9)

The MK 3 balance was extremely sensitive to piltching moment51 and
much of the scatter on Faig. 3.9 may be due to spnall variations in tunnel con-
ditions. In a number of csses the pirtching moment (and, by comparison with
the 1ift trace, therefore, the centie of pressure also) could be seen to vary
gradually through a run. The C.P. posations at zero incidence were nearly
indeterninate and these points have been disregarded.

There appears to be & tendency for the C.P. to move initially for-
ward with increasing ancidence and then to move slightly aft with a total
movenent of about 4% root chord. Thas pattern is followed to some extent by
all the nodels.

The moment about the model moment datum 1s made up of a contribution
from the normal force and a contribution from the axial force, for all the
nddels except the caret wings, the axial force moment would be negligible, but
the anhedral of the caret wings would have produced a nose down drag moment
and hence these wings have a G.P. position slaightly aft of that which can be
attrabuted to the normal force alone. The 6° wings have C.P. positions for-
ward of those for the 10° wings due, at least in part, to the trailing edge
planes being perpendicular to the centre-line for the 6° wings and perpendicu-
lar to the upper surfaces for the 10° wings.

As would be expected, the twisted wing gave C.P. positions further
forward (2%) than any other wings as a result of having a larger proportion of

its 1ift in the central area of the wing.
3.3.6/
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3.3.6 Laft/drag ratio (Fags. 3.10)

The fagures for minimum significant differences in results for the
dafferent models, given in Section 3.3.1, for L/D include twice the random
errors for both laft and drag. Wathin the quoted margins, only the differences
at zero incidence are significant and these reflect the differences in the 1lilt
results. However, the likelihood that all the worst errors will combine is
small and thas 1s substantiated by the general consistency of the experimental
points,

At maximun lift/drasg ratio, the differences praimarily reflect the
significant variations in "0y plus base drag' discussed an Section 3.3.2. This
F
1s also true of the results at high incidence, largely because in terms of
pressure forces, the lift/drag ratio is almost entirely a function of the incad-
ence alone for the models under consideration and hence at a given ancidence

only viscous forces and possibly base drag differ significantly.

The difference between the experimental points and the theoretical
estimates 1s less than that which can be expected from the various sources of
possivle error. This also applies to the difference between the results obtained
on the two balances where the errors appear to have been of opposite sicn.

A good curve of L/D versus incidence can be obtained by using
sniocthed curves of 1ift and drag, both of which have only gentle variations with
incadence.  Such curves are shown in Figs. 3.1 (a) and {(b). Being deraived
from smoothed curves, their random error would be expected to be better than the
figures given in Section 3.3.1, and this should be especially so for the angle
For maximum lift/drag ratio since this gquantity would, in addition, be largely
unafiected by consistent errors. Thus the angle for maximum lift/drag ratio so
obtained 1s a good parameter with which to compare the theory of Section 2.

The relevant estinates, given in Section 3.2 show that for a thackness
of 6%, the maxamum 1ift/drag ratio should occur with the upper surfaces strean-
wise for a Reynolds number of 2¢65 x 10®°. It follows from the arguments of
Sectimn 2 that at lower Reynolds numbers the (L/D)max will occur at higher in-

cldences, L.e. with the upper surfaces developing suctaion. Higher Reynolds
numbers will result in (L/'D)max oceurring with the upper surfaces developing

pressure.

This pattern is closely followed by the experimental results of
Fips. 3.11 which have been plotted against top surface ridge line incidence to
facilitate the comparison. At the test Reynolds number of 3+5 x 10° which as
close to the required value of 2:65 x 10° (L/D)max occurred on the plain wings

with the upper surfaces developing a slight amount of pressure while for

R = 09 x 108 (L/D)max occurred with suction on the upper surfaces. These
characteristics are 1n good agreement with the estimates presented above.

L. Discussion and Conclusions

4.1 The experimental results

4.1.,1 Comparisorn with other results in the literature

The apparently beneficial effect of sweep on transition (Section 3,3.2)
is 1n the opposite sense to the normelly accepted effect of sweep as given for

example by Deem and Nurphy %9. Examination of their results shows that

transition/
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trunsition started slightly earlier with increasing sweep but also that the
rate ol development of transition was no quicker and scmetimes slower than the
corresponding result for an unswept plate. Thus earlier transition need not
necessarily result in higher total skin fraction and the present results do not
necessarily contradict the exasting experimental evidence, An additional
aifference is that the resulis of Ref'. 45 were obiained on a yawed flat plate
and the effect of sweep on this configuration is not necessarily the same as

on three-dimensional bodies,

Sone recent results presented by Weinstein and Nealh7 tend to confirm
the results of the present tests. They compare the measured skin friction
arags on three cdiamund-cross-section wings at zero inciadence with the estimated
laminer values and show the onset of transition with increesing Reynolds number.
Their results show the wings of higher aspect ratio {lower sweep) also to have
lower transition Reynolds numbers.

The 1ift cocflicient results for the AR = 3/2 plain wing clearly
demonstrate the very swall loss of laft compared to the 2-D value, predicted by
Babaev3/.  With sllowance for the loss of 1ift from upper surface separation,
the difference between the theoreticel estimates and experimental results is less
than the possible consistent experimental error of 3%.

The AR = 1*6  plain wing at 12° incadence shows a 1lift coeff'icient
which has only 7,: less 1lift relative to the 2-D value than the AR = 5/@ wing

despite leading edge shock detachment which would start at an incidence of about
4° for the AR =1 wing. Thas shows the relatively small loss of lif't due to
shock uetachment also found in pressure surveys such as those by Squire 20 and
Peckham %

The agreement with theory in general has been good and within the
expected order of accuracy of the experimental results. The departures f'rom
theory can all be explained in terms of known phenomena, 1.e. boundary layer
transition and viscous effects in the streamwise corner on the lower surface of
the carct wings

The comparison wzth other experimental data in the literature is
resgsonable., The only direct comparison 1s with the results of Penland 30 por
the case of the 10° plain wing of AR = 1 . The comparable figures for maximum
1ift/drag ratio are - Penland's results farst - 36 and 41 for Re =09 x 10°

and 4*3 and 4*5 for Re = 35 x 10% .  Penland's results are stated as having

been corrected to free stream static pressure on the base. The differences in
(L/D)max are within the possible margin of error, but taken together with com-

parisons with results on samilar, but not identical, wings such as Penland's 5°
wings and the 11° wings of Blackstock and Ladson 31 {the present results would
appear a little h.ogh. Since the abovementioned resulis were obtained in con-
tinuous facilities with model surface temperatures nearer to the equilibrium
values than are obtained in a gun tunnel, ,it 1s probable that transition occurred
at correspondingly lower values of Reynolds number. These remarks also apply

10 the results recently obtained by Weinstein and Neal 47 on a 6° plain wing which
was tested at a Reynolds number of 1+4 x 109 .,

4.1.2 Effect of varaations of shape

The overriding impression obtained from the results is that there 1s
very lattle to choose between the three cross-sectional shapes and that each had
advantapes and dissdvantages whach tended to cancel. As would be expected, the
cecret wings, with near two-dimensional flow over the lower surfaces, gave results

which/
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which were generally closest to the theoretical estimates. Theire was some
evidence of viscous cffects at low ancidence and at the lower Reynolds nunber

on these wings and, on average, the higher skin (rietion drag of the larger
wetted area {as compared with the flat wings) could be noticed, The lower
aspect ratio wing showed distinet advantages in skin (riction over the higher
aspect ratio wing, though this effect is probably a result of the particular
conditions of these tests. At very least, the lower aspect ratio showed no
disadvantages and hence, for the highest value of the volume parameter V ,

it is desirable to (o to the slenderest shape found possible from other consitera-
tions.,

Gomparisons with the twisted wing are more difficult as there is no
satisfactory inviscid theory with which to compare the results. Surprising 1y,
the resulis for the twisted wing followed those for the caret wing to a very
large extent and there does not appear to be any loss due to the cross~sectional
shape. The close identity of behaviour of two such dissimilar shaped wings as
a caret and a twisted wing, supports the other evidence that such changes have
comparatively little effect.

One aspect, which only arises incidentally in the present investiga-
tion, ls that of upper surface shape. The separation that occurred as s resuit
of the presence of the comparatively slender balance indicates the extreme sensi-
tivity of auetion surfaces to outside influences, However, the proportion of
1ift developed by the upper surfaces 1s comparatively small {e.g. about 8. st
12° incidence for the 6° wing). From the theoretical point of view, in conuii-
tions where the upper surfaces are producing pressure, caret wings and especiall,
thick ceret wings of low aspect ratio, show an advantase because of the angling
of the upper surfaces relative to the flow. It 15 evident that it willl be
possible to influence the lift/drag ratio by varying the contours of the upper
surface, but in general gains are only achieved at the expense of volume.

4.1.3 Significance for cruise vehicles

Many of the variations in the results have arisen from viscous effects
end as such are peculiar to the conditions and especially the Reynolds numbers
of the tests. Even qutite small practical vehicles in the atmosphere will be
operating at Reynolds numbers at least an order of wagnitude larger and even
though large areas of laminar flow could stall exist, the very peculier varaa-
tions of the present tests are unlikely to be directly applicable. The siymi-
ficance of the results must 1lie rather in substantiating the theory, where thais
is possible, end in indisating caution in the use of results obtained under
similar tunnel conditions.

For cruise vehicles of optimum thaclmess ©° (see Section 2) viscous el'fect s
will, by definition, be important. However, even here the characteristics are
likely to be different at full scale Reynolds numbers and it has been shown in
Section 2 that practical vehlcles will in any case be well away from this
optimun condition end into regions where the viscous drag is only a small propor-
tion of the total drag.

Thus *inviscid' conclusions sre likely to have most significance.

Though there might well be other reasons for preferring caret wings
(e.g. engine intakes, external burning, stability) they do not, in general, have
any advantages in maximum 1ift/drag ratio except where leading edge shock
detachment or upper surlace pressure is important.
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A nost interesting result was that for the tuisted wing. This
showed no losses relative to the other wings and even occasional gains. Gn
the other hand, it pave centre of pressure positions forwnrd of the other wings
and it has a wore useful cross-sectional area distribution. Because the
tens ratbion of suflicient Lift 18 a problem in the atwosphere a signd'icant
comparison between the wings, with respect to cruise veh.cles, is the comparison
of 1ift/drag ratio at given lift, In Figs. 4.1 the achieved 1laft/drag retios
wre shown ploited apainst 11Ft coefficient for the Reynolds numbers of 09 x 10°
and 35 x 10° respectively., For the conditions of these tests the caret and
iwisted wings show a slight asdvantage 1n that they achieve their moximum L/D
at a higher lif't coefficient. At 1ilt coeffacients of 0*12 and greater there
was little to choose between any of the wings, indicating the overrading amport-
ance of lower surface pressurc over all other effects.

This is, in fact, the way in which the greater lifting efficiency of
the caret wing shows itself (providing the gain is not lost in viscous drag on
the preater wetted area, i.e., at reasonably high Reynolds numbers and 1ift
cocfficients).  Although the 1ift/drag ratio is a siuilar proportion of cot.o
vor rlain and caret wings, the caret wing produces more lift at the same incid-
mee and hence at about the same 1lift/drag ratic. Hence in appropriate condi-
taons, the sawe 1if't coeflicient occurs at a sli_htly lower incidence, resulting
in a higher 1ift/drag ratio for the same lift. Although the maximum lift/drag
ratios are little aifferent, the ebove advantage could be significant when base
dreg is considered since a caret wing would produce the same 1laft as a plain
wins of equal thiclmess but at a higher altatude and hence at a lower value of
nase dras.

Many of the estirates of range performance1’2’3’6 have used values of
L/D of 4 to 6. The experimental results, taken together waith the theoretical
considerations of Section 2, give additional evidence that these values shouvld be

casily cttainable, perhaps wath a little extre in hand to sllow for trum,
stability and control resquirements.

4.2 Optiwoum cruise vehicle operating conditions

Because, as hes bzcn showvn, viscous effects are small for a practical
cruise vehicle in the atmosphere, the 1ift/drag ratio is virtuslly determined
by the thickness while the required wing loading can be achieved by selecting
the appropriate altitude. The resultant change of viscous drag due to a change
of altitude has only a secondary eff=ct on the lifi/drag ratio for the reason
given above. It also follows, incidentally, that advantages of performance
derived from lower viscous drag and obtained in tunnel tests would show little
benefit in full scale, even if the advantages were maintained at full scale
Reynolds numbers. Thus the effect of transition on L/D will also be small.
This 1s confirmed in a recent independent analysis by Collingbourne and Peckham “° ,
who calculate the performance of caret delta wings including the effect of alti-
tude, wing loading, laaminar and turbulent flow and the position of transition.
Parasite drags such as base drag, are also.included.

If base drag is winportaant, 1.e. a2f no provision as made to eliminate
1t (as in some proposed vehicles with external or integrated propulsion), then
the effect of changing altatude can an fact be reversed since thé base drag is
reduced by an ncrease wn altitude, Increasing Mach number enables the same
wing loading to be achieved at a higher altitude and is therefore hgneficial.

The ghove connlusions represent a considerable samplafication of the

situation and they were only possible brcause, for the 200 £t vehicle considered,
it was peossible to show that viscous effects wouln be small i1n all conditions.

As/
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As the vehicle under consideration becomes smaller, and hence ' increases,
80 the pattern will become more complicated in various parts of the flight spec-
trum.

Collingbourne and Peckhamzd also carry out an analysis, similar in
part to that of Sectaion 2 to arrive &t expressions for maxamum 1ift/drag ratio
with upper surface streamwise, and corresponding lower surface incidence, hence
thickness. They also, an an appendix, consider the relationship of the upper
surface streamwise condation to the incidence for maximum 1ift/drag ratio for
fixed thickness and arrive at the same conclusaon, that for thicknesses of
about 5% in the atmosphere, tne two conditions are coincident.

The essential daf{erence between Collingbourne's and Peckham's analysis
and that of Section 2 1s in the assumption made with respect to the variation
of skin f'riction with thickness and incidence. In Section 2 it was assumed
that the skuin friction was invarient with wing ancidence for a wing of constant
thickness and this sssumption was Justified theoretically and can be seen to be
reasonable from the experimental results, (in the absence of transition). It
follows that there 1s a change of friction drag with thickness.

This variation and the variation with changing Reynolds number and sur-
Y'ace heat transfer, were included in the analysis, enabling the variation of
optimum conditions with Mach number and Reynolds nuwber to be explicitly deter-
mined.

In Ref. 22 the assumption was made that the skin fraction drag as
ndependent of flow deflection, 1.e. does not vary with incidence or thickness,
and a fixed value of friction drag was obtained from other estimates for the
particular atmospheric conditions consicered. {This limitation does not apply to
the numerical results including boundary layer transition).

4.3 Optamum configurgtions

There have been many anvestigations, both theoretical and experimental,
into the problem of the optaimum configurations for a hypersonic cruise vehicle.
In the present author's opinion, several fallacies, which have been consistently
repeated, have served to thoroughly confuse the satuation. They are discussed

below.

Penland, an Appendix A of Ref. 30 wrates: "The relatively widespread
use of the non-dimensienal ratio of volume 2/3 to the planform areas as an
efficiency correlating parameter, further complicates the 1ssue and makes separa-
tion of the effects of shape varisbles daffacult." Unlike Mach number, Reynolds
number etc. which can be derived from dimensional analysis and can be dgmonstrs -
ted to have signaficance in particular carcumstances, the volume parameter has
no such specafic and definsble significance and contains many shape variables
having widely duffering effects with changing Mach number, Re sud incidence,

Although no better alternative exists, 1ts use Goes more harm than good. The
factors involved are too complicated to be correlated by a single sample para-

neter.

An assumption often implicitly made is that a flat wing and under-
slung body configuration, when tested in the inverted body position, corresponds
to a normal flat-~bottomed wang. Although this arrangement has been proposed
in order to shield the body from high heating rates in low lif't atmospheric
re-entries, 1t has little merit in the present application and 1s unlikely to
give the optimum upper surface confapguration. The assunption is that the exact

upper surface shape 1s 1rrelevant, an assumption which 1s demonstrably wrong.

5/



- 30~

A contributory factor in the effect of the shape of the upper surface
is the incidence under consideration and this also determines the available
1if't to a large extent. Many results are presented in the form of (L/D)max vs

volume parameter but the 1lift coefficient corresponding to the quoted maximum
1lift/drag ratio is not taken into consideration. In many cases the actual 1lift
coefficient developed is impractically small and the relative merit of differ-
ent shapes totally different at realistic 1if't coefficients. An example of
this is the caret wing which has similar maximum 1ift coefficients to plain

wings but shows to advantage when compared on a GL basis at high CL's .

Similarly, rectangular wings which, on a volume parameter basis, are better
than triangular wings at low CL's due to their hapgher average Reynolds number,
lose this advantage at high CL‘s due to increasing tip losses. Interference
designs show a similar loss of (L/D)max with incressing lift coefficient.

2

Becker3 dismisses the caret wing with precisely the reasoning given above and
draws conclusions regarding the relative merit of & wide range of shapes in
terus of the volume parameter and without considering the likely effect of a
large increase in Reynolds number,

The problem of Reynolds number affects almost all the published
results as most of the variations found were caused or largely influenced by
viscous efl'ects and test Reynolds numbers were generally in the O+7 x 10°
to 45 x 10° range, mostly about 1+5 x 10®. The result is that little of the
experimental evidence avarlable can be used directly tor estimating the optimum
conf'i; uration of a full scale hypersonic cruise vehicle.

The conclusion to be drawn from the remarks of this Section 1s that
experimental determination of the effect of variations in shape and of the
optimum confaguration for a hypersonic cruise vehicle can only be achieved to-
¢ ether with theoretical consideration at least until tests are carried out at
substantially higher Reynolds numbers. At present, the most realistic answers
are probably those derived from theoretical analyses such as that of Collingbourne
ind Peckham €€ and of Section 2, suprorted, where possible, by experimental evi-
ence ,

4.4y Conclusaions

Three-component force measurements have been made on aix thin delta
wings thought to be suitable for hypersonic cruise vehicles and a theoretical
and numerical investigation mede into the factors affecting cruise vehicle
performance in the atmosphere.

Apart from the direct results of the theoretical study, it showed that
visoous forces would be proportionately less important in full scale than at the
test Heynolds numbers and hence meny of the experimental results would not be
directly appliceble., The mein use of the experimental results would be to
substantiate the theoretical methods used in estimating full scale character-
1sties. Alternatively, by isolating the discreet factors producing the megsured
results, these could be translated to full scale.

The results conf irmed theoretical predictions that the mean pressure
over flat delta surfaces with attached leading edge shocks 1s around 5% less
than the value obtained by assuming complete two-dimensional flow. The initial
loss with shock detachment was also small. The lift of the caret.wings was
closely predicted by two-dimensional oblique shock theory except at the lower
test Heynolds number of 0+9 x 10° where there was some evidence of an increase
of taft due to viscous ef'fects on the lower surfaces.

Analysis/
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Analysis of the skan fraction drag gave good agreement with theory
within the margin of unknowns arising from experimental error and base drag.
Those variations outsade of this margin indicated the onset of transition on
the high aspect ratio plain wing which was not present on the corresponding
low aspect ratio wing; an apparent delaying of transition wath reducing
agpect ratio. There were also significant increases an friction drag on the
caret and twisted wings indicating viscous effects on the concave lower surfaces.

The viscous efiects, evident on the caret and twisted wings relatave
to the plain wings at a Reynolds number of 09 x 10°® were no longer present or
reduced at a Reynolds number of 3¢5 x 10% .  This haghlights the problem of
translating tests at these Reynolds numbers to full scale.

At the test Reynolds numbers there was little difference between the
maximun 1ift/drag ratios achieved on the flat-bottomed, caret or twasted wings
of similar aspect ratio. The caret wing showed an advantage in that 1t
achieved 1ts maxamum liit/drag ratio at a higher value of 1lift coefficient and
this advantage would be expected to remain or be enlarged at full scale. The
twisted wing showed a similar advantage and in addition had a centre of pressure
position some 2, further forward than the other wings and a more useful cross-
sectional ares dastribution.

The results alsc confirmed predictions for the incidence for maxamunm
1aft/drag ratio and the Reynolds number at which this would coancade with the
condition of upper surface streamwise obtained from the theoretical analysis.

This analysis gave simple expressions for the variation of optinum
thickness with Mach number, Reynolds number and surface heat transfer for the
case of upper surfaces streamwise. The upper surface streamwise condition wal
shown to be near to the condition for maximum L/D for vehicles with realistic
wing losdaings and 1ift/drag ratios in the atmosphers. In these conditions
skan friction drag would be a small proportion of the total drag.

Theoretical estimates indicated that laft/drag ratios from 5 - 10
sphould be obtainable on wings of thickness angles of 5° to 10° in the altitude
range 80,000 %o 150,000 ft, PFlain, caret or twisted wings would be satasfac-
tory from the lift/drag ratio point of view, with the caret and twisted wings
having slaght advantages for dafferent reasons,
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Appendix 4
Incidence for maximum lit't/drag ratio

|

Let « = wing centre-line incidence

6
[

2
and remaining notation as on pages 8 to 10,

i

The pressure coefficient will be assumed to be given to sufficient
acouracy by & second order expression, 1.e. for M>> 1 .

25
— + AB® eoe (A1)

2
1

then

see (A.2)

|
%
+
Qu
+
%
+
%
+
bﬂ

Similarly

1

G, = = + bLifa ees (A.3)
M

Considering the drag/1ift ratio and differentiating with reapect to

N c’igfi):(f +Wa><%+121%ﬁa>

L
da M

- Li(ﬁua'),,w(ﬁu;a') + CDF] [% + w] vor (Auk)

= O for meximum or minimum

C
At (—D-) o= o'
¢

L nin
2 (X 6 b g 3 0 (A.5)
Henoce & (; * A@) - (;ﬁ + +CDF> = )
and
2(1 4+ 0 Qe 25MC
o =Iﬁ' (1 + O°5MA8) + Dp e (0.6)
(1 + 125 MAS)

Thus/
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Thus 1t can be secen that {or linear theory (A = U) ana inviscid {low

(CD = 0) , the optimun incidence 1s achieved with the upper surface streamwise
F

ta' = #) . The Mach number term in the numerator 1s one~third of that in the

cenomenater and so the effect of the non-linear pressure term is to decrease

a' while the skin friction term will increase it., Taking the Newtonian

limit o1 cp = 20", i.e. letting M- w , gives J3/  end this is the other

limit as compared to the linear result in the absence of skin friction.
Numerical calculation for the range of wing loadings and altitudes considered
an cection 2 show that the upper surfece streamwise condation is optimum for

wings of about 5° thickness angle.

[ A4 similar snalysis, using different methods and assumptions, is
carried out by Collingbourne and Peckham in Ref. 22 wath the same result.]

Apgendlx‘g/
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Appendix B
Detailed development of theory of Section 2.2

B.1 Lift

Ref. 74 gives the deravation of a new approxination to pressure
versus flow deflection at hypersonic speeds which is used in the theoretical
development of this Appendix. In the approximation the pressure is given
by:-

p
——1>¢ yM& + 1+1(MB)P'18 ss+ (B.1)
\ p
For slender bodies with upper surfaces streamwise,
C, =~ C +e+ (B.3)
L Pr,
and hence from (B.1) above,
26
c = — 4 {e5)° 18 go1s see (B-h)
L M

for y = 1°4.

B.2 BSkin friction drag

The Blasius solution for the laminar boundary layer on a flat plate
with zero pressure gradient is,

T, Qe 664

Cp = = ——— +++ (B.5)
0+ 5pU*? R '
ex

In high speed flow, the reference temperatures method (see, for
example, Ref. 71) gives the same expression except that conditlons are evalua-
ted at a reference temperature T* , (where T* = T, + O'B(Tw-- Ts) + 022
(Tw - T, ) see page 36 ) giving:-

0

ct
. ©0 eee B-6
CF = 0664 I——R (B.6)

e
X

where C* is the constant of proportionality in the viscosity/temperature
-

relationship,
e T*
— = Gt - o (8.7)
u“ Tﬂ
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and
T + 110 / ™
— ) sue (B.B)

™ & 110 \ T
[ ]

from Sutherland's law (e. . Ref. 53) and with temperature in °K.

If the less accurate but more amenable relationship

u* /T*\n
— - .l\____) X (3.9)
u T
is used then
. D=1
- _ /B ) «ee (B.10)
® T

where the bar distinguishes this value from that obtained using the previous
Formuls..

For a triangular surface with conditions on its surface shown by
suffix ' , the skin friction drag is given (obtained by integrating over the
surface, ¢.g. Ref. 19) by,

Cp = 177 q, eve (B.1)
F,
where .
e Uy )
§, = ser (B.12
P .U:
]
and Re is the Reynolds number bssed on condations ' and the wing length L .
1
L
It can be seen from equation (B.26a) that the skin friction coefficient
p\1/9
on any surface varies as ( e +  Thus CD ~ 6" with n inoreasing
P_ F
with M. For slender wings near zero incidence the two surfaces have nearly

equal and opposate variation of skin friction drag with flow deflection. Thus
the skin friction can be taken as approximately independent of incidence (but
not of thickness} and can be determined at any convenient incidence.

If the small change due to the angled vee roof is ignored, the upper
and lower surfaces are at equal incidence when each 18 at half the thickness
angle to the flow. With suffix 3 designating conditions on'the surfaces in
this case, the total skin friction drag is given approximately byi-
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CDF ~ 1774, (EL + EU) ver (B.13)
where Lower surface area
E =
L
plan area
Upper surface ares
EU plan area
Other terms are as previously defined but for conditionss ,
and
- T+ 1-n
Ca = l/ b ) b (B|11|')
N Ta
where,
L4 — . - . - an .
™ = T,+05(T -T )40 zz(T.WO T,) (B.15)
(Ref. 71)
where
TW = wall temperature
TW = adiabatic wall temperature
0
and e y -1 .
T = T (1 + 0 M )
Wo 3 P 2 3
Hence
y -1
Ty -1 2 MP T «++ (B.16)
0 a3 2 3 3
for
o = 1.
P

The practical extremes of wall temperatures TW in {B.15) above
can be taken as,

3
It

T  for '"100%' cooling,
a

and

3
i

W TW0 for zero ccoling.

Thus, substituting (B.16) into (B.15) for M >> 1,

T*/



where H

Hence,

butl

and hence

a
X

where

for n =

T* ~ Ty + H(Tw - Ts)
0
Hiy - 1
s /' (Y ) M;\
\ /
H(y - 1)
T o — © Ma? ¢ Ts er+ (B.17a)
2

varies from 022 to 0*72 as cooling varies from 1004 to zero.

For hypersonic flow and slender bodies,

Us Us
D S5 1 ++e (B.18)
U U u a a
M = — o~ - ~ 2 . & o MS )
= 8 ., a,, a a_
Ts
(=)
a T
[ -] -
2 _ o an s
M3T, = MP T (B.19)
Hoy = 1)
™ . NPT s+ (B.17D)

L (B.?.Oa)

H = —— | ces (B.21)

L2

H varies from 0°7 to 0°8 as the wall cooling varies from 100% to zero
0+ 76, the usual value. (n = 0¢84 for tunnel).

For/
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For conditions in the atmosphere, the effect of altitude can be
more clearly seen by writing the Reynolds number in terms of a standard
Reynolds number taken at some defined standard conditions, With suffix s
to define atgndard values,

1
R - o & (2 M e+ (B.22)
eoo 8 es \ T
L w
P”
where o, = -2 the relative density oo (B.23)
PS
PS a8
and R = L oo (B.24)
e, u

In the atmosphere, the temperature range 216°K to 266°K covers the
range 13,000 £t to 200,000 £t /3 and using 242°K constant in this range intro-
duces only ¥2:5% error. The appropriate standard conditions are those at
125,000 f't. in terms of standard conditions,

1 1 Pa L/8
- (___ ) e (B_aOb)
- 1*5-n R
st H N e, P
pa + i/%
The term ( ~— ) has heen treated in the same way as
Pﬂ
P
( —_—— 1) in Ref. 74 to arrive at the approximstion,
pﬂ
P 1/3 .
(l ) = 14 0°25/M8 + 0-0485 (M) 2" 77 .oo (B.25)
P

which is valid to 5, for M0 < 4 , sufficient for the present purpose.

Then, substituting (B.20a) into (B.13),

. _ 1 77(E, + EU) ' (p_; >un e (5.268)

E M R P,

or in terms of conditions at a stendard altitude,

+++ (B,26D)

. 1077 (EL + EU) . ( Ps >1In
D - s /8 1/8

F fax'’ 7 .

.0 8 G‘S

B.3/
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B.3 Lift/draz ratio

1t is more convenient to treat the reciprocal,

2

¢

c D D
Doy, 2, B cor (3.27)
Oy L Cp
for upper surfaces streamwise and where
CD = Dbase drag coefficient based on plan aresa.
B
Let Pp = base pressure = (1-b)p” evv (B.28a)
then Z.bp OLs
CD = =
B yM”p” sL
2bo ( )
C. = — ves (B.26Db
Ps  yu?®
Hence from equations (B.4), (B.25), (B.26a), (B.28b) and (B.27)
c 1477(E, + E.) ulten) 1, 0-35(M0) + 0-0LB5(MO) +'77 ] b6
"‘"R = 8 EJI"‘ EU : + 4
o HEB % [26M + 1-5(M8)* *®) 1+4M8 + 1+05(Me )" 15
eﬂo
L
'R ] (B-29FJ.)
Or, for flight in the atmosphere,
C 1-77(E, + Ey) M(°'5+n)r1 + 0°35 M8 + O-QL8(M8)*"77] b6
—2 =0 + L bl
C Hgt/® g /9 . 215 1o4M8 4+ 1+05(M)? *%
L Hol/® R [26M + 1+5(M8) ]

8
soe (B.29b)

B.y Thickness for (L/D)max with upper surfaces streamwise

For a maximum or minimum

It/
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It will be assumed that the base drag has little effesct on the thick-
ness for maximum 1ift/drag ratio, an assumption confirmed by the numerical
results, and hence,

D
:3( -) aC
R T T,
=Y AR N A
08 a0 af 90 F a6
a0y ac
2 F L
= CL + CL —_— - CD —
a6 F 9396
= 0
With the expressions for GD and CL obtained from equations

F
(B.26) and (B.4), the following expression can be obtained,

fo(Me') + 145(Me*)**% 1% =K 2+ 3+23(M0*)**%-0-075(M0t)*'""

+ 0604 (M0')*"*® 4+ 0-028(Me') 0" ]
«s+ (B.30)

where ' is the thickness angle for maximum 1lift/drag ratic with upper surfaces
streamwise and K 1s given by

1+77(5, + ;) w3
K = L EEZ; ser (B.31a)
HR,
“L
1*5¢4n)
1-?7(EL + EU) m(
= ﬁ Uz!a R 1/8 tt (E.51b)
3 [-]

8

Equation (B.30) has been solved{graphically)* to give:-

MB' = 0<688K%477 ses (B.32a)
0+688K° 477
or B! = —————— +e+ (B.32b)
M

Then, substituting equations (B.32a) and (B.32b) into equation (B.29)
gives -

o dm mm em s ww mw e e mm A mm mm e mm mw e AR mm M mm A re AR ER e em A mm MR AR e Em em am e ea em Em e o

w®

Flotting the L.H.S. and R.H.5. of equation (B.30) against (M) for various
values of K produces a series of solutions which when plotted against X on
log paper, produce a straight line.
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s D K(1 + 0°204K° *77 4+ 0-025K°°4®)
M —-) - LO-688K°‘”7 R
N L/ 1+376K°°477 4+ 0.672K*" 03
0+ 688pK°" 477
+ ] “es (B.}})
(O’ 95K0‘477 + 0.471{1‘03 )

Equation (B.33) has been approxiuated (graphically) to give:-

+ D b
M ( - ) = {+28K04es coe (B.34D)
L /g 1+38 4+ 0-684K°' 583

or, for zero base drag,

= 1+28g%4ee «es (B.34a)

Ml
\

[ I B

)
Jon

Finally, 1t is possible to show the effect of Mach number explicitly
by combining thet part included in the parameter K with that outside to give,

A T7(E, + Ey) y2m0r6 047
8' = 04688 *«+ (B.35a)
ﬁ g1/3 p /9
8 e
3
and
D ' 1°77(EL . EU) Mn—0'66 0488

("') = 1'28 l— ] L (B‘36a)
\ L g Hol/s Reijﬂ

8
for zero base drag.

Taking the usual value of n = 0*76, this gives,

g' ~ M°O7¢ +++ (B.35b)
and s L
_ﬂ) ~ YOO47 see (3_56}3)
D g

whach confairms the insensitivity of maximum 1lift/drag ratio to Mach number at
hypersonic speeds, shown by experimental results.

The wing loading,  , corresponding to optimum conditions can be
cbtained from,

C, o Op = —meere—eem «e+ (B.37)

hence,/
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hence,

w = p_ (yMo + 1+1(M0) *2%) +++ (B.38)

The various approximations used in deriving the expressions of this
appendix have been accurate to within 5, in the required range of variables.
Hence it is estimated that the results obtained from these expressions would be
accurate to about * 20, (including possible inaccuracies in the theoretical
assumptions) while the trends would be accurate to %5,

Appendax C/
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Appencix C

Der.vatioa of cx ressions for the twicted wang

It is desired to find the dainensions of o twistea delte wing of (aven
twist thiat will have the same volume as a plain delta wing of equal plan area
and aspect ratio. With system ol axis, ori, in at the rear, on the centre-line
of lower surface, x lorwards, s upwards +ve, and y sadeways let the
body dimensions be length £ , span #%3 and trailing edge thickness & as
shovn below.

Let the thickness angle taxen alon; y = constunt be Jy(y) and the heiﬁht of

ithe lower surface at the trailing edge be zL(y), and upper surface zU(y
7 :Ir\
Then X = 41\1 - - cen (C.1)
and for linear twist
/ &y .
by =8, 1 -— ver (0.2
N 3 /
where 60 18 root thiciness angle
51
and 8 = f\1 - —_ see (Gu3)
5, /

vhere ©t is tip thicimess angle.

Also let zU(y) - zL(y) = 2, the local trailing edge thickness, then

the elemental volume at any plane y = constant 1is,

8V = Orhx z, 0 eee (C.
bx, 2,8 ] (C.4)
¥ s ay
av = 0-5¢° 60 (1 -—) 4 —-—) dy +++ (C.5)
s/ \ s
y
Transforming the variable to ¥ == , dy = JdY¥ , and

3

av/
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oV = 058" 6,1 - Yiy* (4 ~ a¥Y) ay

V o= Oebh3t? 60(1 - ¥)? (1 - eY) oY eor (C.6)
5638 1
E
12

: (25) 4 (1 _i) cee (C.7)

b "
&
where = represents the change of' volume due to twist anc a, the twist ratio
4

1. given Ly (C.3).

FPor equal leagth anc acpect rutio, with sut'fix 1 for plaun wing and
sat't'as a8 lor the twist.d saing of e el volume,

by, = b (1 _ E) ver (C.0)

wnd for the lLwisted wing of the present tests where the tip thickness was half
the root thickness,

8 = U'5
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FIG. 3. 11 (D)
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FIG. 4.1 {a)

Experimental results from smoothed lift and drag curves
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FI1G.4.1 (b)

Experimental results from smoothed lift and drag curves
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