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1 INTRCDUCT TON

Spectral analysis 1s now an accepted technique feor the investigation of
atmospheric turbulcnce and of aircraft behaviour in turbulence. As distinct
from the discrete gust concept, spectral analysis allows the aircraft dynamics
to be fully accounted for in assessuents of aircraft response to turbulence.
Also, 1%t 1s theoretically feasible 4o determaine the aircraft transfer functions
by measuring spectra of the gust input end the aircraft response parameters
during flight through atmosvheric turbulence. Spectral technigues, however, are
statisticel an character and the acocuracy of a measured spectrumn 13 very
difficult to assess. As an exploratory exercise therefore, measurements were
made of the response of an aircraft i1n the pitching plane to the vertical
velocity component of atmospheric turbulence, and the aircraft transfer functions
(frequency respouse [unctions) were evaluated, They are discussed and compared
with theory in this note.

Measurcments of elevator displacement, made during the investigation pgive
a lammited indication of the part played by the pilot durang this type of flight
test.

2 ATRCRAFT AND INSTRUMENTATI1ON

The test aircraft was a lieteor 7 of approxumately 15,000 b AJU.W, It had
neither auto-pilot nor power controls, the stick being geared darectly to ihe
elevator, During the test the aircraft was flowm with low static stability
(static margin, K, = 0,027 and manoeuvre mergin, H = 0.071) and at the test

height and airspeed, 2500 £t and 534 £t/sec T.A.S. respectively, the natural
frequency of the short perioed patching oscillation was C.b54 c.p.s. A photograph
of the eiroraft is gaven in Fig.1 and the main aircraft characteristics,
including aperoximate values ol the quasi-steady derivatives (measured previously
on the test aircraft) are given in Teble 1.

The instrumentetion consisted of an incidence vane, & normai accelerometer,
a pitch rate gyroscope and an elevator position {transmitier. The vane was
rositioned 215 feet forward of the aircralt C.G, on a nose boan (boom
structural frequency 14 c.p.s.) to reduce aerodynamic position errorvs, while
both the accelerometer and rate gyroscope were 2% feet forward of the C.G.
Recording was by means of a galvanometer recorder which had a tuning-fork-
maintained time base giving 1/100th second timing marks., Paper width was six
inches end speed five inches per second.

The positions of the instruaents are shown 1n Fag.2 and the main
instrument characterastics are tabulated below.
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Undamped . Sensitivity
Instrument Range natural Dimf%gg 1 cm
frequency att equivalent to
Incidence vane i degs 18 capeSe™ | 0406 approx* | 0.807 degs
Accelerometer 0.2 to 1.8g 12 CeDeSe {0.65 Ca131g
Rate gyroscope i-5 degs/éeo 10% CaDeSe 0.70 04657 degs/%ec
Blevator transmitter {+5 to ~7 degs - - 14510 degs

*at 304 knots E.A«S., and 2500 £t altitude

The natural freguency and damping ratic of the incidence vane were
determined in flight by suddenly releasing the vene from one end of its travel in
smooth air st the test height and airspeed.

Approximate transfer functions of the instrument systems are given in Fig.3,
that of the incidence vane being based on the measured values of frequency and
damping end the assumption that the vane was a linear second order systems. The
transfer functions of the acceleromster! and rete gyroscope were measured in the
laboratory and shown to be independent of amplitude. The transfer function of the
elevetor position transmitter (s potentiometer) was simply that of the recording
galvanometer.,

Where necessary the instrument transfer functions have been used to correct
the results.

3. JEASUREMENTS MADE

All measurements were made during one test flight in which the aircraft was
flown on approximetely a constant course, with the pilot making, as far as possible,
only slow adjustments to trim. The object of this was to restrict pilot
interference with the eircraft response to gusts, to low frequencies. A
continuous record was taken over a period of 206 seconds, of the four variables,
incidence, normal acceleration, rate of pitch and elevator displacement and from
this a time history of the vertical gust veleoclty was computed,

During ths test the true airspeed was 534 ft/sec and pressure altitude about
2500 ft. The preveiling meteorologicel situation is given in Appendix 1.

ko, ANALYSIS OF THE MEASURED DATA

The first step in the analysis of the measured data was to obtain the time
history of the vertical gust velocity. Spectral methods were then used for all
subsequent anelysis of the deta, i.e. of the five random time histories. Thess
two stages in the anelysis are considered briefly below,
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Lot Carputation of the vertical gust velecaty

The computed gust velocities were obteained from the vane readings by
corrccting them for alrcraft heaving and pitehing motionsZs 4,  As corrcetions
were thus applied impliciily for any pilot induced pitching motions, the
resulting gust velocaities were Independent of any controlling action taken by
the pilot. The time history of the vertical gust velocity was computed on the
basis of the eguation

w = Va -V -wa4 4, 0 (1)
g 1
whera
w
vertical gust velocity, Tt/scc
v mean true airspeed, 1/ scc
o windvane recading, rads
w aircralt noraal velocity, ft/sec

61 darstance {roa acceleromcter to wandvane, £t

6 rate of prtca, rads/sce
3 aircraft attituds, rads.

The Tarst term in Equation (1) 18 the basic vene reading, which is corrected
by the sccond term for the instantancous atvtitude of the aircoralt (a datum
correction), while the ithird and Tourth termns ere corrections for the circraft
heaving and pitching velocities respectively; the normal velocaty, w, was
deraved from integration ol the noruel accelcration. It 1s assumed in
Equation (1) thet the awrspeed 1s constant and cqual to the mean value and thot
all anguler displacements are small enough for their cosines to be tolken as
unity. Aircraft normel vclocity may ilhen be telen as equal to aircraft vertical
velocaty, which strictly as tne varaable required.

L 2 Spectral analysis

In the present centoxt the penerel heading, of spectral analysis covers
tirce main computational stages; these asre the determination of respectively,
the auto-corrclation ceefficrents, the poser spectral censities and the
aireraft frequency rosponsce or transfor Tunctions.

Tor the spectral analysis it was decided ihat a convenient reading
mierval® would be 0.05 secs and that the spectra would be examined up to the

*The reading interval, &t secs is defined by the Nyquist frequency, rN =.§J__ €.D.S5., which should

be chosen s0 as to avoid contamination {alfasing) of the required spectrum by the high frequency conternt
of tne record {see Ref,5)., 1n practice the rzading interval is a compromise hetween tne need for a long
enough sample for satisfactory extraction of the lowest frequency required, the naed to avoid aliasing

and tne reading and computational effort available, !
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maximum frequency (Nyquist frequency) compatible with this interval, 10 c.p.s.
All time histories were therefore rcad at 0.05 second antervals for the total
record length of 206 seconds, From the first 4150 seconds of this digitised
record, auto-correlation functions® were calculated up to 127 lags, i.e., up to
a maximum lag of 6.35 seconds (4.2 per cent of the 150 secord sample length) for
each of the variables including vertical gust velocity. The values of 150
seconds (a rounded off value) and 6.35 scconds were related to limits in the
computing programne used. (Apart from that for the sust velocity computation,
no special programmes were written for this investigation.)

The auto—correlation functions were then transformed to the frequency
plane to give the required spectral densaty functions! of,

vertical pust velocity,
normal acceleration,
incidence,

rate of piich,

clevator displecement,
These speectre constitute the baslc experiumental results.

It may be noted that the value of the auto-corrciation function far a lag
of T scconds (or the equivalent distance) gives the avcrage relationship, over
the whole run, between the measured quantity and its value T seconds previously.
The auto-carrelation function thus contains information on the time {or spatial)
structure of che process. The power spectrum, which is the Fourier cosine
transfarm of the auto-corrclation function, gives information on the freguency
structure of the process and 1s the more convenient function for this type of
work,

Finally, the required frequency responsc or transfer functions were obtained
by means of the fundamental spectral equetion8,9,

2
¢OUT = I TSI ¢IN’ (2)
where
¢OUT spectrum of the output,
Ts transfer funetlion of the system,

¢IN spectrum of the input.

The acceleration, incidence and rate of pitch spectra (outputs) were
divided by the vertical gust velocity spectrum (input? and the square root
taken of the ratios. The accelerstion and incidence response functions were
non-dimensionalised to facilatate subsequent comparison with theory.
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These frequency response functions were determined up to 5 cep.s. only.
The natural frequencies of the first two strustural modes of the aircralt were
approximately 7.7 and 10.3 c.p.s. and tacir danping was bypically low. Up to
5 c.p.s. thereforc, the aircraft response was for practical purposcs unaffected
by structural cscillations and the measured freguency response functions
represent the response of the combination of pileot and rigid syreraft to vertical
gusts.

The spectrum of elevator displacement was ealse divided by that of the
vertical gust velocity end the squarc root taken, but, because of the low
sensitivity of the clevator position transmitter, {(quoted in Sccetion 2 - sce
also Appendix 2), this function was only determined up to 2% Cs Pe Se

During the test flight the incidence vanc was subject to aercdynamic
position errvors, that us the distortion of the airflow darection by the bulk
of the aircraft and of the boom 1tsclf, caused the vane to over rcad. The
static position error was cstinated as ten per cent and subsidiary flight teste
conf irmed thet this was of the right order. Corrcctions were therefore made to
the spectra of vertical gust velocity and incidence [or the cffects of static
position error. It should be noted, however, thet position crrors arc not
independent of frequency. There must, fundamentally, be a dynamic position
crror due lo the lag in burld up of circulation and acting so as to reducc the
static positicn error. Thas effect, however, was considered to be neglicibly
small over lhe present range of frequencics.

5 RESULTS

5¢1 Meosurced spectra

The measured spoctra of vertlical gust velocity, normal acccluoration,
icidence, rate of pitch and elevator displocement are given in Fags.d Lo 8 for
the frequency rangc C.83 to 10 cepes.

Three frequency scales are given in each fipure:

(1)  time frequency, £, in cycles per second,

4
(22) space frequency, 3, n cycles per foot, and

& N . .
(1i1) reduccd frequency, vy = %T’ which is non—dinensional.

Thesc are related by

1.8
ATV T 2nd
and in the present case
% = 0.00187 £, v, = Oift T andV = 534 f/seo.
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Mean curves have been dravm by eye up to 5 c.p.s. on each of the spectra,
except thzt for elevatar displaccment where, because of the oreviously mentioned
low sensitivaty of the transmitter, the curve has been stopped at 2% C. P 8e

No corrections were made to the rcsults for the effects of airframe
elasticity and peaks corresponding to the 7.7 and 10.3 ¢.p.s. aircraft structural
modes can be seen on each of the spectra, It would appear therefore that the
resplution of the measuwred spectra is good almost up to the Nyguist freguency

10 cep.S.) The large magnitude of the peaks on the rate of pitch spectrum
Fig.7) indicates that the rate gyroscope was posiiioned ncar a nodal point and
so exaggerated the cffeet of the structural oscillations,

5.2 Measured pilot + rigid aarcraft freguency response functions

The measured frequency response functions of acceleration, incidence and
rate of pitch are given in Fi1g.9 for the frequency range C.083 to 5 cap.s. These
Tunctrons represent the response of the combination of pilot + rigid aircraft to
a unit vertical gust input.

Above about 1 c.p.s. the incidence response 1s independent of freguency and
hna unit value; this andicates that the aircraft 1s not responding significantly
at frequencics much sbove its natural frequency (C.54 cepese) and the measured
incidence 18 almost entirely dae to gusts.

The amccelevation response shows quite clearly the cffcects of unsteady aero-
dynamic flow. Wzith increasing frequency therc is an increasiang lag in the build
up of circulation and full incremental 1lift has less end less chance of being
established, This 1s reflected in the progressive decrease (above about 1 cep.s.)
in the measured acceleration per unit gust with increasing frequency.

The measured ratc of pitch response is almost independent of frequency. The
small averege value of the rate of pitch, 0.1 deg/scc for 1 ft/scc gust input
should be noted.

5.3 Pilot~clevator-gust relationship

During the test flight the pilet interfered as little as possible with the
elevator other then gently mainteining triw. Fig.8, however, indicates that some
elevetor movements occurred over the full range of frequencies. Apart from the
deiiberate control exercised by the pilot thesc clevator movements could have been
caused by the pilot inadvertently reacting to a sudden gust, by turbulence acting
directiy on the elevator or by the clevator reacting to the motion of the aircraft
(coge the peak at 7.7 Cep.s. in F1g.0 showing clevator reaction to a structural
oscillation), The spectral densatics of the clevator movement at frequengies asbove
1 Cep.s. are, however, less than 8 per cent of the maximum measured valuc so that
the principal effect of the clevator can be said to be restricted to low frequencies
only {below 1 c.p.ss)e It may be assumed that in this low frequency renge the above
mentioned inadvertent causes of elevator movement are sufficiently small to be
completely masked by the pilot's conscious control. Consequently, the significant
part of the elevator speotrum can be mainly attributed to the palot.
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The 'pilet transfer function' in Fig.10, may therefore be interpreted as
indacating thet the pilot applicd an averwge cver the frequency range 0.083 to
1 Cep.8., about 0,028 degreec of elevator to control the responsc ol the
awrcraft to & wnit vertical gust input, The maximum clevater displacement
recorded during the test was epproxumately 0,37 degrees.

It should be remembered that the pilot was deliberately attempting to
make slow control movements only and the prescnt results are not therefore
expected to be typical of flight in turbulencc,

It should be noted also that the aircralt had manuel controls, end the
clevator displacements were probably larger than could be expected in similar
conditions for an aircraft with irreversible power controls.

5.4 Spectra of acceleration, incidence :snd rate of vatch due to clevabor
displacement

The spectruws of lhe elevator displacencnt which occourred during tihe teat
flight 1s given in Fig,8. By regarding the elevator daisplaccuent as an input
to the aircraft system, and knowing the aircraft transfer functioas with respect
to elevator, the cquivalent response of the sarcraf't in terms of acceleration,
incadence and rate of pitch can be cbtained using Equation (2).

ticduli of the functions representing the aircraft responsc to a unit
¢levator input at constant spued are given wn IFis.11. They are bhased on the
acrodynemic derivatives in Table 1 and the constant specd {short per:od)
approxuaation for the alreraf't responsc to olevatori®O, The assumption of
constant speed is valid as the phugoid occillation (aporoximate period
Th seconds? 13 outside the renge of {requencics peing conszdcred. The values
of the derivatives in Table 1 were obtalned from transicnt rcspense tests made
at the same height and airspecd as the present test.

The spectra of acccleration, incidencc and rate of pitch duc teo the
elevator displaccments measurcd in the turbulence test are given in Fige12 ard
were obiained by multiplying the modulus sguarcd of each clevator anput
responsc Tunction, Fig, 11, by the clevator displacement spectrum, Pig.d. liean
curves of the total measured spectre (from IMips.5, 6 and 7) are alsc given in
Fig.12 for comparisor.

It 13 clear from Fig.12 that at the lowest frequencies consadered the
spectra of the aircreft response parameters associated with clevator displacement,
arc approximatcly cqual in magnitiude to the total spectra obtained in the tests.
The low frequency motion of the aircraft could therefore be due cntirely to
elevator movement 1.c. to the pilot.

5.5 Measured rigid aircreft frequency response functions

It is only possible to correct the total spectra for the effects of
glevator displacement wiiecn the phase relationships between elevator displaccement
and the relevant variables are knmown. Such phasce infermation can only be
obtained by cross~spectral analysis and, while a limited amount of work has been
done with promising resulis, a full croess-spectral znalysis of ihe present data
has not bacn made.
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The spectra of acceleration, incidence and rate of pitch due to clevatar
displacement shown in Fig.12 and coampared with the total spectra for these
quentities, do, however, definc the maximum possible effect of elevator an cach
case. Dy adding and subtracting the spectra due to elcvator to and from the
total spectra, lumiits can be established within which the corrccted spectra
(representing the responsc of the ragid aircraft alone to gusts) must lie. This
has been done 1n Fig.13.

In the cases of normal acccleration and incidence the efiect of cleovator
is negligible above 0.5 Cepes., and of rate of pitch above chout 4 cep-s. Above
these frequencies, therefore, the total measured spectra are pracitically
uncontaminated by elevator movement. It is to be remembered thet an allewance
for phase could only narrow these limits and reduce the range of frequencics at
which elevator was significant.

At first sight there is an apparent discrepancy bebtween the effects of
elevator on the threc aircraft resprnsc paramcters. The clevetor inpub ceasecs
to have an effect on the measwoed response in incidence and normal accecleration
at & frequency of appreoxamately 0.5 c.p.s., whereas 1t effects the rate of pitch
response significantly up to 3 ¢,p s, This s duc to the fact that &t the
higher frequencies ot least, ihe measured valucs of incidence and normel
acceleration are not reflecting an actaal aircraft response but rather the gust
wnput darectly. The actual contrabution cf the azreraeft response would appear,
for instance, as a difference from unity of tiic 'ancidence response function!
and this is obviously very small, Pig.15, The recorded rate ol pitch on the
other hand, 18 2 measure of the actual dynamic response of the awrcraft and, in
correspondence with the incidence response of the airecraft, is a very small
quantity which could be easitly swamped by even relatively small extrancous
effects such as inadvertent elevator movements. On this basis and kmowing that
corrections for phase must reduce the effect of elevatcr, 1t is reasonable to
takc 3 cep.s. as the maximm frequency for signaficant clevator effects on rate
cf pitch.

Having cstablashed ihat above certain freguencics ihe measured frequency
response functions represent the response of the rigiad aircraft alone to unit
vertical gusts, the measurements can now be comparcd with thecry.

6 CC.PARISON VITH THRORETTCAL RIGID ATRCRAFT T'REQUENCY RESPCNIE FUNCTIONS

Zbrozek 1n Ref.11 gives two alternative mecthods of estaimoting the
longitud=nal responsec of an aircraft to vertical gusts. In tne complete theory,
unsteady aerodynamic effects are allowed for by coleculating farst unsteady
aerodynamic derivatives and using them in the appropriate transfer Functions. In
a much simpler approzamation Zbrozek suggests that quasi-steady derivatives be
used 1n a conventional ftransfer function and the result multiplied by the unsteady
1ift functions where appropriate.

As almost prohibitive effort would be required to caleulate the carrect
solution, only the approxamate solution has been comparcd with the present
experimental results in Figs.14 to 16. However, in order to indicate the
possible error in this approximetion, comparisons ere also given in cach of the
figures between results obtalned with the corrcct theory and approximate results
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calculated by Zbrozek for an aircraft very similar to the present test aircraft.
In view of the similarity petwcen the test aircraft and Zbrovek's example 2% 1s
reasonable to assumec that the daffercnces ocee representative of those between
the carrect solution and the approximetion for the test aircraft.

Comparing the results on this basis, the measured acceleration response
function, Fi1g. 14, 1s in excellent agrecwent with the ocomplete theory. In
particular, the effects of unsteady laft whaich are clearly shown by the
measurements in turbulence, isc. the decrease in the wvalue of the function with
increasing {reguency, are faithfully predicted by the theory.

Sumilar remarks apply to Fige15 for the incidence function. Both the
measured and theorctical unsteady functions attain unit valuc around 1 Ce.p.s.
Unit value of the incadence function is significant in that it indicates that
the aircraft is not responding to the gusts11:12. For practical purposes,
therefore, the aircraf't 1s not respondin;, significantly above 1 CeDesSe

The rate of pitch froquency response function is given in Fig.16. Above
3 copes., where pilot interference may be discounted, the absolute values of
rate of pitch are extremely small, as has alrcady been indicated. Turthermore,
the rate of pitch frequency responsce function itself s highly scensitave to
changes in static margin. Zbrozek's caleulations were made for two volues of
static margin, Kh = 0 and 0.1, whereas the present aircraft was flown with a

static margin of Kn = 0,027. In addition to extrapolating from the results

obtained by Zbrozek's aporoximation to the correct theory therefare,
interpolation is now nccessary between the two C.G. positions considered by
Zbrozek. However, 1t cen be seen from Fug.16 that the required intcrpolation
appears possible only at fregucncies well above the natural frequency of the
aircraft when resonance effects have largely subsided. Such interpolated values
ere indiceted in Figz.16 and as far as can be judged from this comparason, the
camplete theory and experament eare again in satisfaclory agreement.

It can be concluded that, in general, at frequencies where the comparison
is velad, egrecment between the measurements in turbulence and Zbrozek's theory
is very good if unsteady derivatives are uscd, It is likely that the theory will
satisfactorily predict rigid smircraft responsc down to the lowest frequencics
necessary for design purposcs, but this hos not been demonstrateds In the rate
of pitch case, wherc the comparison must be mude above 3 c.p.se. beoausc of
pilot interfercnce, the mcasured rates of pitch are very amall; in [act, they
are too small ebove 1 c.p.s. to make a significant contribution to the aircraft
C.G.acceleration or incidence,

The cffcets of unsteady derivatives on the incadence response function are
comparatively smalls This is fortunate in that, for practical purposes, the
ancrdence function could be caloulated using quasi-steady derivatives; simple
multiplication of the incidence function by the Kiissner function (the unsteady
1lift function due to penctration of a sharp cdged gust) would then yicld the
gust load (C.G. acceleration) function, with a considerable saving in
computational effort.
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The overall motion of the aircraft c.g. piteching is, however, very much
affected by unsteady flow, at least at very small static margins, as was actually
predicted by the theory. Satisfactory estimntes of aircraft rate of pitch
responsce to turbulence will thus only be obtained 1f the completc theory, which
includes unsteady derivatives, is uscd.

7 SIGNTFICANCE (® THE EFTECT * THE PITQT

In flicrht tests ol the type reported in this note it is desirable to
suppress &s fer as possible pilet's interference with the aircraft motion, af
evaluation of the aircraft transfer functions 1s the mein objective, This is
why during the test the pilot attempted to just hold the aircraft in trim with
the minimum of elevator control. To maintain the basic £1light condition,

i.e. speed and heaght, thc palot would cbviously suppress the phugord motion of
the aircraft, which by itself is virtually undemped. The phugoid period,
approximately 74 seconds, is, however, well outsidc the range of frequencies
analysed and consequenlly would not affect the present results. Nevertheless,
the actual elevator displecements recorded mede quite significant contributions
to the overall aircraft responsc at least over part of the frequency range ol
interest.

The present results do not provide an assessment of the natural behaviour
of the palot in fli:ht throuzh turbulence when he 18 not restrained by specifao
tesat instructions and the measured elevator control function cannot be
interpreted as a true iransfer function in the generally acccpted sense.
However, it 2s stall uscful to consider the contributions of the pilot to the
aircraf't response recorded in the present test as they may represent somethaing
like minima %0 be expected in such tests.

FPigs.12 and 13 suggest that in fact the parlot was responsible for
vartually all the recorded aircraft response at frequencies below Oul Gepe se
With rate of pitech the pilot may have been respongible for most of the recorded
response evén up to frequencies of 3 c.p.s. As the genersl tendency for aircraft
speeds to increase implies un cxtension of intercst to longer wavelcengths
(i.es futurc tests will have to be made at lower frequencics) full allowance
must be made for the pilot's contribution by cross~spectral aaalysis.

8 ACCURACY OF RESULTS

A detalled assessment of the accuracy of the present results would be very
difficult and has not been attempted, but the following discussion suggests that
the individual spectra (excepting that far clevator disnlacement) are fairly

reliable between £ and 5 c.p.s.

A simple check was made on the measurcments, This consisted of canputing
the acceleration/gust input frequency response functaion from two aduitional
samples taken from the original 206 second rccord (Scction 3) each of 100 scconds
duration and separated by six scconds. The first of these 100 sccond samplcs
commenced at the same time as the basic 150 sccond sample used for the principal
analysis (see F1g,17). The point of this 1s that, while the andividual
measured spectra erc functions of sample length and possibly of the sample
1tself, the aircraft transfer functions, asswung they are linear, are dependent

(82981) - 13-



solely on the particular aircraft configuration testeds Any dxfferences
between the three resulting acceleration/smust transfer functions way thus be
taken as a measure of the overall accuracy of the experiment. Ideally, the
neasured trausfer functions should be identical.

Comparison 1s made of the three computed results in F.s.17 and of thexr
mean values, which represent the measurcd transfer functions, 1n Fis.18. Toting
that the scatter in Fag.17 is normal for work involving spectral analysis and
that, i1n view of the many posaible sources ol discrepancy, the two to lhree
per cent difference betwecn the curves of Fag.18 1s considered negligibly small,
the agreement 1is very good indeed; 1t extends even to the lowest frequency, which
represents only about cight full wavelengths in the 100 sccond sample.

A further general comment on accurecy is made in Appendix 2, Thas,
coupled with experience geined during the investigation, suggests that an sbove
average standard of instrumentation 2s neccssary 1f reasonable accurscy is to
be maintained, partroularly at tne higher and very low frequencies, where the
gust input may be of small amplitude. (In this connection, higher freguencies
with respect to the present investigation, where V = 534 f£t/sec T.A.S., may be
taken as say 4 c.p.s. ond above, and very low frequencies as & cop.s. and bolow.)

9 CONCLUSTIONS

Threc conclusiona may be drawn fran this work. The first i1s that
spectral techniques de in practice enable satisfactory measurcments to be made
of arrcraft responsc to atmospheric turbulencc. The indications are, however,
that an above average standard of instrumcntation 1s necessery 1f rcasonable
overall accuracy 1s tu be attained.

The sscond 1s that Zbrozck's complebe theory, including unstcady
derivatives, for the rcsponse of a rigad aircraft to oscillatory wvertical zusts
predicted very accurately the load (C.G. acceleration) and incadence frequency
responsc functions at all freguencies wherc comparison with cxperinceat was
valid, that i1s, over almost all the range of frequencics not affected by
acroelastic modes. In the rate of pitch casc couparason vwath experuient couid
only be made at the haigher freguencics, bub again agrecemint was satisfaclory.
The usefulness of the theory may well extend beyond thesc lamits, but thas nas
not becn demonsirated Jduc to limitations in the measurcronts.

The thard conclusion is that more must be lecarnced about the actions of
the pirlot before fiight throwsh atmospherac turbulence at leng wavelengths is
fully urderstood., There is strong enough cvidence from the present neasurerents
to suggest thot the pilot's coantribution te the elrcralt motion in the pitching
plane incrcases with decreasing frequency and probably beceomes the dasinant
factor at very low frequencies.
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TABLE 1

Drincipal dimensions of leteor 7 (Vi.[12)

ainplane

Span
Gross arca
Aprofo1l ssction EC 1240 at root
to EC 1040 at tip
Incadence
Dahedral
centre planc spar datum
outer plenc spar datum

Tailplane

Span
Gross arca

Fin
Gross area
General
Total lengtn
Tazl arm, &

Reference chord, ¢
Weaght, W

37 £t 2 .
350 sq ft

15 £+ 8 in.
61 sq £t

33,3 sq ft

k3.5 £t
2705 £t
9.4 £t
15,200 1b

Quasi-stbeady derivatives, stc.

Lift slope of the aircral}

Pitching mouent derivative duc to rate of
pitch

Prtching mement derivative duc to heaving
velocity

Pitching moment derivative duc to heaving
acceleration

Pitching moment derivative due to <lcvator
deflection

(82981) - 17 -
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TABLE 1 (CONTD)

m .
Short peried damping stability ceoefficient B = %-- =X 8.3

B B

Hy g ®

Short peraod stiffness stability C=m=m— -= =4 . 145,16
coefficient B 2 p
Auxiliary coefficient in response P=-- -42 4 = = 0 (assumed),
equations *B B

W
Aircraft density parameter = — = 26.2
v F H = gese
g M
Manoceuvre margin E =K -= %= 0.071
m m & u

Restoring margin (cquel to static margin when there are no Mach number effeots)
aC
m
K = === 0,027
G
il ) 1,

Short perioed damping ratio, ratio of actual to critical damping

13

v _ B
=375 = 105

Aircraft natural frequency, £ = 0.54 cep.s. at V = 534 ft/sec T.A.S. and
pressure altitude 2500 f£t,
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APFRNDIX 1

WEATHER CCONDITIONS DURING TEST OK 22ND JANUARY 1959 FOR THE ROUTE

WRATTING COif:ON TC NEAR BED['ORD - PERICD 1500-1515 GIlT

Metearclogical Situation:

Surfacc Wind:

Jeather:

Vigibaility:
Cloud:

zHeights above ground
level)

Surface tomporature.

Surface Dew Polint:

Wind at 2,500 £t

Wind at 5,000 ft:

Temperature at 2,500 ft:

Temperature at 5,000 {43

Freezang lovel:

(82981)

Depression centred over North Sea moving quickly
Northeast. Treough of low pressurc with occclusion
extendaing rrom centre to Skegness to Dirmingham to
Cardiff at 4500 hours moving Southcast at 15 kt.
Strong unstable Southwosterly azrstream over area,

210-220 deg (truc) speed 22«25 kt.
gusts rcported 3-37 kt.

Fusty with

Cloudy.
times.

Frequent showers of rain, modercte at

10-15 miles but 4~5 miles in showers,

Voriable Cu mainly 4/8-6/8 basc 2000-2500 [t with
occasional Cumulonimbus, base 1800 ft. In showers
patches of Stratus basc 1000 £t. Variable Sc.,
mainly 3/8-5/8 basc 2500-300C f%. No repcrted
mnformation on cloud tops but 1t 13 cstimated that
¢loud tops would be sbove 6000 4+ and an the casc
or large Cu and Cumulonimbus well above 10,000 4.
Laittle or no medium cloud.

7/8 C1 in the region 20,000 te 25,000 {t.

50 deg P, (Flus 10 deg C.)
4y deg ¥. (Dlus 6.7 deg Ca)
230 deg (Hruc) 55-60 kt.

230 deg {true) 60-G5 ki.
Pilus 06 deg C.

Plug 01 deg C.

5,500 ft.

- 49 -
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APPRIDIX 2

COITLINTS ON INSTRUMENTATION ACCURLCINS FCOR SPECTRAL VDASURELINTS

Some 1deca of the standard of instrusentation nccessary for the
satisfactory weasurement of spcct:a at the higher fregquencies way be cbtaincd
fram the magnitudes of the varaasbles in tne prosent test. By taliing mean
values of cach of the speetra at 5 c.p.s. (Mags.5 to 8) and integrating over
the frequency bendwidth relevant to each of the points in the spectra,

0.083 Cop.s., tne RS2 of each variable over the freguency range L.9G to
5.04 c¢.p.s. was obtaincd. These '5 c.p.s. RLS' and total Rud valucs are
tabulated below

b oope | oLl | me o secort
Vertical gust vel., ft/scc 3,94 | 0.10 39 -
Normal accclcrabion, g 0.133 0.00453 31 Cu33
Incidence, degs. 0,264 0.011 24 C.16
Rate of prten, degs/sce 0.383 C.012 32 0.18
Elevator displaccment, degs. 0.09% 0,003% 33 0.062

*by straight line extrapolatzon of mecan curve to 5 c.p.s.

The total RIS values were obtained from the recorded time nistories and
each can be represented by a corresponding reading in millimetres on the record.
Analogous measurements for the 5 <¢.p.s. case are those given.

Wlen consldering inslrusent resolubtien, 1t 1s impertant to nete that the
total RIS values are roughly thirty times preabter than the correspeading values
at 5 cepes. and waxinum values of the variaples were fcund to be apvroxamately
four times greeter than total RIS values, Lssuming that measurements to withan
half, at most, of the RS values are necessery to establish the RS, tnen
resolution and accuracy of better than 0.5 per cent 1s nscessary To Lgasure
accurately both maximum and 5 c.p.s. RS values. On ithis basis 1t would be
necessary in the present case to read the record to hall the values given 1in
the last column of the table. This could be dene Tar acceleration, incidence
and rate of piteh, but would be wmpossible for elevator displacemcnt.

It could be expected, therefore, that the accelerometer, incidence vane and
rate gyroscope, which approximately meet the 0.5 per cent requirement, would
give, 1n the relevant spectra, satisfactory frequency response functions up to
5 CeDs 5., while the elevator transmitter, which fell far short of vhe require-
went, would note Thas 1s, in fact, so (Fags.14, 15, 16 and 10) and would
suggest that instrumeatation of relatively high quality is necessary for such
measuremsnts.

D 82981 Wt.59 I 42/63 ¢L & XL - 20 -
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