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Theory of Aerofoil Spoilers
L. C. jVOODS

(New Zealand Scientific Defence Corps,
at present seconded to the Aerodynamics Division of the N.P.L.)

Reports and Memoranda No. 2969
May, 1953

Summary.—A mathematical theory of aerofoil spoilers} in two-dimensional subsonic flow is presented. Equations
are given for load distributions, lift, drag, moments and hinge moments produced by spoiler-flap combinations. The
theory is developed for a spoiler in a general position but the trailing-edge spoiler receives special attention. For this
important case the theory gives good agreement with experiment, but in the more general case, because of uncertainty
about the pressure distribution on the aerofoil to the rear of the spoiler, the agreement is not as good.

NOTATION
(%, v) The physical plane
2 = x+wi=4(—1)
n, S Distances measured normal to and along a streamline respectively
(g, 0) Velocity vector in polar co-ordinates '
P, Po Local and stagnation densities respectively |
® As a suffix to denote values at infinity
U = ¢
M Local Mach number
o= (LM
(¢, v) Plane of equipotentials (¢ = constant) and streamlines (p = constant),
where :
qu:gdS,dw:Z—gd% L (1)
0
b0, P1 Values of ¢ at the points of flow separation A and G (Fig. 1)
7 Defined by -
q
r:Jyﬁd(ngUlq) e .. . .. .. (2)
¢=U

1 Projections on the aerofoil surface causing flow separation.
Published with permission of the Director of the National Physical Laboratory.
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NOTATION—continued

Defined by~ f— 17 + 40 L (3)
Po '

IT) T = - . . .o . .. .. 4

m=p" @)

» " W= -+ m,p .. .. .. .. .. (5

y sin%}»:\—\;ﬁ . e e (6)

" " da = (Ve + V)2 .. . - .. (7)
Elliptic co-ordinates defined by

w = 4a (1 sinh 1 4 sin 41)% ¢ =5 + 4y, . (8)

so that the aerofoil surface is 4 = 0, and the fr.ont sfa{gnatiéﬁ point is
atn =0,y = 1. (See Fig. 1b)

‘(]5 — $.)[3pU? the pressure coefficient

Pressure coefficients on the aerofoil due to (i) aerofoil alone, (ii) the
portion of the wake behind the #railing edge alone, and (iii) spoiler-flap
combination alone, respectively ; thus the total-pressure coefficient on
the aerofoil is

Co=CpotCoot+Coe oo e e )

The value of C,, on the aerofoil behind the spoiler

The change in the pressure coefficient at the trailing edge due to a trailing
edge spoiler

Jump in C, across the aerofoil surface, or load coefficient
Lift and drag coefficients
Moment total coefficient about leading edge and hinge-moment coefficient

Absolute incidence (measured from no-lift position) and incidence of the
front part of the chord respectively

Chord length
Spoiler height

Deflection angles of flap and spoiler respectively

The flap chord

$1/bo

Boundary-layer displacement thickness occurring at the spoiler position
when 4 = 0, 7.e., the spoiler is absent

Isdefinedby e = 2&,/x(1+4.) .. .. .. .. .. (10)

As a suffix to denote values when the incidence, flap deflection, and
spoiler height are all zero,
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1. Imtroduction.—In view of the present interest in the use of spoilers as control devices—
either alone® or in conjunction with flaps®>—a mathematical account of the effect of these spoilers
on 4C,, C;, Cp, C, and Cy is of some practical value. The calculations of these quantities given
in this report are based on an extension of the Helmholtz theory of infinite constant-pressure
wakes in incompressible flow to infinite varying-pressure wakes in subsonic compressible flow,
recently developed by the author!. The Helmholtz constant-pressure wake is physically un-
realistic in that with increasing distance downstream the displacement thickness of the wake
tends to infinity, whereas of course it should be constant and equal to ¢Cp/2 (Ref. 5).

One of the difficulties with separating flows is the problem of determining how the pressure
varies in the wake behind the separation points. The possibility of flow reattachment behind
the spoiler (in the interval BG in Fig. la,) which is likely with small spoilers, particularly when
the flap is deflected in the same direction as the spoiler, complicates matters. Fortunately, in
the important case of trailing-edge spoilers, this difficulty is unimportant as the wake pressure
makes no contribution to the chordwise loading.

To fix ideas consider the case shown in Fig. la. The flow is assumed to separate at points A
(the end of the spoiler) and G (usually, but not necessarily, the trailing edge). The front stag-
nation point is at D, and the shaded surface ABCDEFG can be conveniently termed the ‘ wetted
surface.” The pressures on the streamlines bounding the wake (shown dotted) must be deduced
from some plausible assumption. When this has been done the (mixed) boundary conditions are
that the shape of the wetted surface is known and the pressures along the separating streamlines
are known. For the chordwise pressure distribution behind spoilers we shall make the assumption
that the pressure change due to the spoiler is constant between the spoiler and the trailing edge,
i.e., that C,, is constant. Some experimental evidence supporting this -assumption appears in
section 5. In the wake downstream of the trailing edge it will be assumed that the pressure is the
same at opposite points on the separating streamlines. With this assumption it is obvious that
this portion of the wake contributes only a symmetrical term (C,,) to the pressure distribution
over the aerofoil, so that as far as 4C,, C;, C,, and Cy are concerned it can be ignored. A likely
law of variation of pressure along the streamlines bounding the wake downstream of the trailing
edge is discussed in the Appendix, where it is used.to determine the value of C,, due to a trailing-
edge spoiler. While this theory is in fair agreement with experiment it is relegated to the
Appendix because the symmetrical term C,, makes no contribution to lift and moments.

Now it has been shown'® that a good approximation to the differential equation of compressible
subsonic flow is obtained by putting m = m,,. Then we find that

o, 1o,
o9 " m? By

so that from (5), f is approximately an analytic function of w. From this result, it is shown in
Ref. 4 that :

_l_.

)

PRSI B NI % (A S B
f (&) = i0(— =) - Jy*z_ﬂlog cos Lo —40) a9 (y*)
cosh %¢ _wf ro(n* 7 (%) .
2m L | cosh {n* + ¢sinh §£ T Cosh In* — {sinh 4¢ a, (11)

where 6(y*) is the flow direction on the wetted surface, and 7, (n*) and 7_(n*) are the values of
7 on the upper and lower edges of the wake respectively. The ¢-plane, in which this result is
calculated, is shown in Fig. 1b. :
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Suppose 0 is measured from an initial direction such that 6, = 0, then since by definition
(equation (2)) 7., = 0, it follows that f, = 0. From equations (8) and (11) it is found that this
result implies 4

J_G(y’*)dy*:f; (re —7)dn*. .. .. .. .. (12)
One final general equation required in the subsequent theory is (from equation (1))
, :
s - J @,
.

where S is the perimeter distance measured round the perimeter surface from A (see Fig. la).
On this surface (n = 0) equation (8) becomes

¢ = 4a(sin 3y — sin 44)?, .. .. .. .. . . (13)
so that the equation for S can be written
v ; .
% =J —2_] (sin 44 — sin y) cos 3y dy . .. . . . (14)

2. The Pressure Distribution due to a Spoiler-Flap Combination.—First consider the contri-
bution from the wake terms in (11) to the ¢ncrement f — f, due to the spoiler-flap combination
( fois the value of f when £ = /4 = o’ = 0). As discussed in the Introduction it will be assumed
that the pressure increment is constant on the separated streamline from A to G’ (Fig. la),
while the pressure on each streamline downstream from the trailing edge can be put equal to
its value at infinity without affecting the load distribution. Thus from (2) and Bernoulli’s
equation we can write

_ — K, (0<n< —#)
oy = k>0, .. (15)

7. =0, 0<9p<— «

where K is independent of 7, and % is the value of — # on y = — 4= opposite the trailing edge.
K is a function of 4 which must clearly vanish when # = 0. From (8) on the separation streamlines
C:n—l——{_inzczn——znj

¢4 = 4a{cosh §n, + (— sin L1)}? | .. . .. .. (16)

with an obvious notation. At the trailing edge ¢, ==¢_, %, =0 and y_ = — %, so from (16)
we find that % is given approximately by

cosh 3k = 1 — 2sin 4 . O 0

Greater accuracy is scarcely’ justified here in view of the crudeness of (15). Substitution of (15)
into (11) yields

f—fo = i0(— ) — 04— ) *;lj log St ) 0 — )

yr=-=

— 21{ tan“l{tan tanh -

4 4

(18)

44

7w - 2L k} ,



It will be supposed in the following analysis that the non-separating flow about the aerofoil
for o' = & = b = 0, has already been calculated by one of the usual methodst, so that the
relation :

g = q(sfe),

s/c

~and hence ¢ = $(sfc) = CUJ %d(s/o) , .. .. . .. .v . .o (19

0

where s is the aerofoil perimeter distance measured from the front stagnation point, is known.
Now it will be assumed$ that the relation between ¢ and s remains effectively unchanged by
small values of &, &, K and o', so that the values of ¢, and ¢, together with the value of ¢ at the
hinge of the flap can be calculated from (19). Thus 2 and a can be determined from (6) and (7)
while 4, and 1, (the values of y at the hinge on the upper and lower surfaces respectively ; sece
Fig. 2) follows from (13).

The increments 8§ — 6, due to the flap and spoiler are shown in Fig. 2. They are as follows :
(i) the front stagnation point moves from E (y = 1,) to D (y = 1), thus reversing the flow direction
in 4 <y <2, ie., increasing 6 by = in this interval, (ii) the incidence reduces # by «’ in
— n < y < =, (iii) the flap deflection reduces 8 by £ in 1, <y <@, — & <'y < 4, and (iv) the
spoiler deflection reduces 8 by & in — # <y < —a + 4. Thus 6 — 6§, is a step function
with jumps in value as set out in the following Table §:

y.’—nl—n‘+zl~agt1“zolzsia
[
Jumpin 6 — 8, |— (&' + & + &) & ‘ 3 l 7 \ — = ! — & | d+ ¢
Substituting these discontinuities into equation (18) we find that
. sin }(4, 4 #¢) cos (4 — 2¢)
=l = log{cos (o — 12) sin 2(A + 42)
¢ o sin (A, + ¢¢) cos (A — #0)
7 cos (A, — ) sin 1(A;3 4 4¢)
& [sind( +it—m)) 2K . k
ﬂlo {cos 1 —ii—a) = tan~!<tan (= + () ’cemh4 , o (20
while from (11) the vanishing of this increment at infinity yields
p oy Sk € RK
2 +#n1+;(2n+12—-13)+(A—AO)—?:0. .. oo (21

+ The method of Ref. 6 would be particularly suitable.
.1 A similar assumption is made in Ref. 7, where it is discussed in detail.

§ When the spoiler coincides with or is in front of the hinge A, must be given the value — 7 throughout the following
theory. If the spoiler is on the upper surface of the aerofoil it is only necessary to change the signs of C;, C,, and Cyg
in the following theory. ) ’ o '

o
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‘On the wetted surface (20) becomes
sin (4, — y

o, i ) c
T = 108 | Cos 1(2y - y) sin

& sin (1, — y) cos £(4; 4 ¥)
7 oS (A, + ) sin (4, ——y)‘

& sin (A4, —y — @)
7 log cos (A, + y — 7)
— 27K tan~! {tan (= — y) tanh Lk} oo .. .. .. (22)A

In section 3 2, will be shown to be a simple function of %, which vanishes when # = 0. The
numbers o/, /11 & and K will be assumed to be of order ¢, say, where # is a small number of the

first order ; terms O(#) will be neglected.” If 2 — 4, = ¢ it follows from (21) that ¢ will also
be O(t ). .

Substltutmg Ay =4 — ¢ in (22) and regarding 6 as an independent Varlable temporarily
replacing o', we find that

og 9gor q cos %y

a6 ards  28sinf(d —8) —sindy’

since from (2) dg/dr = — g/p. Henceatd =é =4, =K =0;

cos 4y
Zﬁo sin 44 — sin 4y~

£igo  cOSdy
Similarly (N)o 27, 1 4 sin 4y

(), ==

% 290 —1 _ 1
and <8K oy tan~* {tan (= — y) tanh &} .

sin }(2, — ) cos (s + ¥)
cos (A, + ) sin +(A; — y)

2

Thus, using (21) to eliminate 5, we have to first order

i My e K| sl
9—90[1 ﬂo{ T —I_( + >n—2n}sin%2—sin%y

sin #{A; — y).cos +(4; 4 ¥)
cos {4 + v) sin (4 — V)1

A, cos gy £

2B 1 - sin 4y + Bom ‘Og

0

2K | Lk
+ -y tan"l{tan (m — y) tanh AIH ,

an expansion which is plainly not valid in the immediate neighbourhoods of y = — =, 4, 1,
and A,. ,
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In order to make further algebraic progress it is now necessary to restrict the aerofoil thickness
to be O(t), from which it follows that ‘

WU=1400), 6=00, h=F.+00 .. - .. . (2
and K = —18.C,.(1 +0@), Ce e e e e (24)

where C,, is the constant value of C,, on the aerofoil behind the spoiler position. From (23),
(24) and the expansion for ¢ we deduce that the increment to the pressure coefficient is

IS U PN ¥ ’ & RBuCyo cos Ly
Co— Cpe=Cou t ﬁw{z“ e @ ) T T G — sin by
n E Ay cosdy 2& 1 sin (A, — ) cos (4 + ¥) ’

B 1 4 sin 3y - /30.7 8| cos 1A + y) sin $(As — v)

+ %‘“’ tan~* {tan }(z — y) tanh k/4} . . . . .o (25)

Equations (23) permit us to write ¢ = Ux + O(/) and ¢, = Uc -4 O(¢), where x is the distance
measured along the chord from the leading edge. Equations (6) and (7) can then be written in
the approximate forms

. E, — 1 |

, Sln%—}.:,\,\;—fEl—‘—lﬁl . Ve - . . N . . (26)

and Gf‘—) — L1 + 4/ E) (27)
Uc h— 4 1 3 .« . * . » a a« . r- - . . s .

where the spoiler is at x = E,c. Similarly equation (13) can be written in the approximate form

L 2 .
sm%«y:iI—K—(j—/gl—l—sm%A . . S .. .. .. (28)

where the positive and negative signs apply to the upper (y > 1) and lower (y < 1) surfaces
respectively. From (28) it follows that the values A, and 4, defining the hinge position must

satisfy
sin 44, 4+ sin 41, = Z2sin 4 , .. .. .. .. e (29)

since the value of x,{(1 — E)c} is the same on both surfaces.

Thus the quantities 4, &, 2, and 1, appearing in (25) can be calculated from (26), (17), (28) and
(29), while 1, is related to the spoiler height by equation (36) below. The numbers C,, and Cy,
still Temain to be assigned in (25). As C,, is symmetrical across the aerofoil surface, 4C,, = 0,
so that it can be ignored when (25) is employed to calculate load distributions, forces and
moments. An equation for C,, in the case of the trailing-edge spoiler is developed in the Appendix.
In the absence of any theory on the pressure increment behind spoilers C,, must be assigned from
experiment. However, if further experimentation reveals that the simple assumption about this
pressure embodied in equation (15) can be improved then, with the aid of (11), there would be

no difficulty in modifying the basic result (25) for the pressure increment. An example given in
section 5 shows that the assumption (15) is of some value. :
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In the particular case of a trailing edge spoiler, 4, 2 = 0, and from (29), — 4y = A3=1,
say, so that (25) reduces to ‘

1 A EA
Co— Cho=— F{Za' + %‘z‘l + 2@ — 4 )S}Cot v + ‘31; 1= sin 1y —Cl—oi,;lyz}z
28 | sin 3, + 7) o
o B lo sin (l — y) + 1+ bcos 27; ’ (30)

where the wake contribution, calculated in the Appendix has been included. It will be noted
that in #his case the pressure distributions due to incidence and flap deflection are the same as
those obtained by the classical theory®}. This is not true for other spoiler positions since the
spoiler has the additional affect of cancelling out the effectiveness of part of the aerofoil and
flap, and thus reducing their efficiency as lifting surfaces.

The load distribution for a trailing-edge spoiler can be calculated quite simply, since from (28),
+/(#[c) = sin (4 3y), so that 4C,= C,(y) — Cy(— »). Thus from (30) it follows that the contri-
bution to the loadmg due to the spoﬂer alone is ‘

A
% cosec y . . .. . . . .. (31)

4
aC, =~

3. The Spoiler Height.—It is convenient at this stage to establish the relation between 1,
and 4. From (14) and the definition of A, we have

-+ )
}ZZ J o (sin 31 — sin 1) cos by dp L 3

4

In the interval — = < y < — = + 4, equation (22) can be written approximately

q
&y Ay Y 7T :
dlogUlg) = — = 1o — K, .. e .. .. 33
Lvﬁ(g /) S (33)
since 4, << << 4, 45, and 3, === 4. In the range of 1ntegrat1on of (32) g varies fromQaty = — & 4 4,
to U +4- O(f)f at y = — =, so that an average value of # in the range is approximately 3(1 + f).

To make analytic progress at this point it is necessary to replace g in (33) by this average value.
This enables us to write

——~<Zl+t> <t<

where ¢ = & - y, ¢, is the velocity at the point of flow separation ¢ = 0, and e is defined by equa-
tion (10). This result and the fact that 4, is small allows (32) to be written

J (Z 1 T t) + sin 1l)t dat ;

therefore from (26) and (27)

hle = Pol(B, + /E) J(”) ay .

- % See also the extension of Glauert’s theory to thick aerofoils in compressible flow given in Ref. 7.

1 Admittedly not true for large spoiler heights but this assumption does permit an average value of §in the range
to be assigned.
8



_ 2he g
Hence AI_FN/{El—l—\/ElU}’ - . - . Cl .. (34)

1 i 4 R —1/2
where F = {%J (1__Qj> ¥ dy} .
. Y

The function F(s) is set out in the following table, which was established by numerical integration.

I \
0 | 0-1 0-2 ‘ 0-3 0-4 l 0-5 0-6 0-7 0-8 0-9 \ 1-0

|
1-423 1-238[1-058 0-883 | 0-709 | 0-534 0-347’ 0

|

For a spoiler at right-angles to the aerofoil surface in incompressible flow

8
e =13 andF:\/<4+n>.

Two complications must be considered at this point. Referring to Fig. 3 they are (i) the
spoiler causes flow separation to occur at some point E in front of B, and (ii) since the boundary-
layer displacement thickness will be less at G than at B with the spoiler absent (6%), the effective
spoiler height, /%, must be less than 4. When s >> % it seems reasonable to write 4 = 4 — 6%,
and to replace % by % in (34). When /% and 6* are about the same size, or when & < 6%, 7 will
be a complicated function of %, 6* and the Reynolds number.. However the following empirical
rule, which the author has found to be in moderate agreement with the available experimental
data may be of some value. It is that

 h—%, (2% < B ,
= PR ¢ )
A6k, (0 < h < 20%),

F| 2:000 | 1-807 | 1-612

and equation (34) is replaced byt

2hfc A
AI—F/\/{El—l_'\/EIﬁ . .. .. . .. .. . (36)
The value of 6%/c at the trailing edge is approximately® ‘
¥ HoUN?
—E:Z<§¢> Cpo, . . .. . . .. . (37)

where g, is the velocity at the trailing edge when the spoiler is absent and H is the ratio of the
momentum to the displacement thickness of the boundary layer. It is probably sufficient for
our present application to assume that H = 1-4 and §* grows linearly along the aerofoil chord.
If the value of g, is not available, then 6*/c = C,,/2 is probably a fair approximation to (37).

There seems to be no easy way to allow for the flow separation in front of the spoiler, but
the success of equations (35) and (36) in predicting experimental results (see section (5)) suggests
that it is of little importance.

It should be realized that the difficulties mentioned above are significant only in affecting the
relation between 4; and % ; they will have negligible effect on the law of load distribution.

+ For hjc < 0-02, say, ¢,/U can be replaced by unity in (36), with little resulting error.
9



4.1. The Forces and Moments Acting on the Aerofoil.—4.1. The Lift—The lift coefficient
is glven by

c

CL:——}fcpcos()ds

= _—ij;(cps+ Cypo) cOs 0 ds |

from (10) and the symmetry of C,,, and where the contour integral is taken round the aerofoil
surface. Since it has been assumed that C,, = C,,in E;¢ < x < c on the lower surface, then with
the aid of (13) we have

C,— CLO = (1 — E)C,, <~M>J — ¢0s 0C,(sin §y — sin $4) cos Ly dy .
From (17), (23), (25), (26), (27) and (29) we find that |
C, __(4@){0( + o+ (1 + sin 13 —sin%)}

4 .
+<—U—‘D(k/2+smh/e/2)cpg, O £ <)
where — a, is the no-lift angle, and. terms O(#*) have been ignored;

From this result and equation (27) we have that, in the standard notation

=5 (14 A/E1) e,

y

al:%(l —I-- '\/E‘l)2 Fo . .. .. . (39)

Ay — A . Ay — A
ay == 0l1<1 __*3_2__2_’_ Slll.izf?) J

while the contribution to C, due to the spoiler alone is

) f .k
Coo= P (WE A+ E) 4 M0+ VES (G- sh ) G 0
In the case of the trailing-edge spoiler, 2 = 2 =0,and — 4, = A; = 1,, so that (38) reduces to
_ 2 (e[, bh f - |
=5 (Uc) {oc + oy + . + - (m — 4, + sin lm)} , .. .. (41)

of which the incidence and flap-deflection terms are standard results’.

4.2. The Drag.—The increment to the drag coefficient due to the spoiler is
Cp— Cpy= ;1 jE (Cp — Cho) sin 0 ds .
Except on the spoiler surface both ¢ and C, — C,p are O(f). Hence, ignoring terms O(#*) we can
write .
ey
sin ¢ dsd : K
Cp — Cpo— CIJ CP—«—?—(/jdy. N 7.

10




From (42) and (13) -

W [ |
Cp — Cpo =sin & (ﬁi) [ (g — %) (sin §y — sin $4) cos 3y dy .

With the same analysis as used in section 3 to calculate /4 we can reduce this to

4a '\ sin &, . '
Cp — Cpo = m(£4,)? (Fi) o (L sind)
i.e., from (26), (27) and (36), '
| ., Sin & A
Cp — Coo = m(eF)* Z— - (43)

From this result it appears that the drag increment is independent of the spoiler position, but
clearly the width of the wake will increase as the spoiler moves forward from the trailing edge.
An obvious, but empirical rule would be to replace % in (43) by (4 + &) where /, is defined in
Fig. 4. Some experimental justification of this is given in section 3. .

4.3. The Moment about the Leading Edge.—The moment coefficient about the leading edge is

_ 1 Y ds d¢
C,,,—C§<Ccose—l—csm6> quded”'

From (13) and (23) it is found that the increment to the moment coefficient is given by
. ) n
C,— Cuo= (%%) J Cy, (sin y — sin $4)° cos 4y dy — (1 — EANC,, + 0@ .

Hence from (17), (25) and (29)
x [ da\
C, = — E(ﬁi) {(1 + 4 sin® 14) (o' + o)

28,2,
7

+ (1 + sin 34)(2 sin® $2 4 2sin 34 + 1)

T QE_ [(sin 4, — sin 4g)(1 - sin 4, sin 44,)
TJT .

+ 4sin (A3 — 4,) + 2 cos 44, sin® 34,

— 208 45 8in® 34, + (27 + yo — Ag)(1 + 4 sin® %y)]}

__C?‘T ﬁ;

2
| 4“) {%(1 4 4 sin® 12)(% - 2 sinh LA)
+ 4sin 2 (1 — sin 32)* + % sinh 4k (1 — sin %z)}

4a\ . |
_—|—4C¢,d<ﬁi>51n%l. )
1

1



For the trailing-edge spoiler 4 = & = 0, — 4, = 4; = 1, and (44) reduces to

z (4a\ [ 284, | £ . .
sz_%‘; Uc) {oc—{—ao_{_ ;1+;[s1n-l,,,(1—cgslm)—l—sml,n—}—az—l,,,]} .. (45)

of which the incidence and ﬂap-deﬂéction terms were given in Ref. 7. It is to be noted that, for
a trailing-edge spoiler (41), (45) and (27) yield

L Q) _
CL al =qp=£=0

i.e., the centre of pressure due to the spoiler is at the mid-chord point. It is thus possible to reduce
considerably the centre of pressure movement normally experienced in the transonic range by
obtaining lift at subsonic speeds mainly from a trailing-edge spoiler, and gradually retracting
the spoiler and increasing incidence as supersonic speeds are achieved.

(S

2

4.4. Hinge Moments.—It is easily verified that the equation

' Aa 7
4 1 ) 4 . .
CH — CHO = (f]%) fz (J_ + Jl )C?s [(ﬁi) (Sln %’)’ — Sl %2)2 — 1 + Ej'
X

(sin ¥y — sin §4) cos § 4 dy

—3C,o (1 — E)(2E — 1 + E)),
enables the hinge-moment coefficient to be calculated for any gen'eral spoiler position. As the

expression for Cg is rather long in the general case, we shall be content to calculate C for a
trailing-edge spoiler. In this case ‘

2 ~ % J
CH = CHO + <%> ZLZZE (J + ‘[ )Cps (Sinz %7 - Sil’lz %lm) Sil’l Y d?’ ’
—n Ym .

LI |
Cyp=Cyxo— <£%> 5B {[sin A (1 — Fcosl,) 4+ (w — 2,)(cos 4, — )] (e’ 4 )

o £
+ [sin i, + (= — 4,) cos 4, Sils
T

hence

+ [(z — 4,) sin 4,, 4+ §sin®*4,, — (3 — cos 4,) (% — 4,,)% é} , .. (46)
14
where the terms in «’ and & were given in Ref. 7.

Equations (41) arid (46) permit an interesting comparison to be made between the spoiler and

flap when used separately as lift-producing devices. From (41) a spoiler will produce the same
lift as a flap provided ' ' .

&A= f(ﬂ — A+ sin }‘m) ) .
when from (46) the moments about the ﬂap‘ hinge due to spoiler and flap will be in the ratio

,C o - [sin 4,, + (= — A,) cos 4,,][# — A, + sin 4,]
T = B s it — (= eos A)m — A"

12
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the suffixes , and ; denoting flap hinge moment due to ‘ spoiler * and * flap’ respectively. From
(28) and the definitions of £ and 4,, we find cos ,, = 1 — 2F, so that the following table is easily

derived :

E 0-1 02 | 03 | 0-4

lCHs/CHf 3-81 | 3-63 3-44 3-26

This table illustrates one of the disadvantages of the use of spoilers on aerofoils with flaps, namely
that the lift is obtained at the expense of large hinge moments. This disadvantage is mentioned

in Refs. 1 and 2.

5. Comparison with Experiment—With the exception of Fig. 8d the experimental results
appearing in Figs. 6 to 10 have been selected from a wide range of experimental results on
spoilers recently obtained in the Aerodynamics Division of the National Physical Laboratory

as part of the programme mentioned in Ref. 1.-

Figs. 6a to 6d show theoretical and experimental load distributions for aerofoil RAE 102°
(4 symmetrical aerofoil, 10 per cent thick) fitted with trailing-edge spoilers. The theoretical
curves were obtained from equations (31) and (36). Consider for example the curve shown in
Fig. 6a for & = 0-019c. We have the following data:

o =0, M,=04 &=ua/2 hlc=0-019 E =1, Cp=1-01,

%~ .
U_O 92,

the last two figures of which were obtained from an experiment on the aerofoil without a
spoiler. Hence, from (37), (35), (10) and (36)
5*/c = 0-005, hjc=0-014, &= 0-522
and (see footnote to equation (36))
A, = F(0-522)4/(0-014) == 0-120,

“on making use of the table relating ¥ and s. Thus from (31) 4C, = — 0-26 cosec y, which yields
the theoretical curve shown in the figure. The case shown in Fig. 6d merits some special attention
owing to relatively large spoiler height resulting in a large value of C, behind the spoiler.

For this case :
o =0 M,=0, &==a/2 hlc=008 E =1,
and as before

8*[c = 0-005.
Thus_from (36), 2, = F(0-5)4/(0-056 X q./U) .

Now the value of C, behind the spoiler is — 0-77 in this case, z.e., ¢:/U == 4/(1-77) = 1-33,
which cannot be ignored without incurring a 15 per cent error in 4,. We find 1, = 0-288, and so
from (81) 4C, = 0-58 cosec y, which is the curve shown in the figure. It is fair to conclude from
the seven examples shown in Fig. 6 that the theory is in good agreement with experiment.

In Figs. 7a and 7b the sncrements to the pressure coefficients due to both the spoiler and the
wake, i.e., C,s+ Cpy, are shown for the two examples -described in detail above. From (30)

§1_A1WCO1:%V | ij
 af,l-t+sindy 14 bcosdy o " - E (48)

13

C, — Cpo=



For the case shown in Fig. 7a, from the value of 4, calculated above and the experimental values
of C, (the change in C, at the trailing edge due to the presence of the spoiler) we have

cotgy . 0-356
14-sindy 14 5-78cosdy’ -
where the value b = 5-78 has been selected to make the equation yield the experimental value,
Cp — Cpo= —0-107, at y ==/2. An alternative and less empirical procedure is to. use equation
(55) to derive an approximate value of 5. We find in this way that b = 5-5, which is surprisingly

close to the experimental value. From a similar calculation for the case shown in Fig. 7b, (48)
becomes

Cp— Cpo= — 0-145
while (55) yields & = 4-9.

C,— Cpo= — 0-065

cotdy 0-92
I+singy 148515cosdy’

Figs. 8a to 8c show the variation of C,, C;, and C,, with Ajc for RAE 102 at M, = 0, fitted
with trailing-edge spoilers. The theoretical curves shown have been computed from equations
(41), (43) and (45), while the experimental values were obtained by direct measurement. Sosme
of the difference between experiment and theory is apparently due to experimental error, since
integration of the experimental loading in Fig. 6d yields the result indicated by a triangle in
Fig. 8a, which is 10 per cent larger than the value obtained by direct measurement. Fig. 8d
shows some experimental values for the change in the no-lift angle (measured in degrees) due
to a trailing-edge spoiler, given in Ref. 3. (The values given in Ref. 3 have been corrected for
‘zero gap’.) From (41) the theoretical value of this change is ’

S

A

se,if M, =0,and & = /2,
Aoy = 30-3 4/{(h — 6%)c} .

Now from curves given in Ref. 3, Cp,==0-016, therefore 6% == 0-008¢ ; the theoretical curve in
the figure follows from this value of 6* and the equation for Aa,.

Aoy = 57-3

The results so far discussed show that the theory of this paper provides a satisfactory explana-
tion of the effect of trailing-edge spoilers. It only remains to establish the relation between ke
and C,—empirically if necessary. From the experimental values of C, shown in Fig. 8c it appears
that the relation is approximately linear up to %4/c = 0-038. C, cannot, of course, exceed the
value which occurs behind a flat plate normal to the flow (about — 1-0) and this explains the
flattening out of the curve for large 4/c.

When the spoiler is not at the trailing edge one additional empirical constant enters into the
calculation of the load distribution and forces, namely C,,. The theoretical curve shownin F ig. 9
for a spoiler at x = 0-65¢ was calculated from (25) on the assumption that C,, = 0-24—a.value
selected to make the average value of 4C, in 0-65¢ < x < ¢ agree with the experimental average.
The agreement between theory and experiment in 0 < x < 0-65¢ is certainly some justification
of the procedure-—although it is probable that the assumption, C,, = constant in 0-65¢ < » < ¢,
on the lower surface, could be improved on ; perhaps the empirical element could be eliminated
completely.

The curves given in Fig. 10 clearly show the superiority of the trailing-edge spoiler—it yields
the maximum lift for the minimum drag. The lift-coefficient curve was calculated from equation
(40) on the assumption that C,, remained equal to — 0-24 for all values of Ec, while the drag-
coefficient curve was calculated from (43) on the assumption that % is replaced by %+ A, as -
described in section 4-27. .

1 Values of 4, were obtained from the acrofoil co-ordinates given in Ref, 9.
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The figure of — 0-24 was obtained from the experimental results E; = 0-65. These assump-
tions are of course relatively crude, but nevertheless it appears from Fig. 10 that they have
heuristic value.

6. Further Applications of the Theory.—TFlow separation sometimes occurs when there are
no spoilers on the aerofoil surface. For example it may occur at the flap hinge on the upper
surface when the flap is deflected downwards, particularly if the hinge is badly designed or the
flap chord is quite small. This case is covered by the author’s theory by putting 2, = — = and
1, = 0. Equation (38) becomes for example o

@:2%&{1+v<1——E)}Z{oco'+a0+§<g—%+cos%>}
. , N
+ H{1+ /(1 — E)} Q—I—Smhﬁ Coo s
where from (26) and (29)
Ay 34/(1—E) —1
MY T VI —E)y+1

2 VI
On the assumption that C,, = 0, we-have

1 T —

7 7
az:%{l—‘—\/(l—E)}z{ 9 ‘+COS§}’

and hence the ratio of this value, of g, to the usual theoretical value, 4,7 say, (obtained from (39)),
with 4; = — 1, = 4,,) can be tabulated thus:

E 0

0-15 ) 0-25 | 0-35

6Z2/612T O' 500

0-490 ; 0-482 | 0-472

The importance of the theory of the trailing-edge spoiler is enhanced by the fact that it can
be considered as an alternative to the classical theory of flap-tab combinations. The boundary
layer requires little inducement to separate from the aerofoil near the trailing edge and provided
the value of E for the tab is small enough, say less than 0-1, then the tab would behave more
like a spoiler than a flap}. Some evidence supporting this view is that the average experimental
value' of a,/a.; does appear to approach 0-5 as E tends to zero. ‘

‘The author hopes to give a mathematical account of the effects of spoilers on the unsteady
characteristics of aerofoils in a later report. ‘

7. Acknowledgement —The author is pleased to acknowledge that his understanding of the effects
of aerofoil spoilers has been enhanced by several discussions o1l the subject with Mr. H. H. Pearcey
of the Aerodynamics Division, N.P.L.

I Attention was drawn in Ref, 1 to the possible signiﬁcance. of this at transonic speeds.

15



REFERENCES

No. Awuthor ' ‘ Title, etc.
1 H. H. Pearcey and R. C. Pankhurst .. Survey of progress in N.P.L. high-speed tunnel tests of spoilers on
‘ an aerofoil with 0-25¢ flap. A.R.C. 15,291. October, 1952,
: (Unpublished.)

2 H. H. Pearcey, .R. C. Pankhurst and Further results from N.P.L. high-speed tunnel tests of spoilers on
G. F. Lee. an aerofoil with 0-25¢ flap : Interim note on small spoilers on the
trailing edge of the deflected flap. A.R.C. 15,415. November, 1952,

(Unpublished.) :
3 H. Voepel .. .- .. . .. German wind-tunnel tests on trailing-edge spoilers at subsonic and

supersonic speeds. R.A.E. Tech. Note Aero. 2214. A.R.C. 15,449.
November, 1952. (Unpublished.)

4 L. C. Woods .. .. .. .. Two-dimensional flow of a compressible fluid past given curved

obstacles with infinite wakes. Proc. Roy. Soc. A, Vol. 227,
pp. 367-386, 1955.

5 M. B. Squire and A. D. Young .. The calculation of the profile drag of aerofoils. R. & M. 1838.
, November, 1937.
6 L. C. Woods .. .. .. .. The application of the polygon method to the calculation of the

compressible subsonic flow round two-dimensional profiles.
C.P.115. June, 1952. ’

7 L. C. Woods - .. .. .. The theory of aerofoils with hinged flaps in two-dimensional com-
pressible flow. C.P. 138. August, 1952.

8 H. Glauert . .. .. .. Theoretical relationships for an aerofoil with a hinged flap. R. & M.
1095. April, 1927. _

9 R. C. Pankhurst and H. B. Squire .. Calculated pressure distributions for the R.A.E. 100-104 aerofoil

sections. C.P.80. March, 1950.
10 L. W. Bryant, A. S. Halliday and A. S. Two-dimensional control characteristics. R. & M. 2730. March, 1950.

Batson. :

11 P. S. Pusey and Miss C. M. Tracey .. Low-speed tunnel tests on a 10 per cent thick R.A.E. 102 two-
dimensional aerofoil fitted with various spoilers. (To be issued
as N.P.L. Report.)

12 Th. von Kérmén .. . .. Compressibility effects in aerodynamics. [J. dero Sci., Vol. 8, p. 337.

. July, 1941.
APPENDIX

The Wake Contribution to the Pressuve Disﬁibwfion "
the Case of a Trarling-edge Spoiler

When the spoiler is at the trailing edge, ¢, = ¢, : thus from (6), (7) and (8), 4 = 0, ¢, = 4a, and
w = — 4a sinh® }¢.
On each of the separation streamlines bounding the wake, { = % 4 4» and
¢ = 4a cosh® 1y . .. . (50)

As stated in the Introduction it will be assumed that the pressure, and hence 7, is the same on
each side of the wake, 7.e., v, = »_. Now it is reasonable to assume that some distance down-
stream of the spoiler the separation streamlines remain a constant distance apart, ¢.e., the
displacement thickness of the wake is constant®. Under these conditions the functions 7, and #_
must be inversely proportional to the value of ¢, for consider the flow over the step of length %
shown in Fig. 5. For this case a simple application of an equation given in Ref. 6 yields

_ G et
7(¢) = —log s T t/, (51)
whence for large ¢, 7, = — 264, (52)
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From this result and equation (50), 7, (»*) must be of the form.

— K
* — _
7:& (77 ) 1 bz Sinha %7]* H) (53)

where K and b are constants. Substitution of (53) in equation (11) yields that the contribution
of the wake to fis

Rt S
“ 1+ bcosht’
and in particular the increment to C, on the aerofoil surface from this wake term is
— 2K

Bou(l + beosdy)’
or from an equation similar to (24)
N S
1+ bcosiy’

Cow =
Chu (54)

where C, is the change in the pressure coefficient at the trailing edge due to the spoiler.

It is possible to find an approximate equation for the constant b as follows. From (2) and (51)

U t— ¢ &unB

= P ’ —1 < < t:
FENEY i
¢
i £ — $\oeo
h hU = — d
ence / J_,G T4 ¢
, T wp, sin (61/f)
i.e. (52) can be written
_ hU B sin (&4/B)

Ty = —" s -
Comparing this result with (50) and (53) we have
4aK  hUB, sin (61/8)

b2 7 ;

i.e. from (24) and (27),

| - |
b=1/\/{§%s—i(rl_(—fl—cfg—“”}. U

Thus b depends essentially on the ratio (4/c) /C,, which has been found experimentally to be
approximately constant for 4jc < 0-03. (See discussion on this point in section 5.) Thus we
should expect b to be approximately constant when #/¢ < 0-03.
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