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FOREWORD

This report was prepared by Leon J. Bowser as an in-~house effort
under Project Number 1367, *Struotural Desiga Oriteria®, Task MNumber
136702, *aerospace Vehicle Structural Design Oriterda’. The work was
aooomplished under the direction of C. J. Schmid, project enginser.

This report covers work performed from February 1961 through Dege
ember 1961.
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ABSTRACT

A review and analysis of the status of the state-of-the-art regard-
ing application of power spectral density techniques to structural
design criteria is presented. The primary objective being to make
available a convenient reference giving an organized, readable answer
to the questions, "What has been done in applying Power Spectral Tech-
niques?' and "What are some of the potentialities of this tool in help-
ing to solve complex engineering and design problems?® In addition,
the report includes a detailed account of some Aeronautical Systems
Division experience in applying these techniques, and a brief intro-
duction to spectral analysis techniques.
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I. Introduction

This report contzins a review and analysis of the state-of-the-art
status regarding aprplication of power spectral density techniques. This
report does not presume to supersede any of the literature in the areas
of generalized harmonic analysis, transformn calculus, or rendom-process
theory. Stated differently, tiiis report is concerned solely with the
application and exploitation of established methods and techniques, and
not the definition or exposition of fundamental concepts of post-doctor-
ate level mathematics. It is fully acknowledged that a philosophical
analyeis of these techniques is a legitimate study. However, in applica-
tions, the abstract mathematical models serve as tools and different
models can describe the same empirical situation. The manner in which
mathematical theories are applied dces not depend on the preconceived
ideas; it is a purposeful technique depending on, and changing with
experience.

A Moral

'To analyze time series effectively we mst do the same as in any
other area of statistical technique “Fear the Lord and Shame the Devil"

by admitting that:

(1) The complexity of the situation we study is greater than the
complexity of that description of it offered by our estimates.

(2) Balancing of one ill against another in choosing the way data
is either to be gathered or to be initially analyzed always requires know-
ledge of quantities which cannot be merely hypothesized and which, in many
cases, we cannot usefully estimate from a single body of data, such as
ratios of (detailed) variance components or extents of non-normality.
Theoretical optimizations based upon specific values of such quantities
nay be useful guides. However, theoretical optimizations should be used
only when the failure of past experiences and the present data to give
precise values for thess quantities is recognized and allowed for.

(3) There is no substitute for repetition as a basis of assessing
stability of estimates and establishing confidence limits.

(4) Asymptotic theory must be a tcol, and not a master.

The only difference is that one must be far more conscious of
,these acceptances in time series analysis than in most other statistical
areas.” Some concrete eramples of these principles are briefly discussed
in this section and expanded uron in subsequent sections and appendices.

2
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Dy John W. Tukey, Princeton U. Tech Rpt No. 91; March 1961.




In many structural design problems, the knowledge of the physical
phenomena is not precise enmough to justify exect predictions with respect
to each individual observation. On the one hand, the loading is never
exactly known, and on the other, the physical system may be so compli-
cated that detailed calculations for tre prediction of dynamic responses
are difficult, (e.g. The random nature of the atmospheric turbulence
as shown in the records is due to the influences of viscosity, pressure,
density, temperature, humidity, and velocity distributions, varying in
such a camplicated manner that mechanistic predictions based on the hydro-
dynamic equations are practically impossible.)

In such cases the physical data can be rogarded as a set of statisti-
cal data of random processes. Logical siatements of the forcing functions
are therefore statistical--not mathematical but statistical. This is
very important here because a mathematical statement usually makes an
assaertion which is true in each individual case, and if there is one case
which violates the mathematical statement it also disproves the same
statement., VWhile a statlstical statement ensures only that over the long
run its truth will provide itself{. For example, a typlical statistical
statement may be that the probability of obtaining heads in a single toss
of a coin is 1/2. However, two consecutive tails surely is not sufficient
to destroy fuith in the statistical hypothesis.,

If one recognizes then the uncertainty of predicting the forcing
functicns in a given problem, the problem immediately becomes statistical,
and one must attempt to state the main features of the responses, as well
as those of the forcing functions in terms of statistical averages and
probability distributions. Another important oxample is structural fatigue
under rendom repeated loading. Introductory material relevant to this
problem is contained in Appendix II of this report. -




II. Applications of PSD to the Gust Problem

An excellent swumation of the state-of-the-art as of May 1957 is
afforded by Dr Raymond L. Bisplinghoff, Professor of Asrcnautical
Engineering, MIT: o

*It is not unreasonable to say that we have reached the place in
the development of a new technigue where it is no longsr necessary to
justify its validity or usefulness, It is true that there are still
unanswered questions and inconsistencies, but the advantages to be
derived from the application of power spectral analyees to the gust
problem far outweigh these short comings. The principal problem to be
fuced now is how the process can be placec more efficiently in the
hands of the structural designer. This is ipndeed the most difficult
phuase of the problem. In its present state, power spectrum analyses
can and should serve as an adjunct to other methods prescribed by
regulatory agencies, and one would expect that progressive engineers,
egspecially those dealing with unconventional designs, would do so, ;
Dynamic analyses by the power spectrum epiroach has not at the present
writing reached the state where it can be applied with confidence to
the art of airplane design a3 a campletely rational and independent
process. However, its present value to engineers in comparing the
properties of onc aircraft with those of another should not be under-
estimuted. It has unquestiona®ly reached a state where serious consid-
eration should be given to incorporating it in scme form in government
design criteria.

Three places are suggested where effort is required to improve
this situation. The first is continued effort to classify the atmosphere =
especially under conditions of severe turbulence. Secondly, more explicit
data on the range of turbulence scales to be encountered is nseded, Fin-
ally there should be analyses of the time histories of older aircraft by
means of which the power spectral dynamic emalysis should be applied to
older airplanes whose strength and service life are well known., In
this way reference points can be established which reflect the past
experience of design and service and from which the same methods of
analysis may be used in a comparison end extrapolation process involving
new designs. This is a large undertaking but perhaps if it wexre under-
taken by the builders of the aircraft in question, it would be accomp-
lished in reasonable time®.




III. Limitations ot Early PSD Analyses

Perhaps the most important omission in early analyses was the
pitohing degres of freedom and associated short period damping; especie
ally for unconventional configurations involving swept, delta-type or
tail-less arrangements. Also the effect of span-wiso variation of
gusts ia important. The span-wise variation is often represented by

IT'EE&%'!%ggfﬁgﬁﬁIEEEE' For larger values of b/L, the average velocity
aiong span is progressively reduced particularly at the high fre-
quencies and attenuation in wing lifts and in overall aircraft accelera-
tions will result.

Not always so. Actually, the effect of taking the spun wise varia-
tions of gust intensity into account is to reduce the mean squared
bending mament when most of the mass i1s in the fuselage arnd to inorease
it when most of the mass is in the wing.

The magnitude of the offect for a flexible wing appears to be
greater than for a rigid wirg where the analysis is based on the first
symmetrial free-free bending modes.




IV. DIxtensions of PSD Analyses and Comparison with Flight Results

PSD inelysis of the gust-load problem was extended by Diederich
(Ref. 7) to include the effect of lateral variation of the instantan-
eous gust intensity con the aerodynamic forces. The forces obtained in
this manner were used in dynamic analysis of rigid and flexible air-
planes free to move vertically, in pitch, and in roll. The effect of
the interaction of longitudipal, normal, and lateral gusts on the wing
stresses were also considered.

The mean square values, correlation functions, and power spectra
of some of the aerodynamic forces required in this type of analysis
wvere calculated for onc special correlation function of the atmospheric
turbulence. It was shown that if the span is relatively large campered
with the integrul scals of turbulence, the mean square lift and root
bending moment directly due to the gust are substantially reduced when
the differences in instantaneous intensity of the turbulence along the
span are taken into account. However, if the motions of the aircraft
are taken into account the meun square root bending moment mey be in-
creased as a result of these differences.

Also, the mean square pitching momeont was showu to be substantially
increased if the tail langth is relativelylarge compared with the scale
of turbulence. Finally, the wing stress due to longitudinal, normal
and lateral gusts were shown to be statistically independent under
certain conditions. (Ref Fig. 1, 2, 3)

The effects of wing flexibility on the wing strains that result
from gust encountered were examined by Shufflebarger (Fig. 4) on a
power spectrel basis. Both flight results and analytical results were
considered for a four engine bomber ajrcraft, and correlations between
the measured and analytical results were made. The effects of wing
flexibility on the wing strains were measured in terms of amplification
factors based on the ratio of the strain for the flexible cohdition to
the strain for the "rigid" condition, and results were obtained for
four spanwise stations of the wing. The effect of including the second
syrmetric bending mode in addition to the fundamental bending mnde in
the calculations was also evaluated. The study led to the following
results.

1. Comparison of the measured strain spectra for the flexible
and rigid conditions showed strain amplificationc in the .frequency range
below 0.5 cps, especially at the outboard wing stations, that are
attributed to the effect of factors such as spanwise gust variations and
aircraft rolling motions rather than to flexibility effects.

2. The measured strain amplification factors due to wing
flexibility at a station near the wing root were 1.09 on the basis of
the rms strains derived fram distributions of strain peaks. The ampli-
fication factors decreased with each successive outboard staticn and
then ingcreased slightly at the most outboard measuring station.

B




3. The calculated output spectra were in reeasocable agreement
with the measured speotra except at low frequeancies, -where the differ=
ences are attributed to extraneous faotors. A4t the ocutboard stations
it was necessary to include the effect of the second symmetric bending
mode in the culculations in order to adequately estimate the effect of
flexibility on the distribution of strain peaks.

4. Both calculations ond measurements indicated that the
second symmetric bending mode had a very emall effect on the rms strains
but that for strain amplification factors determined fram distributions
of strain peaks, the second symmetric bending mode Lad a pronounced
effect at the outboard wing stations.

5. Although uncertainties in the calculations may arise from
a nunber of factors; these results indicated that calculations based an
PSD may provide relieble estimates of the magnituce and character of
wing flexibility effects on wing strains in gusts for unswept-wing aise
craft. Also, & flicht investization was made by Rhyne on a large
swept-wing bouber air.lane in rouch air at 35,000 and 5,000 feet to
determine the effects of wing flexibility on wing bending and shear
strains. (Ref. Ffig. 5) In order to evaluate the cverall magnitude
of the aeroelastic effects on the strains and their variation with
spanwise location, amplification factors defining the ratio of the
strains in rough air to the strains expected for a "rigid® and "quasds
rigld" aircraft were determined. The results obtained indicated that
aeroelastic effects are rather large, particularly at the out-board
stations. The effects of dynamic aeroeleasticity ap_ear to increase
the strains from 0 to 170 percent depending upon the spanwise station.
On the other hand, the relieving effects of static aerocelasticity appear
to reduce the strain amplification in rough air by & significant emount.
The reaponse of swept-wing aircraft in rough air involves a number of
complications not present in the case of unswept-wing aircraft due-
princirally to the increased importance of torsion for unswept-wing
alreraft; the torsion in turn results in significent effects on both
the aircraft dynamics and stability; in addition, the aircraft vibratory
modes may no longer be approximated by simple beam bending theory but
may require consideration of coupled bending-torsion modes. Few exparie
mental data exist on the character and magnitude of these problems.

Results at 35,000 feet were compared with previous results at
5,000 feet.and comparison showed wing trains, on the average, about
20% larger at the higher altitude. Representative values of the
emplification factors varied about 1.3 at the root equations to about
2.5 at the midspan stations.

The analysis of the strain responses of a large swept-wing airplane
in rough air by Colemen, Press and licadows by meaus of experimsntally
determined frequency response functions indicated that the wing-bending
and shear strain responses at the various stations are amplified by
rathsr large amounts because of the responses of the structures




The emount of amplifications in bending strains was about 10 ta
20 percent at the root stations but increased to values in excess of
100= in saze cases at the midsvan stations. The shear strains showed
a similar pattern across the airplune span but aleo-indicated larger
variations between front and rear span stations. The large variations
in strain reaponses across the airplane span indicated that strain
distributions in gusts are very different under rough eir loading
conditions than under the usual maneuver loadings and werrant detailed .
and separate consideration in design. In goneral the predaminant ‘
source of strain amplification was associated with the excitation of
the fundamental wing-bending mode. However at the outboard stations
and particularly in the case of the shear strains, significant contxie
butions to the strains arise from the higher symmtrical and anti-
symmetrical vibration modes. Thum, the effects of these higher modes
on the strains may also have to be considered in stress calculations
depending on the degree of accuracy required. A detailed analysis of .
the reliability of frequency-responso function estimates obtained By
random-process techniques, particularly as affected by extraneous
noise, wvas given. The effects of such noises in giving rise to gyatém~
atic errors or distortions and random sampling errors were explored
and results of general applicability obtained. These results were
also applied to the present test data in order to estchlish their
reliability and to derive adjustments for the distortions. The impoge
tant result obtained is the indication that with appropriate precau=
tions flight tests in rough eir of few minutes duration may be used
to obtain reliable estimates of airplanc frequency-response funoctionss
The determination of aircraft frequency-response functions for
responses to atmospheric turbulence from measurement in continucus
rough air involved a relatively new application of random-process
techniques. A general analysis of the reliability of such freguenay
response estimates was presented and methods of estimating the distorw
tion and sampling errors were developed and applied.




v. ion of Methods C lat Bending 14 Respo
8 Flexible Vehicle

‘Bure to arise as a practical quastion whan reviewving and comparing
analytical rasults is: "Which results are better?*

Several approximate procedures for calculating the bending mamont)
responss of flexible aircraft to continuous isotropic turbulence wer'
presented and evaluated by Bemnett (Reference 2). These apjroximate’ \
procedures wsre apulied to a simplified aircraft which consisted of a
uniform beanm with a concentrated fuselage mass at the center. The
conclusicns drawn from this study were: '

1. The force-summation method based on one natural bending
mode gives very good results compered with the exact solution.

2. The matrix method based on five statiops across the semi-
span gives very good results compared with the exact solution.

3. The mode-displacerent method based on a natural mode
yields inaccurate results; however this relatively simple method can
be useful in trend studies involving variations in wing ¥lexibility.

4. The force-swmation method, based on an approximate
parabolic mode ard the Rayleigh frequency, loses little accuracy in
mean~-square results. However, the approximated natural frequency causes
a shift in the fundamental mode resonant peak; consequently, higher
statistical moments will be in appreciable error.

N

S 5. The force-surmation method based on an'approximate para-
bolic mode loses little accuracy if the natural frequency is known. The
inclusion of spanwise variations of turbulence results in a decreased
response if most of the aircraft mass is in the fuselage and in an
increased response if most of the mass is in the wing. Also the exclu-
sion of spanwise varietions of turbulence in trend studies such es
trend of amplification factor with mess ratio, mey lead to erroneous con-
¢lusions.
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.associated vith certain load spectra or fetigue or creep-damage. It
.should be aobvious that, because of the necessity of such extrapolation,

" the relevant design renge. It appears that the probability distribution

" tistical theory of the distribution of extrems values indicates that for

.extrapolation from the observed initial distribution.

A e o .
P s

. 1ife. The specific shapa of the spectrum is therefore less significant

VI. Safety and Safety Faotors for Airframes

It 1o generally acoepted that gusts are the dominating cause of
fatigus vith respeot to the vings of trensport airplanes, while the
dominant fatigue damags of wings of fighter oar trainer planoa is dua
%0 mancuver loads.

Tho purpose of the epplication of statistical methods to problens
of maximm loads and of load spectra is to obtain by extrapolatian
estimates of the probability of encountering the extremely high design
load factors of very low expocted frequency of occurrence as vell as
to obtain estimates of the rate of acoumlation, under rendom loading

P oy

'‘the selection of a probability funotion involves more than curve fitting.
Unless the salected probability funotion is germane to the problem and
adequately rerresents the inherent statistical variability of the phencme=
non vhich results from certain basic assumptions concerning its origin,
extrapolation towards the extremes (tails of the function) will result
.4n erroneous prediotions within this range of variation, which is just

of maximum valuea obtained from successive samples of records can de used
for an effective estimate of the required extremes for design. The ata-

initial distributions of the most common type which approach zero .expons
entially, & limiting form exists for the distribution of the maximum
values of large samples. The use of this asymptotic form should there-
fore increase the reliability of the estimate in comparison to direct

The character of the probability funotion of extreme gust-inten- o
sities, with the aid of which the ultimate load factor can be estimated, G
48 thus ocompletely determined by the extremal naturée of the phencmenon.

It is independent of the nature of the underlying distribution of gusts.

If the underlying distribution of gusts is required it can either -8
be obtained by statistical interpretation of actual.gust records or by ~

a theoretical study of the effects on the airplane of atmospheric turbue

lonce and of buffeting, and of the response of the airplane to these

randam disturbances Yy means of genéralized harmonic anal,yais and power

speotra techniques.

., The design gust spectrum should extend from thmlimit load downward,
However, the small probability of actual occurrence, during the opera-
tional 1ife, of loads in the vicinity of the limit load makes this load
region rather insignificant with respect to damage accumulation over this

in thé limit load region than in the regicn of higher frequencies; thus,
discrepancies between actual load distribution and the assumed form of
the spectrum can be tolerated in the vicinity of the limit load. The

R




conolusion appears, therefore, to be justified that the initial freguenay
function of gusts can be fairly well representod by a simple exponential
probability function over the entire range. 7The same can al30 be done
for rxuouver loads for fighters.




VII leasuremernt and Assesasment ol Repeated Loads

Further licht was thrown on the principel problem--placing PSD
techniques in the hands of the structural designer--by Lonely (Ref. 6).
Ho outlined the gcneral principles vital to the measurement and assess-
zont of ropoated loads a5 follows:

1., Extrermal loads that compromise the load history of an airplans
should be treated according to load sowrce. Indications are that there
i8 no unique strain relation applicable to all points in the structure
or all locad sources.

2., The relative Luportance of the different load sources will
vary eccording to mission and usage of the airplane.(Fig. 7).

3. It is mandatory to subdivide the load histories further acoord-
ing to flight condition or a source providing more hamogeneous informa-
tion. Loads and their cources:

Gust Loads ocloud and wind-shear turhulcnu. other metecro-
logical factors

flight conditions - climb, cruise, and descent.
In the case of climb and descent although the
gust experience should be the same, the differ-
ence in flight specd has a significant influ-
ence on the load distributions

Ground Loads air-to-ground coycle, landing impact, taxi loads

4. On the assumption that the load histories of future aircraft
are of prime interest, the aim ¢f much of today's work is aimed at
collsoting date on the distrubance and operating conditions rather than
collecting masses of load statistics on yesterday's designs.

The final principle guiding research in connection with repeated
loads is to subdivide the work into studies of the distrubence, operating
conditions, and airplane behavior. The study of airplune behavior seems
to be ths most formidable task of the three, since it involves extensive
instrupentation and flight teats under controlled conditions. Other
sertinent considerations are:




e
l. For gusts, the standard expression for the power spectrum, L)
doean't cover the larger wave lengths very well.

2. The selection of a aingle value of L assumes that the spectral
shaps for atmospheric turbulence is independent of source, an assuxption
requiring additional verification particuwlarly for the turbulence of
convective clouds.

3. Profiles for taxi loads in the form of power spectrunmd indicate
a rapid decrease in power as the wavelengths decresse. A major diffi-
culty arises from the fact that shock struts appecr to have a threshold
below which they do not operate.

4. For camercial operations, the short-duration low-altitude
flights characterizing feeder-line operations, gust loads consume about
8% of the airplane fatigue life. For high-altitude iot transparts
6% of fatigue life can be ascribed to gusts. (Ref.




VIII Some N.SA Experiences in the Avoplication of PSD to liancuver apd
Taxi Loads

Application of PSD to paneuver loads obtained on jet fighters was
investigated by Hamer.

1t was determined that the maneuvering load-factor time histories
appeared to be described by a truncated normal distribution. (Fig. 8)

The power aspectral densities obtained were ralatively level at
frequencies below 0,03 cycle per second and varied inversely with approx-
irately the cube of the frequency at the higher frequencies. In general,
the frequency content was very low above 0.2 cycle per second. The load-
factor peak distributions were estimated “airly well from the spectrum
apalysis., In addition, peak load deta obtaiued during service opera-
tions of fighter-type airplanes with flight time totaling about 24,000
hours were examined and appeared to agree reasonably well with the type
of equations obtaineu from peak-load distributions.

Also, thefrequency content of soms airplane response quantities
obtained from a number of operational trairing flights of a fighter
airplane wes presented in another study by Hamer. Power spectral densi-
ties of normil and trensverse load factor and pitching acceleration
vore shown for several types of missions normally performed by the
aircraft. The frequency content, which is described by the spectrum,
provides information which is useful in the design of recording and
computing equimment for analyzing maneuver-load dava.

VWhen normalized by dividing the mean-square value, the results
indicated that except for some differences at theihigher frequencies
due to the effect of rough air, the frequency content of each of -the
airplane response quuntities was similar during the different types
of migsion investigated.

Tl.e normal-load-factor data for the different types of missions
exkibited some of the characteristics of a Gaussian random process;
thorefore, power spectrel methods were used in analyzing the maneuver-
load factor data. lormal-load-factor peak distributions were esgtimated
to a reasonable degree of accuracy from this spectrum analysis. Peak
distributions for transverse load factor and pitching acceleration were
not determined from the power spectrun because in most types of missions
the quantities did not appear to have the characteristics of a Gaussian-
random process. '

Morris (Ref. 21) conducted a study of the response of a light air-
craft to roughness of unpaved runweys; and found that mean-wquare accel-
eration response increased approximately linearly up to about 25 or 30
mch., but increased more rapidly than the linear rate ot higher speeds.
Transfer functions computed from the air craft acceleration response to
the runvays were in relutively good agreement at 20 mph., As regards to
the peak amplitude and frequency at which it occurred, apparent lack of
agreexnent at 40 mph rmay have resultea from nonlinearities in the system
end/or for small a statistical sample for determining a transfer funstion.




IX ASRDS-1) Experiences in The Application of Powers Spectral !4 thods
to Airplane Design under Project 1367 Structural Dusign Criteria

Study of world Wide Turbulepce Date (Referonce 27)

New York University is meking an analysis of B-66B low level turbulence
data to detormine spectral variance and spectral slope behavior with respect
to four physical parcmster: bMean wind speed, atmospheric stability, terrain
end height; and is ro-examining the basiv approach to the gust load design
problem. Current data indicates that the normalized spectral shapes are
sonsibly independent of wind speed and stability. Additional analyses are
necessary to confirm these spsctral shape results.

Heating Effects on Gust Response (Reference 26)

The response of a high-speed flexible vehicle to atmospheric turbulenocs
was investigated for flight at an altitude of 1000 ft. The Mach number
range was from 0.7 to 6.0. The response of the structure at nominal room
temperatures was ocompared with the response of the structure when aerodynamically
heated to a uniform temperature. (Reference Figure 9) The response to discrete
gusts was compared with the response to continuous random turbulence (computed
by powsr spectral densities), and the effect of flexibility was investigated.
Both mathods used oscillatory pressure distributions. The results have not
been tested and are applicable to similar configurations only. These results
indicate that: (a) Rms acceleration and bending moment responses do not
necessarily increese with speed continuously, (b) Maximum rms generally
ooour at between lMach 4 and Mach 5, except for fuselage bending moment
which is slightly higher at Mach 6, (c) One degree of freedom underestimates
the rms acceleration and bending moment responses with the exception of the
fuselage bending momsat in the Mach number range between Mach 3 and Mach §,
(d) The number of degrees of freedom have a considerable effect on the rms
Xesponse. An cxtrems example is the rms nose acceleration at Mach 5. The
five degrees of freedom rms response is approximately 330% higher than pre=-
dicted by one degrees of freedom.

Whereas, the discroto gust .ethod has no means of predicting a change
in the number of peaks exceeding the zero level dus to heating, the con-
tinuous gust mothod does predict a change in the number of peaks exceeding
the zero level through the change in the characteristic frequency. The
rms response level of nose acceleration increases by approximately 62%
due to heating. The ratio of the fuselage bending moment stress to the
ultimate stress increases by approximately 75% dus to heating. Over onee
half of the latter inorease is due to the reduction in ultimate stress
produced by heating.

Optimum Fatigue Svectra (Reference 23)

Two types of power spectral density analyses of taxi loads were made.
The first was an analog study in which the complete non-linear gystem of
gear equations was considered. Runways were generated and the response
of the system in the time domain to taxi over thess runways was produced.
Cumulative occurrences of incremsntal c.q. acceleration levels were then

obtaiped by counting the number of crossings with positive slove of the




various levels. The second type of analysis compriped a digital study.
It vas the aim of the analysis to ascertain whether it wes possible to
establieb the cumulative occurrences of incremsntal ¢.q. acceleration by
conventiocal spectral enalysis in the frequency domain with a suitable
linsarized representation on the main and nose gear forces. The airplane
configuration used was the DC-Tc at 143,000 1lb groas weight. A single
taxi velocity of 22 ft per secondi was considered throughout. The results
of the digital analysis wore found to be powerfully affected by the line-
arized representation of the oleo dampings. Linearization of the oleo
damping requires the selection of an amplitude and frequency. In AGARD
Report 119, it is suggested that the basis of selection should be a
dominating strut amplitude and frequency. A new procedure was arrived

as to obtain a more specifio oriteria for linearization of the oleo
damping, having due regard to the stroke response at all frequencies.

By way of comparison ths non-linear results exhibit a definite bias toward l
the negative, or upward accelerations. For negative c.g. accelerations the
agreemont betwoen linoar and non-linear analysis was satisfactory. The
most promising procedure seems to be to consider the non-linear gear with

e stationary random input. The non-linear gear analyses also show that

the resonances associated with the unsprung goar masses can have an apprecie
able effect on the cumulative occurrences of c¢.g. accelerations unlese
suitably filtered. These resonances ordinarily lie at frequencies beyond
the range of deiinition of the runway roughness powor speotra of NACA TN
4303. Oscillograph records obtained during airplane taxi conditions have
shown high frequency content, indicating excitation of mode lying outside
the range of definition. It would therefore seem desirable to extend the
bandwidth of the spectra of NACA TN 4303 to higher frequenocies. It should
be re-emphasized that the above results were based on one taxi velocity.
There is ¢ lack of oxperimental data on the distribution of taxi veloeity.
Moreover, the direct application of runway date in spectral farm to fatigue
studies is complicated by the non-linear transmission characteristics of
landing gears in current usage. Other phases of taxi loads such as turning,
pivoting, braking and towing should be considered in fatigue analysis.
Unfortunately, the only data available on these are from specific £light
test programs conducted to verify design criteria, in the traditional
sense; not fatigue criteria. Mich analytical insight has been gained

by investigations to date, however.

B-66 Low-level Gust Study (Reference 31)

Statistical design, data gathering, instrumentation, data reduction,
computation, and presentation were accomplished. Technical analysis of
the data was performed, i.e., determination of the scale of turbulenge,
numerical filtering, integration, Tesolution and spectral estimation.
Comparison of current Mil Specs on low-altitude gusts and response
equations with sampled data results, recommendations for future analysis
and £light programs. Comparison with Mil Spec 8866 and NACA TN 4332
showed that sample distributions of standard deviation of low-level gusts
differ significantly, equations in specifications overestimate the number
of most frequently occurring gust peaks, which are of interest in repeated
loads, and underestimate the number of large gust peaks. The technical
enalysis further showed that: Extermal procedures by Gumbel are very




useful in relating expected gust peaks to miles of flight. Isotropic
turbulence approximations are excellent fits to auto~correlation and
power spectrum of low-level gusts. The Chi-square distribution {s a
significant fit to sample distributions., Sample derived equivalent gust
velocities are good (not tested) estimates of observed gust velocities.
Cross-spectral power between sample gust velocity components in negligible;
phase is uncorrelated; amplitude is uncorrelated. Transfer functions by
cross spectral procedures are good (not tested) estimates of analytical
transfer functions. Statistical techniques such as, cross correlation,
sampling, regression, product moment correlation coefficients, etc.;

are useful tools in separating gust and maneuver responses; also the
distribution of gust lengths is useful in separating gust and maneuver
responses. Plans are currently being made to gather similar data for
the summsr months to arrive at a more comprehensive gust model.




X Relating Peak Count Data to Ri'S Data

In regards to techniques for relating peak count data to rms data
for low-level flight, Notess (Reference 24) concludes that these two
types of data (peak count and rms) can be related in a way which
enables a simple application to the specific problem at hand. Data
from "Notess, Analyses of Turbulence Data loasured in Flight at
Altitudes up to 1600 ft above Three Different Types of Terrain,®
and CAL Keport Nr TE-1215-F-1, Feburary 1959 and WADD TR 60-305,
*B-66B Low Level Gust Study,® vas analyzed and indicates that on
the average a gust of extrems magnitude is usually associated with
a nearly homogenecus patch of turbulence having an rms of one-fourth
the extrems value in an extent of ten miles. Thus, it is reasonable
to assume that in every flight there will be at least one patch of
turbulence (10 miles) which i{s associated with the peak gust encountered
and will have an rms gust velocity equal to ovne-fourth of this peak
value. One peak exceeds four T every ten miles. This is based on 40
data runs (from B-66 data) wherein the peak variation for 35 of the
runs was between 3.4 T to 5.0 4 .

Considerable work remains to be done so that a workable model can
be obtained which will enable one to take into account the relationship
of the intensity levels among adjacent turbulence patches.

Existing turbulence models such as NACA TR 1272 do not provide data
on these interrelationships since peak count data for many flights is
lumped together into one probability distribution. (Figure 9)

Thie can be done for design purposes to soms extent if one applies
the probabilities to missions rather than to individual ten mile patches.
In other words, one should say one out of seven missions will be performed
in turbulence of five 7 rather than omne out of seven patches in a given

mission.




XI Applied Research Objective - 39A9%

Recognizing that the reluctance to use power spectral mesthods is
mostly dus to the complexity of the analytical techniques, and the
fact that the techniques of statistical apalysis are often unfamiliar
to designers, it is incumbent upon the Air Force to pursue investigation
aimed toward simplifying and applying power spectral techniques. Toward
this end, Applied Research Objective Nr 35A55 was established.

BIECTIVE: To determine the spectral shape and intensity of the input and
response power spectrum of advanced vehicle structures result-
ing from gusts, ground winds, wind shears, pilot inputs, auto-
matic guidance, and maneuvers, in order to apply these spuotra
and root-mean square distributions in structural lcad calcula-
tions in which the effect of vehicle motions and flexibility
are included in the determination of vehicle transfer functions
which can be coaverted to real time differential equations
colvable on high-speed computers. :

PRESENT STATUS: The spectral shape of gusts has been adequately determined.
Work is continuing on the variation of intensity with geographic
and meteorological factors which influence gusts. Input power
spectrum end response power spectrum are being msasured for
ground wirds, wind shears, pilot inputs, and mansuvers. No
methods are currently available for converting available
data from its present form into a form appropriete for spectral-

type calculations.

TECHNICAL POSSIBILITIES: Further analytical investigations to determine
mothods for re-evaluating currently available data on winds,
wind sktears, pilot inputs, automatic guidance systems, and
maneuvers from their present form into a form appropriate

for spectral calculations as has been done for gusts in

NACA TR 1272. Further analytical investigations to davelop

a mathematical model representative of the spectral shape of
wind shear, pilot, maneuver, automatic guidance system input.
Further analytical investigations to determine goodness of

fit oriterion for sample Aistribuiions. of this data. Further
analytical investigations to determine extremal procedures in
relating expected peaks to miles of flight for inputs other
than gusts. Further investigation to determine the significance
of oross-spectral power between sample wind and wind shear of
crogs-spectral power between sample wind and wind shear come
ponents. Further investigation to determine how well transfer
functions. Further investigation to determine how useful
statistical technique such as cross-correlation, sampling
regression, product moment correlation,.coefficients, etc.,
are in separating responses from the aforementioned inputs.




QOVE'UU-ZNT AGENCIES DOING WORK IN THE AREA: The Navy is directing vork
in the ares of determining the spectral shape and intensity

of the input and response power speotrum of flight vehicles
dus to mansuvers and pilot inputs. '




XII Copcluding Femarke

Neither this report nor the applisd research objective presumos %0
encompass all nev concepts which if successfully pursued, would enhancs
our knowledge and advance the-state-of-the-art.

In fact, it 1o hoped that this report serves 40 disoover and stimulate
investigation and presents soms methods of demonstration which tend to lead
the reader to umnwm further.
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APPENDIX II

INPRODUCTION TO SPuCTIAL ANALYSIS




In a very real sensv Power Spectral Density is nothing nuw,
Since wo are again confronted with the usual ongineering probleam of
trying to discowr a pattern which coupled with ingenuity, will enable
us to decide what will happun {n timm (or distance) from what hap
happoned.

Since the most obvious form of repetition is running around a
oircle, wo shall express all prodictions in terze of the framework
of periodicity or frequency and amplitude,

Y = a sin wt

In other words, we have decided to use the principles of harmonio
analysis.

Moreover, in observing actual records of a continuous disturbance
such as gusts, we goon recognize that we are dealing with the problem
of purforuming an amplitude-frequency analysis of a random tim history
which 18 neithsar periodio (repetitive) nor dscaying with time.

Thus 1ike it or not, there is no choicv but to overcoms the Dutural
desire for “something nailed down,* and to speak the language of pro-
bability instead of the language of certainty.

for if & tim history 1is random, it must have elemunts of uncertainty
and all one can hope to determine i8 the degree of uncertainty.

In view of the above, wm basic statistical terms will now be pre-
sonted.




STATISTICAL TLKINOLOUY

MEAN OH AVEHAGE

Lot t be a real variable, and y « f(T) be any function given
on an interval (a,b). Then y, the average of y with respect to t for
the interval a,b is defined by

3 :;'—_;[;dt—"é‘.?af bth)dt

b
or (b-@%:!wt

The weomstric interpretation mskes it easy to remember the definition:

=) N\ ola , (b“w

for positive y(t) for negative y(t)




STATISTICAL Tel4INOLOUY

HOOT-FEAN-SQUAIE  (hMB)

wWo dufine ’. the root mwan square (rms) value of y with respect to t
for the {nterval a,b Ly the vquation:

§‘=r'mso* = 24t
-

Thus the 1w y is the square rcot of the averugs of the square of y, and
is 80 dofined that

(b.q,)(.;)’--.- I ;1 dt

‘'his definition, also becomws clearer with un example:

Consider ,-'ot ’“, m> 0 g 0" the interval 0,1. Then

[lotmat = o t2m] = fo0

80 that in this case

=0 [ I
3'- &% =;fzm+l

Aud if we take special valuss of m,

FOR M| 999 | 4 || 0.2%
.ﬂo.m 9.333[ 5.173] 7.166

m
[he extreme values of y(t) =|ot on 0,1 are 0 and 10. This 1llustrates
that the rms value of y always lies between the extrems values of y(t)
but may lie quite close to either,




STATISTICAL TEIG4INCGLOGY
AVLTOLU G LATION FUN T TubS

Thoe vasiest quantitative way to judge the correlation or fit butween
two things 18 by thoir product. In guiwral, largy products msan good
corrvlation and small products uman poor corirelation. When the *things*®
arv dvpendent on tims, say r'n.) and fyt). (_fst) could be equal to q t.+T)J )
onv takes thv average product ovur ull the tims involved. Thus the
autocorrelation of a tims history is

. T
A= o & _!:f(t) f(t+1)dt




ELle ek NIL OF THANSFQIGATION THEQHY

lwturning to the probluvm c¢f thy amplitude-frequency analysis of a
tim-history; it may be elither puriodic ur pot. If strictly periodic
it can usually be expressed as u Fourier Suries.

60 .
£(t) =+ %_mF(w,‘) e Wbt

wherv F(wnszj‘r{(t)eiwnt d.t
2

(Notice how wo now have related tiwm, t, to fmquoucy.w , and vice vorsa.)

If (t) is not strictly periodic, {t uuy cither svttle to soww constaut
value a8 tims goes on or it umy not.

If £(¢) i8 non-puriodic but decays to zero as time incrcases it can
(usually) be expressed by u slight generalization of Fourier Seriva using
continuous rather than discrets trequencies.




ELEMENTS OF THANSFORIMWLION THEQHY

This transforumtion from a tiuw function to a frequency function is
oxpreased by the Fourifer integral

(-‘o(jm)=j::F(t)e'i“"t dt (1)

For any function (t)‘O)t 70 the limits of integration can be

G (jw): j “Flh)e vyt )

making use of the Luler rulutionships

© 9% cos wt -] Sin wt (3)

G (J )can bu ueparuted into componunta
AwZalaliw]-= j F({)COS wt dt (4)

Bw?® 1 [G(Jw)] J F(¢) sin wt dt (5)
In polur coordinates Q (J w) TYTe J¢ (Q

e fw*aw (N

@: arnc ton -%ﬁ‘ (8)

The practical problem is to determine a mithematical represcntation forG(Jw)
such that the integrals (4) and (5) can be evaluated. Again, the question

as to whether j‘ F(t_)e wt exists can be answered affirmatively for

any F(t) descrlboing a physically realizable motiong

Mere pertinent is the question: Can the function be approximated by
some F‘1 (t) such that

j; O:'(t.)e"""tclt‘é’ Fy (t)e"’“’td,t (%)




ELEMENIS OF THANSFORMATION THeOHY

Equation (9) requires that F(t) becoms zero, or nearly so, after socme
finite tims T. If this condition cannot be mat {t is still possible
to approxumte (2) be breaking up F(t into parts

-JGR

F(t)e et gt ”] Fy(t)e 4] Fa(0e "t

wbero F (t) is such that the socond integral on the right can be
formally evuluatod.




Tho next logical yuuvstion is: *If those transforms arv 30 oasy
to evaluate, why did ws skip over that part?*

S0 to that ¢nd, an intuitive description which is consistent with
the lovol of this ruwport isdown below. This approach was selected to
avoid the °*forevat-for-the-trves® enigma.




COIMPUTATIONAL TECHNIQUES FOR FOURIEH THANSFORMATI

Given a function (of tims), f(t), its Fourier Transform F(Q)) (a funotion
of fruqusncy) is def ined

Fla) J°2 £ e Iet dt

whero j2 s -1 and e 18 the exponeutial function. We shall use the identity

e-IWt: cos wt -J ogm wt
and shall consider sine and Cosine Fourier Transforms
1 ine and Cosi 1 f 'Iv f‘t)‘"\ wt dit

= J_ : £(¢) cos wt dt

For much of our discussion, we consider only the Cosine Transforms eince

a parallel discussion would apply to the Sine Transform. Furthermore,

since mathematically the tium and frequuncy domains are interchangeable,

we 8hall sometimes refer to ¥(()) as the Spectrum in order to emphasize

that it is a function of fruquency. 'his usage aross because the motivation
for this study cams from the problem of obtaining PSD from Autocorrelation
Functions.

Let us assune that f(t) is an even function; i.e., f(t) = f(-t). We consider
euch frequency, and ask how much relative contribution a cosine of that
frequency makes. We consjider f(t) to be made up of a number of component
frequencies (actually a continum of frequencies), and we wish to deterwine
the relative amptitudus associated with the frequencies.

The way in which the ccsine trunsform enswsrs this question may be described
as shown in Figure 1. uiven f(t), we choose somw frequency,W, and compare
Cos wt with f(t). In order to make the comparison, we form the product f(t)
Cos Wt ., This product will be positive when £(t) and CO0S (wtare both
positive or both ncpative; und its valuws, positive or negative, give an
instuntaneow picture of whether f(t) andCo$ wlagrve. But we want to cowpare
f{t) andwswtl throughout their whole ranyge, 80 wo integrate the product
f(t)cos wl . As Wis varied, this process, which gives a step-by-step
interpretation of the definition of the Cosine Transform, will give a
relative measure of how much contribution each frequency makes to f(t).
When we consider the process step-by-step in this fashion, we shall refer
to O us the scanning frequency.

Given an even function f(t)- J\/M\\
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Forw the 1nstantaicous usasure of aglveuwsnt-f{t)C09S o.),t
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Integrute to ubtuiu the total mwasure of ugresusnt- AQ‘A 'A

J § (t) cos wt dt :=F(w)

This is the vuluu of the Fourisr (Cosine) transform at

1\—~J\~1?<’

t

Sincu (¢ )audCoswture even, F(-W,) = F(W,).




Now to tie tougrthor soms of the topics just discuseud.

Thus far, in our effort to vuvvelop an uuplitude-frequency analysis
for a random tims history, wu haves

1) Discussed the autocorrelation function which describes the
average value of the product between values of the record a spucified
tim {nterval apart as a function of this tims interval itself; and
therefore gives the desired amplitude characterization of the random-
tim history, f(t).

2) We have discussed the Fourier Integral Transformation which
provides a fruquency characterization of the random-tims h'istory.

We now should be able to analyse input-transfer-response for
random functlions by expressing input and response as Fourier Integrals
of the autocorrelations of their respective tim: histories. In any
case, we can implemnt this "tongue-twister®" with the aid of the follow-
ing outline of the actual mschanics normally involved:

THE MuCHANICS OF COMPUTING THhs POWER SPRCTHA

l. Hecording tims sampled input data on magnetic tape.

2. Feeding this data into a large high-speed computer.

3o Computing the input spectra from this data.

L. Computing the transfer function for the system,

(If the input and output spectra are known the transfer
function is

output spectra
input spectra

5. HRecording the output.

6. Computing the response spectra.




TiE TUKEY PHOCLDUKE FOK COMUTING PowEM spechia, € (W)
N A HIGH-SPEED COMPUTER

For a finite .wcord length sampled at t, the following steps may
be usud in computing gust spectra: (although other msthods are available)

1. Calculate the mvan, y(t),

' N
git) g & ,Jt)
whum ot' values of the rendom
variable taken at equal
units of tim, At, apart,
2. Calculate the autocorrelation coefficients,
“'
a Ag o ‘ 2001 m
R, 7 2. n o
r"RAR T Y OO0 L T Mel vaLUES
where M =#of lags or uniformly
spaced points over the frequenoy

range at which estimates are
deaired

Yo ) =y i) -? (t)

Je Calculate the initial estimtes of power spectra

bas 'ﬁ' (R 2 { Pcos L-*Rm cos A 'ﬂ‘)
Calculate m“vaﬂea of L (R o n.‘ )
)

Lo Calculate final estimates of power spectra

§° 2 0.54 Lg + 0.46 L,
§,°0.23(, , +0.54 L, + 0,23 Loyss

Dn 0.96 Ly +0.59 L oy,
Calculate’;‘a{:'\ralues of §A¢

DR




Thess power spsctral calculations my bo quickly obtained by a
high-speed digital computer,




POWEH OF A RANDOM DIsTUMSANCE

[he purpose of this section is to illustrate the practical aspects
of ths aforvusintioned tupics.

If & randowm tiums history is considered as being analogous to current
flowing through a unit revsistance, san important characteristic i{s the power
or smwryy contuined in f(t). This powsr may be concoived as compossd of
contrivutions {rom various frequencies. Onu spvaks of the density of power
or eunwrygy as the limit of the powur in a frequency band as the bandwiath
approaches zero. This plot of power awainst frequeucy is appropriately
called the PSD curve or power spuctrum. by knowledge of the traunafer
system, the input power spoctrum can usually be counverted to the output
Or response power spectruw, as shown usbove.

In order to develop a frequency represuntation which would be applicable
to continuinyg disturbancus, the theory of random procusses mukes use of the
concupt of a stationury rundom procuss. ‘The busic assumption charaoterizing
a stationury raundom procevss is thut tho underlying mchanism which gives
rise to the disturbunce are invuriant with time and statisticul prediction
becowws poussible.

For the cayo of a stationery random function of timm y(t). the
myan BYualv, yz(t) is defined by the following equations

70 74 f; [yw]at ("

The man square will usually exist and reprusent a measure of disturbance
intensity. Since y2(t) is a yuadratic function of y(t), it has been
termed the "averuge power® of y2(t) in analogy to wvlectrical power which
is p-oportional to the squars of the current. The function y(t) i8 con-
sidered to buo composed of a infinite number of sinusoidal cowponvnts with
circular frequencivs, ), between O and iufinity. The portion of yz(t)
arising from components having frequencies between CJ andw+clwis denoted
bydlw)elur  The function § (cy) 18 called the BSD function, and has the
property that

Co
u"i(t) d j; $(wdw (2)
The PSD function is therefore: . -;w‘t

2
& () = AT > J:\, (t)e d.‘t\ (3)

Equation (3) may be used to evaluate the PobL function from observed data.
However, in practice, the PSD function may be more conveniently determined
using a related function, the Autocorrelation function, R( tf ), defined by

oo

R(@): 10+ | Y)Y (¢4 7) dt




The uwutucorrelation function hus the syuwtrical property R(T\ =R("T)
und iv ruciprucally reluted to the Fob function by the Fourier Cosine
Transforuation in thu tollowing wanner:

R"f)“ Y3 (L) coswT dw
3 (W) xo-i/'ﬂ o) cos T dT

This durinitlun of the IUU tunction 1w cunJlutuut with the precediug
definition of squution ( §). wu Appundix - Computationul lvchniyuus

for Fourler lrunsforuation.

When a linear systew 18 caposud to un fuput varying in s rasdom wsunor
with tim, the probability distiibution of the system output y can
froquently be represcuted by a norusl provability density distribution
dufined by the relation (5) where y und  ure the mwean and stunderd

doviatios and are dofincd by (L) . 2'-
.f (\‘) s .‘EQ..V 'h.(‘l "/5) ( S')

Gzl vdf*idt "}
6* %-'3‘@*».{1(‘{ 4y dt] 7

Investigutions of CuHMMHiLuLlun problems associated with random noise,
which has uany oblvious similarities to turbulence, have shown thut normal
distributions are trequently chncountvred. liice, iu his "Math. Anal. of
landom oise® has shown that for a linwur system the shot effuct in a
vacuuin tube glves rise to u noise current which hus a normmsl distrivution
of currunt intensity. Investigation of fluid turbulence frequuutly ylelds

noruul distributions of velocity fluctuations.

Stutistically, whenover certuin conditions are met, the distribution in
quustion cun be considervd us vighther a noranl distribution, of soww

skew distribution which cun bu traensformed into a function of a noruml
distribution. When these conditions urv mst gtandard qmwthods are avall-
able for testing the validity of all statistical hypotheses and assumptions.

lwusurencuts indicate that over the frequency range of interest the power
spectrum of atmospheric turbulence muy be well approximated by siaple
analytic expressions such as have been used in wind tupnel stuciss of
isotrupic turbulence. Also, in the thwory of randow processes, relations
have bLeeu derived between peak counts and the assocliated power spuctra.
[hegu relations apply to the case of a stationary vaussian or Normal
random process, where the term Uaussinn designates a process characterized
by & waussian distribution for the amplitude of the disturbuances us well
as for {ts time derivatives. Actuel results support such as asgsumption.




Since thy intensity of turbulence varies with weather oonditions, the
opurationul gust history is considervd to be a nonstationary Gaussian
process varying only in intensity or rus gust vulocity; and the problem

of spuoifying the gust history is reducud to that of spvcifying the pro-
bubility distribution of the rms gust velocity.




CUMULATIVE PhUBABILITY UISTHILUTION CF lut GUST VELOCITY
NALA Vo. WoAr DATA

On the Lusis of these cunstdorations, wehuiquos have been developed
for the estiwation of thu probability distributions of the 1'ms acceleration
and the rms gust velocity from duta on pruk accelerations. These basic
techniquus dovelopod by Ur. Harry Press, sud ussociates at NASA were applied
to available pouk count statistics from E-47, b-52, and KC-135 aircraft
and the associatod probability distributions of root msan square gust
velocity are derived.

Limitations and application of these ruwsults to calculation of
gust-load and other airplane response histories: (See Figure 1)

1. This @raph rupresunty 7by.2 hours of b-4f, b-52, and KC-135
flight tims above 10,000 feet. In determining the transfer functions,
avorage values of uairplane und operationsal characteristics were used.

The broken curve ig superimposuvd us a busis of compurison. It represents
NACA's results in trunsport-typs operations from 30,000 - 50,000 feut.

2. Thu cumulative probability distributions, shown were obtained
Ly inteygrsting the probubility aistributions, aua define the proportion
of total tlight tiww spent in turbulence excoeding given valuos of @y, .

Jo the description of the gust experiencu in this form is directly
applicable to load calculations tor other airplancs in simiiai opurations
by reversing tho procedures used in obtaining thuse ruvsults. Howsvor,
dirvct application of these results would apply only to similar operations.
In order to obtain results that are more flexible and applicable to arbitrary
flight plens, it would be desiruble to determine tho variatious in thuse
distributions with alt..ude, weather condition, and perhaps georgraphy.

Perhaps the most dmportant points to be noted from these graphs are
the relatively large amount of timws spent in essentially smooth air at
the higher altitudes, and the relatively large amount of time in light
to severv turbulence at the lowest ultitude Lrucset (v.g4.@ 18 groater
thun 2 feet per second 25z of flight time ).




COMBINED B47, B52, KC)35 DATA

DATE
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ALTITUDE:

mootl

1000000

100000

100

s e
™ 3 ariPavaoud 3IAFLY InWNO

SEMNOISIAIO OF X SFIDAD L
V'S 8 &) peve TCO MRSEI ¥ TRALNIN -llﬂ.x
96-65F JIRHLIHVDO T INSS =t

ROO T - MEAN- SQUARE 6UST VELOCITY,q, FP8




LUer Aty

Uiven tho varlsne o, 1V {8 Lol you pussitle to dutoralne with precision
Lho cilecets ol Lulbuiowco un Sbructures. [! tho vuriations are duv to
waved wilh wave lonethys of 1 wile, the offocts will be quite diffvrent
that {1 thu wave loLgths wore 10U fuele ouw characleristic like a
*seule® of turbulunce {s noeded. twrv, variabco "spectra® will bu used
for this purposv. Aquln, thosu show whut I'ruction of varfanuce is con-
tributod Ly various {ntervals of froquuncy or wave length. An analogy

i3 the optical spoctrun which shows that fruction of the energy of ligut
coumws fruw various {ntervals of fruyusuncy orf wave length. oOtatistics
gulhurud tu Jdate wuru duerfved froam vgh rvcords. Lhe contribution of
aliwsple £ic turbulence Lo tho tatigus of wircraft structuJses has not

boen completuly "nailod down® to dute - {n auy rigorous mathematical
Bolivos  luwover, ns shown in the literuture and in the practicel vxpuri-
uwht, gooud stutistical data coubinud with FPower bpectral Density Anulysis
lus proven gquitu usuetul {n dulincating roglons of large turbulence intensity
which do cuuse considurubly damage to aircruft structurus.,




