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SUMMARY

Flight tests have been made on a Varsity to obtain data on the
fatigue loads 1n the fuselage and the nose undercarriuge. The data
are tabulated in terms of the number of load ranges of a given magnitude
occurring during various ground and flight conditions. An estimate is
made of the loads in a typarcal operational training flight toc show the
relative importance of the wvarious conditions., A relationship 1s
established between the fuselage lcads and the accelerations at the air-
craft C.g. -when=fdying in turbulence; this enables the results from the

flight ﬁ3§f$§f?§bé~ilnked to operational data obtained on gusts,
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1 Introduction

Flight tests were made in a Varsity to obtain data on fatigue loads
in various parts of the struoture. The loads on the tailplane and fin
have already been given;1 this note deals with loads on the fuselage and
nose undercurriage,

2 Dessgcription of Instrumentation and Flight Tests

An account of the instrumentation and strain gauge calibration is
given in Appendix I. TElectrioal resistance strain gauges together with
continuous recording equipment were used o measure the bhending moment at
two fuselage sbtations and the vertical load at the nose undercerriage.
Records were taken during ground engine running, taxying, take~off,
landing and when flying in turbulence. The vertical acceleration due to
gusts was measured by means of an aocelerometer installed at the airoraft
C.gn*

3 Presentation of Results

Information on the, loads measured is tabulated in terms of change of
mean load (Table T) and numbers of load ranges exceeding verious sizes
(Tables II - IV). The method of analysis used has been described in an
earlier notel, " In analysing the landings and %ake~offs the change in
mean loal is not included in the count of load ranges. The term range
has its usual definition and is twice the alternating load.

From data obtained in the flight tests an attempt is made to estimate
the loads in a typical operational training flight so as to enable the
relative importance, frowm the fatigue aspect, of the various flight
conditions to be established. This typical flight oonsists of 4 mins
ground engine running at various engine oonditions, 5 mins taxying, a take~
off, 33 mins flight and a landing, The number of leoad ranges exceeding
various sizes for the verious conditions are shown in Figs 2 and 3 and
details of the method of estimation of the loads are given in Appendix II1.

Table V gives information on the acceleration recorded at the aircraft
c.g. during flight in turbulence.

Fig L shows the relationship between the fuselage load at the two
fuselage stations and the acceleration at the aircraft c.g. that occur the
same number of times when flying in turbulence.

L Results

Fig 3 shows that the vertical loads on the nose undercarriage which
cause the most fatigue damage ocour during landing and taxying. The
loads oecurring in take—off are less gevere although a few large load
fluctuations occur when the undercarriage is retracted. These are due
to the undercarriage hitting its stops rather violently on retraction
when the impact produces shock loads which also appear at the two fuselage
stations. The loads produced on the nose undercarriage during ground

engine running are negligible.

As in the case of the nosewhesl, the conditions producing the
highest loads at the front fuselage station, as shown in Fig 2(a), are
landing and taxying, The take-off loads, are again less severe and the
ground engine running loads small. The loads produced by turbulence in
the front fuselage are also small,

& The accelerometer was mounted rigidly at the oentre line of the air-
craft structure so that its readings will include any dynamic effects due
to the flexibilities of the structure.
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In the case of the rear fuselage station, Fig 2(b) shows that the
landing together with the taxying and take-off conditions are the main
source of fatigue loads. The loads in turbulence appear to be more signif-
icant than for the front fuselage although the number of times that the
largest loads occur canno* be established wath much accuracy because of the
relatively few large gusts met in the flight tests. The loads occurring
guring ground running are again very small,

It will be seen from Figs 2(a) and 2(b) that the take-off condition 1s
more critical for the rear than for the forward fuselage station. The
larger loads on the rear fuselage station occur during the final stages of
take-off when the nosewheel 1s clear of the ground and the aircraft is
taxying at speed on ats main wheels, The aircraft, which i1s partially air-
bourne at this stage, 1s pitching and bouncing on 1ts main wheels and large
slowly fluctuating loads are apparent both on the tailplane and rear
fuselage.

5 Conclusions

Data have been obtained on loads liable to cause fatigue damage to
the fuselage and nose undercarriage of a Varsity engaged on normal operational
traiuing flights. TFor the fuselage the most arportant loads occur during
landing end taxying allhough for the rear fuselage the take-off loads are
also important. Loads due to turbulence and ground engine running are
small. For the ncosewheel structure the most amportant vertical loads also
occur during landing and taxying, the take-off loads are less severe and the
ground engine running loads are small,

REFERENCES
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1 A, Burns Fatigue loadings in £light - loads in the
tailplanes and fin of a Varsity.
R.A.E, Tech. Note No. 3tructures 183. Dec. 1955
Current Paper No. 256.
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APPENDIX T

Instrumentation and Calibration

Instrumentation

British Thermostat strain gauges were attached and waterproofed with
Araldate special strain gauge cement at the stations shown in Fag 1. The
signals from the gauges were fed into McMichael carrier wave amplifiers
and recorded after amplification on a F & E 12 channel recordgr Type IT3 -
9. The stepped signal from a Type IT.6-1 accelerometer attached to the
fuselage at the c,g. position was also recorded on the F & E recorder.

When measuring changes in steady load, fixed signals were switched
1nto the amplifier to check for amplifier draflt.

Calibration

The strain geuges were calibrated directly in terms of locad by
placing shot bags on the centre portion of each tallplane so applying a
down load on the tail resulting in a bending moment at the two fuselage
stations and a decrease in vertical load on the nose undercarriage.

These calibration tests were carried out before and after the {light tests.
There appeared to be a slight loss of sensitivity ( about 5%) duraing the
four months between the two tests. As most of the records that were

used in estamating the fuselage and nosewheel loads were obtained during
the early part of the flying programme the pre-flight calibration figures
were used.

Test Flying

Full details of the test flying have already been pgiven in an
earlier notel. .






APPENDTX TI

Load Occurrences for Typical Flight

The numbers of occurrences of fuselage loads for the landing and lake-
off of the typical flight are the average values for ten landings and take-
offs.

The following table gives the mean number of Occurrences and the 5%
confidence limts for a load range corresponding *o a 0.(g acceleration
range at the aircraft c.g. (0.6g corresponds approxamately to a 20 fi/sec
gust range at 145 knots, E.A.S. at 4000 £t and an all up weight of 33,000
1b).

No. of Load Dccurences
Case
Mean 5% Confidence Lamts
Porward Puselage Station, Take-off | 24,5 21.5 to 27.8
Forward Fuselage Station. Landing L5.9 L3.9 to 50.9
Rear Fuselage Station, Take-off 18.74 1644 to 21.0L
Rear Puselage Station. Landang 25.7 29.8 to 41.6

The fuselage and nose undercarriage loads due to ground engine
running were obtained on the assumption that the fellowing ground runmng
took place during each flight.

Engines R.P.M, Time
Both 2400 5 secs
Both 1200 185 sec¢s
Port only 2400 10 secs
Fort only 2000 15 secs
Sthd. orly 2400 10 secs
Stbd. only 2u00 15 secs

Half manmute records were taken at the varaious engine conditions and
the results were proportioned to conform to the times shown above., The
fuselage loads due to the§ingle engine cases at 2400 R.P.M. were not
measured in the.tests but.for the.purpose of ground running loads in the
typlcal flight™an estlmatlonAwas ‘made of them from the loads at the other
engine conditions. The tests showed however that both the fuselage and
nose undercarrlage loads at- all iground rumming conditions are very small
and 1n some cases are negllglble as shown in Tables II - IV,

For estimataion of the loads in turbulence the aircraft was assumed
to spend 10 mnutes at 130 knots at 1000 ft. (an average for the climb
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and descent) and 23 minutes at 145 knots at 2,000 £t.* It was estimated

from operational data obtained on a mumber of aircraft that the average

number of miles travelled to meet a 10 ft/sec gust (up or down) was 3.2 at
1,000 ft and 7.4 at 2,000 4. Hence the Varsity in its typical flight

would meet 16,3 up and down gusts of 10 ft/sec or, rounding up, 8.2
fluctuations of 20 ft/sec.** As the relative frequency of the different
sized gusts in the flight tests was compatible with that obtained operationally
the flight test results were merely proportioned to give 8.2 occurrences at

20 ft/sec. The corresponding fuselage loads were then determined from Fig 4
after first converting the c.g. accelerations into vertical gust velocities.

The taxying loads for the representative flight were obtained by

proportioning five taxying records of varying length to five marmte periods
and then taking the average.

¥ Based on average figures for Varsities engaged in training flights at
Swinderby R.A.F. Station.

ok It is assumed here that the number of fluctuations is equal to half

the sum of negative and positive gusts, A check from the flight tests

showed that this method of estimating fluctuations gives a slight over
estimate.



APPENDIY ITT

Nosewheel Qut-of-Balance Loads

From a study of the records of landing and take-off 1t was noticed
that a small out~of-balance of the nosewheel produced a steady oscillation
in the trace of vertical load at the nose undercarriage. Attempts were
made, by changing the ncsewheel tyres, to eliminate this ocut-of-balance,
but 1t was not found possible to remove i1t entavely., All records of the
nose undercarriage vertical loads were analysed waith this out-of-balance
effect included but Figs 5 and 6 show results for cwo take-offs and
landings where this oscillation has been smoothed out. It can be seen
that out-of-balance of the nosewheel produces a noticeable increase in the
number of occurrences of the smaller loads but has little effect on the
larger loads.






AU, W.
C.G, Position

TABLE I

Ground to Air Loads

3#,600 1bs
30,45 ft Aft of Datum

Aireraft Condition

Change in B.M. or Load at Position of Strain Gauge

Fwd Fuselage Stn,
B.M. (Tons Ins.)

Rear FPuselage Stn.
B.M. (Tons fns.)

Nose Undercarriage
Vertical Load{Tons)

Ground O kts. Engires Idling
To To To
Air 90 kts. Just Airborne, ¥ Flap
u/c doxn
Ground O kis. Engines Tdling

To To To
Air L5 kts. 2000 £t, Flaps Up

¢ uw

195

156

180

1.89




TADLE I

Bending Manont Cycles at Forward Fusclepe Station
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209,6 | 7.3| 1.0} 5.0] 36{ 30] 1.8] 1,0| 65 0.k 2,0 1.0

222.7 7.1 1:0 h'h 2:'-]- 3-0 Orh 1.0 6-0 - 0.7 1'9
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TAHLE IIT

Bernilng Moment Cyeles &€ Rear fusclags Station

Woher of TImcs Donding Homent Range 15 _Dxoceded
- Landing Takewof { Ground Engine Running Turbulence ™Iying Circuit
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TARLE IV
Vertical Load Cyvles abiose Undorcarriope

v
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TABIE V

Accelerations Measured at Aircraft
C.G. Taring Turbulence Flying

No. of Occurrences of
Acceleration Acceleration Range
Range T.4.9. Knots
g 170 145 130
Record Time, Seconds
180 300 113
0.2 65.0 69.5 23.0
0.3 39.0 42.8 9.1
0.4 23.7 23.2 3.6
0.5 1.7 .4
0.6 5.2 5.8
0.7 2.7 2.2
0.8 2.0
O-9 "c'h'
1.0 0
|
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VERTICAL LOAD RANGE = 2 x ALTERNATING LOAD

TAKE -OFF
LANDING

GROUND RUNNING #—#———s———x
TAXYING @& —— —————
TOTAL ——

TONS

103

NUMBER OF TIMES LOAD RANGE EQUALLED OR EXCEEDED
IN A TYPICAL FLIGHT OF 33 MINS.

FIG. 3. VERTICAL LOADS ON NOSE
UNDERCARRIAGE IN A TYPICAL FLIGHT.
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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

-l -



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

-3



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,
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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,

- 20 -



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
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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,

_27—






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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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.
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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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' . . r - 3
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/
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/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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ROYAL ATRCRAFT ESTABLISHMENT

Turbulence encountered by Viking
aircraf't over Europe

by
J. R. Heath-Smith, B.Sc.(Eng)

SUMPARY

Accelerations in turbulence were recorded on B.E.A, Vikang
aircraft for 117,000 miles of flying over Eurcpean routes during three
years.

The records show that the number of gusts decreases from sea
level to 8000 feet., There 1s some evidence helow 5000 feet that
turbulence is greatest in Sprang and least in Autumn.

Average gust frequencies during climb and descent were twice
those during cruise below 8000 feet end this is attributed to the
pirlot's dascretzon in the choice of crulsing altitude.
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1 Introduction

Trom November 1951 to November 1954 a Counting Accelerometer was
carried in a Yiking aircraft of Bratish Eurcpean Airways, which was
operated on normal passenger service over Burope. The records obtained
represent 117,000 miles of flaght below 10,000 feet.

The data are examined: to determine the variation in turbulence
with altitude and with season. -

2 Deseription of Equipment and Flying

2.1 Instrument and Installstion

The Countaing Accelerometer’ responds to the accelerations 1mposed
on 1t along one axis and records the number of times each of a series of
acceleration levels has been exceeded. Successive counters represent
levels at intervals of O.1g and readings are given for a range of 1.2g
to 2.9g for upward accelerations and from 0.8g to -0.9g for downward
accelerations. The above values are nominal and have been corrected in
this report except where 1t 15 stated otherwise. An altimeter, airspeed
1ndicator and spring-driven clock are prouped around the counter dial
and the whole assembly 1s photographed at rcpular intervals of approx- -
1mately 10 mimles,

The Counting Lccelerometer was rigidiy attached to the airframe in
the forward luggape comportment about three feet ahcad of the centre of
gravity of the aircrai™ and in such an attatude that vertical accelera-
tions were measured when the aircraft was in cruisaing {1lipht,

2.2 The flying covered by the records

The recorids were obtained between Noveﬁber 1951 and November 1954
on 350 flights covering 117,000 miles of operational flying on European
routes based on London. The daistribution of recording time between
menths of the year is shown an Fag 1. The instrument was carried at
dafferent times in Vikaing circraft G-AIVH and G-AMGT.

3 Variation in turbulence with altitude

The recording intervals asre of average duration 10.5 minutes and
contain the total counts of acceleration durianp this interval and the -
speed and height of the aircraft at the end of this interval. Appendix I
describes varioug corrections which are made to ihese readings and the
method of translating the accelerations into gust speeds.

Table I as a swmmary of the time spent at each speed and altitude
during clamb, cruise and descent. Table TI 15 a summary of the counts
of acceleration grouped accordaing to speed, weight and altitude,

Table III 1s an estamate of the gust speeds encountered in each altitude
band duraing climb, cruilse and descent, 48 the c¢limb and dcscent gust
frequencaes are sumlar they are shown separately and combined.

Fi1g 2 shows the gust freguencies in each altitude band for cruise
and for climb and descent. Fiz 3 shows darectly the varaation with
altitude of the frequency of gusts preater than 10, 15 and 20 f{/sec for
cruise and for climb and descent, The form of these curves and the
difference between cruise and combined climb and descent suggests that
the operating comditions and flight plan of the Viking influenced the
recorded gust freguenciles.



There 15 evidence in the records from Comet aircrafth that pust
frequency decreascs exponentially with altitude up to about 25,000 {4,
This result 1s practically free from selectave rccording as the aircraft
climbed and descended through this range to a strictly observed flight
plan, It 15 assumed therefore that yearly average turbulence over Europe
decreases exponentially with altitude within the altitude range of the
Viking and this tutbulence 1s referrecd to hereafter as atmospheric
turbulence to distinguich 1t from recorded turbulence, As the Comet
spectrum refers to world-wide routes 1t 1s not used directly [or compa-
rison with the Viking recorded turbulence.

There are two ways 1n which recorded turbulence i1s influenced by the
p1lot of the azrcraft. Under nearly all conditions of flight the palot
takes sideways avording action to some extent when faced with bad weather
and Tor this reason recorded turbulence will be less than atmospheric
turbulence at aill altatudes. In addztion the average flight plan in
Table I suggests that the pilot was allowed considerable discretion in the
chorice of cruising altitude, as tne aircraft cruised over a wide range of
altatude being lamited to 10,000 feet as. the cabin was unpressurized.

The palot's choice would be influenced to a great extent by weather
conditions; the general result would be the selection of law altitudes
during calm weather and or high altitudes during rough weather,

It follows that the pust frequenciles recorded during cruise would be
less than the atmospheric average at the lowest altitudes and greater than
the atmospheric average at the highest altztudes, because flight at the
highest altaitudes would be made only when the weather was rough and flapght
at the lowest altaitudes would be made only during calm weather, Simlarly
gust frequencies recorded during climb and descent would be the atmospheric
average near sea level and progressively greater than atmospheric average
with increasing altitude because the climb to the highest altitudes wouwld
be made only in rough weather.

In fact, these effects can be seen i1n Fig 3 in the curvature and
relative position of the cruise curve and climb and descent curve, In the
lowest altaitude band the same degree of turbulence was recorded in descent
and cruise from whach 1t is deduced that altaitudes below about 2000 feet
were maintained only for landing aporoaches and circuits,

It has been assumed that atmospheric gust frequency can be represcnted
by a straipght line in Fig 3, snd 1ts position can be estazmated by continuing
the low altitude portion of the climb and descent curve as a straight line,
shown as a broken line an Fig,3 for gusts greater than 10 ft/sec. This
line intercepts the cruise curve in the region of minimum recorded gust
frequency which alsc corresponds approximately with the most usual cruising
altitude.

L Seasonal variation of turbulence

The records best suited to a2 study of seasonal variation of
turbulence are those made at low alvitude durang climb and descent as they
are representative of all weather conditions,

A summary of the 10 ft/sec gust counts and mileages in each month
for the altitude range 1500 to 5500 feet are given in Table IV. The
turbulence for each month 1s expressed as the ratio of the average nwsber
of gusts per mile 1in that month to the average number of gusts per mile
during the year. The yearly average 15 the weighted mean of the monthly
averages. Turbulence ratio is plotted against month in Fag L and



confidence lamits are shown for each point within which there is 93%
probability that the true average lies. In the estimation of these
limits allowance 15 made for the tendency for gusts to be concentrated
in regilons?. The degree of concentration i1s estimated by comparing the
average number of gusts in a recording interval wilh the proportion of
antervals containing gusts grealer than 10 ft/sec.  This informataon is
included in Table IV,

The confidence limits in Mig L suggest that the monthly sample size
is too small for accurate assessment of the variation of turbulence
between months but there 13 some indication that turbulence 1s greatest
in Spring and least in Autumm, Yo assegs the variation quantitatively
two hypotheses are now examincd using the x2 test {or goodness of fat.

The first hypothesis 1s that all the observed variation i1s sampling
error and that average monthly turbulence i1s constant. The result of
this test 1s a probability of 10% (32 = 17, 11 degrees of freedom).

For the second hypothesis, visual inspection suggests a sinusoidal
variation of goodness wath a period of one year. If a sine curve 1s
based on the mean anrual turbulcnce with amplitude and phese adjusted to
make %2 a minimum, the result 13 a probabality of 15% (x2 = 13, 9 degrecs
of freedom).

It appears that ncither fit is good but the sine variation 1s
nevertheless mors probable than no variation on the present evidence.
On the basis of the fitted sine curve the cxiveme variation in monthly
turbulence is about 3 1o 1.

5 Conclusions

There i1s a continuous decrease in gust frequency with ancreasing
altitude from sea level to 8000 feet,

As a result of the pilot's choice of flizht path with regard to
weather conditions the averape gust freguencics during climb and descent
were twice as great as averane pust frequencies during cruisc, at
altitudes below 8000 feet.

There 1s some evidence that turbulencc below 5000 feet is greatest
in Spring and least in Autumn and that the extreme monthly variation
during the year 1s of the order of 3 to 1.
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APPENDIX T

Description of acccleration data and gust analysis

The data consist of a series of consecutive records of average
duration 10,5 marmutes, contaimng the mumber of times each acceleration
level was exceeded and the speed and altitude of the aircraf't at the
end of the interval. The speed 13 expressed to the ncarest 10 knots
I.A.S, and the altitude to the nearest 1000 fcet above sca level.

Those rccords which may contain the effects of ground loads are
discarded with the result that, on average, the farst and last 5.25
minates of each flight are not included in the analysas,

Those records in which the altitude change 1s greatcer than 1 unit
(nominally 1000 feet) are classificd as "clumb" or "descent" and the
altitude reading 1s corrected with due regard to the probable variation
of gust frequency with altitude. The remaining records are classzified
as "Crvise", When the speed change durang an interval is greater than
1 umat (nomnally 10 knots) the mean speed 1s taken.

The records are sorted into the following alfitude bands: 0-1500
feet, 1500-3500 feet, 3500-5500 feet, 5500-750C fcet, 7500-9500 feet and
9500-11500 feet.

The counts of acceleration are grouped and summarized accordang to
the flight 'condrtion, altitude and speed of the aircraft,

Mean axrcraft weights of 32,400 1b, 31,750 1b and 31,100 1lb are
calculated for the clamb, cruise and descent from the take-off and
landing wcignts known for each flight.

Accelerations are translated into gust speeds by the formula:

U=2A4nw
v equivalent vertical pgust specd
An normal acceleration increment in g units
wing loadang
F gust alleviation factor®

Po air density ot sea level (I.C.A.0.)
a slope of the laft curve (low speed)
Vv indicated airspeed

By graphical interpolation the counts are referred to gust speeds
of 10, 15, 20, ..... ft/sec and a gust speed distribution is obtained
for each altitude band and flight condition. The mileage flown in
each band is estimoled and the pust duistributions are obtained in terms
of the average distance hetwecn gusts exceedang given magmitudes.

* The gusi is assumed to increase linearly to 1ts maximum value i1n a
horizontal distance of 100 fect. The alleviating factor is calculated
as a function of the mess parameter ug = 2w/g p € a where p 18 air
densily and T is the mean serodynamic chord, Allowance 1s wmade for the
effect of aspect rairo on the ratc of growth of lift. Corpressibility
effects arc neglected.






TABLE I

BEstimated time in minuies spent at each speed and zliitude

Altituae above sea level (I.CLA.N.Y In 1000's of feet
Climb Cruise Descent

- 00| O1f 02 O3 ) 04 OS5 061 071081 O3100; 01 02 03 04 05 06 07 03 o] 10 1] 00| 01 o2 ] O3} 04; 0O5] 06| O7| 0OB{ 0O
& 100 105] 25 101 10 100
§w 110 5 5 10 10 215 135 201 20 101 10 110
i 120§ 30| 25| 25 10 10 20 20 55 10 10 10 10 10 1451 2901 2101 110 51 30 10 10 10 120
- § 130 {160 | 2451 235|120 B0 65) 40, 20120 40|20 65 115 230§ 135 95 &5 105 190 | 20C 170 20f 120} 295 | 3551 115 651 651 30| 20 10 130
§5 720 |130] 390 | 27012350 [ 200 | 145 (190} 551 30| 40| 10f 115| 3154 250 | 315¢ 335} 715} 945 1145]1280] 60G| 135 511201 195, 2801170 18C) 65 651 301 40} 140
2 150 4G [ 120 )1 115§ 230 | 265 | 220 | 2 30 40 1361 35549 420 | 380} 12501 2165 2720 | 2835 | 24804 1105] 170 1451 135 [ 190 | 220 210 1200 | 55| 40f 150
g 160 201 751105{125| B5! 20} 10 20} 1807 370 330 { 495] 1105{ 1910 1665 | 870 | 3051 135| 20 10 105 B5]145]| 220 190 {180 ] 95] 40! 160
{170 1G] 30§ 201 10 20 o5 85 851 180} 190 651 105 19 10 20 865|160 |200{ 105 751 &C 170
180 1¢ 10 i0 20 20 20 10 180

Total {325 700|670 | 560|630 {630 | 55 {295| 90 | 120 | 70} 545 J1325 1385 (1420 | 2085 | 5045 | 5500 | 5155 | 42851 2030 | 3:51 530 925 {1010 | 8QC t765 925 | 630 | 560 1230120

- i 1
Climb: 4,565 nins. Crulse: 30,0 mins. Descent: 6,585 mins.







TABLE IT

Summary of Acceleration Data from Viking Airoraft

i

Altitude above | Imdicated Recording Number of times each level of acceleration was exceeded
Flight sea level airspeed Time - Nominal Acceleration-Ievel (see footnote)
Condition feet knots (10.5 min units) -
0.2g | 0,3z | Oukg | 0.5 [0.6g | 0.7g | 0.8g | 1.2g (1.3 { 1.k [ 1.58 |1.6g | 1.78 { 1.8 | 1.9g
Climb 1,500=3,500 120 2 b 1
130 10 1 3 19 11 51 16 2 1
<440 16 - 1 1 2 3 7 52| 100 22 8 1
150 20 2 3 13 6l g9 13 3 1 1
160 9 7 9 37 60 22 N 2
170 1 6
28 1 1 5 9 48 1 9L ] 320 74 17 5 1
3,500-5,500 120 1 2 7 1
130 10 3 8 16 1
140 30 1 ! 3 L 1 L7 71 10 L 1
150 L7 1 2| 19 751 125 21 L
160 22 1 1 2 37 6L, 11 1
170 3 : 5 5 6 2 1
113 1 1 5 7 w! 17 289 L6 10 1
5,500-7,500 130 6 2 7 14 16 9 2 1 1
140 23 2 12 2% 12 2 1 1 1
150 40 3 2, | 9 1
160 10 1 11, 12
170 1 0 )
80 2 13 6, ] 101 30 5 2 2 1
7,500-3,500 130 6 1] 12| 15 2| 1
) 140 7 1 1 10
150 7 4) 0
160 1 0 0
21 2 13 25 2 1
Climb total 272 2 b 10 181 103 w514 735 | 152 33 8 3 y
Cruise 0-1,500 110 1 0 0
120 I 2 8 33 85 20 3 1
130 8 8 37 Lk 8
140 12 1 1 4 6 31 81 150 L7 L 2 1 1
150 13 17 38 77 29
160 19 3 10 69§ 180} 343 | 116 15 6
170 2 1 2 11 2h 57 i 2
59 1 1 5 20 153 393 756 241, 2L 9 1 1
1,500-3,500 110 1 0 0
i 120 6 3 15 58 19 6 3
130 33 1 2 7
140 5 1 1 10 Wl Mk 22 3
150 Th 1 1 1 3 15 77 285 422 107 14 L
160 72 1 2 9 2y 78 | 309} 108 92 20 2
170 17 2 L 351 110 107 38 8 5 1 1 1 1
180 1 0 9
258 1 2 3 15 Lk 203 766 | 1116 278 51 1 1 1 1 1
3,500-5,500 120 1 . 0 7 3
130 22 - 1 I 1
140 62 1 2 3 7 30 89| 127 32 5 2
150 155 1 5 Iy 151 2t %)) 13 L
160 152 4 1 1 5 281 122} 178 34, 7 2
170 2H 13 33 23 3
180 2 0 1
419 2 3 5 17 116 399 548 117 25 8




TABLE 1T {Contd)

- —Number of ¥imes each level of aceceleration was exceeded

Flight Alzizuiewzgw" iinfsgzzgd ,Re;;.};gi"‘g Neminal Acceleration Ievel {see footnote)
Condition feet knots (10.5 min wnits) | 0.2z | 0.3g | O.kg | 0.5 | 0.6g | 0.7z 0.8 [ 1.2g [ 1.3 | 1.4g{ 1.5g [1.6g | 1.7¢ | 1.88 | 1.9g
Cruise 5,500-7,500 130 16. . |- - 1 3 ...71. - 22 26 é 2 1
(Conta) 13,0 156 9 3 . 371 . 93 101 32 12 B 2 1
H 150 465 - 14 2 b 181 - 73- 222 { 270 €0 12 'S 2 1
160 253 2 8 32 6y | 118 22 B 3
170 2L, G 13 28 5
956 1 3 10 LO 165 414 543 125 34 18 & )4
) 7,500-9,500 120 2 0 3 1
[ 130 37 1 5{ 1| 55 5 1
150 Z39 R 6 30 147 243 36 7 1
150 506 S I S A% R L0 134 167 57 7 1
160 112 2 21 62 59 9 2
170 14 i N 12 5
899 1 3 10 23 a7 | 388 | 539 93 17 2
9,500-11,500 120 3 0 0
130 18 1 6 17 21, 8
140 70 - 1 2 20 72 95 17 2 1
150 121 . 8 42 55 16 5 2
160 15 1 2 5 1. 14 L
170 1 O e
226 2 6 39 145 185 L5 7 3
Cruise total o817 4 7 13 L7 150 754 | 2505 | 3687 902 158 [N b I 1 1
Descent 0=~1,500 4100 1 - T - 3 5 5
- 110 1 3 18 2
120 7 1 11 19 3
130 2 1 2 22 L3 i2
140 5 25 L9 57 20 5
160 1 1 1 B 16 14 6
170 2 - 0 0
49 1 2 360 104 | 160 L7 5
1,500~3,500 100 2 3 11 10 5 2 1
10 2 y 5 21 1
120 22 1 1 91 51| w1 | 1
" 130 28 3 21 83 159 8 7 3
140 33 1 8 27 6 157 39 5 2 1
150 27 1 17 66 151 27 & 1 4
160 18 1 3 9 Ll 70 12 L 1 1
170 6 e ] b LO 78 8 27 7 2
138 -4 20 ] 123 | 426 | 795 | 179 35 14 L
3,500-5,500 110 2 1 3
120 3 ! 3 14 5 2 1
130 12 2 15 L5 6 1
140 31 1 b4 iy 6 36 104, 147 50 10 6 1
150 39 1 5 27 77 143 2L 5 2
160 35 1 2 8 14 L6 133 180 55 9 6
170 34 6 L1 67 18 1 1 1 1
180 I 1= 1 ki 1 2 2
160 21V L 13 26 | 118 376 598 158 28 16 2 1




TABLE IT (Contd)

. Altitude above | Indicated Recording Number of times each level of acceleration was exceeded
Cgiggizon sen level airspeed Time Nominal Acceleration level {see footnote)
feot knots (10.5 min unite) {500 0.3g | O.hg | 0.5g | 0.6g | 0.7 | 0.8g | 1.2g| 1.3g | 1.4a | 1.55 | 1.62 | 1.7¢ [ 1.82 ]| 1.9
Descent 5,500~7,500 120 i 0 0
(Gomtd) :fg 15 1 7 2? ng 9 2
2
150 39 3 18 56 64 16 1 1
160 35 1 1 9 35 35 L 1
170 17 13 21 3
180 3 1 N 13 27 28 11 3 2 1
113 2 9 L7 156 195 L3 7 3 1
7,500-9,500 120 1 2 10 21 L
130 1 ¢ 0
140 7 5 5 1
150 10 0 1 1
160 13 1 10
170 2 1 L 3 1
3 3 20 L0 7
Descent total Lol 2 4 20 | 57 327 | 1082 } 1787 438, 75 30 7 1

The necessary corrections for instrument error to the nominel scceleration levels are:

1 .25;,

1.3g, 1.4

1.5g and greater

¢.0g,

0.7g, 0.6g

D.5g and smaller

- 10 =

10,03¢
+0,02g
-0.03g
~0.02g




Z 6 88 2l 8 b 0611 00L0L | 0041 1L=-0066
2 12 ] 881 { 261 | /2 6 3 0060¢ 0068 0066-00GL | A
z zv| g¢ | ozz | 952 | ¢n 4 y 00¢z¢ 0069 0054-0065 | 2
g | 62 | 6z |86l |2z 4 b 00L¢4 00/M 0065-005¢ { b
{ 2 6 a6 | ozG | 09f | &7 G A 0208 0042 CoGe=006L | ©
L g 16 | 067 | 062 | L& 2 b ol 006 . | 00GL-0
G 19 gl 0961 ootg 0066-006/. o
btz | s |2 jos |2 0059 0019 006/~0066 | & &
k] o | 26¢ | 652 | o L z 0988 0067 0066-005¢ | 8 &
Lot e ev) <6 lzmg ) to¢ | s L ) o49g 004z 004¢~006: | 2 M
zZ 92 19z | 28 G 904 00% 00G1~0 <+
¢ ¢ P OS5 0056~0062 o
L 189 |29 9 : 088¢% cOGL~006S | &
oL{ "¢ {ole § gl | 62 K| L 0926 0055-004¢ 1 §
L ¢ Tl 99 | ol | 092 | 2¢ z 068¢ 005£-006L | £
2 9z | 92+ | 28 g 904 0051-0
4 g 4 089 00G6-00GL | o
A Z b | 69 82 9 0292 006G ~-00464 e
AR IR 005¢ 0065-005¢ | B,
N lz y 2Ly} Lot |6 g A 0slL Q0GE-Q0% |
_ _ - " _ soTTW 5
0¢ | G2 |02t G | o1 O Gy oz 42 o] 4 symyens 1297 3933 .
_ °
bl puEq WY'o'r | B
o ds qen3 PopIOORT
(& ;) *3°v-E 098 /41 poads 3smE TeoTydep momﬁm% E” LonoT ©os ww
UMOTJ S0UB]STD DPORPIOOSI O} UT pPapasnxe Futhig SPTTITY 2A09® o
gem poods 3sn¥ B SSWT] JO JIQUNI ROEUITASH ued] apny TRy | "
Padsjunoouy spesddg Asns JO ATsUUMG

ITT TI4Y4L

- 11



TABIE IV

Relative turbulence each month recorded during
climb and descent {1,500-5,500 feet)

‘uIDItAg IDALYH U PAUtLd - CXCTIE D RL0E"IY
- ZL -

No. oF No, of Recording | No. of gusts Tle s Turbulence Ratzio
. intervals Distance exceeding
Month | recording | ya4h gust | in Statute | 10 ft/sec per ﬁiiﬁi{ym;ii:éﬁzizt
intervals | 5 40 rt/sec miles (up + down) gast
1 1L L 137 66 6.57 1.2
2 33 13 1023 208 L.52 1.7
3 28 13 867 81 10.7 0.76
L 5h 32 1678 2L0 7.00 1.2
5 79 31 2450 © 402 6.10 1.3
6 19 9 603 121 L.98 1.7
7 75 34 23z2 236 9.84 0.82
3 30 11 931 97 9.60 0.85
9 33 22 1023 188 5.4 1.5
10 8 9 1180 32 36.9 0.22
11 36 11 1417 73 15.3 0.53
12 29 6 899 29 29.0 0.28
Totals | 468 206 14,530 775 e
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Supports for Vibration Isolation
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SUMMARY

Spring arrangements are described that provide flexible supports of
very low stiffness for a limited range of movement. They are suitable as

supports for vibration isolation provided the levels of vibration are not
too large.

Some particular applications of the arrangements for vibration isola-
tion and in other fields are discussed.
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! Introduction

The problem of vibration isolation arises in all fields of engineering
where rotating or vibrating machinery is used, Unbalanced forces in the
machinery produce urwanted vibrations in the surrounding structure and the
problen is either to isplate the machinery {rom the structure or, if this is
impracticable, to isolate components mounted on the struoture from the
structural vibrations.

The usual practice in vibration isolation is to mount the component to
be isolated on flexible supports so that the rigid body frequencies of the
component on the supports are very low by comparison with the frequency of
the troublesome vibrationsls2, In this circumstance the level of vibration
transmitted through the supports is a function of the ratio of the rigid body
frequencies to the vibration frequemy3. Obviously the ideal requirement
for such supports is that they should provide zero rigid body fregquencies,
i.e. their stiffness should be gero.

One support satisfying {this ideal requirement is the sine spr‘ingl",
which provides a pure zero stiffness for a oonsiderable range of movement.
However, the latter feature can be an embaryassment since it implies that
any slight change in the effective mass of the supported component leads fo
large excursions of the component on its supparts, with no restoring foroce
to return it to the datum position. Further, the sine spring is not well
suited for supporting very large loads,

In principle it is adequate for vibration isolation if the support rro-
vides zero stiffness over a greater range of movement than the amplitude
level of the troublescme wvibration. B8uch levels are generally of the order
of humdredths of an inoch,

In what follows a spring arrangement with a non-linear stiffness
characteristic is described® that provides zero s Or very small stiffness for
a limited range of movement. Though the stiffness characteristics of the
arrangenent are non-linear the components used are conventional linear
gprings. Some applications of the arrangement to vibration isolation and in
other fields are discussed.

2 Spring arrangements

2¢1 Inclined springs

Consider first the spring arrangement shown in Fig.,1. Here there are
two inclined compression springs AL and AC each of stiffness k freely
hinged at A, B and C to form & triangle of base BC = a and vertex A.
Let the unstressed spring lengths AB, AC equal ¢, where

-2—5.—; SE0 ¢ . {1}

Now suppose a load W is applied at A so that A moves to Al, the
springs AB, AC being compressed, taking wp an inclination 6. The loca~
tion of A' on the line AA' is defined by

x-g%'tana. (2)

Then the expressions for the load W and the stiffness % along the axis
AA'Y are:

* Patent applications 10722/56 and 24268/56.

-3



-1% = {sec g ~ sec 8) sin @ (3)
"lk . % = 2(1 - sec g cos 8) . (&)

A negative valus for % corresponds to positive stiffness, for x

decreases as W increases,

I% is apparent from equation (4) that the stiffness along AA' is
ZeXro when

1
cos © = cos’® g (5)

and there is a meximum in the load-displacement curve for this condition.

Cos o defines the ratio of the uitimete compressed length of the
gprings to the unstressed length. 1In Fig.2 the load and stiffness functions
(equations (3) and (4)) are plotted for variocus values of o«

It is apparent that this spring arrangement oan provide zerc stiffness,
but it has little practical value as a support for vibration isglation,
since the conditions for zero stiffness result in unstable equilibrium of
the system. Any slight inorease in load beyund the optimum value leads to
a negative stiffness cordition, and A then moves rapidly to the opposite
side of the datum BC, ultimately coming to rest when the extension in AB
and AC balances the applied load.

It is apparent that it is not sufficient merely to satisfy the ocondi~
tion that the support stiffness must be zero; a stability requirement must
also be satisfied. The stability requirement is satisfied if the support
provides zero stiffness for some optimum load, and positive stiffness if
the load is increased or decreased from this optimum value, i.e. the zero
stiffness point must be a minimum for the stiffness—displacement ourve.
This requirement also has the effect of limiting excursions of the load on
the support since in any such excursion there will be a restoring foree to
return the load to the zero stiffness condition.

From a further differentiation of equation (4) we have

&
* 2

dx

% = = 12 sec g cos}'l'e sin 8 (6)

which indicates that the stiffness is a minimum when © is zero (as can be
seen from Fig.2b).

This minimm provides zero (rather than negative) stiffness only when
a is also zero (equation (5)), i.e. when the unstressed spring length 4
—32 , the springs then lying along the datum BC. From equation (3)

this requires that there is zero applied load, so that the arrangement is
useless as a load carrying flexible support.

equals

2.2 Inclined springs and axial spring

Now consider the effect of adding a further spring IE of stiffness
gk along the axis AA'! (Fig.1). Prior to coupling E to 4 let E be
at a distance s from the datum BC,

L lb —



With E coupled to A4 the expressions for load and stiffness along
the axis AA! are

W . q a
o = (sec o - sec 8) s:.ne+-£<s—2tan e) (7)
--112 . gjxg = 2 {1 - sec a cosja) +q (8)

and from a further differentiation of equation (8) we have

%.%:-128%&008""635116- (%)
dx

From equations (8) end (9) the stiffness has a minimum value of zerc
when © d1s zero and when

880 g = 1+% (17)

and for these oonditions there is a point of inflexion in the load dis~
placement curve, the optimum lozd being given from squation (7) as

W = gks, (41)

It is appaerent from equations (1) and (40) that the retio ¢ of the
axial spring stiffness to that of an inclined spmring is determined scolely
by the ratio of the unstressed length to the ultimate compressed length of
the inclined springs. Further, from eguation (11), the cptimum load is
simply the load required to extend the axial spring to the datum BC, and
the optimum load for the support can therefore be wvaried simply by moving
the anchorage D of the axial spring so as o vary 8.

In FPig.3 the load function of equation (7} is plotted against 6 and
tan § for two different initisl conditions for the inclined springs
(x = 30° and ¢ = 60°), In both cases the value of s for the axial spring
is % . The point of inflexion when € is zero can be zeen. Also plotted
against tan @ is the corresponding load fumction for the axial springs
alone, and it can be seen that for values of © between ¢ and zero the
combined system carries more load than the axial spring alone, and between
zero and ~a it carries less load.

The stiffness function for the two conditions is plotted in Fig.h,
together with the curve for the axial springs alcne. The stiffness of the
combined system is less than that of the sppropriste axial spring for an
aprreciable range of tan 6, and in particular has a minimum zero stiffness
wien 6 1s zeroc.

The significant parameter for vibration isolation is the support fre-
quency, and accordingly the frequency function for the support is plotied in
Figs5. This function is the square root of the ratio of stiffness function

\ . (23 A
to load function, i.e. @; . %E) .
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in Pig.8. A linkage arm AB is clamped to the ftorsion member and has com~
pression springs AC, BD of stiffness k and unstressed length £ at its
ends. Following a similar procedure to that for the axial load system it

can be shown that the torsional siiffness of thé loaded shaft is a minimum
when the shaft is twisted so that DBAC are in line. The springs are then

under maximum compression with a compressed length of % « The stiffness
minimum is zerc (rather than negative or positive) when

24
a~1+

(13)

] fte)

where the torsional stiffness of the shaft is defined as qkbz.
This equation is identical in form with equation (10) since

24
s$eC - -
& a

Further the torsion load T in the sheft when the stiffness is zero
is given by

T o= q kb (t4)
which, for a given spring system depends only on the initial angle ¢ of

the shaft when unstressed. This equation may be comparec with eguation (11)
of the axial lcoad system.

3 Some applications to vibration isolation

A few special applications of the linear and torsional systems to vibra—
tion isolation are considered. ¥ig.9 shows their application to road wvehicle
suspension systems., Coil spring, cantilever spring and torsion bar suspen-
sions are all in current use, but by the addition of an inolined spring the
stiffness of the suspension can be markedly reduced, without increasing the
deflection. By reducing suspension stiffness a greater degree of ilsolation
of the body from road shocks is obtained,

Fig.10a shows how the stiffness of a cantilever bucket seat can be
reduced, isolating the ocoupant from vibration snd shocks end providing
greater comfort. Such seats are in common use on agricultural machinery.
Applications for other types of sprung seat can be visualised.

Fig.10b shows the suspension for a siesmic type of vibration transducer.
This provides very small stiffness for a limited range of movement, which is
a necessary requirement for instruments of this type.

4 Other applications

Applications of these spring arrangements in fields other than wvibration
isolation can be visualised., Three such applications are shown in Fig.{1.

Fig.11a shows a mechanical tension meter, that provides a sensitive
indication of small variations in tension about some predetermined level.
It could be used, for example, as & weighing device to detect small varia-
tions in weight of nominally identical objects.

Fig.11b shows a non-lincar torque meter, that could be used as the indi-
cator in a variety of instruments. This provides a sensitive indication of
torque variations about some predetermined level.

-7 -



Fig.t1c shows a torque regulator, providing a sensitive means of
detecting variations in the torgque transmitted vy a rotating snmaft, It
could be used in conjunction with an automatic gear changing device,

5 Gonclusions

The inclined spring arrangements whicn have been described are capable
of providing low stiffness for a limited range of movement, They can, wiin
advantage, be used as support springs in vibration isolation mecnanisms
provided tne levels of vibration are not too great and for moderate levels
of applied acceleration, In aircraft applications the applied acceleration
aspect is an important one, because of the accelerations encountered
during manosuvres, The inclined spring arrangement is, however, no worse
off in catering for tnis case than the conventional type of spring mounting

and has the advantage of providing improved isolation under normal
conditions,

There are many other possible applications for spring arrangements
based on tnls principle. Some of these are deseribed in the paper.
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Drag and Velocity Fluctuation leasurements
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SUidARY

The effeots of perforations upon the drag, and velooity fluctuations
downstream, of square plates normal to the airstream are desoribed.

It is shown that perforations can have a powerful effect upon the level
of velocity fluctuations, particularly the low-frequency compenents, with
only a oomparatively small reduction in drag coefficient.

It is alsc shown that perforating the central region only of a square
plate is as effective in reducing velocity fluctuations as perforating the
whole plate while giving a slightly higher drag coefficient than the latier.
On the other hand, perforations near the periphery only are less effective.
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1 Introduction

The work desoribed in the present note is a continuaticn of the investi-
gations into the behaviour of flat plates at high inocidences, with pertioular
reference to their use as air brakes.

Previocus work!»2 dealt with the effect of incidence and the shape and
aspect ratio of solid (i.e. unperforated) plates.

At incidences of the order of 50° and above, the flow round a solid
plate zeparates at the whole of the periphery of the plate and a bubble is
formed behind the plate. This type of flow is usually associated with velo-
city fluctuations having large lowefrequency components, which mey cause
vibration troubles in eny installation of such a plate as an air braks.

The present work is an investigation into the effect of perforations on
the drag and velocity fluctuations with this type of flow. Perforations
admit air into the bubble and tend {0 reduce the general level of velocity
fluctuations,

The work is limited to isolated square plates normal to the airstream,
The presence of a body adjacent to one edge of the plate, as in an alr brake
installation, is not oconsidered likely to have a major effect upon the

find.ings3.

2 Desgeription of Tests

The experiments were made in the L £t x 3 £ tunnel at a2 speed of
140 ft/sec. The apparatus and technique used have been fully described in
reference 2,

Details of the 5" x 5" square plates tested are given in Table I and
Fig.t. The main series of plates (Nos.i to 5) have 80 holes based on a
square mesh of 0,5" pitch. In order to obtain the large perforation area of
plate 6 it was necessary to use a roughly hexagonal mesh with 92 holes, Plate
ba was made in order to test the effect of individual hole ares as against
total hole area.

The numbering of the plates corresponds approximately to their free area
ratio, e.ge plate No.1 has approximately 10%, plate No.2 20%, etc.

The perforations were sharp-edged in all cases.

Teats were made with plate No.4 to £ind the effect of perforating only
part of the swrface. For this purpose, successive rows of holes were blocked

up, working from the centre cutwards and then from the edge inwards.
The experiments oonsisted of:-
(1) Drag measurements, using a cepecity-type drag balance.

(i1) Messurements of longitudinal velocity fluctuations in a plane 18"
behind the plate, using a hot-wire placed normal to the airstream
and radial to the axis of the plate. The distance of 18" was
chosen to be clear of the bubble.

R.M.S, velocity fluctuations were measured at points eslong a radial line
parallel to one peir of edges of the plates and to the 4 £t dimension of the
tunnel,

In addition, frequency spectra were obtained at 4" radius s this position
being approximately that at which the maximum total fluctuations occurred.

-3 -



3 Pregentation of Results

31 Drag measurements

Drag coefficients for the uniformly perforated plates are plotted in
Fig.2 against free area ratio SF/S. Fig.3 shows the drag coefficients for
plate No.4 partly perforated. Starting with the solid plate, opening suo-
cessive rows from the centre outward gave the upper ourve, and opening the
outer row (i.e. neareat the edges) first and working inward towards the
centre gave the lower curve.

The drag coefficients are expressed in terms of the gross area of the
plates, and are corrected for blockege by the semi-empirical method of
Maskelll,

2+2 Measurements of veloclty fluctuaticns

The r.mes. velocity fluctuations are presented as the ratios %9- ,

o
plotted against radial distances from the centre of the plates.

The spectra are presented in the form nF{n} plotied against log n.

n is the non-dimensional frequency (%é) and F(n) the specirum fumetion,
o 2
defined so that F{n) dn is the contribution to EE of frequencies
U
between n and (n + dn). °
It follows that:-
2 o0
oo f F(n) dn
U 2
o

Q

1t

fm nF(n) d(log n)e.

In the case of spectira, the mean square of the mnalyser output s~ is
measured over a bandwidth 4n (% being small), so that:~

Au2

F(n) o e .-
2
(v, An)
Au2
and nf(n) = -——=—— approximately,

(U, )

where g = -?—:1- , the analyser bandwidth ratic.

Figs. 4(a&b) give the r.m.s. velooity fluctuations -I-}i'- in a plane 18"
)

downstream of the plate. The maximum fluctuations occur at about 4" radius
(% = 0.8) in all ocases, so this radius was selected for the speotra, which

ul,_n



are plotted in Pigse 5(a&b). In addition, spectra (not shown) were cbtained
at 8" radius to determine the main shedding frequency, which can be done more
accurately where the general turbulence level is low.

In order to assess the relative merits of the plates tested from the
point of view ¢f the low-frequency component of the veloeity fluctuations,
which is the most important nent in causing buffeting when such plates
are used as air brakes, the nFE n) curves were integrated between limits

n=0.01 and n = 0,05, the results converted to units of o » and plotted

UD
in Fig' 6-

_n=0,05 0,05

Eﬁtl:o‘m = JO'!; nF(n) log n .

g

The range of frequencies covered by the chosen limits of n, taking
representative velues of U, and ¥8 are as followsi~-

?
Us | ¥ | 1 20.01 | n=0.05
800 2 40 2040

3 2.7 13.3

2 205 1245
501 3 1.7 B3

4 Discussion of Results

Considering first the uniformly perforated pletes, increase in the free
3

area ratio —g—l glves progressive reductions in E'-D (Fige2), rem.s. velocity

fluctuations (Figela), and nP(n) (Fig.58). Up to === 0,35, the mein

shedding frequency (shown by the position of the peaks of the spectra) remains
constent at n = 0,115, but the peak amplitudes decrease progressively.
S

Beyond -éF—‘- = 035 the shedding peak does not appear. The curves of Fig.ba
can therefore be divided into two distinct groups.

The reduction in nF(n) with increase in free area ratio is more marked
in the frequency range below n = 0a145 than at higher frequencies. This

reduction is shown in Pige6, which also shows a break in the curve at the
point at which shedding is suppressed.

Of the two arrangements of partially perforated plates tested, that with

central perforations, = 0s25, gave as low <~ values as a uniformly perw

E} U
°
forated plate with -ZE = 0e40, and a drag coefficient &} higher. On the
other hand, perforations near the edges only gave higher T}’-’- values than a
o

ug%:i:formly perforated plate of equal - value (0.29), and a drag coefficient
16% lower.
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These results for partial perforationa are associated with the values
of the main shedding frequencies (Fig.5b), which are largely determined by
the size and shape of the unperforated portions. These consist, respectively,
of a hollow square rim about 4" wide and 20" peripheral length, and a solid
square with about 3" sides., The latter, as expected, gave a shedding fre-
quency somewhat higher than for the solid 5" square plate. The shedding
frequency for a square rim is unknown, but if it be considersd as a strip
of high aspect ratio, closed end to end, previous experiments® indicate a
value of n much higher than for a square, together with a higher Cp.

A shedding frequency associated with the spacing between individual
holes (0.5" for the 80 hole plates) was not detected, probably due to the
relatively large distance downstream to the measuring plane.

The single test with very small holes (plate 4a) did not show any
scale effeot for the size of individual holes, either upon or velocity
fluctuations, (Compare plates 4 and La in Figs. 2, 4a and S5a)e This result
will not necessarily apply to a case where shedding occurse

5 Conclusions

For the isolated square plates tested, uniform perforations give sub-
stantial reductions in the level of velocity fluctuations, at the expense
of comparatively small reductions in drag coefficient.

The reduotions in fluctuations are more marked at the low-frequency end
of the spectrum, this being the more important range of frequencies from the
point of view of buffeting in the wake when using these plates as air brakes.

A free area ratio of 0,40 (with uniform perforations) gives a reduction
in the low~frequency component of velocity fluctuations to about one-third
of that for an unperforated plate, with a loss in drag coefficient of less
than 207, It is suggested that this value of O.40 should be a minimum for

design purposes,

With free area ratios larger than 0,40, the gain in fluctuation level
beoomes less but the loss in drag greater.

A somewhat better arrangement is to perforate only the central portion,
leaving an unperforated rim. In the arrangement tested, such a plate with
a free area ratio of 0,25 gave as low velocity fluctuations as a uniformly
perforated plate with a ratio 0,40, with &% higher drag cosffiocient.

Perforating near the edges only is less effective than uniform perfora-—
ting from the point of view of both drag and velocity fluctuations.

A single test to determine the effect of size of individual holes gave
negligible scale effeoct.
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List of Symbols

Drag coefficient, corrected for blockage
Gross area of plate (sq £t)

Free area of plate (total area of perforations) (sq £t)

U, = Tunnel speed, correctsd for blockage
£ = frequency (cyclea/sec)
0 - fU\fs
o
u = root mean square value of longitudinal velocity fluctuations
g = transverse distance from axis of plate
F(n) = Spectrum function (see para.3.2)
Auz s mean square value of wvelocity fluctuations passed by analyser
in = analyser bandwidth
An .
€ = == = analyser bandwidth ratio
n= 0 05
[:"{!fz‘ = mean valus of -I}-l— between n walues of C.( and 0.05
o o
= O. 01
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Perticulars of Perforated Plates
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Plate No. of Hole Dia. Free Arga
Ref.No. Holes (ins) Ratio ( _QE)
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3 " 0 341 0,292
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SUMMARY
Informaticn on atmospheric turbulence obtained {from counting
acceleromster records 1s exumined and relations gaving the variation of
gust frequency with gust velocity and altitude are obtained. The
results are swmarized in a form convenient for use in estimating the

fatigue life of an aircraft,
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1 Introduction

The gust loads on an aircraft are important from the standpoint of
both static strength and fatizue Becords of aircraflt acceleration in
flight are obtaineé from counting accelercmeters which record the number
of times various acceleration levels are reachedl €. The objective 13 to
record accelerations of the centre of gravity and 1t is important to be
certain how faithfully this 13 done an reslity., The accelerometer is
mounted in the fuselage and records the response to a gust with undefined
space and tume gradients. The record, moreover, relates to the local
structure on which the accelerouneter is mounted so that even when the
position coincides wath the centre of gravity of the undistorted
airceaft, the records may be ainfluenced by structural deflections under
load.

The accelerometer counts are directly applicable only to the
particular aircraft and operating conditions under which they are recorded.
In order to give the resulis more gensral applicaticn, it 1s necessary to
estimate the appropriate atmospheric conditions.  For this purpose the
height and speed of the aircraft are required and these are recorded
photographically, towether with the counts, at intervals of ten minutes.
In the subsequent analysis, the cffect of the flexabality of the airecraft
is ignored and the recorded acceleration is assumed to be that of the
centre of gravity of the alrcraft-.

In order to convert the recorded acceleration to gust wvelocity the
method gaven by Zhrozekrs s 23 used, To simplify the acrodynamic analysis
he assumes a ragid aircraft and ignores the pitchine response anduced by
ths pust. The gust velocity 1s assumed to rucrcase linearly to its
maximum value. After comversion of the recorded accelerations to gust
velocitaes by thas method, the member of gusts exceeding each magnitude
in the reguired series is calculsted.

2 The variaticon of pust freguency with cust velocaty

A typical set of records 1s given in Ref 5 relating to Hermes
aireraft. The original data from which this report has been prepared
were obtained from about 2000 hours flying on B.0.A.C, routes. The
flying is grouped in altitude bands of 5000 £t and Fig 1 shows mles per
gust plotted on a logarithmic scale ageinst gust velocity. The ordinate
corresponding to a given gust vcleocity 1s the logarithm of the total
rarber of miles flown in the altitude band, davaided by the number of
times the given gust velocity is eyualled or exceeded. It wrll be seen
that the variation of freguency with gust velocity 1s substantially the
same at all altitudes, with perhaps the exception of the highest band
which consists of only a small sample. This band 1s more turbulent than
would be expected and showz a slight ancrease in frequency of the higher
velocaity gusts, However, in order to estimatc the relative gust freguencies
1t seems reasonable to total the gusts recorded at all altatudes. This
has been done for eagh of the four aircraft for which records are at
present avazlableds ©, 7, €, Data from test flying on the Comet are
also included?,  The graphs of log {mumber of occurrences) against gust
velocity are of appromamately the same slope for all the aircraft. The
small varzation may be attribubted to the differences an flexibility of
the ailrcraft, for which no allowance is made.

* If allowance is made for flexability in stressing, its effect on
both acceleratiorn and stress should be included.
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The rcsult of Hotalling the data from all the four aircraft is ~iven
below and shown plotied on Fig 2

1

Cust Vel,
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Uop to a gist velocity of 30 ft/sec up susts are more frequent than
down gusts in the ratio of about 3 to 2. This may be partly due to
manocuvring acceleratzons which are supcrimposed on these produced by gusts,
although 1t a8 doubtful whether the effect of this can account for all the
disparity. At higher gust velocities the down gustes appear to predominate
although the rumbers are too small for this to be very significart. A
possible explanation 1s that no allowancc 1s made for any changes which might
occur in the zlope of the 11ft curve at the hiphr positive incidences irvelved;
when the aircraft i1s in level flight at a posaiive ircidence, a stalling
up=gust 1s of a lower velocity than a stalling down-gust, and thus errors
introduced by assuming a constant slope to the 1lift curve near the stall have
a greater influence on the estiretes of the up-gusts.

In the estimation of fatigue damage from gust data 1t 15 usual to
asgume that an up gust 1s asszociated with a dowa gust of equal magraitude,
and to take the mean of the numbers of up and down susts as the number of
fatigue loading cycles, For this purpose the nurbers of up and down gusts
given aobove are added and an empirical curve fitted. “handardized to give
1000 gusts of 10 ft/sec or greater tne formula 1s:-

- - 1 -

F - C?,BOO e 00315—1’-1 'V'+ 8?8,2 e 0.20816-‘7.

where v 15 the gust velocaty in feet per second and F 1s the nuvber of guste
equal to or excc.ding v f‘t,/secv The above Jorm of the expressien 1s of ug
when calculating damege’™. For calculating freguencics a more convenlent
forrm is:-

B o= 4okl =0 1495 | 402.9436-0.09040v

The relation i1s shown graphically in Fag 3. In most cascs, the lowest
measured acceleraticn corresponds to a gust veloocaty well below 10 ft/seo

and usually approaches 5 ft/sec. In this range the Troguency distribution
snows no abrupt change and accordingly it i1s thought jJustifiable to
extrapolate the curve to 5 ft/sec. For any civen velocity a confidence

range can be estimated and that for 957 confidence 1s shown in the figure.
The estimnted rarge makes allowance for the tendency of the gusts to oeccur
near topether in regions of turbulencell, The frequencies piven by the
formula for velocities above 35 ft/sec., snozld be used with caution as the
tetal number of gusts vrecorded above this value 1s only 13 and the sampling
errors are large, The ringed points on the figure corrsspond to
experirental valuecs, It 18 masleadin-, however, to compare their deviations
from the fitied curve with tre giver confidence bard as the exporirental
points are not independent,  Apart from the fact that cumilative frequencies
are plotted, high or low mumbers of gusts tend 1o occur together for all

gust velocities and the experamcntal pornts are highly correslated.

A rumerical comparison between the obscrved and calculated frequencies
is made 1n the following table, the empirical formula heing factored to fit
the obeerved froquercy at 10 tH/sec.



v ,/sec ¥ Cbzervad F Calculated

10 or more 16,513 16,543 (f1tted)
15 " 3,210 3,276

on L T 698

25 " " 167 16L..3

50 H t }+1 11-303

3 " " 153 12.7

KO M 4 2 40

I%’B 1 1] 2 A; .3

3 Variation of Gust freguency with Alt:ztude

Having examined the variation of gust frequency with gust velocaty
1t 1s nccessary to examine the varistion with altitude,  This 1s done
for a gust velocaity of 10 ft/sec; the frequency of gusts of any other
veloclty may then be deduced from the relation given above., Wwren
considering the data from this peant of view it 1s 1uwportant to remember
that they do not reprcsent a random sample of atmospheric conditions,
but are 1nfluenced by any action whicn the pilolb may take o avoird
turbulence. Thas has little effect on the relative {requencies cbserved
at differing gust velocities discunsed in para 2, but has o markaed
effect on the observed variation with aititude. while cruising, the
p1lot endeaveurs to aveoid turbulence by snell changesn of both dircetion
and height, O~ the otner hand an aircroft with a haign cruising altaitude
normally climbs to, and desceonds fron, thiz altitude through ary
turbulcnce 1t mey cncounter, without any avoiding action being taken.

(1) Tig L shows data for 10 ft/sec guste Por Comet a1rcraft6.
The normal eruising height is about 34,000 £t end 1t rey be assumed
that the records up to at least 25,000 ft ave ropresentative of
averapge atrospheric cornditions, Up to this altatude the relataon
bPetwoen log (miles per gust) and altitude shows no sigmaficant
dep-rture r'rom livearity''.

(21} & comparison ig now rads with data from en aircraft cruising
2t a much lower alticude, fic 5 shows obscrvations for Comcd
plotted with cboervations tor Vikang a1ircrart! . The Viking
observations have been classified as clinmb, cruige or descont depond-
ing on the difference 1 the rocorded neigats at the begineing and,
erd of cach ten-minate 1aterval, Tho curves f'or the Vaking lic
almost wholly above trat for the Comet, tne except.on being in the
lowest altitvde band, and show that during cruise, oy selecting a
favourable altitude and course, wa average wumprovemcnt corresponding
1o a factor of sbout 3 can be achicved.  The pronounced maximim

in the eruzse curve at bthe normal cruising altitude is a result of
sclecting a favourable albitude. The arcratt climbs to 1ts normal
cruising altitude znd stays there unless turbulence is encountered,
in which case 1t climbs in an attempt to find smootner conditicns.
Consequ:ntly flying above the normal crursing altxtude only occurs
in corditions which arc worse than average. The curve for the
Viling claimb and descent shows sumlar terndencies, indicating that
even urder those condations the pilot's avoadirg aclion nas a
congiderable effect, and corfirmang that climbing above the ncormal
ecruising altitude only tskes ploce in adverse conditions.

(121) The data for the Hersies® have not been classified anto
climb, cruisc and descent, but 1t can be azsumcd that the majoraty
of flying above 8,000 £t is under cruising cosnditions, fip 6
shows a comparison betwsen the Conx $ and Herres., A& similar trend
to trat observed in the case of the Viking 1s found, although to a
lesger extent. The irdicaticns are trat the piriot's avoirding
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action becores less effcctive as the altitude increases. If thas
18 the case the crange in slope shown by the Comet curve at about
25,000 f% may not in fact be duc to the pilot's avoiding action but
may represent a real change in atnospheric trend. Murther light on
this question will be obtained as recerds from ailrcraft cruising at
ereater altitudes become availablie.

Estimates of the average gust freguency at various leights based on
all the relevant dats are given in Fig 7, wherc a corfidence range of 957
1s shown about cach sxperimeantal peoint, allowance being made for tne
tendency of the gusts to occur in groups. The value shown for tac lowest
altitude of 1050 ft 1z the mean of the Comet, Hermes and Vaiking, clinb,
crulse and descent. Tith the cxception of the Ceomet these show lattle
gigmficant difference,. The value for thc Comet 1s somewhat hagh but as,
however, tased on a very small samplc, (omly 860 miles).,  Apart from this
altitude band, thc remainder of the main curve follows valucs obtsincd
from the Comet data.

The value for the cruise of cach sircraft has been obtained by taking
the average of the highest three or Tour zltitude bands. This zs thought
to give & more representative fipure tran that for the rormel cruilsing
altritude only, which 1s obtained under seluctaively pocd conditions, Toe
improvement achiecved under eruising corditions by the pilot's aveiding action
is 1ncdzcatcd by the dashed laire in Fag 7.

L Conclugions

The present information on the variation of gust frequency with gust
velocity and altitude is conveniwntly surmarized in Fags 3 and 7. These
figures give a representation of atmospheric turbulence which may be used
for the estimation of aircralt fatigie derage resulting from gust loads.
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FIG.7. FREQUENCY OF OCCURRENCE OF GUSTS OF MAGNITUDE GREATER THAN

MILES PER GUST

GREATER THAN
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