C.P. No. 301 C.P. No. 301]

(18,124} (18,124)
A.R.C. Technlcal Report AR.C. Technical Report
2
9y
.
D
{\“1‘; :\@v\'
-7 . ‘—_“?ﬂ
PN
- A ':j =
roen
(,f‘.} L
MINISTRY OF SUPPLY C
{?‘n
PR

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

Fin-and-Rudder Loads
in a Yawing Manoeuvre:
Effect of Direct’ and Power
Assisted Rudder Movement

By

D. R. Puétock, D.C.Ae.

LONDON: HER MAIJESTY'S STATIONERY OFFICE

1956

SEVEN SHILLINGS NET*






C.P. No. 301

U.D.C. No, 629.13. 0044 2 533.69,048,1

Technical Note No. Structures 169

July, 1955

LOYAL ATRCRATT ESTABLISIZENT

Fin-and-rudder loads in a yawing manoeuvre:
effect of direct and power assisted rudder movement

by

D. R. Putiock, D.C.Ae.

SUMMARY

The severity of a yawing manceuvre specified1 for design purposes lis
investigated, It is found that the manceuvre does not always represent the
most critical case, higher fin-and-rudder loadings being obtainable when
the specified frequency of rudder movement is changed. The inclusicn of a
power unit in the circult may however impose restrictions on the rudder
movenent, leading to a reduction in the severity of the loading.

The analytical treatment includes the derivation of exact expressions
for the angle of sideslip, fin-and-rudder leoad and rudder hinge moment
induced by a simusoidal rudder mevement of arbiltrary frequency. These
expressions are analysed: to determine how the maxima of each of the
quantities are affected by variations in the frequency of the rudder
movement, Computational charts are included teo simplify the determination
of thease effeots in particular instances,

The problems are illustrated with reference to a numerical example,
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1 Introduction

One of the present design requirements1'2 stipulates that all aircraft
shall have sufficient strength to permit the execution of two yawing
manceuvres, In one of these manoeuvres the rudder is to be moved sinu-
soidally through 1 or 1% cycles at a frequency equal to the damped natural
yawing frequency of the aircraft, with an amplitude corresponding to a
gspecified pedal foroe,

It will be noted that with the manoeuvre defined in this manner, the
maximum rate of rudder movement needed for its execution is also implicitly
determined, However, if the rudder circuit contains a power unit, the
maximum rate of rudder movement is, in general, limited, and may well be
less than that required for the above manoeuvre, The gquestion then arises
whether the associated design requirement, which normally determines the
design loads for the fin-and-rudder, is not too severe in these cases,

The -present note is primarily concerned with any limitations that a
power unit may impose on the fin-and-rudder design conditions. Additionally,
however, it .,also contalns the results of a detailed study of the effects of
the frequency of manual or power assisted sinuscidal rudder movement on the
fin-and-rudder loading conditions., This study, which was a necessary pre-
liminary to the main objective, has yielded scme significant information on
the manceuvre executed without power assistance, and therefare, the resulis
are presented and discussed, '

The investigation is treated throughout from the airworthiness stand-
point, so that the chief interest lies in the maximun loading coenditions
for e given effort dwring manoeuvres which the pilot is able to perform.
No consideration is given to the determination of the most likely yawing
manoeuvre, i,e. the one occurring most frequently.

2 Details of the investigation

For the preliminary study, exact analytical solutions, based on the
equations of motion of the aircraft as used in response theory, were
derived for the angle of sideslip, fin-and-rudder load and rudder hinge
moment produced by a sinusoidal rudder movement of unit amplitude and
arbitrary frequency (see Appendix I para.A.3). These solutions were
analysed to determine how the quantities were affected by variations in the
frequency of movement, attention being concentrated on their local maxima,
.The range of frequencies considered was from 0,5 to 1.5 times the damped
natural yawing frequency of the aircraft. It was found that, for conven—
tional aircrafi, this range was sufficient to cover all the critical loading
conditions,

In the presentation of this part of the investigation, the effects of
frequency of rudder movement on the local maxima of the angle of gideslip
are illustrated graphically. Unfortunately no such general approach is
possible for the associated effects on the fin-and-rudder load and rudder
hinge moment because of the increased number of significant parameters
affecting these two quantities, However, with the use of apprcximate
formulae, it has been possible to minimize the labour required to determine
these effects in particular instances., A further simplification results
from the use of a mmber of computational charts (see Appendix III). The
effects of frequency are illustrated with the ald of a typlcal example, the
data for which are given in Teble I.

With a knowledge of the foregoing results the effects of the inclusion

of a power unit into the rudder circuit have been assessed, Here too, a
oompletely general presentation has been precluded by the number of
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significant parameters involved, but the trends are illustrated by an extension
of the above example {see Table I and para,d.l).

3 Discussion:

3.1 General note

The following paragraphs cover the most important aspects of the problem,
A more detalled discussion of these aspects is presented in Appendix II. The
suffix m is used throughout to denote local maxima of the various quantities,

3.2 Effect of frequency of ruddsr mnvement on the response in yaw

3.21 Introduction

The design yawing manoeuvre is especified in terms of a pedal foroce, which,
in the absence of a power unit, is a function of the rudder angle and the
response of the aircraft in yaw, itself a funstion of the rudder angle, Again,
if a power unit is present, and limitations are imposed on the fin~and-rudder
design conditions, it is probable that, the limitations will, in the first
instanse, relate to the amplitude and fregquency of the specified rudder movement,
It is therefore clear that, as a first step the response of the aircraft in yaw
to unit sinusoidal rudder movement of different frequencies should be derived,

In this note the frequency of the rudder movement is, by definition, pro-
portional to the parameter f, which is the ratio of the frequency of rudder
movement to the damped natural yawing frequency of the aircraft (see Appendix I
egns. 3 and 4). Thus, when the response of the aircraft is expressed in terms
of the amplitude of rudder movement, a change in f indicates a proportional
change in both the frequency, and maximum (initial) rate of that movement,

When the response is expressed in terms of pedal force, however, a change in f
still indicates a proportional change in the frequency cf the rudder movement,
but the meximum rate depends upon the amplitude of the movement, which in turn
depends on the hinge moment characteristics of the rudder. The case £ = 1
corresponds to movement of the rudder at a frequency equal to the damped natural
frequency of the airoraft (designated the damped resonant frequency) i.e, the
frequency specified for the design manoeuvre,

3.22 Response per unit amplitude of rudder movement
(See also Appendix II para B,1.2)

The response of an aircraft in angle of sideslip, B, to sinusocidal rudder
movement is dependent (see Appendix I equaiion 5) on the frequency of the

rudder movement, proportional to f, and on the ratio 2 which is a measure

J 3
of the aerodynamic characteristics of the aireraft. The influence of f on the
response of a particular aircraft {i.e, at a particular value of% ) is

illustrated in Fig.(1), whilst its influence, and that of % » on the magnitude

of the three local maxima which occur during a manceuvre of 1% cycles of
rudder movement, and which are of primary interest in the present note, is
illustrated in Figs,(2), (3), (4) and (8), Fig.{(8) relates to a specific
example, the data fcr which are contained in Table I. Sinece the equation
describing the. lateral motion of ihe aircraft in the present problem, see
Appendix T equation 2 and 4, is identical in form to that of a simple mags-
spring-damping system subjected to a sinusoidal disturbance, it is therefore
to be expected, and in fact confirmed by the figures, that the peak values of
the local maxima occur with a frequency closer to the damped resonant
frequency (f = 1) as the manoeuvre prnceeds, and also that, at low frequencies
of rudder movement, the first or second local maximum (in time) may be the
absolute maximum in the manoeuvre,

o

=

(L
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The associated response in fin-and~rudder load, P, (see 4ppendix I
equation § and Fig, (1 0535) is similar to that in B except for the insigni~
ficant maximum which occurs at the beginming of the manoeuvre, and, by
comparing Fig, (8) and (11) it will be seen that the general effects of f
on the significant Pm are similar to those on the Bm' Any qualitative 4ife

ferences between Figs, (8) and (11) are primsrily dependent en the magnitude
a

of the ratio -;l ’ but for conventional aircraft the differences will be
2
small,

The response in rudder hinge moment, Gy (see Appendix I eguation 17)

is also illustrated in Fig,(10) and ihe variations of its local maxima with
f are shown in Fig.(12). Here it should be noted that the values of f
associated with the peak values of the Ch are much higher than in either

m
of the cases covered sbove, of, Figs.(8), (11) and {(12). The dotted line
in Fig.{12) represents the special case b 7= 0 and divergence from it at

any value of f is entirely due to byp i.e. the effect of the response in
sideslip on the hinge momen}i):s of the aircraft. In this connection the sign

and magnitude of the ratio 31 is of importance (see Appendix II pera.B.1.2.3);
2

with the value used in the derivation of Fig,(12) the response of the

aireraft relieves the hinge moment due to rudder angle alone at low values

of 1,

The general equations for P and Gh are complex and somewhat umwieldy

for use in detailed calculation of the local mexima, and in Appendix I
para, Al and A5 respectively epproximate but more rapid methods are devised,
The associated computational charts, are given in Appendix III, The
accuracy of the approximate methods may be gauged from Fig. (10).

3.23 Response per unit maximum hinge moment or pedal force
(See also appendix II para. B.1.3)

So far, the discussion has been confined to the effects of f on the
Bm and Pm per umt rudder movement. The results presented in support of

this discussion may now be re-examined to determine the eff'ects of f on the
Bm and Pm per unlt meximm rudder hinge moment, These effects are illus—

trated in Flgs.(19) and (20). The important difference to be noted between
these Figs and Figs.(8) and {11) is that the peak values of the B, and B_

no longer cceur in the neighbourhocd of £ = 1. Consequently the damped
resonant condition, which forms a basis for the determination of the design
loading condition’ , does not necessarily represent the most critical loading
condition. 1In the present example, see Table I, a load.on the fin-and-rudder
some 15% greater than the design load 1s obtained by moving the rudder sinu-
soldally with a frequency equal to 0,84 of the damped resonant frequency,
This is due to the relieving effect of the aircraft resgonse in yaw on the

rudder hinge moments at low frequencies, and the ratio -.BJ- has, therefore,
2

a significant effect on the absolute maximum loading condition, Other

a
significant parameters are-Rj' and -él , but they affect the picture to a
2

minor extent only.



3,3 Effect of a power unit on the rudder movement
{See also Appendix II para B,1.2)

To determine what limitations a power unit may impose on the fin-and~-
rudder design conditions, it is first necessary to consider what limitations,
if any, the power unit will place on the rudder movement when an attempt is
made to execute the specified manoeuvre, The precise limitations are difficult
to assess, but for a qualitative investigation refined assumptions are probably
not necessary, end in this note the rudder movement is assumed to be as illus-
trated in Pig, (22a), i.e, the frequency remains the same, but the amplitude is
reduced, It is further assumed that the pedal force is proportional to rudder
angle, However, to complete the picture it i1s desirable to consider also the
effect of change in the frequency of the assumed movement, see Pig. (22b), on the
response of the aircraft and to determine the critical conditions with the
power unit present, The results of the preceding paragraphs are of use in this
respect, The general effect of frequency changes on the amplitude of rudder
movement, under the foregoing assumption, is illustrated in Fig.(23).

3.4 Effect of & power unit on the response of an aircerafif
(See also Appendix II pora.B.3)

To illustrate these effects the example of Table I has been extended to
cover the case with a power unit in the rudder circuit. The characteristics
of the power unit are assumed to0 be such that its meximum rate is reached
when £ = 0,7,

Thus below this frequency the power unit does neat restrict the amplitude
of movement, but above it the amplitude is reduced according te the relevant
curve in Fig, (23},

The curves of the ﬁm and Pm per unit pedal force for a range of frequencies

are given in Figs.(24) ard (25) respectively. The full curves relate to the
original example, i.e. without power unit, whilst the dotted and chain dotted
curves relate to the example with power unit present, applying the assumed
rudder displacement of para.3.3 and another, less realistic, and unoonservative,
approximation (see Appendix IT para.BZ) respectively. In practice it is to be
expected that the actual curve would lie between the dotted and chain dotted
curves,

The sets of curves indicate that, if a pewer unit restricts the movement
of the rudder such that the design conditions cannot be met, the critical Qm

andigm obtained are lower than those associated with the specified design

conditions. Further these critical conditiens do not necessarily ocour at the
damped resonant freguency of the aircraft.

L Conclusions:

(1) If the design manoeuvre is defined in terms of the amplitude of the
rudder movement, the absolute maxima of the angle of sgideslip and fin-and-
rucder load ccour, as would be expected, when the frequency of the rudder
movement is very close to the damped natural yawing frequency of the
aircraft, i.e. close to the damped rescnant conditions.,

(2) The absolute maximm hinge moment for ususl values of b, and b, i.e.

%1 positive and b2 negative, occurs at a much higher frequency than the
2 b

damped resenmant frequency, depending on the value of %1 « At low fre-
2

quencies the response of the aircraft has a relieving effect on the
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hinge moments, through b1, which allows the applicaticn of greater

rudder amplitudes for a given pedal force than would be predicted from
a knowledge of the hinge moment due to rudder angle alone,

(3) If the design manceuvre is defined in terms of a maximum hinge
moment or pedal force, the absolute maxima of the angle of sideslip
and fin-and-rudder loed ocour at frequenocies much below 2?6 dam%:d

R
resonant frequency, the precise values depending on 3, % and.g; .

(&) It follows from {3) that the present design requirement, which
calls for movement of the rudier at the damped resonant frequency up
to a specified pedal force, does not always form the critical case,
In some cases greater angles of sldeslip end fin-and-rudder loads may
be obtained by a slight reduction in the frequency of rudder movement,

(8) If a power unit limits the rudder movement such that the design
conditions cannot be reallsed the ensuing fin-and-rudder loads are in
general lower than those of the present design requirement.

NOTATION

coefficients in equation 9

= =35 (including effects of local sidewash at the tail)
30y
i1
wing span
oGy, |
T3 (including effects of local sidewash at the tail)
Oy
=37
rudder hinge moment coeffioisnt
lateral force coefficient of the fin and rudder
ratio frequency of the sinusoldal rudder movement

natural frequency of the dagped yawing oscillationg of the airerafi
gravity constant
rudder hinge moment
amplification factor in equation 5
coeffiaient of inertia about the z axis

non-dimensional damped natural oircular frequsncy of the
alrcraft in yaw
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Hor P3

fin-and-rudder arm

distance of C,P. of fin-and=-rudder load due to rudder deflection
to C.G. of aircraft

regponse factor, see equations 21 and 27

static stability derivative

damping derivative in yaw

fin-and-rudder load

response factors, see Figs.2, 3, L4 and 13

non-dimensional damping factor of the lateral oscillation
non-dimensional angular velocity in yaw

wing area

fin-and-rudder area

time in seconds
unit of aerodynamic time in seconds

velocity of C.G. of the aircrafi

fin-and-rudder volume coefficient

weight of the aireraft
response factors, see equation 15
variable in approximate equation, see equations 12, 18 and 23

value of variable for which the approximate eguations give
maximun values
lateral force derivative due to B

lateral force derivative due to £

siderlip angle

non~dimensional rudder effectiveness

phase angles, see Figs.5, 6, 7, 15 and 16

rudder angle

non-dimensional masgs of the aircraf't - altermative expressions



v =

- -3—' - 7 non-dimensional damping parameter in yaw
[+

air density

non~dimensional aerodynamic time

frequency factor, see equation 24

maximm rudder angle

Jocal maxima

pertaining to the rth maximm of the response quantities
r=1,2and 3

P
T
P
w =
n (o
Suffices '
€
m
r
No. Author
1
2 T, Czaykowski
3  J.P. Den Hartog
L D,R. Puttock
5 8. Neumark
Attached:
Table 1
Mgs.1 - 27
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APPENDIX I

Analysis

A.1 Equations of motion

The non-dimensional equations of lateral motion of an aircraft may be
written in the form, with the notation of ref,b.

a8 . 3 .
dT+yv£3+r = 0 (1a)
ar A
~uB gy =m0 % (1)

The underlying assumptiocns are that:
1. the forward speed is constant throughout the manoeuvre,

2. the fin-and-ruddexr force derivative due to rudder displacement
(?z) is negligible in equation (1a),

3. the vertical principal axis of inertia of the aircraft coincides
with the z axis,

4, all rolling motion is neglected,

Equation (12) and (b)may be expressed in the form

2
i—g+(yv+vn)%g+(wn+vnyv)f3 = 8 ]

de
; (2)
2
or i_g+212£1.@+(122+32)(3=5z; J
a dx n
T
where
R = #(y_ + v_) = non~dimensional damping factor of the
v 'n . -
ogcillatory motion,
) | s ¢ (3)

J = \ljw - 1z(vn - }v) = non-dimensional damped natural {
n circular frequency factor of the J
oscillatery motion,

It has been shownz" that, with the present trends in aircraft design, the

assumption of zero rolling motion is tending to become invalid., However, it
is also shown that the main effect of neglect of the rolling is %o modify the
numerical values of the parameters R and J, and that the effect of rolling
may be taken into account by using the exact values of R and J in all the
response formulae obtained fram the simplified approach, Fundamentally, it
is necessary to add a further equation, an equation of rolling moments, to
equations (1a) and (1b), and solve the resulting guartic to obtain the

exact values of R and J. In practice, however, a method of factorization
introduced by Neumark® may be used for this purpose., In the analysis of
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particular cases where neglect of rolling if likely %o incur apprecisble error,
it is suggested that equation 3 should not be used to calculate the values of
R and J, Instead the formilae presented in Ref.l should be used.

A.2 Definition of the manoeuvre:-—

Consider a general fish-tail manoeuvre induced by the rudder, in which

the rudder is moved %o and fro in a gsinusoidal motion at a frequency propor-
tional to the natural frequency of the damped yawing oscillations of the
aircoraft then

[
i1

%, sin Jfx (4)

where the non~dimensionsl frequency of the rudder motion is Jf and

P = frequency of rudder movement
= damped natural frequency of yawing oscillations of the aircraft *

A.3 Solution for the Angle of Sideslip

then

4B

dv

it

N

The solution of equation 2 for B , including equation 4, is

R 2 )
[fe"JJT [2%005 Jt +(§—é—-1 +f2) sian::I
B=23 % H > (5)
R g2 2
—Z-j-.fcostm+(--2-+1-f)sian'c
J
[ R 2 2 1
-=JT
JJ _BB_.+1+£2 sinJ':—E—+'\—f2 cos JT
fe J J2 J2
=8 % BJ , v (6)
+2%f2 51an'r+f<%+1-f2>oost¢
. J J
- R - o 2 2 /2 3
fe J [2-2-3f cosJ‘r+{@-§+1> +f6-2-—1>]sin3fr]
5 £ H J°9 ,
n e e R 5 2 >
+2-5f'3c:ostfc-f G—%-r-'l—f')sin.]'f'r
J
J
(7)

i le:-li-;-n- (1 + f)2:|1[-§-;+ (1 —:E‘)Z:‘ .

&

o

v ]

(3



These equations are valld for the ranges of [ above and belew
resonance conditions (f = 1), but much of the following analysas only
applies to the range f < 1,

Czaykcwsld.z has considered a particular case of the fish-tail manoceuvre
in which £ = 1, For this particular case he was able to simplify the
equation for the angle of sideslip and present graphically all the local
maxima required for design purposes., In the general case, however, many of
the simplifications are not valid and it is necessary to resort to numeriecal
solution of the squation for B to obtain the required information for design,
This involves the solution of the transcendentel equation,

2
—BJT ,2Ef gin Jfx + B-.:2+‘l -f2 cos Jix
J d
e = 8
R /R° 2\ . 2 2
==+ 1+ f sin Jr + (== + 1 =« f" ) ooz Ju
JJ2 2

which is the condition for the local mexima of B for any set of the para-

meters%. and f, In the present note the effect of f on the magnitude and

times of ocourrence of the first three local maxima of 8 have been caloulated

for a wide range of % and the results are rresented in Figs_..z, 3, 4, 5, 6

arnd 7., For convenience, the times of ocowrrence of the maxima are expressed
in terms of a phesge angle €} the difference in positions of the corres~

ponding maxima of P and £, Since ¥ = L’e sin Jft, this is equivalent to

measuring the angular position of each maximm of B from a datum Jft =

% (2r - 1), where r (= 1, 2 and 3) signifies the particular maximum under

consideration, The magnitudes of the maxima are given in terma of

o= G (E
n e

The range of f covered, 0.5 ¢ f ¢ 1,0 is considered to be the most important
range likely to be met in practice,

) + Defined in tnis way Qr is always positive,
r

A4 Fin-and-Rudder Ioad:

ALkl General formulae

The asrodynamic load on the fin-and-rudder during a lateral manoeuvre
moy be written (cf. Ref,2)

%: -Ba—c-@-@-u-az; (9)
where A = %PV28" g = . a.1
Hy
-iv W
B = (1 ¥ uj) H3 = Tpse "

The condition for the maximum fin-and-rudder lead is

1

-13 =



2
B == CdT2+a2dT 0. (10)

Using equations 4, 6 and 7 this condition may be rewritten as

2 2
- R g {t E’gﬁ - C.Jég + 1>:|+ ¢ r3}sm JT + {ra(-c-"fﬁ - B>+ B@z . 1) - ﬁ}cos Itr
eV = “ (1)
S 2 2\ 2 i
IEB.%-mt'é'ﬂ +(§‘—é+1 B.%--CJGEH stn 3% + | £\ B co-B) 48Tz « 1) | cos 3t

It is obvious that this equation is too complex to be of any practical
value, The complexity is due to the nature of the equations for § and

—g—% , and, as implied in the previous paragraph, it is not possible to introduce

general simplifications into the equations for B and %E . However, it is

possible to replace them locally by simpler functions for use in equations 9
and 10, In this way the labour can be kept to a minimum without any great leoss
in accuracy.

AL,2 Approximate formulase for the fin-and-rudder load

Calculaticns have indicated that, in the general case, the component of
the fin-and-rudder load which is dependent on %2 has a marked influence on the
precise positions of the mexima of the total load, although the magnitudes of
these maxima are not appreciably affected., It is usually necessary to know
both the total fin-and-rudder load and the load due to the rudder alone, and,
since the load due to the rudder displacement alone is directly proportional

te the position of ithe rudder at the Pm’ it appears that the position of the
Pm should be determined as acourately as possible., It is felt, therefore, that
the term proportional to dp , which may be neglected in the particular case

dt
£ =1 (cf. Ref.2), should be retained in the general case.

An anslysis of the time histories of § and P in tne general manoeuvre -
see Fig.10 for example -~ suggests that, with the usual ranges of parameters,
the various maxima of P cccur later in the manoeuvre than the corresponding
maxima of B (i.e, if <he first small maximum of P is ignored), However, the
phase angle between them is usually smail, The new functions for B and%g need
only be accurate, therefore, in the regions of the corresponding maxima of B
and P, The response in B is oscillatery in character and a suitable function
to describe the motion locally is found to be a circular function in which the
coefficients and phase angles are chosen to give the local maxima exactly both
in position and magnitude, The frequency of the new function may be assumed
to be the same as that of the rudder movement, For convendence a separate
datum is considered for each maximum, For the r®h maximum the local function
for B is, using the notation of Fig,9

b

r r

B Fr+1 - _ 5
nz’e.(ﬁ) = (1) Qrcos<Jf«c (or 1)2 e)

(—1 )r+1 Q. cos (xr - er) (12)
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where x_ = Jft - (2 - 1) -’5‘ and the partioular datum is at Jft = (2r-1) -’5‘ .

The first derivative of B may be obtained from equation 12 by differentiation.

The rudder movement about the new datum may be described as

2 2
-g-‘-T-g- (), = (1) ‘g— cos X . (13)
n e n

In these equations r(= 1, 2 and 3) indicates the particular loecal
maximum under consideration, The angle €. is the phase angle between

corresponding mexima of B and Z and is considered positive when the Bm
occcurs after the corresponding zm. Substituting these new functions in the
general expression for P, equation 9, we have

J2
——-—-A§§n (—g—)r = (-1 )r+1 2, !:% f sin(xr - er) - <:c>s(xr - er):l + -:—26—-11 cos X

©

(~1)F* [xr sin(x_ = &) + T, cos(x; = g ) + a, cos r](w)

O
H
L

TN
mﬂl’ﬂ
N
H

1

5
- n
where Xr = G . T » QI' s f
: (15)
&
T = - B . -‘1-1 . Q .
T J2 b
The equation for the position of the Pm is then
- = Sl -
x., = Jft =7 (2r - 1)
- ir cos €, + -Y-r ein &,
= tan — — - . (16)
a, + Yr cos g, = Xr 8in g,

Thus, for a given value of f, the only response gquantities required for
the calculation of the magnitude and position of a particular maximum of P

are Qr and € . The wvalues of these quantities, for a wide range of% and f

have been calculated from squations (5) and (8), and are given in Figs.2, 3,

Ly 5, 6 and 7. The ringed points in Fig.10 indicate the accuracy of the new
approach, The computational charts presented in Appendix III may be used for
rapid estimation of the Pm.

A.5 Hinge Moment

The rudder hinge moment coefficient at any point in a lateral manceuvre

is ‘
Cp = =ByB+bL . (17)
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The condition ror the Chm is rather unwieldy, and the investigation of a

particular case would be tedious., However, using the same technique as has
been used in the previous section, approximate formulae may be derived to
reduce the labour in such instances without any great loss in accuracy. All
the maxima except the first may be obtained from a general formila.

18t Maximum;:-

53 the first maximum of Ch occurs close to

Jf =-7§t . In this region the response 1n P varies approximately as (1 - cos Jf«c).
If the new function for B is chosen such that it is exact at Jfa = O and g
have, assuming the frequency of the motion to be the same as the frequency of
the rudder displacement

With typical values of b 4 and b

, We

ﬁi) = Q (1 - cos x_) (18)
6n (‘:’e ﬂ/2 o
where X, = Jis and r=1,
Bquation {17) becomes
ch 81'1
(-;—e>1 = -}-2-.1)1 . Q,ﬂ/z. (1 —cosx1)+b2 sin x, (19)
= M, (1 ~ cos x,l) + b, sin x, (20)
5 « b
o= n 1
where M, = ———;—2——- . Qﬂ/z . (21)

The position of the maximum is af
b
%, = tan™! (— __g) . (22)

Further Maxima;:-

The dominant term in the equation for C,, equation (17), is b,Z . Thus
for normal values of b1 and b2 , the maxima in Ch will occur close to the
corresponding maxima in £ and the phase angle between corresponding maxime of
and Oh may be large. The function previously used to replace B locally (A.4.2

is only accurate in the region of each Bm. A more general Tunction is therefore

needed if accurate values of the remaining Ch are to be obtained,
m
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A suitable general function is a sine function which gives exactly, the
positions of B = O and the following B (in the region of the ¢, in
m
question) and also the magnitude of the B . The frequency of the new

functior is then automatically defined,

The function is (see also Fig.9)

n 51

TSJE (f-)r = % sin ¢ (x - & ,I‘) (25)

where the local datum is at JfT = ~(r-1) and r = 2, 3 etc,

(31'-1 ,r) is the phase angle between the positions of the corresponding
B =0and & = 0, considered positive when B = O occurs after g = 0 and

. local freguency of the response in B8
% ® TPrequency of applied rudder movement

/2 ‘
7Y & ” fpe,r . ()
Also
2 .
J (&4 rel &
L&) - Ty s )

Hence equation {17) becomes

R)

5
r+1 n .
(=1) (-— QU - 2 b, « sin rpr(xr - er—1,r) + b, sin xr)

4
= (1) ('ﬁr sin g (xr - e, 4 ,r) + b, sin xr) (26)
where ¥, = - Qr . -‘;2- . b1 . (27)

The positions of the mexima are given by the following equation

cos X M ¢r
= =
)

(28)
cos q’r(;r " fret,r
2
: T
0.8 < ¢, < 1.2, For such nases

Within the ranges of = and f considered in this note the range of ?n is

) (29)

cos cprGr - &, 4 ’r) =~ cos(x, - e 4 x



anl equation (28) may be simplified to

coa X H o
CHERT) b (30)
CoS\ Xy r-1,r 2

fl
L]

The solution to an equation of this type is given in ¥Fig.27 for a con-
siderable range of paramebers.

Thus for rapid estimation of the Ch s the only additional response
m
guantities, over and above those used in the estimation of the Pm’ are Qﬁ/
2

and e, .. These may be found from equation (5), The values have been
s

derived in the present note for a wide range of % and f; the results are given

in Pigs.13, 15 and 16,

Pig,10 gives the exact response in g, P and Gh to a fish-tail manceuvre

for the aircraft considered in Table I, The ringed points are the maxima of
P and C,_ as calculated by the sbove formulae, It is seen that the approximate

values are accurate to within 5%,




AFFENDIX II

Detailed Discussion

The primary object of the present investigation has been to examine the
effects of direct and power assisted rudder movement in relation to the
design requirement!. This has necessitated a very deteiled analysis of the
general effects of rudder movement on the ensuing loading conditions. The
chief points of interest are reported in para,3 of the main text, but the
detailed discussion covering these points and further points ¢f perhaps
secondary interest from the airworthiness aspect are given in this Appendix,
The Appendix is self contained and has the same general layout as para.3,

B.1 Effect of Prequenocy of Rudder Movement on the Response in Yaw

B.1.1 Introduction

To simplify the discussiou, consideration is first given to the manner
in which the various response quantities are affected by variations in the
frequency of a sinusoidal rudder movement of constant amplitude (pare.t.2).
Then the quantities are considered in terms of a maximum pedal force for the
same frequency range (pesra,1.3), ' ‘

]

The rudder movement is defined ag ¥ = z;e sin Jfx where J is the non—

dimensional, damped, natural circular fregquency of the aircraft in yaw, and
e;e is the amplitude of the movement. The non~dimensional cirocular frequency

of the rudder movement is Jf, and f is, therefore, the ratio between the
rudder frequency and the demped, natural yewing frequency of the aircraft,
The case f = 1 corresponds to movement of the rudder at the demped resonant
frequency of the airoraft in yaw, The non-dimensiona rate of movement of
the rudder is 35 = JP%_cos Jf< and the maximm (initial) rate is Jf%,.
Thus when the response is expressed in terms of the amplitude of rudder
movement, a variation in f indicates a proportional variation in both the
frequency and maximum rate of movement of the rudder. Hcwever, if the
response 18 expressed in terms of the maximum pedal force, a variation in f
still indicates a proportional change in the frequency of the displacement,
but the maximum rate of displagement depends on Z;e » Which, in turn, depends

on the hinge moment characteristics of the rudder and, as will be seen later,
on I itself although not proportional to it. .

B.1.2 Res;;onse per unit amplitude of rudder movement

B.1.2¢1 Anzle of sideslip

The curves in Fig.1 give the response of an aircraft in angle of side-
glip to sinusoidal movement of the rudder at four different frequencies,

All the curves are pregented with Jfvt = (-J,:i) « %, which is proportional o

+
non~dimensional time, as a common base, In this way the disturbing movement,
Z= ;e sin Jfx , appears as a single curve irrespective of the frequency,

Plotted against Jv, the curves of response would be considerably closer
together with a resultant loss in clarity, It is aseen that, while the
general character of the curves is the same, both the positions and
magnitudes of the local maxima are affected by variations in f, It is also
apparent that the menner in which esach of these maxima is affected depends
on the particular local maximum in question,

—19.—



For given values of Sn, the rudder effectiveness, and J, the angle of
sideslip is a function of JE , T and time, (Appendix I equation (5)) and it
is simple, although laborious, to determine the magnitudes and positions of
its local maxima for different combinations of'§ and f. The results of such
an investigation are presented in Figs.2 to 4 and 5 to 7 respectively, and
cover the three local maxima that occur in the duration of a manoeuvre of 12
cycles of rudder movement,

Examination of Figs.2 - 4, indicates that the magnitude of the individual
maxima Q1, Q and Q3 are all affected in a similar manner by the parameters
Btand f, i,e, the maxima decrease 1f-3 is increased, and increase to a peak and
then decrease if f is increased, The effects becume more pronounced as the
manoeuvre develops, and the percentage change in Q5 following a change inn% or

f, or both, is much larger than the corresponding percentage change in Q1.
Also, as the manoesuvre develops, for a given value of g, the values of f
associated with the peak values of Qr tend towards the damped resonance value,
Resonance conditions might be expected to give the peak value of Qr, but there

are two reagons why this is not so in any problem of the present type. Firstly,
steady values are not reached in the specified duration of the manceuvre, and
secondly, the motion of the aircraft is damped., If the motion of a system is
damped, the maximum response occurs at a frequency samewhat below resonance
conditions, (cf. Ref.3) even if asymptotic conditions are reached. Further if
the motion is overdamped, the maximum response drops away as the frequency is
increased from zero?m%cf Ref.3 page 66), and no peak is apparent. In the
case under consideration, where the damping is moderate, the peak values of Q

3
occur in the‘region of f = 0,9 to 0, 95,

The positions of the maxima, see Figs.5 - 7, are all affected in a similar

way by changes in'% and £, but not to the same extent., For a given value of ?’

the phase angles s & and 83 ingcrease as £ is increased. Thus, as the fre—
quency of the displacement of the rudder is increased, the response in g tends
to lag more and more behind the rudder displacement, cf, Fig.,1. However, as
the manoecuvre develops, the angles e gradually decrease and approach a steady

value. This value depnends on'% and f, and may be obtained from a consideratien
of the asymptotic conditions (i.e. at Jfr = ), The positions of the maxima are
not affected greatly by changes in'g except possibly at the lower end of the

J
frequency range considered i this note.

The effects of~% and £ on Qr become more noticeable as the manceuvre
develops; this is best illustrated if the values of Qr’ for a given value of
-%, are plotted on the same frequency base, as in Fig.8, where the data of the

example in Table I are used, It is seen that, at the lower end of the frequency
range, Q1 is the critical maximum for the manoeuvre. If the frequency is

increased a point is reached at which Q1 and Q2 become equal, For a certain
region beyond this frequency, Q2 is the critical maximum and finally, as the
damped resonance conditions are approached, @, becomes the critical one., If

3
the disturbing frequency is increased beyord f = 1, Q2 and Q1 in $hat order,
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again become critical., The values of f, below the resonance conditions,
at which Q1 and Q2 and Q2 and Q_3 became equal are given in Fig.14, for a
range of values of % « The values of I are littls affected by %, exoept
when this parameter is small,

The general equation for B, equation 5, contains trigonometrical func-
tions of two distinet frequencles; one is the frequency of the disturbing
motion, the other, ihe transient fregquency, is the damped natural yawing
frequency of the aircraft, With the range of f considered in this note,
the two frequencies are of the same order, Where the inltial effect of the
transient response on the overall response is considerable, a condition
approximating to the characteriatic "beating" phenomenon is to be expected,
i,e, motion with periodically verying amplitude, The transient response
component is usually well damped, so that a true beating condition cannot
develop. The remarks made above indicate that the amplitude of the response
in B8 does vary in some complex way, and it appears that a form of beating
1s present in the sideslipping motion induoed by sinusoidal rudder movement
of frequencies close to the damped resonant yawing frequency of the aircraft,

B.1.2.2 Fin~and-rudder load

A time history of the fin-and-rudder load induced by sinusoidal rudder
movement of a gpecific frequenoy is given in Fig.10 for the example of
Table I, It is seen that the form of the response in P is similar to that
in B , except at the beginning of the manceuvre, The additional maxdmum
that coccurs in the initial stages of the manoeuvre is usually very amall,
and, for design purposes, may be dlsregarded. An examination of the geheral
equation for P, equation (9), and the ranges of the paramsters involved,
indicates that the contribution to the total load of the camponent propor-
tional to P is paramount, Thus, ths fin-and-rudder load is affected by

changes in-RJ- and £ in a similar wav as the angle of sideslip, (of. Figs.8

and 11k) and, in the general case, it is necessary tec have a knowledge of the
three local maxima of P before the critical condition is stated.

Since P is greatly dependent on 8, the ocorresponding maxima of these
two quantities (@isregarding the first, very small, maximum of P) ocour at
roughly the same times in the mancsuvre, With the usual values of the
pertinent parameters, each maximum in P is clasely followed by a maximum
in P. The proximity of each pair of maxima depends on the value of f, i,e,
on the frequency of the rudder displacemert, For the particular case of
f =1, (see Ref.2), these maxima occur at Jft & =, 2x and 3% , i.e, when
the rudder is central. In this gpecial case, the contributions to the total

loads of the components proportional to £ and %E are negligible,’ However,

for values of f other than unity, the maxima in §, and hence the maxima in
P, do not ocour in the region of Jfa'=s « ete., but when the rudder is in a
deflected position {cf, Fig,10). Thus, in the general case, each B contains

a component due to the angular position of the rudder, and also, since the
Pm ccour after the corresponding Bm’ & small component due to %E (see
equation (9)),

Detailed calculations have indicated that the component of P due to %g
has s marked influence on the precise positionas of the Pm’ although the

magnitudes are not appreciably affected, Since the designer often needs %o
have a lmowledge of the separate components of the Pm, as well as the values

the Pm themselves, an accurate knowledge of the position of the Pm is also



desirable. The rudder angles associated with the Pm are usually small,

although they vary appreciably with f, and the components of Pm due to the
position of the rudder, which are proportional to ;e 8in Jf¢ are much affected
by inaccuracieg in the estimation of the rudder angles for the Pm’ Thus it
aprears that the componeint of P due to %—E should be retained in any computations

involving the Pm and their componenis.

The general equation for P is complex, and rather unwieldy for use in
detailed calculations of the maxima in P, This camplexity arises fram the

presence of the components containing p and %E « In Appendix I para.l.b.2, a
method 1s developed to reduce the computational work inveclved in such a iask,

In this method, the exact equations for 8 and %@ are replaced by simpler,

approximate equations, which give good agreement with the exact equatiens ain
the neighbourhood of each ,8 » A convenient expressien for B ig Q cos(Jf'r-e )

The approximate equation for -—E follows by dlfferent.l.at:.on. The two para-
neters Qr and g, are precisely those used in para,B,1.2.1 to describe the Bm

in magnitude and position., The accuracy of the new approach may be gauged
from Fig.10, The "ringed" points are obtained from the computatienal chart,
The curve shows exact values,

To illustrate the effect of £ on the various maxima of P, all other
factors considered constant, the example in Table I has been analysed. The
results are obtained from the simplified formulae, and are presented in Fig,11.
The curves confirm that the maxima in B and P are affected in a very similar
marmer by changes in f. The values of f for the peak values of the Pm are a

little higher than tgose for the peak values of tne Bm. Thase differences

depend on the ratio 3.1 o If it is high the shape of the curves for the By
2
and Pm are almost identical,

B.1.2.3 Pudder hinpge moment

An example of the response in Gh. to a sinuscidal rudder movement i1s given

in Fig.10. Again the character of the response is similar to that in 8 .

However, with the usual values of b1 and b2, the term bzg in the equation for

Ch, equation {17), is the dominant one, af:d the response in. Ch follows the

disturbance more closely than is the case with the response in g and P,
Although the term bzg is the dominant term, the effect of f on the response is

considerable, This is mainly due to the changes in phase :gh:i.c:h occur between

B and & when f is varied. This is especially marked when b—1 ig pogitive and
2

b b1B and bzz_,, tend

to oppose each other throughout the manoeuvre, and slight changes in phase
between the two components cause considerable changes in the overall Ch

b2 is negative, for, in such cases, the components of 0

response,

The effect of £ on the various maxima of Ch for the example in Table I,

is illustrated in Fig,12, The curves have the same general characteristics
as the corresponding ones for the Bm and Pm. However, the values of f for
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the peak values of the Ch
m

The dotted line represents the maxima of C

are higher than in either of the other cases.

n for the special case 'b1 = 0 and

divergence from this line, at any value of f, is entirely the effect of b16

i,e. the effect of the response of the aircraft in g ., Belo& f =09 in
this particuler example, the response of the aircraft reduces the hinge
moment below the value ogtained from the rudder alone, This tendency %s
likely to be present if-El is positive and b2 is negative. The ratio 31

2 2
has a controlling influence on the value of f at which the effect of the
response of the aircraft changes sign. The significance of this feature
will be discussed more fully in para.B.1,3.

The curves in Fig,12 indicate that it is necessary to calculate the
values of all three Ch before stating the absolute maximum for the
m

manoewvre, However, the character of the equation for C,, equation (17),

is basically the same as that for P, and it is conseguently unsuitable for
use in detailed calculations because of the labour involved. In Appendix T
para.A, 5 further approximate equations for f are introduced to simplify

the equation for Ch. For the 1st maximum of Ch, B is expregsed ag a function

meé(1-cos Jf¢) where Q“Vé is, a responge factor involving the value of B at

Jft = g (see Fig.13), and for the 2nd and 3rd maxima, B is expressed as a

function of Qr sin ®, (Jfx - &g r)' In bnth cases, the approximate
d
equation for Ch may be tabulated for calculation of the maxima. The

relevant chorts are given in Appendik III, The accuracy of the approach
may be gauged from Fig,10., The squarcd points are obtained from the
approximate equations; the curve shows the exnet values,

JB.1.3 Response per unit maximum pedal force

So far the discussion has been confined to consideration of the effect
of f on the response in B, P and Ch anduced by unit amplitude sinusoidal

rudder movement., The present design requirement specifies an amplitude of
movement sorresponding to a given pedal force being the maximum force
applied in the manoceuvre. To compare the fin~and-rudder load for the design
case f = 1, and the load induced by sinusoidal movement of the rudder at
other frequencies, the effects of £ on such quantities as the Bm and Pm

per unit maximum Ch are requirced, Becauge of the large number of paramecers
involved, the effects are best 111ust§gtud bg an example. In the previous

paragraphs, the effects of f on+ , ; and.z?m have been giveon for the

e I
the example in Table I - see Flgs.B 11 and 12. At any value of £, the
uppermost curve in each figure gives the absolute maximum value of each
quantity produced in the full manoeuvre of 1% oycles of rudder displacement.
If only one cycle of rudder displacement is to be considered, the curve for
the third maximum r = 3, may be neglected in each case, If the reciprocal
of the values on the upper boundary in Fig,12 are calculated, the resultant
curve gives the value of ;e at each value of f, which must btz applied to

obtain wnat ¢, at some peint in the manceuvre, The cwrve is given in

h
m

Fig.,17, Any combination of ze and f below this curve does not produce unit

Ch at any time during the manceuvre considered, Conversely, if a combinatior
m

.-..23-—



'

ebove the curve 1s selected, unit Ch will be exceeded, It is seen that, as
m

f is increased, the amplitude of rudder movement to produce univ maximum Ch

decreases congiderably., This effect 1s likely to occur in all cases where
b

— ig positive and b, is negative, The ravidity with which £ decreases as

=2
-

2 =}
2 b
£ is increased depends on the magnitude of ig-. The curve is discontinuous
2

since it is based on the upper boundary in Fig,12, The points of discontinuity
correspond to values 'of f at which the ebsolute maximum of Gh for the manoeuvre

changes from one local maximun to the next (see para,B.1.2,3). The dotted line
represents the special case b1 = 0, The relieving effect of the aircraft

response is olearly demonstrated,

If the combination of f and ;e at each frequency, to produce unit maximum
G
rudder may be calculated since the maximum rate is proportional to fZ ., The
curve for the present example is given in Fig,18. The area below the curve

corresponds t¢ conditions which do not produce unit maximum Ch in the specified

duration of the manceuvre. The maxamum rate increased to a peak and then drops
as g is increased, In general, the position and magnitude of the peak depends
1
on— ,
by

is known, the corresponding maximum (1nitia1) rates of dlsplacement of the

The curves of the Bm and Pm per unit maximum Gh are plotted in Figs,19

and 20, They are similar in character to those for the Qm and,E; per wnit ;e,
but there is one important difference, namely that the peak values of the Qm
and ?m per unit maximum Ch do not sccur at or clese to f = 1, Consequently,
the damped resonance condation (1,e, the present design case) does not

necessarily represent the critical loading case. In the present example, the
greatest Qm, at £ = 0,765, is 306 greater than the largest @m at £ =1,

Similarly the greatest value of P , at £ = 0,84, is nearly 15% greater than
the largest Pm at £ =1, A similar state exists if the duration of the

manoeuvre is restricted to one cycle of rudder displacement,

Thus although the pilot may tend to displace the rudder at the damped
natural yawing frequency of the aircraft if' he executes a manoeuvre approxi=
mating to the fish-tail manoceuvre, he will be able, with conventional rudder
controls and control characteristics, to apply a greater rudder amplitude
for a given maximum pedal force than in the damped resonance condition by
reducing the frequency of the displacement slightly (because of the relieving
effect of the resgponse of the aircraft on the hinge moments at low frequencies).
Such an action wall give rise to greater angles of sideslip and fin-end-rudder
loads than those associated waith the resonance case, The maximum rate of
movement will be sglightly higher than that associated with resonance conditions
but, wath direct control, it should be attainable without undue effort,

These remarks only apply striﬁtly to the chosen example. The important
parameters are Y bq' b2 and */J, and provided these do not change much

the overall picture will be similar,



B.2 Effect of a power unit on the rudder movement and pedal forces

In certain circumstances, the addition of a hydraulic power unit to
the rudder circuit may impose restrictions on the movement of the rudder.
In particular, there may be a restriction on the maximum rate at which the
rudder can be moved. If the rudder pedals are moved sinuscidally at a low
frequency, with low amplitude, the power unit is normally able to produce
a corresponding movement at the rudder. However, i1f the freguency of the
pedal movement is increased without altering the amplitude an initial rate
of movement equal to0 the maximum rate of the power unit is eventually
reached, cf. Fig,21.. Beyond this point, the pilot is not completely free
to apply the movement he desires but is influenced by the characteristics
of the power unit., The present design requirement specifies the frequency
of the rudder movement, and also a pedal force (the maximum force applied in
the manoeuvre), Implicit in this requirement is a maximum rate of rudder
movement, If this rate cannot be realised through the power unit, the
specified manceuvre cannot be pertormed and the design requirement may then
be too severe.

To examine this point, an agssumption must be made with regard to the
actual rudder movement obtained by the pilot when he attempts to perform ths
required manoceuvre, If the rudder is operated directly, the pilot is likely
tc move it at the damped natural yawing frequency of the aircraft., The
addition of a power unit will probably not alter this tendency, although
there is likely to be a small phage lag between the pedal and rudder move-
ment., The phase lag is of no consequence however, in the present investiga-
tion since the aircraft response induced by the movement of the rudder is of
primary interest., The effect of the power unit in restricting the rate of
movement is prcbably to reduce the amplitude of the rudder displacement,
Just how much the amplitude will be reduced is difficult to assess, A first
approximation might be that the pilot moves the rudder sinusoidally at the
specified frequency, with an initial rate equal to the maximum rate of the
power unit, However, if he attempts to apply the specified movement of the
rudder, corresponding to a pedal force of {100 1b, the amplitude may be
greater than given by this approximation, In the absence of any flight
or laboratory data to Justify & more realistic epproach it is assumed that
the rudder is moved at a freguency equal to the damped natural yawing
frequency of the aireraft, with an amplitude equal to the arithmetic mean
of the specified amplitude and the amplitude given by the first approxima-
tion suggested above (see Fig,22a), Thus, the maximum initial rate of
movement is higher than the maximum rate of the power unit., However, such
an assumption is not unrcasonable because it is usually possible, through
the follow-up mechanism of the power unit, to boost up slightly the maximum
rate a few percent, Also the movement of the rudder at a rate at, or close
to the maximum rate of the power unit makes the execution of an exeot sinu-
soidal movement difficult, and the initial movement is likely to be approxi-
mately linear rather than sinusoidal., Nevertheless the resultant rudder
movenment is assumed to be of sinusoidal form in order that use may be made
of many of the grephs and charts already presented and discussed., Thus the
conclugions reached are mainly qualitative, although they indicate the
trends to be expected.

The specified amplitude of the rudder movement is that which can be
obtained with a pedal force of 100 1b., The assumption with regard to the
actual amplitude of movement of the rudder when a power unit is in the
circuit, implies that the applied pedal force is less then this amount,
provided that the relationship between pedal movement and pedal force is a
linear one. However, if the pilot chooses to move the rudder at a lower
frequency than the damped resonant freguency, he is able, without increasing
the maximum rate of movement to obtain a bigger amplitude and consequently
a bigger pedal force, i,e., a force closer to the specified 100 lb., This
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reduction in frequency, which involves a corresponding increase in amplitude,
may give rise to a greater fineand-rudder load than could be obtained with the
assum=d movement - in much the same manner as in the case of the manceuvre
induced by darect operetion of the rudder (para.B.'l), I{ the maxamum rate of
the power unit 18 very much lower than the rate implicit in the specified
menoeuvre, the power unit affects the pedal movement over a considerable range
of frequencies, In this rarnge, the effect of the power unit will be assumed
to be as before, namely that and the amplatude 13 eqral to the arithmetic mean
of the specified ampliitude and the amplitude corresponding to movement at the
optamum rate of the power wnit and the frequency in question (see Fig.22b).
Thus the assumed rate of moveomeni variss with the frequency of movement.

B,3 Effect of a power unit on the response of an aircraft

B.,3,1 Example chosen

To illustrate the effects of a power unzt, on the various response
qrantitares, the previcus example of Table I is extended to cover the case with
g powar unit in caircuzt, The characteraistics of the unit are assumed to be
such that zts mexamum rate 1s 0.7 of the maximm rate required to perform the
specified fish-tail manoeuvre, 1,e. the maxamum atteinsble frequency of movement
of the rudder, with the amplitude ecorrespondaing to = pedal force of 100 1b, is
0,7 of the damped natural yewing froqueney of the aireraft, or simply, £ = 0.7.
At low frequenciss, below f = 0.7, the prlot can apply the amplitude of movement
corresponding to 100 1b pedal force, and the maxuam imitial rate of movement
depends on the frequency he chooses to use, Above { = 0,7, with the influence of
the power unit, the resultant amplitude of movement depends on the frequency as
shown an Fug.23,

Tt as felt that the chosen charascteristics of the power unit represent
almost an extreme practical case, since 1t 13 not expected that the opiimum
rate of the umit wall be ruch less than 0,7 of that required for the execution
of the fish-tail menoeuvre, If it 1s, it will probably mean that the aircraft
camnet be manoeuvred in the most efficient manrer,

B.3,2 Angle of sidesliy

Consider now Fig,24, The full line reprcsents the casc in which, for the
range of frequencies consadered, the power wuot has no effect on the control
motzon 1.e, the present design condations, at £ = 1, can be met, The B, are
expressed in tems of pedal force, and are cbtained directly from Fag.8, In
mekaing this step 2t is assumed that the pedal force is proportional to pedal
displacement, The dotted curve represents the case =n whach the power unit
is added to the circuit, The amplitude of the rudder movement above £ = 0,7
1s reduced according to the relevant curve in Fig,23, The cheain dotted curve
has been produced by assuming that the rudder movement above £ = 0,7 is simi-
soidal but that the mexmmum rate is limited to the maximuw rate of the power
unit, i.e, the farst approximation mentioned in para,B.2., In this case the
amplatude of the movement decreases as the fréguency is increased such that
the maxaimum rate remains constant,

The curves aindiacste that, 1f the power umit restricts the movement of the
rudder such that the design condations cannot be reached, the maximum angle of
s1deslip obtainsble is lower than that associated with the present design
conditions, Also, this meximm may ocour at a frequency considerably lower
than the damped resonant frequency of the system,

B.3.3 Pin-and-rudder load

A similar set of curves has been produced for the fin—-and-rudder load at
various frequencies, Fig.25. The curves arc very similar to those for the
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angle of sideslip, If the assumed effect of the power unit on the pedal
displacement is accepted rough quantitative conclusions may be dravm, In
the example chosen, it is seen that the meximum load is approximately 18%
lower than the specified design load, The maximum occurs when the rudder
is moved at a frequency approximately equal to the damped resonant
frequency. However, it is likely that in other examples, the oritical
frequency may differ from the damped resonant frequency,

B.3.4 Rudder hinge moment

The rudder hinge moment, which may be needed for the determination of
the strength of components on the rudder side of the power unit, has also
been calculated (see Fig,26), The effects of a power unit are similar to
those found in the other two response quantities,
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APFENDIX IIT

Computational Charis

The following charts may be used to calculate the local maxima of the
fin-and-rudder load end rudder hinge moment produced by unit emplitude of
sinusoidal rudder movement of a chosen frequency (oc'f), and the local maxima
of the angle of sideslip and fin~and-rudder load per unit maximum Gh for

the same frequency of movement. The corresponding maximum angle of side-
slip per unit rudder movement may be obtained from Figs.2, 3 and 4. If the
duration of the manoeuvre is 1% cycles of rudder movement, three local
maxima of each quantity are prodused, corresponding to r = 1, 2 and 3 (for
1 cycle of movement the mumber of maxima is only two, r = 1 and 2), and for
the chosen value of f, all three local maximn should be computed before
stating the absolute maximum of the quantity for the chosen manoceuvre,

The charts are based on the approximate formulae derived in Appendix I,
namely

P
%sz-)r = (~1)7H {"ﬁr sin(x - ¢,) + T, cos(x, - €,) + a, cos xr}

1

H
1]

1, 2 and 3

Mr('l - cos xr) + b, sin x|

N
g
o |a:"
~_1E
H
i

A r+1 oyl . N e
(~1) [Mr sin o Gcr € g ,r) + b, sin xr]

/—-—\
g
Sl
H
n

Ly
it

2 and 3,

The charts may also be used to calculate the local and absclute maxima
of the above quantities over a range of rudder movement frequencies thereby
permitting the determination of the frequencies which produce the greatest
angle of sideslip and fin-and-rudder load per unit rudder movement and

maximum Ch’ and the magnitudes of these quantities. In general, the

critical frequency will 1ie in the range 0,5 < £ < 1.0,

The numericeal values included in the charts illustrate the orders of
magnitude of the quantities in the various columns etc,

Data required,

(see also List of Symbols):

a, A (£5)
B2 By
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b (£%)
by
by
f a range
g (£t/sec”)
i
C
¢ (£t)

Basic formulae:

= N
Ho gpsh

u‘l:
|

H

&

h e
r
5 (£4%)
g (ft2)
v (ft/sec T.A.S.)
v
W (1b)
yv
b, V. a
5 = —=B 2 A:%pVZS"
n 1
C
"3'7'.
S e = -
R=3(y, + ) B-(‘I-&-p)a,l
3
_ LAl T2 _ L
J Jmn 4(vn yv) C = ™ a,




CHART T

Haximum Fin-and-rudder Load Per Unit Amplitude of Simsoidal Rudder Displacement
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CHART Ila

Maximm Rudder Hinpge Moment per Unit Amplitude of
Sinuseidal Rudder Displacement
(FPirst Local Maxirmum)
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CHART ITh

Further Local Maodima of the Rudder Hinge Moment
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CHART T1I

Maxima of the Anele of Sideslip and the Fin-and-Rudder Load

per Unit Maxamum Rudder Hinge Moment
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o UMMARY

As a firgt invescl;stion of “unite sspect ratio effeccz in
relation to the jev “lap scheme, pres<ure vlottilry experiments were
uade oa & smell-scale radel, wier 2 1250 thick wing section alresdy
tesved under two-dicensionnl condations av the IL.0,T.E. The soanwise
disvribution of !sreseure 1ift' loading induced by T.E. bloviig was
evaluated by chordwise invegratrion of the surface static pressures,
end folloved closcly that wiiich would be expected for a conventional
wing ot uncidence (withoutv T.E. tlowing). The total lilt, drag and
pitching moments were derived for values of Jjet mopaentum coefficient
Cy; wy to 2 av wing inscidences between -5° and 207 and up vo 5 at
zero ilacidence, by suniiing the corresponding invesraved pressure forces
and Jjet reoction Components.
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1. Inuroduction

The sev {lap schere develoned at the R}Q.T.E.1 is essentially
a8 means of producing an az lietry of flow sbout + ving in order o increase
11T av constans wing incidence, wilhouts recourse %o mechanical devices
such as large T.E. flaps. A.r is ejected -rith high velocity st an engle
Y 1o the chord-l.ne, chrough a nsrrow spanwise slot et the wing T.E.

In the so-called 'sheouded jev flap!', 2 smell hinged T.Z. flap is
included merely to surn the jet through the recuired ansle by Coanda
sfiecy, instead of inclining the direction of the blowing slot Tto the
chord line. The Jjet-{lap schere may be contrasted with blowing over
normal size TWD. flaps, where the osymmnetry of the flow is basically
engendered by the lan deflection, and the blowinp prevents flow
separation over the flon mo.c, thus ensuring that the flap atvains

1ts theoretical efficiency® (see Fig,1 of Ref.3). Even in this case,
17 che blowing aorentan is incressed beyond thet recuired to prevent
Tlow separavion, the 1ift is slso further increased (supercirculation)
by the elfective exteasion of the flap chord {or downward dizplacement
of the dividing stres aline extending from the T.E. of the Tlapgh).

Extensive two-dimensional wind-tunnel tests on 125, thick
elliptic sections havs been made at the W.C.T.E.. for various Jet
delleccion angles © w3 to nd .ncluding 90°. At the reauest of the
AJR.C. Performance Sub-Commi.tee, tests on & three-dimensional Jet flap
model were carried ~ut av the 1%.P.L. to obtein guickly some idea of the
magnitude of finite aspect ralis effectst. 4 smell pressure-plotting
model of rectangulor planform, with = 12 thick ellintic secvion and a
Jet engle of 31,3°, wes provided by NeG.T.E. and vas mounted with a
plate a2t one end to sive an eifectave asoect ratlo slaghtly less than
340 (see § 2). Ths 1ifu, drag end pitvching moment forces were
calculatved froin mensurements of the surface sgtovic pressures and the
jet reaction. Ior commleteness, vests were also mede on the same
wing with a second end-plate added, in an attempt to approach
vro=dimensicnal flow conditions (see § 2).

2¢  Iperiienso]l Lol-un

The odel was mnde oi metel, witir o chord ¢ of 3 inches
and with a span 8 of 12 inches excluding the ellirsozdal cip fairing
vhich added a further 0,25 inches. A turnssble, ateached at the model
ro0t, roteted about vhe mid-~hord axis ia o fixed end-plerte as
illusiraced in Tiz.1a;  the end-plate erxvended cbout 0.0 chord upstream
of the wing 1L.B., tyo chords cownstrecm of the T.H. {Jet eX1T), one
caord vertically 'bove the eTo-incidence chord~ J1e and two chords
belows Tigsle, vhich was derwived from the thcoretical results of
nefld,, rives the effective asiect rouvio o the wing as 2475 ifor the
approoriate ratio ol wing zpen To cnd-place leight. The set-up of the
supplesentary evnerinents, v the ellinsoical wip rewwved and a
second end-plete added, 3id not represent gtrictly two-dimensional
conditions. With vthe nresent end-plate size, vhich was limived by

structural/

——— e e o s s O

-~ s S et i s

#Mhe cunnTity re-uiremence To echicve s moderate 1ilt by blowing
aver a normel size T.E. £lep are considerably less than those
neadod with the simple jes len atv the same anglc.

ﬁProvisional conclusions were commmnilcated to the AWR.W.C.
Perfornznee Sub-~Co iaitiee oo february, 195, imicdiately the tests
were cormleted, znd advance copies of some of the graphs contained
heprein have already been given very limited circulation.
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seructural and wccessibility considerstions, the loading was sensibly
-

constant across the span bul according co Ji_.2a, the effective asvect
revio was only 6.6,

Por the messuremont ol surface suelic pressures, 26 tappings
were orovided at cach o the four sparvise stavions U.2s, 0.58, 0.08
and 0.95s Trom the wing root, closely spaced nesr the L.E. and T.B. of
the model, Soue stotic pressurs tanpings were also lacluded an the
end~plave at the wing root buc shezc were only useful for general
guldarce. Unfortunately, it ms not noscible to incorporais static
tukes dinm the blouins, slov walis, The u-ver lip of che bloving slot
vas locatsd av the T.E. of the elliptic section with vhe lower lip Jjust
on the nndersurface to give 2 rean slot wadth w of 0,025 in.,
lews, W/c = 0,007; the spamvise variatvion was less than 0.0025 un,.
NeGeTWBE, measurements shoved that ot zero wind-soeed the jet ilssued at
an ang,le 31.3° to the chord-line, with no observable variation spemvise
or change with jet ef'flux over the nractical rence. The intermal
structure of the model is shown ia Fig.1b.

The model vt locot2d centrslly in the N,P.L. Low Turbulence
Tind-Tumel {regular 16-sided cross-section, 7 ft height), so that the
Tumnel inverference effecus were smell, The general arrangement of the
model and the external duoiving to the Broom-Wade coapressor unit is
devicted in Mg.la,. A cimple pitot cond traverse zesr was employed co
explore brielfly cre develorrent of the jet weke (see Figelc). The Jeb
could be straddled zt sny svanvise location and =t distances downstream
up to three chords behind the TJE; vthe axas of the comb could be
atigned along the local mean direction of the jet flow. Devailed
cxplorations were riot possible, however, owing To shortage of tunnel
time and lack of a sulficlecly closely spaced pitot coab.

The calitration curve given in Mig.2b, of Jjet reactiion J
against the Jjet vtotal presture messured in the bloving duct, was used
to derave the values of the non~dimensional jet reaction coefficirent
Cy (= I/5p,U28).  The curve wos delermined at the NoG.T.E. from
bolance mecasurements of thrust with the model % zero incidence and
with zerc wind-tunnmel speged, a corrsction being applied vo allow for
Jdiz ctatic pressuce distribution arisiag from the flow induced about
the model by the jot efflux.

bR Ponce of Tests and Reduction of Chservations

Moot of the wind tumel tests were caryied out at a2 windspeed
ol 100 It/sec (R = 0. x 10°}, whea the availahle air supply permitied
Cg - values un vo Cu% co be used. Higher values of C, were obuained
by rewucing the windspeed to H0 ft/sec {C, < 2,1) and %o 30 ft/sec
(C. € Le$)s Observatioas were [irst mace with the three-dimensional
model &T zero lacidence nad Cy = velues W) To hl.te Trensition wires
were located on the front wmer and lower surlazses of the medel, atT
Ce2c behind the L.I., as lar loreard as possible vithout causing
inverference ot she clocely spaced static holes in the wing nose,
Sdmlor erperiments were chen made at incadences ranging between
~5% and 20° for Cy volues up To 2.1, bothwith and without transition
wires, Unles- otherwise sisoved the results discussed 1a the text and
plott:d in vhe grophs refer to those obuained with transition wires.

The 1laft coefricaeat Cp on the wing mey be regarded es
comrrising the vertical component C; sin (8 + a) of the jet reaction
et the nozzle and the vertical 'presaure force! Glp ayisang from the
girrlow over the aerofoil surface. Thus we write

Cysin B +a) + CIp

@]
=
H

-

voess(1)

1

Op = ~Cycos @ +a) + Cpp

= -7 0y + Oup

=
| e
H

where/
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where n is the perpendiculardlistance froil the poit about which
morents are ta.en onto the exvended centre-liine of the jev nozzle. Yor
moments ebout mide-chord, as cuoted for the present vests, n/c = 4 sin 6.
The seclional nressure-force coefficiencs were obtained from the
measured static pressures by chordwise intesrstion. The overall force
coefTicients were vhen deraved by integrecion across the span, and for
convenignce were hased on the area § of the rectangulsr plan-form
excluding the cmell ellipsoidal tip®. ZJome simolifving asswimpTions
had to be made for the chordwise irtegration of the siatic pressures
close To the T.E. since there were no static pressure holes inside the
silot threat. Alvhough the resulting error in the 1ift coefficients is
ingigaificant, this mey not be so for the pitchin;, moment aad drag
coefficients under all conditions.

The quasi two=dimensionsl experiments, made vith the
ellipsoidal vip removed and a second end-olcote added, covered roughly
the same ranges ol Cj and incadence eas those tested on the
Three-darenszons 1 model. It was first checked that the set-up gave
sengibly constent loading across the span, l.e., nominally
Tvo-dimensional flow, for o [lev represencatvive coadivions. Then for
The remeinder ol the tests, the static prescures were recorded only
al the mid~span section and the pressure rorce coefficients evaluated
ihercfron,

Jue Thres~Dimensiosal Vodel Results

L1 Lift

The .rvawrisce disvribubion of 'pressure laft' loading induced
by T.E. blowang, vith the wang at zero incidence, seems livtle different
Irom that given by simole lifting-line theory (see Fig.3a) or that due
to wing iacidence vavhoutr blow (Pig.7b).

19en

The totel lifv C% at zZero Wing incidence is plotted agoanst
C4% in Figeha, beth with and without transition wires and for various
windsveeds. At Co-values below unity, the experimental results lae
rezgonsbly close to the svraizht line Cp = 1.4 Cj%, and at higher
Cp-valuec are slightly ebove this. The rslative ragnitudes of the

jet reaction and regsure lorce coatributiops to the tovzl 1aft are
also indicatved, Curves of Cp sagainss Cjy2 for other incidences are
plotted,in Jigs Wb Llor the cuce vith transition wires; twhe slope
dC;/dCsZ at a prescribed Cy 1s seen To increase with incidence. The
Ci~values obzained waithour vira.sition vires ore 12 -wst instances nob

.

more than 0.1 dallorent Tron those with.

Lifv-incidence curves for a range of Cgy-values with transition
nares are shown in Tames. Lo O 18 increased from zero there is no
sigmilicent loss in sealling dncldence; at Co-values above unity there
is even some increase in su=lling iacadence which, vhough possibly
peculiar to the low Reymolds number and particulsr wing configuration of
the tests, is at lenst encourszging. The value of dCp/de  for small
incidencos rises sveadily as Cj increases, from 0.055/deg without
blow to ebout 0.1/deg 23 Cp = 2. The increase is roughly proportional
to Cpf, and is made up of convribacions rron both the Jet reaction and
presiure force coumonerts. with ¢ measured in degreos,

dCr/da = C.0175 Cy cos(0 + a) + dlLp/da cesse(2)
& C.015 Cy + d0ry/ds  for smell @ conse(3)

The removel of the transitios wires had listle elfect on dGL/Hm,
except for the results wathout blewing, when the value became
extraordinarily high., ‘This secemed to be asnoclaved with the presence
of a thin lominar boundary leyer vight back to the T.BE. at the low
teat Reynolds nurmber corbined with the unususl slosted T.E. shape,

ZL-E/

- o Y o e ot s i

X The tip increased the wing area by only about 135,
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o2  Pitching Moment

Fig.6 gives curves of sotal pitvching momnent zbout ths
- o - . 3 .
.o lf-chord axis plotted a ainst the corrssponding total Talt Cr,s for a
range of velues of o and CJ, from the tests with transition wires.

Probab®y not more than broad conclusions should be drawn from
the results, in view of the few static pressure holes an the vicinity of
tre slote It is seen that the mean zslope (dCy/4CL)s_ of the curves
for constant Oy (o varied) is about C.25 at low but’non-zero valuss of
C3s so that the aerodynamic zentre is located close to the quarter-chord
positions. A&s C; increases, the value of (dﬁmgﬁﬂljc decresases so
that the asercdynamic centre tends to move furthex aft,Jsay by about
0.0Lc as Oy 1s ralsed from 0.2 to unity, The Cy - Cp curves for
zcro Cy sre, however, somewhst uwnusual ia that the slopes both with
and withouv transition wires differsd appreciably from 0.25, being
respectively greater snd less. This peculier behaviour in the absence
of blowing was again ccoreditved to the unconventional T.E. shape and
low Reynolds nurber of the tests.

As C. increascs with o constant, the nose-dovm pitching
morent becomes Steadily 1a:gerf: because whe indvced suction forces on
the wing upper surface are much higher nesr the T.X. taan the L.E.

(sec leter discussion on pres ure distribuvions)s The chordwise location
of the centre of total 11lt is plotted apainst Cp Iin IMg.7, and in
censrel moves resrmard appreciably as Gy is incrensed at constant
incidence or as the incidence 1s decreased at constant CJ.

L3 Drop

The total drag coefficient G, on the wing, as defined by
cquation(1) of 83, is plovted against Cy in Pig.8a,for a ronge of
Jung incidences both with and without transitior +dres. Agein the drag
results do not werrant rore than o gualivative exomination.

It will be recalled that the drag is made up of the chordwise
commonents of the direct jot reaction and the pressure forces on the
aerofoirl surfece; the relevive magnitudes of the two contrihutions are
indicered in ¥:;.8a for the mero incidence case. Thus, without blowing,

includes ihe conventional lorm drag of the wing sections and the
-néuced drag arising from dowrmesh effects, but excludes the skin-
Tricvien drog. With blowing, we might therefore regard Op es
comprising a chordwise comsonent -~ cos (6 + o) from the direct
Jet reaction, a lorw drsg together with any resovery of thrust which
monilests itsell’ in the pressure distribution, and on induced drag
resulting fron downwash effects over the wing. For idesl conditions,
is€e, potential {lov in the .ainstream flow end no wixing, it can be
shovm that vhe dircet jet reaction and thrust recovery terms taken
together contraibute ihe amcuat - Cjy corresnonding to the gross
thrusts. In our measurements the so-called form drag, induced drag and
thrust recovery terms are of necessity Jumped together a8 pressure drag,
TigeB8a shows that the rate of decrense in C. with C, 1s appreciably
less than the emount Oy cos (8 + o) associsted with {he direct jet
reaction., Thus, because of the low aspect ratios and small jet sngle,
che combined form and induced drag contrabutions to the pressure drag
completely oubtweigh and ask any negacive contribution arising from
thrust recovery.

Tor comparisons with the pressure dreg essociated with more
conventional methods of producing pressure 1ift on & wing, namely by
incideace and carber, the value of Opp for the present jet flap wing

' has/
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fbn a complete aircraft with tail this could at least be partially
tyirmed out by the increased dowrwash over the tail.



-
- ) -

< . 2 . . - ¢

has been plovted ageinet Cip. TFigBb, for the wing at zero isldeuce
shows that for O -values below 0.5 the points lie close to Tl ~Ul-tddht
line

H

CDp 0,013 + Cut2 Gy
while for Cg-yalues up to 2 the valus of C(p, does not exceed
Cel13 + Cul6 Cipe FageBe, giving resulis for b%her incidences, shows
thas up to 11° the trend is also much the same., The combined form and
mduced drags of e conventional wing of aspect ratic 2.75 producing
corresponding pressare 1ifts at the same Reynolds number would not in
faet be greatly diifereat from the above (see 8 6)}.

L,  Genersl Tlow Clirracteristics and Pressure Distrabutions

Tuft and chino clay chservationg were made to visualise the
flow about the model. Tor C_=~values up to 2.1, wvath whe wing ai zero
incidence, no separoticn was evadent on the urper surface due to the
adverse pressure gradaents ot the fronv® . As the wing incidence was
increased & smzll bubble of separated {low appesred, at the inboard
sectrons first, being formed by separstion of the laminar boundary
layer clese to the 1.,7T. vith subsequent reattachment 2s a wurbulent
toundary layer ahead of the trsasation wire. Without blowing, the
bubble did not erpand avpreciably chordwise until the incidence
exceeded 10° aftsr which the nosition of reattachment roved steadily
rearvards, agein av the iaboard sections first. The behaviour with
2lowinz operative wes simlar, but the wing incidence at which the bubble
begen to expand decreased somevhat as Cy was increesed.

Some representotive vressure distributions with the wing at
zero incidence and iransition wires on are shown in Pigs.9a and % for
the chordwise sections at y/s = 0.20 and y/s = 0.95, and selected
Cg-values up 1o 2,1« It is seen thet they are sim lar in shape to the
pressure distributions on the win part of a wing when a T.E. flap is
deflecteds In order to obtain some idea of the variation in pressure
disvribution wath incidence as well as C;, the wvalues of the peak
suctions occurring near the L.H, and 7.8, of the twoe chordwise sections
have been plotted against inciadence for Cy-values ranging up to 2.1
(see Fige10). As the incidence increocses at constant C the peak
suction oa the nose grows more repidly at the inboard than the outboard
sectlon, so flow scparation may be expected eariier inboard which agrees
with the deduction from flow visuolisation experiments. Furthermore,
althoush the peak suction near the T.E. of the outboerd section grows with
increasing incidence, thet 2t the T.3D. of the inboard section varies
livvle atv first snd eventuslly diminishes, As Cy increases at constant
incadence, the T.E. pezk sucticns grow much more ropadly than those near
the L.E., partly because the latter are much reduced by dowrwash effects.

Some toiel head traverses of the jet were cevried out st
varicus distances dovmstrean of the T.E. and at o few spanwise locations,
but unfortunately the cesls had to be severely luimited. Fig.1la shows
the mean line of the jet (locus of maximm total head) and also the
distributzon of the votal hesd in the wake dovmstream of the mid-spen
station (6 in. fro. the root), for the wing at zero incidence with
CJ = 0.5, It is seen that the width of the wake increases rapidly
near the slot exit, being about 1 in,at 2 quarver-chord behind the
T.E., by which vime the inclinatvion of the mean-line to the chord has
{fallen to about 15°% Tig.l1b compares a few messurements of the mean-line
of the jet dowmstream of the mid-span station with those further outboard.
Sparnise varistions are clearly evident further outboord than 10 in, from
the root, i.e., beyond sbout &5 span.

5e/

;In the z2bsence of transition wires, laminar flow seemed to persist right
bachk to the T.D.
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5a Juasi Two-Dimensicnal Ilodel Resulsts

The pressure force coefficients vere derived from static
oressure measurements at the mid-span section only, since the 1if't
loadang was sensibly constont across the span®. The curves of total
lift, piveling moment and drag for the quasi two-dimensional model
(efTective capect retio = 6.8 are generally sinmilar in character
to those already discussed for the three~dimensional model,

At C.~values below unity, the resulcs for the total 1ift
Cr, &t zero incidence hoth wivh and witvhour transitipn wires, lie
reasonably close to the giraight line O = 1,7 Cq2 and at higher
Crpvalues are slightly above this (see fiz.12a). Curves of C; against
Cy2 for other incidences derived from tests with trensiftion wires are
plotted in T1g.12b. Lift-iacidence curves for a range of Cy-values are
also shown in PMg.13, the velue of d0;/da at smell incidences rising
steadily from about 0,075/deg without blow to 0.15/deg at Cy = 2.

The votal puicchans moment about the half-chord axis is
plotted agaainsv C; for o range of Cy un Fag.ik. At Jow Cp the
aercdyneriic centre is locaved clese to the guarver-chord position and
moves rearwa~d aboul 0,00c ss Cj increases from 0.2 to unity. The
chordwise Jocation of the centre of fotal 1ift also moves rearward in
general cg Oy increascs with o constant, or as o decreases at
constant Cy (see Fagsis).

The totel drag coefficient Cp is plotted egainst Cj in
Figel6a for a ronge of incidences. It is immediately evident that the
rate of decrease of Cp with Cp at zerc incidence is less than
Cy cos 8, =so that the incresse in pressure drag due e the so-called
fore and induced drag components agein outwelghs any decrease from the
thrust recovery verm. The values of the pressure drag, with the wing
at zero incidence cnd with iront transition wires, savisfy fairly well
the relavion

- ]
Cpp = 0.015 + 0,068 CLp

for C; valucs u" wo 2 (see Fig.16b). This relation alsc holds with
the wirny, at higher incidences, up to et least 6.5° {see Fig.16c), end
18 not Cer different fro: that for the combined induced and form drags
of a conventinnal wing of aspect ratio 6,8 giving the same presasure
11ft (sce 8 5 ).

Some ropresentative pressure distributions for the mid-span
section rit> the wiry 27 zZero incidence and transition wires on are
civen in lige17 for a range of Cy-values. As the incidence increases
at constant Cy, the peag suction near the T.E. vories little at first
but eventuslly diminishes (3ee 'ig.18); the value at moderate incidences
is livvle differeat {ron. that measured for the inboard sections of the
three~dimensional model (c.f. Fig.10). The pesk suction at the nose of
course increascs with incidence, unvil a certain meximum velue (-c¥£=5)
is reeched. Ior any prescrabed incidence below that corresponding to this
meximum value, the peol suction in general exceeds that measured on the
three~dimensionzl model, The .iaximm is reached 2t & lower incidence, as
would be expected because ol the smaller dowmwash effects, bul its value
18 not vastly different.

The mean line of the jet and the distribution of total hesd
in the wake downstream of the T.E. are plotted in [ige19 for the wing at
zero incidence with Cy-velues of 0418 and 0.5. y

6o
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;This wag also checked for us theoretically by Mlss VWeber of the R.A.E.,
Fermborouzhe
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O General Conclugziosns on Tinite Asnect Ratlo Effeccs

The 1nvestila

I

ion described 1n The present revort was a
preliniasry and first 2:52mot to exnlore the eﬂfects of finice aspect
recio on the Jet {ia + The experaments were not intended to
provide comprehensive dava {for detziled proaeu» aﬁUdleu nor to establish
fundanenval postalates lor & three-dimensional et flep theory, but
2mely vo glve some i1dea of the magnizude of finate aspect ratio effects,
parciculerls 11 relation to lirv. Neverthelsss, in summarising the
results obtazilned for wirag aspect ravios in the vicinity of 2.75 and
648, it iz ac least vorth considerang then in the light of simple aspect
ratio correction factors for conventional wings without T.E. blowang®*.

ap schens

6.1  Summary of Exnerirenval Results

~s.. and 12) - For zero ancidence, and
spect ratic 2,75 and 6,8 wings lie close

() Tomal Iift (Vi
Cy <1, the results for vie a
to the values

1 1
Oy = 1 CJE and Cr, = 147 G:§ respectively,
and are about 0.6 ané 0.7 reﬂ}octlve7“ of the corresponding N.G.T.E.
wwo~damensiona’l vo 11055__ The aopropriate volues of the aspect ratio
correction factor (a /ﬁne F”i Tor lift on conventicnal wings are
0,58 and Q.77 reobeﬁxlvely assuming elli~tic loading (¢ = 1) and a
sectional 1irT curve slore a, equal to the flac-plate value of 27.

(b) Pressure Drag (Figs.5 and 16) - For zero incidence and
C; <1, the results for the aspect ratilo 2.75 and 6,8 wings satisfy
aqprox:xmtely the relations

= 2 _ 2
Opp = 0.013 + 0u10 Cpp 2and Opp = 0.015 + 0,068 Opp
respeciivel, The corresoonding induced (Dressure) drag pLI/hAe for
uonven‘zlona.l wings “roducing the 1lift Cpp tekes the values O. 116
and 0.0L7 “lP respoectavely v, assuming ellintical leading (e = 1)

The remzaining contribution {= C.015 + 0.C2 Chp) could reasonably be
accounzed for as sectional form drag in both cases. The approximate
asresment vetween tine Neacitrzd pres.ure drags and the corresponding
conventional dras est roves (induced snd Torm) may well be fortuitous,
but at least it seeos tioc the pressure drag on the jet {lap wing is
not lakely to he much: lerger than thet of & conventional wing producing
the saxe pressure 1ift.

(2) Lufs-Incidence Curves (Tigs.5 2nd 13) ~ For both aspect
retios the measured slonos A0r/da et consgtant Cy and small
incudences are about douslad as Cp 1s ralsed Iyom near zer'o to 2a0,
and the ircrease as rou,: . ly nroporvional to Cj2Z. There is also no

significent losz in stall-: ancidence (dC0r/do = 0) as Cy ais
raisecd.

(4) Tacchiry Moments (Figs.€, 7, 1L and 15) - For small
Cg-values, the acrodyac 1mc cencre i3 located nea:r the quarter-chord
pogiiion, and the contre of totzl 1ift at zero incidence lies close to
hallf-chord. Both move steadzily rearward as (O increases at constant
1ncidence.

6.2 Fundarionsal Conaideralions

The Toregoin~ correlation ol tne pressure drag CUpp in terms
of GLP would at ficet sight imply that

(a)/

s . o et s W ke e e e e e MR B o S o e T, s o o e e e P i =k

¥lees, with che 110t prodaccd by incidence or camber,
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() ‘the covmiasn due to vrailing vorticity affects only the
pressure force coctribution to the 11f% vector.

(b) <he dovrwrsh is generaced only by the pressure 1ift.

The generesl cossensus of opinion held at present supports the first
postulate thet ghe pressure 1ift only is offecved, since there seems
livtle reason for the downwash to hove other than small effects on the
get reaction. However, .n wreference to the second, it is generally
considered! thit vhe downwash results from the reasction of the total 1ift
on the maimstrea . On this bLacis, the effective dowrwash angle at the
wing is by conventional arpuments ¢ = CL/ﬁAe and the corresponding
induced drag contribution to the pressure drag is Cip Cr/®he, where
& represents an efliclency Tactor which would be unity for a wing at
incidence athout blowiag and with ellintic loeading. The measured
Cpp values are plotted aguinst Cop O, in Fizs.8d and 164 respectively
for the zspect ratio 2.75 and 6.0 wings at zero incidence. It i=s seen
thet, as (j increazes, the elfficiency lactor e satisiying a relation
of the ty-e

2

» = consh, + (07 Cip/mhe)

also inoreasusf: This would ‘mply an effective increase in aspect ratio
with increasung Cr pos.ibly due vo the interaction between the jet and
the mainstream?, FThus, in generel, e .my well be dependent on Cgy, O

and A as well as or wlsnform.

L8 Tar es aspect ratio corrections for 1ift are concerned
2t can like zse le argued that the jet nroduces effectively a change
iz the section:l w-110t angle, that the pressure 1ift only is affected
by dovruosh, but that the latter should aga.a be based on the total
lafcs Sirole Jorrulac 2ve then readily obtainsble for the pressure 1ifd
and the slope of the pressure lifu-incidence curve in verms of the
corresrondin, Tio-dimensicisel values for the same CJ, bur these agaln
lavolve the produst Ae, i.e., the effective aspect ratilos

o3 Turther Tork Proposed

Althouch soie avvenpts have been made to analyse the present
experimental deic in {erns of the otove and other arguments, the

experi ents vere not sullzciertly corprehensive to peruit = careful
resolutiond fundamental considerstions on aspect ratio effects, For
this reason, further expsraments are proposed on a larger scale model
with wriavle sspect ratio and jet angie It 1s intended to determine
the forces by brlence ag vell as pressure-plovbing measurements, and %o
rale 2 detailed study of the neture of the three-dimensional flow.

References/

-

izt

o et A et W s it 2 P P

/Noce thas the valuc o. e derived in this case is lowered by the form
PE g, CONTIrIbUTIoN.

TIt can also be argued that the total 1:f% should be used throughout $o
derive the inducedzdrag giving a formula of the type
Cpp = const + (CLﬁiﬁes. Detailed theoretical studies are being
carried out at the R.A.E., Famborough, to clarify these poants.
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List of Symbols

8 slope of two-dinensional totsl lift-~ancidence curve

)

A wing aspect ratio

e wing chord

C1p ‘l Pressure 1ift, drag snd pitching moment coefficients

opp | (about L-chord); derived by integratzon of pressure

Qe | Torces on serololl

01, "i Total 1ift, drag and patching moment coefficients

Cp 4 (about T—chord); derived by adding direct jetv reaction

Gy J components to pressure forces on aerofoil. See egqn.(1),8 3)

Cy/
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et Sk = =p. U
Jjet coefficient = J/ZPOLOS

. e 2
seatic pressure coelficient = (p - po)/%PGUO

wiig, efficiency factor. See 86.

end-plate height

wowal jet reaction

stoavic pressure

reinstrsam static pressure, deansgity, and velocity
mainstream Reynolds number based on wing chord
span of wing (excluding small ellipsoidal +ip)
eres of wing (excluding small ellipsoidal tip)
width of blowing slot

chordwise distance

spanwise distance from root

wine 1ncidence

Jet dellection angle relative to wing chord-line
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