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obtain a correlation of available experimental data on hinge moment cwkre 

slope, (dCri/dv > , and to compare :he experimental values v:ith theoretical 
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Tne effects 02 varying control aspect ratio, thickness chord ratio, 
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1 INTRCfDUCTION 

A large amount of experimental data on trailing edge control hinge 
moments at supersonic and transonic sFeeds has accumulated during recent 
years. Although in several cases the individual experimental data have been 
compared with tineoretical estimates, a much better understanding can often 
be obtained by a more comprehensive analysis covering a wider range of 
experimental configurations. 

5 Using similarity parameters a correlation 0 f the available experimental 
data is attempted here, and the effects of control aspect ratio, thickness 

6 
i4 chord ratio, b&y interference, hinge line location, and trailing edge thick- 

ness are examined. 

At transonic speeds an approximate theory is dcyelopcd for dC&/dq of a 
rectangular control, based on the transonic small perturbation theory solution 

for the flow over a two dimensional wing of double-v&gc profile. A comparison 
is made bet-<rel=n the experimental data and this theory at transonic speeds, and 
with existing linear theory at supersonic speeds, in order to detcrmino the 

* 
range of applicability of theoretical m&hods, and to obtain a msthcd of 
extrapolating the data to conPigurations outside the rango of oxisting 
measurements. 

"> 
2 CHOICE OF DATA 

A complete list of all configurations analysed in this report is given 
in Table 1. This shows in some detail all relevant gcometrioal properties of 
the wings and controls, in addition to giving the refcrcnce number of the 
data, the Reynolds number 02 the tests, and brief details of the expcrimcntal 
technique used. 1 

Although some hinge moment measurcmcnts made on a frac flight model have 
been included in the analysis, most of thti data is of wind tunnel origin and 
includes measurements made using most of the standard testing techniques, 

viz. sting mounted models and half models mounted on reflection plates over 
the entire speed range, with thi: addition of the "transonic bump" tcchniquc' 

at transonic speeds. 

. In all cases the hinge moments have been measured directly using 
internal strain gauge balances located cithzr in ths wing along the hinge 
line; or alternatively, within the body of a wing-body combination, or 

beneath a reflection plate or bump surface. 

Measurements of control hinge moments on a two-dimensional wing of 

circular-arc section by Czarnecki and i4neller2, have shown the im-portance 
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of fixing boundary layer transition at low Reynolds nunibers at supersonic 
speeds. At a Reynolds nurriber of ,06 based on wing chord, tra-nsition did not 

occur naturally, and measured values of dC Jdq at h - zero q were much lower 
than those measured with transition artificially fixed. In view of tlhis 
result, it would have been logical to select data for analysis There either 

boundary-layer transition had been artificially fixed, or alternatively,. 
where the Reynolds nuniber l*?as sufficiently large for natural transition to 
have taken place ahead of the control. However, due to the small amount of 
data available, it has been necessary to include in the present analysis data 
which had been obtained under conditions of natural transition, vrith.no 
record of where transition had occurred. Although some of these measurements 
with natural transition were ob"tiined at ikynolds numbers (based on wing root 
chord) as low as 2,2 x 106, the majority 0: the results were obLained at 
Reynolds numbers o? 5 x ,06 and above. 

Not all the available data has been included in the folloi~5ng analysis. 
Some showed large amounts 04 scattcrbeti~cen repeat tests on the same . 
configuration, and was rejected on ,grounds of accuracy. Although controls of 
near rectangular planform have been included in the analysis, e.g. 

rectangular controls with raked tips, in some cases controls were considered 

to deviate too much from a rectangular shape and the data mere not used. 

Similarly, data for controls having discontinuitics in their profile shape 
(other than double-wedge profila) have becn ignored. In some casos of 

rectangular controls the control geometry was so complicated that the data 

could not be conveniently analysed, e.g, the individual effects of aspect 
ratio, hings linz location, bingo line thickness, and,trailing cdgc thick- 
ness could not be identified. In the case of outboard, part span controls 
on reflection plate mounted wings at transonic speeds, it v{as often difficult 
to determine the effect the rcflcction plate had on the oontrol ihinge momtints, 

i..e; the control was neither so far away from the rcflzction Plato that its 
effect could be ignored, nor was it so close,to the raPlection plate that the 
control aspect ratio was effectively doubled. In casts like this the data 

were rejected. 

3 ?d?i'HOiJ OF ,Q'NLYSIS OF DATA 

The analysis was restricted to rectangular and near rectangular controls, 
with less tiian IO0 of leading 

hinge line parallel or nearly 
ard trailing edgo s~cp (Fig.l), and with the 
parallel to the control'leading edge, 

control was doi"incd as The aspect ratio of the 

i ’ 

‘-3 
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where b is the control swan and S is the control area. In the case of a 

control mounted on a reflection plane or on an axis. of symmetry of a circular 
cp6ss section body, the aspect ratio of the control was assumed to be twice 
that of the exposed panel. 

Fig.2 illustrates the definition of control span (b) used in the 
analysis. In the case of a control mounted on a body, a gross semi-span (s) 
which includes the body radius was defined, 

b 
S = y+r. 

A control whose span is identical to the wing has 'free' tips or side edges, 
whereas a control whose span is less than that of the wing can have eit!ler 
'free' tips or tips which are 'bounded' by the wing (Fig.2). 

Details of wing an3 control section shape 7;Jere given in the original 
data in most cases. However, additional information v?as rcquircd in the case 

of some NASA type aerofoils and this was obtained from reference 3. The 
majority of controls had a linear variation of thickness with choEiwi.se loca- 5 
tion (Fig.3a and b), and the thickness chord ratio of the control did not 
vary across its span. In these cases the control thickness ~arametcr 'i; was 
defined as 

where t is the conCro1 thicknes* 3 at its leading edge and c is the choid. 
For controls with plane upper and lower surfaces, the trailing edge included 

angle was defined as 

or' 
9 = 2 tan-' 5 (z-7,) , 

Q " 2 tan-' + 'G , 

where 7; I = 0. 

Here %, is a paramctcr defining the trailing edge thickness of the control 

(Fig. fib >, 

tl z, = c 9 

where t , is the control thickness at the trailing edge. 
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In a few cases with raked tip controls on delta wings (see N&.3 and 4 in 
Table I), the control profile was a continuation of the wing profile _ 
(NACA 0005~63), so that inevitably the thickness-chord ratio of the control 
varied across its span. Initially, z was defined at an arbitrary spanwise 
station. This value was later checked by.d'etermining a mean value of t 

across the span. 

where tmax is the maximum thickness or the control at a spanwise distance y 
measured from the root. The agreement between the two-values was found to be 
good. In these cases $ was again dcfined as 

In the analysis of the effect of hinge line location so;ne of the data used was 
for controls of double-wedge cross section. In all cases, the rear vredgc of 
the control was a continuation of the wing- section (Pig.3c), and qJ was taken ‘ 

Q 
-1 z = 2 tan 

0 
2 , 

. - 

to be the included angle at the trailing edge. ' 

The hinge moment coefficient CH was defined as 

H c =- 
1-I qsz 

1 

where H is the hinge moment measured about the hinge line (positive when it 
tends to deflect the trailing edge downwards), q is the frca stream kinetic 

pressure and g is the control aerodynamic mean chord. 

i.e. 

b 
= 
C = -1 cdy =. s 

s 
c2dy . 

0 

Hinge moment data of R'SA origin for controls both with and without leading 
edge-sweepback usually has 2iP as the reference volwxe, where i,I' is defined 
as the first moment of area of the controlbehind the hinge l-in: about the 
hinge line. In all cases the data has beon corrcctcd to the statird form 
of tnis analysis, viz. 

H CH = - . 
QSc= 
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For tapered controls v&th swept leading edges, with the hinge line a line of 
constant percentage chord (k'igs.lh and Id), we have 

b 
3: = 

i 
c2dy ) 

0 
L 

and 

1 cos AH L ¶ . . 
i. e. 

211' -SE -1-b ( > 
2 

= 
cos *H.L. ' 

- . 

where cr is the control root chord, h is the control taper ratio, and h/c 

and %.L. are the chordwise location and sweepback angle of the hinge line 
respectively. For tapered controls with unswept leading-edges'(Sgs.la and 
lo), an3 with the hinge line at the leading edge, it Follov~s that, 

For rectangular controls -r;'ith raked tips (Pig.le), 

and 

where c is the consta& chord. of the inboard part OS the control andhI is 

the sxeepback angle of the tip. In the above expression for SZ and 2hTl for 

both tapered controls and rectangular controls xith raked tips, b should be 
replaced by b/2 mhen the control is nounted on a reflection plane or body. 

The control deiflcction (q) was always measured normal to the hinge line, 
and was defined as being positive when the~trailing edge was deflected dom-~ 

vards. In gcneral, the variation of CH with tl was non linear, and the present 

analysis has been restricted to the initial Ihinge inomcnt curve slope, &;;,I/dr 

at zero -q. 

Full &tails of the analysis are given in Table 2. 
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. 4 dC,/dr, AT S-UPIZRSONIC SPEEDS 

4.1 Linear theory for rectan,@ar controls 

Two dimensional 

For a rectaqg-ilar control of infinite aspect ratio, the expressions for 
lift coefficient CL ard aerodynamic centre position xa, are:- 

dCL 4 
X a - = 7 ad - = 1 

dq P C 
7 2 ' 

where /3 = JR 'P -1. 

If h/c is the chordwise location of the hinge line, 

then 

For h/c = 0, this becomes 

dCH 
-dy = 

2 
P  l 

Recter-qq&z control with two "free" tips 

This solution is identical to that of an isolated rectangular wing4. 

From 

and 

we have for h/c * 0, 

which is-valid for PA > 1 (Fig.ti). 

Equation (5) can be written as, 

(3) 

(4) 

(5) 

(6) 
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which for h/c = 0 becomes 

(7) 

For l/2 c PA c I, the expressions for dC,/dq and xa/c given i,n Ref.4 are 
considerably more complex, and are not reproduced here. Bcr most controls of 
practical size and thickness, linear theory is not likely to be accurate over 
this range of @A, since the flow will be transonic in nature. 

Rectangular control with Wo 'bounded' tips 

The expression for dCR/dv has been obtained by Tucker and Nelson5 for a 
control on a rectangular planform wing, and for h/c = 0 it is 

(8) 

The range of validity of this expression depends upon control and wing plan- 
fOI7llS. The limit due to control 'planform is identical to that for a control 
with 'free' tips, viz. 

pn z 1 . 

The two limits due to wing planform are 

b 
PA ' bw-2yc-2b ' 

and 

(Fig. 4a) 

(15g.I~) 

where bw is the wing span and yc is the distance from a reflection plane to 

the inboard edge of the control. In the case of a control situated noxt to a 
reflection plane, only the first of these two limits applies. Putting yc = 0 
in the expression and writing b/2 for b ard A/2 r'or A vre obtain 

PA 2 & . 
W 

(Fig. 4a) 

The above expression for dCEr/arl applies to controls with 'bourdcd' tips on any 

wing; in each case, hoy<evcr, the first of the two limits due to wing planforrn 
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shape is different, In the case of a delta wing or any wing with 'a raked tip, 

this limit is 

For PA G 1, the ejcpression for dC,/a, can be obtai?led from Ref.5. 

Rectangular control with one *free' ti;, and one 'bounded' tip 

From reference 5 we have for h/c = 0 
_ . _. 

dCH 

-drl= 

where the limits are 

and . 
PAal , 

ps > b bw-2% ** (Fig. W > 

For 
PA $ A- bV1-2b ' 

and 

(9) 

(Fig.4a) 

tine expression for dCh/clv is given in Ref.5. . 

4-02 Comparison of theoretical arid experimental hinge moments coefficients 

4.2.1 Controls with hinge line at leading edge 

Available experimental data for controls with the hinge line at the 
leading edge is shown in Fig.5. The data have bean l$otted in the form of ^. 
the usual supersonic similarity parameters (-l/A &Ch/dv against A k24). J-- 
Linear theory cstin-ates for a two dimensional control, a kctangular control 
ITith 'free' tips, and a rectangular con+xol nith 'boutiS' tips, are also 

shown in this figure. The experimental data collapse'fairly nell onto a -.-. _ _ 
single curve for 2 < A E J? -1 < 20, the widest scatter (8% of the data within 

21% of the man curve) occurring at low valuss of ,?kl~ -1. F No sigxificant 
differences are present between the data for diffsrent types of planform, and 

J 
--- 

although at mail values of A ]!!?-I, the results for COil';rOlS leaving 'bouriied' 

tips fall slightly below those;: for controls having 'r'rcc* tips (the opposite 
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effect to that predicted by theory), the differences are not marked. At all 
valub of A 1 42-A the experimental points are some 2C$ less than the theoretical 

estimates. 

There are several possible reasons for the discrepancy between experiment 
and linear theory: the finite thickness of the controls, interference effects 
frombodies, and the effect of gaps between control and reflection plane or 

body. 

!Fucker and Nelson5 have estimated the characteristics of rectangular 
trailing edge controls having finite thickness with plane upptir and lower 
surfaces. Their method was to assume that the use of third order approxima- 

tions to the pressure coefficients, altered only the magnitude of the pressures 
on the control, the shape of the pressure distribution remaining unaltered; 

i. e. if the ratio of the third order approximation to the linear approximation 
for dGh/dq of a two dimensional control with thickness is calculated, this 
factor can then be applied to the linear theory astimate for a rectangular 
control. For small control deflection the thickness factor depends only on 
the trailing edge included angle ~5, and is given by, - 

where C 1' c2 and 
for the pressure 

vie. 
'; 

= 1 
c2 
c$ 

-I 
+ 3 c3 d2 

‘;T’ Y ._ ‘(IO) 

C3 are constants in the Busemann third order appro:timation 
coef%ficicnt in two dimensional, iscntropic, supersonic flow, 

C 
P 

= c,e + c2e2 + c3e3 , (11) 
. . 

where 8 is the flow deflection an&c , positive for a corqression and negative 

for an expansion, and 

c2 = (y +I - -4 ) pi4 (A, ) 
2(M2-1)2 

? :’ 02) 

c3 = + (2,y2-7,+) Id6 t- tO(y+-l) hi 4--i2,142+8 . . 
‘i 
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Values of C,, C2 and C3 are tabulated in.several sources, e.g. Ref.5 an3 6. 
Shock expansion theory has been used7 to obtain a thickness factor for linear 
theory, however, it is cumbersome, as the factor is dependent upon the wing 
profile ahead of the control, m-d it requires a separate calculation for each 
deflection angle. Similrirly, the use of the Dusemann third order approxima- 
tion with tne additioral constant D included in the case of obliluc shock 
compressions6, r kz. 

c 
P 

= cp f c2e2 f (c,-D) e3 , 

where 

* (-is) 

54-j -.:4 + (.f-3) -.? (y-4) dc 
12 

u ) 
1 a- !. 12 
c 

D = I 
(I& )712 

? (14) 

is complicated in that theawing shape ahead.of the ccntrol has to be included *. . 
in the calculation. Noreover, the magnitude of D is qltite small, say 10;; of 

c3’ 
so that only a small gain in accuracy results from its inclusion. Ts, 

calculated from equation number IO, is plotted in 336.6 for positive values 
of Q (T 

1 
< T) at several Nich nu%bers. It is always less than u.nity for 

positive 9, and in gcr+ral it decrease s with increasing Mach nunber. The 
limit of applicability 7nas obtained in Reference 5 by comparing the third 
order approximation with an exact calculation using Aock-cxPansion theory 
on a double wedge aerof'oil. .L discrepancy of -IQ/: between the two values of 

IF was regarded as the limit to which third order theory could accurately be 
applied. 

Where a trailing edge control is situated next to a circular cross section 

body, in theory-a Ifur-ther reduction.of dCI:/dq occurs, because.the body does not 

act as a perfect reflcc'tion plane, The principles oZ xing body interference 

are explained in some detail by Pi-M, Xiclscn, an3 Xaattari in Refcrcnce 8, 

and it is from this source t!at- the rslcvant factor, %,(B)' is reproduced in 

Eg.7. 'In the present context, k m(Bj is defined as the ratio of the lift on 
a control in the presence of a circular section body to the lift on an isolated 
control (of aspect ratio twice that of the exposed panel, c.f. Section 3). 
The body is considered to be at zero incidence, and th? lift is produced by 

deflection of the control, Fig.8 shows the interference effects on aero- 

dynamic centre (again obtained from Rcf.8). A factor I(, is dsi"incd as 
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f \ xa h -- 

K* = w control + bod,y ' 
X a - 

0 

9 
h -- 

' control ' 

(15) 

b 

where x a is-the chordwise location of the aerodynamic centre, Fig.9 shows 
values of ICx calculated for controls with the hinge line at the leading edge. 
In Ref.8 it was recommended that the linear theory estimates for k ---- -\@+- 
xa/c should be used for AJ 11 's2 -1 > 2, and the slender body value for ,?,;I I'?-1 < 2. 

8 
No attempt has been made in this analysis to correct the hinge moment 

coefficients for the effect of gaps between controls and bodies or reflection 
planes, due principally to.the limited amount of information on gaps available 
in the present data. However , slender bodi theory9 does indicate that the 
component lift on wing body combinations is significantly reduced by the 
presence of gaps. Measurements have been made by Dugan IO of the component 
lift on a 60' delta wing-body combination at M;r'= 1.l~ for various gap widths. 
His results, in the form of. a gap factor Kg (ratio of lift on'wing with gap 
present to lift on wing with no gap), are shown in Pig.10, together with a 

theoretical curve again taken from Ref.-IO but originally derived using the 
theory of Ref.9. The experimental results, although for a wing-body combina- 
tion having a body radius' to semi-span ratio (r/s$ of 0.216, should be 
applicable to a control-body combination having the same value of r/s. The 
measured values of Kg are com;?ared with theory only for values of g/~~,~ d 
greater than 0.03. Here, the measured values exceed theory by about lo;& for 
values of gap to semi-span ratio (g/sJV) above 0.03, probably due to viscous 
effects in the gap. Obviously for large gaps (g/s > 0.004 say), the effect 
on control lift ani hinge moment is likely to be important, but for most 
practical sizes of gap to semi-span ratio (g/s < O,OO&), it is unlikely that 
the effects will be too significant. This is confirmed by the experimental 

correlation in Fig.11. Here P!le basic data have been factored to allow for 

both control thickness and body interference, viz. 

I 1 dC, 
= 7°C 

-I. 
drl 

\ 

(I 6) 

The introduction of these factors gives a much better correlation than that 
shown in Fig.5. Although the diffexnces bctvjeen the theoretical solutions 

for a control with 'free* and 'bounded1 tips are not very large, the 'free' 

tip solution seems to indicate better the trend of the cqxLmxxta1 results 

at low values of Ad& I? -1. 
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lk2.2 Effect-of hinge line location 

Fig. 12 shows hinge moment derivatives measured on controls with various 
hinge line locations. The values of d&/dq have been corrected I"or control 
thickness and 3cdy radius in the manner described in Section L2.1, and are -- 
plotted as l/A [dCh/dq]' against k*j 1. ' fs. The trend of the results with hinge . . . 
line location is sensible, hut in order to make an accurate coqarison~with 
theory the data has been replotted in rig.13 against hinge line location for -- _- 
various values oi" A\/& 12 -1. The agreement between eqeriment and theory is 

' shown in Pig.13 to be reasonably good. 

4.2.3 Effect of' trailin:; edge thickness 
, ' 

-An increase in the trailing edge thickness of the control gives a- 
corresponding increase in dCh/dq (Pig.l&a). Eovfy~, if the values of dCh/dq 
are corrected for trailing edge angle $ and body interference effects using 
the method described in Section &. 2.1, then the data for all trailing edge 
thicknesses collapse onto the linear t!leory astimate for a rectangular control 
with free tips (I?ig.'l&b), This result means that dCIti/dT for a control whose 
upper and lower surfaces are parallel (z, = T), is idcntica!. to that on a 
control with zero thickness. Yor negatjv e values of $(T, > 7), IC 

G 
is always 

greater than unity which-indicates that (dCh/dq) continues to increase as 't I 
is increased above 7;. Although Zg.6 gives va1ucs~of.K 

d 
for positive.$ only, 

values of K 
# 

for negative o can easily be obtained from the cxprcssion given 
in Section-lk2.1.. ' . 

5.1 Theoretical considerations 

- Similarity parameters for use at transonic speeds have b&-developed 
by scvcral authors, e.g. Von K&man 11 12,13 14 , Spreiter , Busemmn and Xarder'5. 
14cDevitt16 showed t:hat the parameters for the initial lift curve slope of 

uncambered wings of finite aspect ratio, as originally put forward by 
Sproiter 12 , can be written in the following manner: 

(y+q) (f3 @)a 0’ = P [ t-2,;2;+,)2,3 , Al7 (q3 (Y+1)q’3] l (17) 
/w = 

(9 

w 

C 
m 

Similarly it can bo shown that, 
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0 e t k+l) c l/3 cm 1 d”lja=O = ’ , (18) 
W 

where f and g are some unspecified functions of the parameters in the brackets, 
y is the ratio of specific heats (if only one fluid medium is being considered, 
functions of y can be left out of the equation), (t/c>, and AJV are the thick- 

ness chord ratio and aspect ratio of the wing respectively. 

The analysis of Busemann" and HarderI produced an alternative form for 
the similarity parameters, 

0 
t 

l/3 
A cY+l> 

j/3 $/3 
w \” 117 I 

, (19) 

and similarly for dC,,/aa. Spreiter 13 has s:hov,n that 'this second form of the 
similarity parameters imjjroved the correlation between exycriment and transonic 
flow theory in certain cases, e.g. the drag of a two diitlensional single wedge 
section. However, M&evitt16, using the simpler parameters put forvrard by 
Spreiter originally, obtained a good correlation of the c+erimental 
characteristics of a family of rectangular wings. In view of this result, 
and because of t!lc incrcascd complexity of the modil"icd parameters, it was 
decided to use tic simpler parameters in an attempt to corralatc hinge moments 
at transonic speeds. 

Although at subsonic spcsds control hinge moments depend on the r<i.ng 
shape and the relative proportions of control ard l-ring, the development of 

regions of supersonic flow over the sting surface at high subsonic &ach numbers 
would probably decrease the influence of the wing on dCH/dq. At 1.1 = 1.0 
dCH/dq should ba i,ndepcndcnt of the iiring glanform. There is somti reason, 
therefore, to expect a correlation of dCH/dq both at high subsonic speeds as 
well as sonic ard low supersonic speeds based solely on control parameters. 

In Appendix A, using shock-expansion theory, an approximate expression 

is developed for dCH/dv of a rcotangular control on an infinite dou'olc wcdgc 

wing at I&ch numbers of 1.0 and above, The numerical values cbtaincd arc 
reproduced below. 
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0.444 0.186 0.179 0.173 0.165 

0.887 0.726 0. 6?9 - 0.672 0.643 

1.774 ’ I.012 0.974 0.937 0,896 

3.549 1.161 1.117 1.074 I.027 

5.323 1.208 1.162 1.118 1.069 
i I cc 1.304 / I.255 ! 1.207 ; I.154 

5.2 Correlation of experimental data 

5.2.1 Controls with hinge line at leading edge 

Fig.1 5 shows a plot of 4 "' [dCH/dq]' against ib?-e1/T2’3 for controls 
with the hinge line at the leading edge. h+'d ' is the hinge moment 
derivative corrected for body interference effects on lift only (slender body 
theory) in the manner described in 4.2.1, i.e. 

I dCH 
= k 

w(B) 
xdy' 

where kw(B> 
is the slerrler body value (Fig.7). Because %I/3 [dCh/dq]' is also 

a function of the other transonic, similarity parameter JLC l/3 , the only deduc- 
tion possible from Fig.15 is that there is a marked increase in -dC /dq 
between subsonic and supersonic speeds. Hl/3 

l/3 
Using the Data in Fig. 15, '1: 

",z , 2/3 
i dCII/dv 1 ' 

has been replotted against A% for various values of x -1 7 

(Fig.16). 

The correlation of the experimental dC,i/d.q is only fair at subsonic * 
speeds (Pig.l6a,b,o), arxl there is appreciable scatter. in general for 
p+W = -2 and -1, the cqerimental data approaches the linear theory 17 

estimate for dC /da about the leading edge of an isolated wing at small 
1/3m values of AT . . Por large values of AC l/3 , the experimental values are 

at about 5Q< of the linear theory value. It is possible that the correlation 
at subsonic speeds is fortuitous, since the range of wing planforms in the 

data is rather restricted (mainly 60' deltas), and the ratios ol" control 
chord to wing root chord are all ribout the -same value (0.1). 
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At supersonic speeds the correlation is fairly good (l?ig.'16d,e,f,g). 
At M = i.0 the experimental hinge moments are in good agreement ;vith the 
experimental values of "Cm/da measured by EJcDevitt 16 

wings for AT u3 6 At 142-,/~~/~ 
on isolated rectangular 

2 l = 0.5 and 1.0 the pitching moment data 
falls slightly below the hinge moment data. The theory of Appendix A agrees 
well with experiment at N2-1/~ 2/3 

values of II?-~/T~". T1' 
= 2.0, but tends to overestimate at luwer 

11s theory gives the aerodynamic centre sosition of 
the two dimensional control at p$ c for all positive values of 1: !?-1 /T2'3. 
However, it is shown in Section 5.2.2 that in practice 18 the aerodynamio centre 
position of a control with AT I,‘3 = 5.1 is located up to 0.085 c forward of 
this point, for M > 1.0. The results of Rec.16 showed that for an isolated 
rectangular wing, the aerodynamic centre position was identical to the two 
dimensional value for AT l/3 > I at supersonic speeds and AT I/'3 > 2.5 at 
subsonic speeds. If it can be assumed that a similar result holds for 
rectangular controls, then the aerodynamic centre position of the contrpl 

with -4c="3 = 5.1 can be used to obtain a $actor (ratio of (xa/c)exper~mcnt 
to (xa/c) theory) which can then be applied to the theory. 

. / 
Bactor 

AT"~ z.00 

0 0.415 0,500 0.830 
I’ a 5 O-l!43 0.500 0.886.' 

1.0 0.460 0.500 0.920 ’ 

I 2.0 I 0.475 0.560 0.950'; 

The modified theory (valid for AT %I3 > 1) is in much better agreement 
with experiment especially at N = 1.0 (Fig.l6d,e,P,g). 

An attempt was made to allow for the effects of the boundary layer thick- 
ness on the control thickness-chord ratio. The effective value of 'I; was assumed 
to be 

2(P ) 
z effective = z + turb mean 

C 
¶ (20) 

where (6" ) turb mean is the mean value across the control span of the displacement 

thickness of a flat plate boundary layer, with transition at the wing leading . . 
edge. The use of this modified value of z did not result in any improvement 
in the correlation of the expdrimcnt data. - 



The discussion in Section 4.2.1 on gap effects at supersonic speeds will . . 
apply equally here, but as in that case no further analysis. is possible because 
of the lack of information on,gaps in the present data. 

5.2.2 Effect of hinFe line location . * 

Because dCII/dq is dependent upon such a large number of pa&meters at 
transonic speeds; 

d3 [ dc&iq] ' 
it nas not possible'to determine the variation of 

z with h/c by plotting data for different controls on the same 
figure. However, Es.17 sho%?s the effect on 7 'j3 [dCII/dq]' of varying the' ' 

13 iiingc'line location '(from h/c = 0.065 to 0.507) Bar one particular control of 
g/3 = 5.096. For 'M c 1.0 dCEI/dri varies linearly with h/c for h/c < 6.50, 
whereas for M > 1.0 the range 01 n 1inearitJt is restricted to h/c c 0.30. The 
location of the control aer&ynamic centre position as obtained from the. _ 
linear portion of the curve in Fig.17 is shown in Pig.13, together with the * 

experimental values 19 v3 for a control of AT = &.ZOl, i&c linear theory4'j7 
estimate for an isolated rectangular wing with AT l/3 = 5.-096; and the - . . 
eqerimental values for an isolated rectangular wing I6 The a+roement.between . 6 
the measured values for‘the %vo controls is good, 

&F-1,/T2i3 is 
the discrepancy at positive 

values of probably due to a non 1incsit.y in the curves of 

7 I" [dC,/adq]' a&ins; h/c for the con&$' $th.A213 . = 4.201, similar to 

that observed in.E'ig.17. (Only lxo hinge line locations were tested on this 
control, h/c = o.o7-a* 0.59.) ',_ . . 

5.2.3 Effect of trailing ‘edge thickness 

In general.an increase of -dC,/dq results from increasing the traiiing 

edge thickness of the control (Xg.19). The factor K'c, is defined as the 

ratio of (dCII/dqk - to (dCII/dq)' . 
l*O 

T,=O' ard is ~sho'(Jn in Figs.20 and 21. 

Although at subsonic speeds the variation of K, with I?-1/=2'3 for the txo 

configurations appears inconsistent (Fig.20), vhucs of X7; do SOW good 1 
agreement at X = I.0 with the ixo dimensional shock-xpansion theory of 

Appendix A (Fig. 21). a . . 

6 CoN~LuSIors 

S&ilarity rules have bccnluscd at supersonic and transonic spGcds to 
obtain a correlation of eq&%.mental values of dCII,'dv and to compare these 

values with theory. 
. -. 

. . . At supersonic, speeds for controls $.th,t!lc hinge line at the leading 

edge, dc,, id canbe predicted yqith rcasonablc accuracy (30,; of data nithin v 
r-y-- . . 

tlO;<) vlithin the range, 2 < A$ $1 -1 < 20, using the supersonic linear theory 



solution for a control with 'free ' tips, and applying corrections to allow for 
the effects of body interference and control thickness, i.e. 

dCH 
-a;l = K$ x Kx ' kw(B) (21) 

. (see Figs.6, 7, 9 and II). 

5 

For controls with the hinge line not at the leading edge the accuracy is 
about the same (klC$ of value for h/c = 0) within the range, 6 < A~I?-I < 14. 

In this case, 

(see Figs.6, 7, 8, 9 and 13). 

‘? 

s 

At transonic speeds for controls -&th the hinge line at the leading edge 
and with 7 < 0.13, dCH/dq can be predicted, again with reasonable accuracy 

(tlCY%), above 14 = 1 (0 < B, -I/T $2 2/3 < 2), using shock expansion theory with an 

empirical correction factor applied to the aerodynamic centre position and a 
slender body factor to allow for body interference on lift (see Figs;7 and 16 

and Appendix A). Below M = 1 the experimental correlation is only fair (a 

scatter of +20$ on the mean value), and even this nay $e fortuitous since the 
range of wing planform in the data is restricted to 60' delta, and t'ne ratios 
of control chord to wing root chord are all very similar (around 0.1). 

The effect of trailing edge thickness on dC,/d, can be estimated at 
supersonic speeds by merely adjusting the factor K 9' 

an3 at M = 1 there is. 

some evidence that it can be predicted using the two dimensional shock-eqansion 

theory of Appendix A. 
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The theoretical solution Bar the inviscid transonic flow past a double 
wedge profile has been known for some t-hae 20,21 . For free stream I&h numbers 
between unity and the value ap?roTriate to boi7 shock attachment, theory 
predicts subsonic flow over the forward facing wedge with the local Xach . 

number increasing from zero at the leading edge to a value of unity at the 
shoulder (Figs.22 and 23). The flow then utiergoes a supersonic expansion 

around the shoulder, For a given, value of (t/c), the local Each number 
immediately behind the shoulder, identical.to the value given by a E'randtl-Meyer 
expansion, is independent of free stream Xach number. Eecause some of the 

expansion waves from the shoulder are reflected from tne sonic line as 
compression waves, the local l&h number decrease slightly betii-csn the shoulder 
and the trailing edge. At the trailing edge the flow then returns to the 
free stream direction by means of an oblique shock compression. 

Since both the free stream and the local flow over the mar half' of the 
aerofoil are supcrsonic,.it is possible to distort or deflect part of the 

profile near the trailing edge without.affccting tho flow over the recst of the . . 
profile, providing tha t no dotachod shock waves are produced by these local . 
changes of slope.. . 

In orcier tb calculate the hinge moment on a control some simplifying 
assumptions have been made. For the majority of t!lo calculations the above 
mentioned variation of local hfach number over the roar viedgo has bcon ignored. 
'The Nach nunibcr was taken to be constant at the Prandtl-Meyer expansion value 

(Fig. 23). 

With the flow model sho~vn in Egs.22 and 23, and with ;I arbitrarily 
taken to be lo, thd hinge moment derivative, dCh/dq, of a two di::lcnsional 

control was calculated using shock-expansion theory. The results at 1~1 = 1.0 

are summarized in the following tablc:- 
M2-1/~ 2/3 = 0 

I I 
I#O .z 

dcII. 
-zj- -T 

l/3 dc13 
xi 

5 0.0873 2.939 I. 30& 

i 10 0."1750 j 2.280 1.275 

15 ! 0.2633 '; 1.931 : I.238 J 
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The use of the transonic similarity parameter, '1; l/3 16 
dCH/i?r, was found to 

give an adequate although not perfect collapse of the theoretical estimates 

for different values of 7;. All further calccllations have been performed 
with $ = 5'. 

0 

Urder the assumptions of the theor,y, the Mach number over the rear 
wedge of the aerofoil is indeperdent of free stream M&h number,' a& dependent 

ollly on#. It follows that the nondimensional parameter, 

pressure differsnce'betwecn control upper and lower surfaces, 

local total pressure 

is also idependent of freo stream Mach number. If we assumo that the loss 
of total pressure through shock waves can be ignored, (for 6 = 5' and 
I+! -1 /T2'3 = 2.0, then M = l.lCl, and the loss in total pressure through the 
bow shock wave amounts to s$), then the variation of dC,/a, with free stream I 
Mach number arises through the variation of the ratio of total pressure to 
kinetic pressure with Mach number.. Calculated values, in transonic similarity 

form, are shown below. . 

0 -= 5O 

N!-1 
I 

dCh 

p -q- 
,I/3 2 

drl I 

0 2.939 , '1.304 ] 
0.5 2.830. 1.255 I 
1.0 2.722 1.207 

1 2.0 2.601 l.lSlc i 

The effect of trailing edge thickness for a control with a lincpz thickness 

distribution, is independent of Mach number and is shown in the following 
table:- 

z = 0.087j 

The effect of finite aspect ratio has been obtained by multiplying-the two 
dimensional values calculated from transonic theory by the ratio of the 
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supersonic linear theories for finite and infinite aspect ratio. The super- 

sonic linear theories were based on the wing local Mach number just ahead of 
the control, and the finite aspect ratio value was calculated for a control 
with 'free' tips, since this gave the bes% apeernent between theory and 
experiment at supersonic speeds. The effect of finite aspect ratio is shown 
in the following table: 

d = 5O z = 0.0873 2,/T = 0 

A 

1.0 
2.0 

h-90 
8.0 

i 12.0 

Ld3 

0.~i.44 
0.887 

1.774 

3.549 
5.323 

I& 
m=O 

0.186 

0.726 

1.012 

1.161 

1.208 

1.304 

-T l/3 Y-l 
arl 

0.5 1.0 2.0 

0.179 0.173 0.165 

0.699 0.672 0.643 

0.974 0.937 0.896 

1.117 l.C74 I.027 

1.162 1.118 I.069 

1.255 1.207 1.154 

The above values are strictly valid, only within the range 

0 c 
I!?-, < 1.26 . 

The upper limit*' is the value predicted by transonic small perturbation 
21 theory for an at&Ached shock wave at the leading edge of the wing with 

uniform sonic flow behind it over the front wedge. If, instead of the wing 

thickness chord ratio (t/c),, we use the control thickness parameter T in 
the similarity parmeter, we arrive at the Following 1i;nits of validity 

p-, . 1.26 
’ ’ cy+1p'3 $/si ’ p = 0.794 , 

or 
IV?-1 0 < p < I.423 . 

However, an exxt calculation pcrformcd using shock expansion theory over 
the entire wing ($ = 5') at 1:?--1/~‘- 313 = 2.0,(I:?-,/(y+~,)2'3 T2'j = l&24), 

:kThe exact value of the transonic similax'ity parameter, i?-l/(y+l) 2/3 (t/&3, 

at this condition for a mdge oi^ 5' included angle is 1.451. 
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again arbitrarily taking the control deflection to be lo, gave a value of 
-l.lkl for 'G q/3 dCH/dq compared‘with -1.154 using the approximate metho& It 
is clear, therefore, that the approximate theory compares favourably with 
exact theory at values of Iv?-1/c z/3 well'above the limit for bow shock 
attachment. The assumption of constant J&h number over the rear wedge of 
the wing means that the estimated two dimensional values of dCH/dq are too 

small, due to the mean Mach number over the undeflected control being too 
high. The error is worst for a control of vanishingly small chord at 
M = 1.0, where the correct value of 'G l/3 dCH/dq is I.433 compared yrith the 

approximate value of 1.304. The correct value was calculated assuming that 
the Mach number over the rear wedge of the wing is given by b?-l/(y+j) 
(t/c)y3 = I. 72 instead of the Prandtl-Meyer expansion value of 2.07 (see 

Eg.23). because the assumed f&h number over the control is too high, the 
factor applied to the two dimensional dC,/a, for the effect of aspect ratio 

is also in error, in the opposite sense to the error in tho two dimensional 

dCH/drl. For most practical siecs of control the two errors oithcr wholly or 
partially offset on0 another. The values sham in the table below are for a 

control with vanishingly small chord, for a control with finite chord the 
errors are slightly less. 

M?-,/T2~ L’ 0 $ = 5O c + 0 

A I- 1.0 

2.0 

4-e 0 ’ 8.0 

L- 

AT”3 

0.444 0.186 0.143 

0.887 0.726 0.725 

1.774 I.012 1,072 

3.549 1,161 1.252 
00 1.3oLc I.433 

-T 
approx. Kcact 

2 error 

3 

+30.1 
0 

-5.6 ! 

-7.3 

__1 
-9.0 

The effect of finite span on ths pressure distribution over double vrcdge 

cross section wings at transonic spcods above E/i = 1.0, has bocn investigated 
experimentally by Vinccnti 22 . 5s results shcwed that for wings of finite 

aspect ratio, the locus of the intcrscction of the sonic line vrith the wing 
surface is a curve, which joins the two wing tip loading edges and is furthest 
aft at ths centre of the wing span, This furthest aft distance of the sonic 

line is always ahead of the profile shoulde I) for finite aspect ratios, and 
moves for-wad as the aspect ratio docrcascs. Although this means t,hat there 

is a large aroa of supersonic flow over the Pore wedge of the wing, the 

pressure coefficient ard hence the local Mach numbor immediately behind the 
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shoulder, are almost identical to the two diulensional value over the entire . 
wing span. There is, however, an increase of pressure between the&shoulder . 
and the trailing edge, consistent in extent with that produced by a M&h line 
from the shoulder at the tip., A trailing edge control situated in the tip 
region of a rectangular wing -J;ozld therefore experience a slightly lower IIach 
number than one situated inboard of the .tip. As in the case of thq chordwide 
Mach,nuaiber variation, however, the overall effect on dC,&q may not be too . 
significant. 
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i: 

A 

b 

bw 
C 

C r 
= 
C 

SYhlBOLS 
All symbols rfzfer to oantrols unless 

aspect ratio, = b*/S 
? 

net control span 
net wing span 

see Pie;,2 
i 

chord 
root chord 

aerodynamic mean chord, = 

lift coefficient, z 

pitching moment coefficient, = pitching moment/qSE (positive 
nose up) 
hinge moment coelficient, = hinge moment/qSz (positive when it 
tends to deflect the trailing edge downwards) 

derivative of CH with respect to q at TJ = 0 

I 9~ 
z-x- 

kw(B) " 

e 
H 

i h 

c,, 5 c3 constants in the Busemann third order approximation for the 
pressure coe?ficient in ITJO dimensional isentropic supersonic 
flow 
width of gap between ving and body of wing-body combinations 
hinge moment (positive when it tends to deflect the trailing edge 

dowmarards) 
chordwise location of control hinge line, measured aft Prom 

control leading ridge 
control hinge moment thickness factor at supersonic speeds 

r"i 
3 

I dr 
third order tile dimensional approximation 

linear theory two dimensional approximation 
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k,cB) 

Kx 

K 
Q 

KTl 

P 
9 
R . 

r 

S 

s 

S 
IV 

t 
W 

t 

5 
:c 

x a 

Y spanwise distance 

SYl~~EOLs (contd. > 

the ratio of the lift on a control in the presence of a circular 
cross-section body to the lift on an isolated control (of aspwt 
ratio twice Cat of the exposed panel), lift produced by control 
deflection with the body at zero incidence (sde Rof.8) 
factor for body interference on aerodynamic centre position of 
rectan&ar controls at supersonic speeds 

X a 0 h - -- 
' control + body ', = 

xa 
0 

h -- 
* control ' 

control hinge moment gap factor 
j nomcnt on vting or control g * 0 
-[lift or hinge moment on wing or control] g = 0 
control hinge moment trailing edge thickness factor at transonic 
speeds 

@%I ’ 1 .Lzi ‘ti t 0 
“I =o 

Mach numbor 

. , 
first moment of arca of the c.ontrol behind the hinge line about 

1 * . the rq?,, x? line 
static pressure 
kinetic pressure 

Reynolds nu&er based on ;Cng root chord 

body radius . 
plan area 

gross semi-span of control mounted on body (= b/Z + r) 
gross semi-span of ;;ing (= bv9/2 + r) 

wing thickness 

control thickness at leading edge ' 

' control thickness at trailing'cdge' I 
chordwise distance 
chordwisc location of aerodynamic centre 



SYh@OLS (Contd.) 

d 

a 

P 
Y 
(61: ) turb mean 

i 

v 

x 

%L. 
*L-E. 
AT 

5: z 

'I 
i 

9 
0 

Suffices 
W 

0 

I 

distance from wing-body junction or wing centre line 
(configuration without body) to inboard edge of control 
(see Xg.2) 
incidence 

JF I- -1 

ratio of specific heats 

mean value across the control span of the displacement thick- 
ness of a flat plate boundary layer, with transition at the 
wing leading edge 
control deflection (radians), measured normal to the hinge 
line, positive when the trailing edge is deflected downwards 
taper ratio 
sweepbaok of hinge line (degrees) 
leading edge sweepback (degrees) 
tip sweepback of controls with'rsked tips (degrees) 
control thickness parameter = t/c 
control trailing edge thickness parameter = t,/c 

trailing edge included angle, defined as 2 -1 tan 4-b -7, > 
deflection angle in two dimensional supersonic flow, positive 
for a compression and negative for an expansion 

refers to the net wing 
refers tt3 Prcc stream corditions 
refers to corxditions at control trailing edge 
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