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In the next section the problem of trim drag will be dealt

TRIM DRAG

To have positive longitudinal static stability the centre
of gravity of the aircraft must be in front of the aerodynamic
centre which means that for trimmed flight the controls must be
deflected to re-distribute the air loads so that the centre of

1ift passes through the centre of gravity aml brings the aircraft

" {nto balance, This re-distribution of load which takes place

primarily on the controls also changes the drag and the difference
in drag between controls deflected and undeflected at a given lift
coefficient is called the trim drag, Methods for calculating the
trim drag at supersonic speeds for tallless and tailled configur-
ations are given in the Appendix to this paper,

The drag coefficient of an aircraft with a flat wing can

be expressed as:i-

For configurations of practical interest the trim drag
coefficient for a tailless aircraft is given at Mach number greater

than about 1,9 by the following approximate formuls ;=

-
4

U‘Jt = df’"h
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These two equations can be combined to give
+ K 8- 2
“eff "L
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The trend in tailless eircraft for operation at supersonic
speeds seems to be towards the delta planform with aspect ratio -~
2,0 and the effect of trim drag on the effective lift drag.rise
factor Kess will be i1llustrated by taking this planform as an

example,

A typical variation of aerodynemic centre (hg) with Mach
number for an aspect ratio 2 delta is shown in fig, 1, and it will
be noted that at supersonic speeds it is located at 50f of the mean
chord, The location of the centre of elevator lift (hb) will, at
superesonic speeds, be close to the centre of area of the control, =
for practical configurations it will be around 90 = 958 of the mean
chord, The following formula gives a2 reasonable approximation to

the elevator 1ift slope at supersonic speeds:e
= 3¢5 of

The effective 1lift drag=rise factor for & tailless aircraft
with an aspect ratio 2 delts wing can then be expressed (for M- 1.9)

agie

o r-,'.;——’ - (heD) \‘2
"\“E‘fi’ = ;"\R““ + l-lo/dm”'-l N (h=0.5)

e

The two mein parameters that influence trim drag at supersonic
speeds are then, control area ratio and the location of the centre of
gravity, vhich is what one would expect, Some examples which
illustrate the effect of centre of gravity location and Sf/ﬁ on Kers
are chown in fig. 2, Also shown in this figure are typlcal values
for a canard and an aircraft with a rear tailes We see that if the

centre of gravity is located at 34% of the mean chord to give a static

margin of 64 at subsonic speeds then the effective induced drag




(1,8, drag due %o 1lift plus trim drag) at ¥ = 2,0 will be more than
doubled with the part span control, Increasing the span of the
control with the same centre of gravity position produces appreciabdble
Fains,

However, the reason for the high trim drag of the tailless
aircraft in supersonic flight is the large increase in static margin
resulting from the after movement of the aerodynamic centre, The
obvious way to eliminate the problem is to move back the centre of
gravity of the aircraft to maintain the same static margin as in
subsonic flight, Since the proportion of total weight carried in
the form of fuel will be high, it is possible to control this
centre of gravity position by appropriate tramnsfer of fuel, There
are, of course, the practical problems associated with an install-
ation of this type but in view of the very high incentive there is
no doubt that these can be overcome and fig, 2 shows how the tailless
aircraft with the controllable centre of gravity is comparable to
the aircraft with a rear tail on the besis of trim drag, The
effective lift drag rise factor of the canard is appreciably less
than that of either of the two other configurations considered,
and is in fact, less th=n the 1ift drag rise factor of the untrimmed
aircraft wing, as in this case the trimming load ie acting upwards
and effectively reducing the load to be carried by the wing,

Although outside the particular scope of this paper it may
well be msked why, in view of the foregoing, the delta planform
has proved to be so popular for the present generation of supersoaic
fighters, Here again it is necessary to point out that trim drag

is only one parameter in determining performence sfficiency, and

performance efficiency is only one aspect of the problem of designing

an effective fighter aireraft, Practical considerations and weight

variations can more than offset a result determined by considerations

of performance efficiency alone,




35 DRAG DUE TO LIFT

Rxperiments show that the 1ift drag-rise factor for flat
wings with supersonic leading edges is given to a close enough

approximation for the purposes of this paper by the reciprocal of

the 1ift slope i.e. X

™

WY
s

st

a(
comparison of experimental values of the lift slope
these calculated by theory show good agreement,
At a Mach number of 2 the Mach cone is swept back at 60°
to the normal to the flight path; we cen therefore estimate the
1ift dreg rise factor, using the theoretical 1ift slopes, for wings
with leading edge sweep up to at least 60°,
The 1lift drag rise factor has been estimated over a ra
f aspect ratios from 1.5 to 4.0 and leading edge sweep up to 6@6
shown plotted in fig 3, The effect of te
and the curves in the figure can be taken as
ratios from zerc to ebout one half, The
actor ies almost constant over a wide range of swe
ratio; small gains might be achieved with g f high aspect
ratio and sweep but the very large wing weight penalties assoclated
with the type of planform would discourage their use,
It would appear then that for flat wings the choice of wing
planform will be dictated by considerations other than those of drag

due to lift.

4, ZERO LIFT DRAG
It is difficult to generalise about the effect of wing

planform on the zero 1ift drag at a Mach number of 2,0, We know




from experiments on isclated wings that the zero 1ift drags do

not agree very well with theory, perticularly when the wing leading
and trailing edges are near sonlc, The wave drag of wingebody
combinations can be calculated by methods such as the supersonic
area rule but to the author's knowledge no comparison has been

made between theory and experiment that would enahle us to assess

their accuracy at ¥ = 2,0, Ve will content ourselves therefore

with the following general observations based on a survey of
experinental data on wing-body combinations,

1, The effect of sweepback for & given aspect and taper
ratlo is small; unswept wings having slightly less
drag than the swept.

Taper ratio between 0 - 0,25 has no appreciable effect,
Increasing aspect ratio produces significant increase

in drag.

It will be noted that the three conditions for minimum wing
structure weight i.e, small sweepback, taper and aspect ratio satisfy

the conditions for minimum zero 1ift drsg coefficient,

Alrcraft with small sweepback must have a tail for stadility
reasons and this will increase the minimum drag coefficlent, The
tailless alrecraft incurs a drag penalty due to the sweepback necessary
for stebility, A comparison made by the author of a tallless and s
tailled configuration with wings of the same aspect 2nd taper ratio
showed that the tailless aircraft had a zero 1lift drag coefficient

that was 55 lower than that with a tail,




COMPARISON OF LIFP~DRAG RATIOS

Since we are considering the different confizurations
from the viewpoint of performance efficiency the maximum 1ift/
drag ratio has been selected as the appropriste index by which
to make the comparison, Pigure 4 shows the comparison for the
three conf igurations selected, namely, canard, tall aft and
taillesa, In the case of the configurations with tails the half
chord sweep of the wing 1s zero asnd the tailless configuration
has the delta planform, All have aspect ratics 2 wings with gero
taper ratio.

The 1lift/drag ratio of the canard is sbout &% better at

a Mach mumber of 2,0 than the tallless with the centre of gravity

located at 4bF of the chord, and 8% better than the tail aft

configuration, If the centre of gravity of the tailless configur-
ation is not moved back at supersonic speeds its lift/drag ratio
will be appreciasbly lower than those with a tail,

It is interesting to note that from the viewpoint
performance eff iciency the configurations considered lie within

an 8% spread,

6o VIBG TOADING

It is obvious that to minimise thrust and fuel consumption
the 1ift coefficiént for maximum 1ift/drag ratio should be made
to occur between 1,0 'g' and the specified load factor at combat
speed and altitude, It can easily be shown that in this case the

ving loading is given by the following expression =




vhere my is the load factor at which the 1ift/drag ratio

is maximised and p is the ambient pressure. The variation of T'/S

with ny for ¥ = 2,0 at 60,000 feet is given in fig 5; the walues
of the zero 1lift drag coefficient cover the likely range, The
optimum wing loading should then be between 35 - 90 lbs/sq.ft,

The effect of wing loading on thrust required at 2,0 'g!
is shown in fig 6, where the thrust required at a given wing loading
divided by the thrust required for & wing losding of 85 lbs/sq.ft.
is given as a function of wing loading, When compiling the data
for fig 6 it was assumed that the fuselage shape and size remained
fixed whilst the wing area was varied and allowances were made
for variations in wing, fuel and engine weight, It was also assumed
that the wing planform had zero half chord sweep, aspect ratio 2,
zero taper ratio and 3% thickness chord ratio, but it is believed
that a different planform would not produce significantly different
results, ¥We see that minimum thrust occurs at wing loadings between
40 - 55 lbs/sq.ft.

In considering the effect of range on optimum wing loading
it has been necessary to select suitable values., Since we are
discussing a very advanced aircraft with & cruising speed of Mach %= 2,0
it mey well be that mission radii will be short, and values of 100
and 200 nauticel miles have been selected. The fuel required for
these missions is shown as & function of wing loading in figure 7.
PThe variation of fuel required with wing loading is not large and
a minima occurs at 2 wing loading of approximately 50 1bs [sqefte

The landing problem has some influence on the possible
range of wing loading for different configurations, The maximum
wing loasdingz for the low aspect ratio tailless is not likely to

exceed 45 1bs/sq.fte due to limitations on ground angle,




The tail aft aircraft will, if flaps are used, have acceptable
landing speeds and ground angles at wing loadings up to 90 lba/

8q.ft. 2nd the canard could achieve similar loadings,

PHAN 2.0

Up to this point we have concentrated on optimising the
aircraft at a Mach number of 2,0 but performance at off-design
condiitions might influence thechoice of wing planform, The
paremeter that has been chosen to 1llustrate the effect of wing
planform at off-design Mach numbers is ceiling as this is most
important to & high altitude fighter,

enerally believed that aircraft with swept wings
have superior performance to those with unswept wings st transonic
speeds, A comparison was therefore made between an aircraft with
&n unswept ving and one swept at 40° (half chord sweep) both of
agpect ratio 3, and the difference in celling et any Mach mumber
below 2.0 was found to be small (see fig 8), The reason for

this is that the aircraft with the lowest value of | Keff
Cr = Cpo
e given Mach number will have the highest ceiling, and at transonic

gpeeds the thrust coefficient of the Mach 2 aircraft will be about

4

six times as large as the zero lift drag coefficient, A Z5%

increase in Cp, changes the ceiling parameter Kert
Cp = Cpg

2 1/2%4; & 254 increase of Kege would change it by 11 1/24,

The above example shows that the lift drag-rise factor is
muach more important than the zero lift drag coefficient in its

effect on high altitude performance at of f=design Mach nmumbers.




¥e know. that at subsonic speeds the 1ift drag-fise factor can be
reduced by increasing aspect ratio and a comparison has been nade
of the performance of aircraft with unswept wings of aspect ratio
2,3 and b (see fig 9). Increasing the aspect ratio‘from 2 to b
increases the ceiling by 6,500 ft. at & Mach number of 1.0, The
thrust and weight penalties assccisted with increasing aspect ratio

are large; the aircraft with the aspect ratio & wing vould require

about -20% more thrust and would be about 15% heavier than that

with the aspect ratio 2 wing, If the thrust of the aspect ratio
2 aireraeft were increased by 20% the ceiling would beinecrescsed by
2,500 ft, at ¥ = 2,0 and it s transonic and subsonic performance

would be roughly equal to that with aspect ratio 3.

Be CORCIUS TONS

This investigation has shown that from the viewpoint of
performance and efficiency there is little to choose between the
canard, tail aft and tailless configurations for an aircraft with
2 tgt level turn capability at ¥ = 2,0 at 60,000 feet. The highest
efficiency is found in & cenard with a wing loading of 55 1bs[sq.ft.
It would have an unswept wing with low aspsct ratio probably limited
by landing considerations to sbove 1,5 The tail aft alreraft
would be some 8% less efficlent than the canard anmd the tailless
aircraft, provided it has provision for moving the centre of gravity
in flight would be 6% less efficient than the canard,

From this it may be concluded that other considerations
resulting from the particular aircraft specification will almost

certainly determine the configuration to be selected,




SYMBOLS

lift

drag

normal force
lift on tailplane
drag of tailplane

normal force on tailplane

D

qST
.. AL
thrust coefficient —
q
trim drag coefficient
lift coefficient of aircraft less tail

zero lift drag coefficient

increment in a/c zero lift drag in terms of the tail area

CMO + (h-ho) CL.

pitching moment at zero lift for aircraft less tail
drag coefficient of control
lift on control/qS

lift on complete aircraft due to control deflection




SYMBOLS (Cont'd)

ACT,.
ACLW

lift drag-rise factor
effective lift drag-rise factor

3Cy,

D o<

o8

dCy, less tail
Q cc

aCLT

aOCT

centre of gravity location

aerodynamic centre

centre of elevator lift

area of control

area of tail

area of wing

wing aspect ratio

wing aerodynamic mean chord

distance from 1/2 chord point of tail to c.g. of aircraft
distance from 1/2 chord point of tail to h_
Mach number

weight of aircraft

ambient pressure

load factor

induced drag factor




SYMBOLS (Cont'd)

wing incidence

incidence of tail relative to wing chord
angle of downwash relative to wing chord
ratio of specific heats

control angle

1/2 ev?




APPENDIX

Approximate methods for estimating trim drag

Tailless Aircraft

It can easily be shown that the theoretical drag of a two dimensional
airfoil at supersonic speeds can be expressed as
+9CD 2 ,0Cp 62, 9CD _ ,80c
doc2  3(8ie)2  d(Buc)’

CD = CDO

and the equation will have the same form in the three dimensional case.

The drag of the control surface of a two dimensional wing in an inviscid
flow is equal to the component of the normal force on the control in the flight

direction i. e.
ACp,  =ACy, (§+0¢) cos @

and & Cp =9CL (6+OC)2 cos 6

38

therefore acD = 0CL cos 0
32 ad

In the three dimensional case

ACp,. =ODCLc ACLW(6+O<) cos 8
BC;

where A}CLC is the lift coefficient of the load on the control andACLW

is the lift coefficient of the load on the control plus any load induced on the wing
by control deflection.

=ACL
AcCy

where KZ

and K, can be estimated by linearised wing theory.

It is sometimes convenient to re-arrange eqn (1) by substituting for

from eqn (2) and for ¢< from the lift equation

a, o+ a2<5




we then have
o
3 IS 1 2K £ K 1
: 2 (2, 8) + [—2 2C a,6—(3)

(@
Loy + s
ay el A

CD = CDO a5 -
enA Aa e?fA aq

The first two terms in the above equation represent the zero lift drag
coefficient and the conventional induced drag and what remains we define as the
trimming drag coefficient Cp;-

The pitching moment due to the controls at constant lift coefficient is

(ho - h§) 2,6 = CM6 and substituting for aaé in equation (3) gives
2
51% [k _ 1 )cMéch

a, elA | (hy-hg)

Cp - K, _2Ka' 1Cm| [Cm
t - e = t
ap a, elTA hy-hg

{

and in trimmed flight - C48 = Cpy + (h-hg)Cr,
if’ Cp, - 0 equation (4) becomes
2
1 <
CDt:_Ki-ﬁ-{- th CL2+
asz a, eTTA hy-hg

At Mach numbers greater than about 1.9
K, |h-hy |2
ay |hg-hg

Tail Aft Aircraft

The aerodynamic incidence of the tail =ec+eCy -& and its incidence

relative to the flight path = ef+ecp
If we assume the resultant force on the tail is normal to the chord and

that Cp==Cp p the drag coefficient of the tail is

Cpr :CDOT +CLp (oc+ocT)
The tail lift coefficient can be expressed as
CLT =ap (°C+OCT -€)
and substituting foroct+ec in eqn (1) we get

CL
aqp A

CrLt dE&
- —og|— (2)

CD = CD + CL
i - i am doc

The lift coefficient of the aircraft less tail CLy =2c% and substituting for ot

CLt dg CLW

in eqn (2) gives

a

Cpr = Cpop + CL7p (
a
T




The drag coefficient of the aircraft less tail
Cp=C Kr @ 2
D = Cpo T Bw Lw

and the drag coefficient of the complete aircraft is then

- ST 2 CLt de& Cp
CD-CDO+CDOT;—-+ KWCLW + CL‘T Lo TLIRR

ar doc
The lift coefficient of the complete aircraft
St

CL = CI—‘W + CLT—
S

and substituting for CL in eqn (3) and re-arranging gives

ST 2({st\2[{ 1 s d€ 1
Cp =Cp,* CDOT_S_+K cL +CrLp|l—] ==+ Kgt— =

S arp ST —do« a

S dé @
- CpLp— [2K,Cp+— L)
S ~ doc a

The pitching moment coefficient of the complete aircraft
. fr . s
CM = CM, + (h-hg) Cp -— C T_E
c

and substituting for Cp,, from eqn (4) and re-arranging gives

- 2o S
CM = CMoHh-ho)Cp, - —= _Sl Eqp
(o]

. . So_ € E

In trimmed flight CLT_E— . (CMO + (h—h \ _C_ M
S 2o /

and if we substitute for CLT-S—'I; in eqn (5) and re-arrange then

S
ST = c\2 11 s - de 1
Cp =Cpot+CDer— + (—C- CM) (_ i —)

S %o ap St de a

— de C
G (ZK o) rae _L)
20 deg a

it CMO = 0 then

ST [ 511 8 de 1 de 1 i 2
Cp= CD°+CDOT?+LX = _S_+ Kw+d—-— -X ZKW+£;_ +Ko| €1,
aT T a g a

where X = (h-hg) €
pO

£
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