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PREFACE

This is the second of two Workshops on turbulence held by the Panel in the 1986—87 time period. The first Workshop
concentrated on the measurement of turbulence and methods of data collectiun. The theme of the second Workshop
concerned the criteria, analysis methods and regulations involved in the design and certification of aircraft for turbule«ce.
Taken together, these two Workshoos will provide invaluable guidance in the formulation of an AGARD Manual an
turbulence, scheduled for publication in late 1988 or early 1989.

The authors are to be congratulated for the interesting and valuable presentations at the Workshop, and the appreciation
of the Panel is hereby extended to them. A special note of thanks is offered to the FAA and the AGARD Flight Mechanics
Panel for the contribution: sponsored by those organizasions.

LR

Le présent rapport rend compte des travaux de la deuxiéme réunion de travail organisée par le Panel, sur le thme de la
turbulence pendant la période 1986—1987. La premiére réunion fut consacrée aux mesures des turbulences et les procédures
de recueil des données. La deuxiéme réunion de travail concerne les criféres, les méthodes d'analyse et les réglements
intervenant dans I'étude et 'homologation des aéronefs du point de vue de leur aptitude au vol dans les turbulences
atmosphériques.

Les travaux de ces deux réunions de travail devraient déboucher sur des direc:ives qui seront d'une grande utilité lors de
'élaboration du Manuel AGARD de la turbulence, dont la parution est prévue fin 1988 début 1989.

Nous tenons a féliciter les auteurs de I'intérét et de la valeur des exposés qui ont été présentés lors de la réunion, et de la
pert du Panel, nous leur présentons nos vifs remerciements. Nous ne saurions conclure ce résumé sans exprimer notre
reconnaissance pour les contributions cffectuées sous I'égide de la FAA et du Panel AGARD de la Mécanique du vol.
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CURRENT AND PROPOSED GUST CRITERIA AND ANALYSIS METHODS
AN FAA OVERVIEW

by

Terence J.Barnes
Federal Aviation Administration
ANM-10SN
P.O. Box C-68966
Seattle, WA 98168, USA

INTRODUCTION

This paper presents an FAA overview of the gust criteria and analysis methods
used in the various types of flight vehicle certified under the FAR's
(Reference 1). The current criteria for small airplanes, transports, and
rotorcraft are presented, and the status of proposed criteria for the tilt
rotor and aerospace plane are discussed. The amount of discussion on each
class of vehicle depends on the significance of gust loads as design loads,
and the importance of vehicle flexibility. Transport airplane gust criteria
development, usage and problems are discussed in sowe detail., Analysis
methods used by U.S. Industry are covered in a separate paper.

Units uced throughout this paper (Standard English) are those accepted world
wide for certvification to FAR-2b and JAR-25 standards.

PHILOSOPHY OF REGULATIUNS

Structural design 1imit load criteria are chosen such that there is sufficient
struciural margin around normal operating loads that, in combi~ation with the
factor of safety, the probability of catastrophic failure is acceptabiy low.

The structural criteria used to establish the required stirength levels have
changed over the years to reflect changes in airplane configurations,
knowledge of the atmosphere and ability to analyze.

To ease the analysis burden, criteria are presented in the simplest form
consistent with obtaining acceptable safety levels. However, it is necessary
to recoynize the impact of the simplifications on a particular vehicle. A
typical example is the definition of gust velocities without sparwise
variation. The combinations of airpiane size and cuirent criteria have proven
adequate, however, a iransport with a significantly larger wing span than the
Boeing 747 would 1ikely receive special attention in this area.

Similariy, transport airplanes have gradually introduced active controls and

non-linear systems. Although recognized by the AC (Referance 2) and special

conditions, the basic criteria have not yet been changed.

DISCUSSION

For each class of flight vehicle, the following are discussed (if applicable):
° Surmary of current regulations, and their historical development.

Adequacy of current regulations for conventiona® configurations.

° Adeguacy of currenc regulations and methods of analysis for anticipated
contigurations.

° ldentitied Problems.

° Actions to address identified problems.
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SMALL AIRPLANES

Small airplane gust criteria (Part 23 of Reference 1), with the exception of
the evaluation of dynamic response, are the same as the transport criteria.
Most configurations of small airplanes certified to date have been relatively
stiff, slow and conventional. Special ccenditions have been written and rule
changes proposed to cover the certification of canard configured airplanes.
The evaluation of dynamic response to turbulence has not been considered
necessary. The current rules are presenied in FAR Fart 23 §23.333(c) and
§23.341 as follows:

§23.333(c) Gust envelope. (1) The airplane is assumed to be subjected to
symnetrical vertical gusts in level flight. The resulting 1imit load factors
mist correspond to the conditions determined as follows:

(1) Posivive (up) and negative (down) gusts of 50 f.p.s. at V. must be con-
sidered at altitudes between sea level and 20,000 feet. The gust velocity may
be reduced linearly from 5U f.p.s. at 20,000 feet to 25 f.p.s. at 50,000 feet.

(1) Positive and negative gusts of 25 f.p.s. at Vo must be considered at
altitudes between sea level and 20,000 feet. The gusi velocity may be reduced
linearly from 25 f.p.s. at 20,000 feet to 12.5 f.p.s. at 50,00V feet.

(2) The folilowing assumptions must be wmade:

(i) The shape of the gust is - Ude ( ZWs )
U=--(1-cos ---)
2 25C )

Where -

s = Distance penetrated into gust (ft.);
C = Mean geometric chord of wing (ft.); and

Uge = Derived gust velocity referred tu in subparagraph (1) of this section.
§23.341 Gust Load Factors.

In the absence of a more rational analysis, the gust load factors must be
computed as follows:

KqlgeVa
n=1¢ -g-_g-__
198(wW/S)
Where -
Kq = 0.88,q/5.3+0g = gust alleviation factor;
9 e g
g~ Z(H/S)/rCag = airplane mass ratio;

Uge = Derived gust velocities referred to in §23.333(c)(f.p.s.);
c = Density of air (slugs/cu.ft.); at altitude;
W/S = Wing loading {p.s.f.);

C = Mean geometric chord (ft.);
g = Acceleration due to gravity (ft/sec.?)
V = Airplane equivalent speed (knots); and

e e
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¢ = Slope of the airplane normal force coefficient curve Cya per radian if the
gust loads are applied to the wings and horizontal tail surfaces
simuitaneously by a rational method. The win? 1ift curve slope C; per
radian may be used when the gust load is applied to the wings only and the
horizontal tail gust loads are treated as a separate condition,

FIXED WING TRANSPORTS

° Summary of current regulations, and their historical development.

The starting point for this discussion is the gust load formula (FAR Part 25
§25.341(b)(3), Reference 1). A good overall technical discussion of gust
criteria development is given by Noback in his report NLR TR 82134U, Reference

4. The current gust load formula (frequently referred to as the "Pratt
Formula") was developed based on an evaluation of V-G records from 9 civil
transports from 1933 to 1950 and presented in Reference 3.

As can be deduced from the table (Figure 1) below, these were essentially
straight wing, stiff airplanes flying slowly at low altitudes.

Design . . Mean Design |Estimated

Air gross amni‘ szngb geometric| Aspect | cruising {operating
planc | wi. W, | TS | PERD (chord,c, | ratio, A | speed, | altitude,

ib 9 ft V,mph| fi
A 13,400 B36 74 113 6.6 180 5,000
B 18,560 939 85 11.0 17 215 5,000
C 41,000 1,340 118.2 113 14 181 5,000
D 50,000 | 2,145 130 16.5 79 168 5,000
E 25,200 987 95 104 9.1 21 5,000
F 45,000 | 1,486 107.3 139 78 230 5,000
G 94,000 | 1,650 123 14.7 9.2 271 10,000
H 70,700 1,461 117.5 136 95 224 10,0600
J 39,900 864 93.3 10.1 10.1 256 5,000
Figure 1

As airplane configurations, speeds and cruise altitudes changed, it was
recognized that airplane dynamic response should be considered. The current
rules are presented in §25.305(c) and (d), and §25.341 as follows:

§25.305(c) where structural flexibility is such that any rate of load
application likely to occur in the operating conditions might produce
transient stresse. appreciably higher than those corresponding to static
loads, the effects of this rate of application must be consiiared.

§25.305(d) the dynamic response of the airplane to vertical and lateral
continuous turbulence must be taken into account. The continuous gust design
criteria of Appendix G of this part must be used to establish the dynamic
response unless more rational criteria are shown.

The airplare is assumed to be subjected to symmetrical vertical gusts in level

flight. The resulting 1imit load factors must correspond to the conditions
determined as follows:

A e
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(1) Positive (up) and negative (down) rough air ggsts of 66 fps at Vg
must be considered at altitudes between sea levei and 20,000 feet. The gust
velocity may be reduced linearly from 66 fps at 20,000 feet to 38 fps at
50,000 feet.

(2) Positive and negative yusts of 50 fps at V. must be considered at
altitudes between sea level and 20,000 feet. The gust velocity may be reduced
1inearly from 50 fps at 20,000 feet to 25 fps at 50,000 feet.

(3) Positive and negative gusts of 25 fps at Vp must be considered at
altitudes between sea level and 20,000 feet. The gust velocity may be reduced
1inearly from 25 fps at 20,000 feet to 12.5 fps at 50,000 feet.

The following assumptions must be made:

(1) The shape of the gust is

Ude Z./S
U=--- (1-cos) ---
2 25C
Where -
s = distance penetrated into gust (ft);
C = mean geometric chord of wing (ft); and
Uge = derived gust velocity referred to in paragraph (a) (fps).

(2) Gust load factors vary linearly between the specified conditions B'
through G', as shown on the gust envelope in §25.333(c).

(3) In the absence of a more rational analysis, the gust load factors
wust be computed as follows:

498 (W/S)

Where -

0.8?,9
Kg = ---¢-- = gust alleviation factor;
S.Q;ag

2(/W/S)

Ude = derived gust velocities referred to in paragraph (a) (fps);
C = density of air (slugs cu. ft.); at altitude

W/S = wing loading (psf);

C = mean geometric chord (ft);

g = acceleration due to gravity (ft/sec?);

V = airplane equivalent speed (knots); and

- S man
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a = siope of the airplane normal force coefficient curve Cyp per radian. If
the gust loads are applied to the wings and horizontal tail surfaces
simuitancously by a rational method. The wing 11ft curve slope Cp per
radian may be used when the gust load is applied to the wings only and the
horizontal tail gust 1oidds are treated as a separate condition.

The tirst step in the development of the necessary techniques to include
airpiane dynamic response was taken tuward the end of the era of piston engine
transporus., At that tiwe it becam: apparent that the earlier airplanes had
satisfactory service and safety records, even though no provision had been
wade in their deriyn loads for dynamic etfects that were known to be present.
Thus it became evident Lhat the dz-ign gust velocities had been set hiygn
enouyh 50 rthat for these airplane. no increase in design loads for dynamic
effects was needed. 0On the other hand, it was apparent that, with the noted
Lrends, ihe relative dynamic effects might weil increase. Sooner or jater,
design to static loads alone coulu lead to @& structure of inadequate strength.

Consequentily, to preven. any dJeficiency in strength that might otherwise have
resulted from this trend, the CAA at that time adopted a policy which was
suanarized as follows:

"Duriny the AIA-CAA fust Loads Meeting in Washington, it was agreed that
if a manufacturer showed that for his new model the percentage increase
in load, due Lo transient effects, was no greater that thai of his
previous wodels, it would not be necessary to design for the increased
load; however, it the increase was greater than for the previous models,
this increase should be designed for."

This policy, reflecting what may be called the concept of "Timited dynamic
accountability”, was applied, for example, in the design ot the Lockheed Model
1649 Constellation and the Electra. As was the practice at that time, primary
enphasis was placed on a compariton of dynamic magnification factors of wing
beading moment.

The major objection Lo a ccatinuation of this type of approach was thau detail
engineering data on the various satisfactory existing airplanes were available
only tu ihe manufacturers of those airplanes. Consequently, a manufacturer
whose past airplanes may not have been gust-critical, or for other reasons may
have had more Lhan the reguired strength, had to design a new aircraft Lo more
severe criteria than the manufacturer whose past aircraft happened to have
Tess waryin. Further, with few exceptions, no criteria short of "full dynawic
accountability" were available to a manufacturer who had no previous aircraft
in operation wich a long, satisfactory service life.

FAA decided tu develop new gust criteria using the power spectral technigque.
The results of study contracts let to Lockheed and Boeing for the purpose of
helping FAA define prucedures and criteria are sumaarized in References 5 and
6 (ADS-53 and 54).

The criteria that FAA incorporated into the regulations as Appendix G to FAR 25
(Reference 1) in Septeaber 198U were the result of extensive negotiations
between FAA and U.S. Industry. The primary difference between the criteria
prescribed in FAA-ADS-53 and current FAA criteria are in the specified design
gust velocities and their variation with altitude. Tuese FAA criteria pro-
vitded the basis for all current continuous turbulence criteria, regardless of
the certifying agency. For example, the European civil regulations as of
January 1987 are specified in JAR-25, Reference 9. The continuous gust design
criveria given here are identical to those yiven in Appendix G of FAR 25 with
one mnajor exception. JAR-25 makes no reference to reducing design gust
velocities for airplanes that have an extensive satisfactory service
experience with design gust velocities that are less than 85 fps. This will
be discussed later.
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As specified in Appendix G of FAR 25, power-spectral ?ust loads criteria are
presented in two basic forms; the design envelope analysis and the mission
(fiight profile) analysis. Provision is also made for a wodification of the
design envelope analysis that considers the service life of existing
airplanes.

The desiyn envelope criterion is similar to past discrete criteria as well as to
current limit design maneuver loads criteria. Operational usage of the aircraft
is ignored., [Instead, the aircraft response is evaluated for a specified

design envelope of speed, altitude, gross weight, fuel! weight and center of
graviy, ¢.g., position,

Appendix G of FAR 25, Item (b)(3)({), provides for reduced design values of

U cigma. Specifically, "Where the Administrator finds that a design is
comparable to a similar design with extensive satisfactory service experience,
it will be acceptable to select U sigma at Vo less than 85 fps, but not less
than 75 fps, with linear decrease trom that value at 20,000 feet to 30 fps at
80,00 feet." To apply the reduced i sigma values requires that:

{1) Transfer functions ot the new design are similar to the prior
drsigns.

{2) Typical missions of the new airplane are substantially equivalent to
thzt ¢f the similar desiyn.

This modification to the desiyn envelope criterion came about from an AIA
proposal to the FAA after extensive studies of mid-range to long-range "
transports, such as the L-1011, DU-9 and DC-1U, and the Boeing 727, 737, and

747, that showed U sigma of 75 fps at V. was permissible under FAR Appendix G
for this type of transport. The higher U sigma values, specified by the
unmodified design envelope critarion, are tore appropriate for the lower
cruise aliitude more-severe types of operation. The more severe tynes of
operation are represented by short range or commuter operations where cruise
altitudes of 20,00V 1o 3u,LLU teel are typical. The mid-range te long-range
airpianes normally have cruise altitude in the vicinity of 35,000 feet.

As originally developed in FAA-ADS-53, the wission anaiysis approach was a
“stand alone" wethod. It was, however, suggested that the most appropriate {
criterion would be a combination of the design envelope approach and the

mission analysis approach. Combining these two approaches now constitutes the
Missgon Analysis Criterion specified in FAR 25, JAR-25 and the various U.S. l
MIL SPECS.

In addition to a mission profile analysis the Mission Analysis Criterion }
requires that a design envelope analysis be performed similar to the design
envelope criterion, but with reduced U sigma values to provide a design
envelope floor. The U sigma value at V. is specified as 60 fps from 0 to
3U,000 feet with a linear reduction to 55 fps between 30,000 feet and 80,000
feet. The Vg value is stil] 1,32 times the Vg value and Vp is still 0.5 times
the V¢ value.

.
There was a transition period, during which dynamic response to both single i
gust encounters and continuous turbulence was considered. Depanding on the
manufacturer, there was a different balance of reliance on the two methods.
Dynamic analysis of the single gust encounter wr. accomplished by requiring an 1
evaluarion of the 1 minus cosine gust shape and 25 chord lengin of
§25.341(b)(1), including the rigid body and tlexible airplane responses.

PP
v

The Boeing 747 was the last airplane certified during the transition period.
A1l subsequent new airplane certifications commencing with thie Lockheed L1011 )
and Douglas DC-10 used gust criteria similar to those currently published. :

A SRt - -
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Figure 2
°Adequacy of current regulations for conventional configurations.

Suftficient service has been buiiv up on airplianes certified to the Appendix G
PSU qust criteria to be ¢onfident chat the criteria are adequate for these
coniiyuravions. However, these airplanes have gradually included more
non-linear systems and active controls. In goneral, the group of airplanes
identitfied as “"flexible high subsonic swept wings" in Figure 2 included only a
yaw damper in addition to a }imited authority autopiiot. However, the iast
group, wi'zh currenily includes only the Lockheed L-1UL1-50U and the Airbus
A320, have systems which interact with vertical gust response, and have
non-linear characterisiics. Even though FAA prepared special condivions for
the certification of these airplanes, they discussed the technical concerns
without defining an acceptable imeans of compliance.

“Adequacy of current regulations and methods of analysis for anticipated
contigurations,

As more airplanes are certified with increasing levels of system interaction
with structure, the need for changes in the regulations increases. For
example, if the control surfaces deflect at high rates to large deflections to
maintzin a desired airplane attitude in turbulence, the way in which these
effects are accounted for in the analyses should be defined by the FAA, and
aot left to the imagination of the manufacturer. In addition, concerns
increase about the need for consideration of, for example, spanwise variation
of gust velocity.

“Identified Problems
The following are considered to be problems with the current regulations:
- Difficulties using current PSD criteria to produce design loads.

- Definition of realistic turbulence to evaluate active controls and gust
load alleviation.

- Criteria for reduction of PSD Gust Intensity below 85 ft/ser.
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The difficulty using the current PSD criteria to produce design loads is how
to fit them into the routine by which design loads are obtaired and stress
analysis is conducted, Normal stress analysis practice utilizes design
conditions each of which is defined over the whole of some major structural
component at a given instant. Power-spectral methods, however, do not result
in this sort of design condit.on. They lead, instead, to individual
design-level values of load of equal probability at various points in the
structure, or of various componerts of load such as wing shear, bending
moment, and torsion, with the phasing undetermined. For example, it is not
determined whether maximum up shear combines with maximum nose-up or maximum
nose-down torsfon or with some intermediate value. This difficulty can be
circumvented to some extent by determining design-level values of internal
loads or stresses, such as front and rear beam shear flows. As discussed
earlier, the methods used by U.S. Industry are reviewed in detail in a
separate paper.

The definition of realistic turbulence to evaluate active controls and gust
load alleviation becomes more important as the use of active controls becomes
more prominent in modern airplane design.

The criteria for allowing a reduction of PSD gust intensity below 85 ft/sec
are qualitatitve. It is not possible to evaluate transfer functions and
typical missions to arrive at a value between 85 and 75 ft/sec. Typically the
jet transports which cruise at 3C¢,000 to 40,000 feet can substantiate the use
of 75 ft/sec, while the turboprop shorter range transports which cruise at
20,000 to 30,000 feet have found to require the use of 85 ft/sec.

°Actions to address identified problems.
Two of the problem areas identified above are being actively addressed.

Most Airworthiness Authorities and Transport Manufacturers outside the U.S.,
and some smaller U.S. Transport Manufacturers indicated an interest in
developing a time domain continuous turbulence gust analysis that would
produce comlete sets of correlated loads on an airplane. FAA agreed to
sponsor an evaluation of methods including the Statistical Discrete Gust (SDG)
analysis method (Reference 7) proposed by Mr. J. Glynn Jones of RAF
Farnborough, England. Originally Mr. Jones®' Statistical Discrete Gust (SDG)
method was seen only as a possible alternate means of compliance which
produced complete sets of time correlated loads. It is now recognized in |
addition as a possible tool for directly analyzing the response of nonlinear ;
systems sucl. as gust load alleviation to continuous turbulence. An i
International Ad Hoc Committee has been formed under the chairmanship of Mr.
Terence J. Barnes, FAA's National Resource Specialist for Flight
Loads/Aeroelasticit;.

The committee met for the first time on May 22, 1986 and agreed that the first
step should be to validate the “overlap" between PSD and SDG. As discussed by
Jones in Reference 8, since both methods reflect a variation of gust velocity
with gust length (in the PSD method by the von Karmann spectrum, and in the
SDG method by assuming tvhat gust velocity is proportional to gust length to
the power 1/3) there is a fixed mathematical relationship between the methods.
This is, however, valid only for linear systems. NASA has agreed to assist
FAA in the validation of this overlap between the two methods. In the
interim, several manufacturers including British Aerospace, Canadair and

de Havilland Canada are conducting their own evaluations. A workshcp is
planned for October 12/13, 1987 in London at which users will discuss the
status of their evaluations, and have an cpportunity to discuss any problems
with Mr, Jones. No recommendations for use will be made until the method is
well understood and it has been evaluzted on several representative airplanes.
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The JAR Authorities are considering allowing a gust intensity reduction
similer to that allowed by FAR 25 Apperdix G. However they have suggested
that the qualitative evaluation required by Appendix G to allow a reduction in
gust intensity should be replaced by a quantitative evaluation for ease of
compliance, and to possibly allow the use of values between 75 and 85 ft/sec.
A simplified mission analysis, where the scope is reduced to a small number of
missions, and where the loads are evaluated at a few key locations, has been
discussea. FAA will review any acceptddble proposal by the European
Authorities with U.S. Industry, and consider it as a possible replacement for
the current rule.

Helicopters

The gust criteria of FAR Part 29 are very basic, since helicopters are
relatively insensitive to gust encounters Loads analysis techniques are
therefore unsophisticated, and based on data developed in the 1940 time
period.

The concerns regarding helicopters in turbulence relate more to
controllability and fatigue.

The current rules for gust loads criteria are presented in §29.341 as follows:

Each rotorcraft must be designed to withstand, at each critical airspeed
including hovering, the loads resulting from vertical and horizontal gusts of
30 feet per second.

Tilt Rotor

At first sigat, it would appear that a tilt rotor configuration could use the
existing helicopter criteria in the hover mode and the transport criteria in
the cruise mode, with the only area of concern being transition. However, due
to the size and flexibility of the blades, and the configuratiorn, there are
significant blade/wing aerodynamic/aeroelastic interactions in all modes.

This subject was discussed extensively by the Airframe Technical Issues Panel
at the Powered Lift Conference in Fort Worth, Texas on 23/26 June 1987. The
concensus of the experts was that these concerns justified a complete
re-evaluation of the gust criteria. Some form of time history gust criteria
will likely be proposed.

National Aerospace Plane (NASP)/Orient Express

The Orient Express concept focuses on sustained supersonic cruise at Mach 5 or
6, and hypersonic cruise vehicles derived from the aerospace plane may achieve
speeds to Mach 10 and beyond in the altitude region of 100,000 ft. Initiated
under DARPA, the U.S. Air Force will head the aerospace plane development
program, with NASA having major technical responsibility. This is intended as
a multiple purpose airplane, - hypersonic cruise and single stage to orbit -,
propelled by an airbreathing (Scramjet) propulsion system. The ascent dynamic
pressure will be high. New design concerns arise for this airplane due to
major thermal effects on static and dynamic aeroelasticity, and dynamic
loadings on the huge liquid hydrogen tank. 1986 saw the release of funds te
begin MASP technology development. Aircraft ronceptual design studies are
being conducted by Boeing, General Dynamics, Lockheed, McDonnell Douglas and
Rockwell International. These contractors will recommend gust criteria as
appropriate for their individual design concepts. At the present time
proprietary aspects prevent revealing the various proposed criteria.

Although FAA is not directly involved in the initial development phase, it

already has begun thinking about the job of certificating a Mach 5 or Mach 6
transport for commercial use.
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AIWOLTIINESS STANDARDS Appendix G
Continuous Gust Design Criverta
The continvous design eriteria in this dyramic analysis by the following vaiues of
amni:.nm hn:dh-hhhh‘th the gust velocity Us:
dynamic roponse of the slrplune to vertical and ® At sposd V;: Us=Bb fps true gust
lateral cont'npous turbulences unless & Mmore ra- veloclty in the internal 0 o 20,000 ft.
thona! eritemin o wend. The foBowing guet Joud sititode and is Encarly decreased to 30 fps

requiremenis
desi 0 envelopy
() The kmit gust loads wtilising the eon-

%o wisicn amlysls and

tinuous turbuisncy concept muat be detarmined

in accordance with the

of either

provisions
parsgraph (b) or payegraphs (¢} and (d) of this
appendix.

@) Devign envolops analywis. The kmit loads
ot be determined in acocvdance with the

folowing:

(1) AD critical altitudes, weights, and
weight distributions, as specified in
§ 25.321(b), snd all eritical speeds within the
ranges indicated in paragranh (h)8) of this ap-
pendix must be considersd.

(%) Values o~ A (ratio of root-mesn-aguare
incremental load root-mean-aquare gust

analysix. Tha power sprctral demaity of Leat-
mosphe:.. turbulence must b~ as given by the
equation—
oL UMy
05 AFUIR TR

where:

¢upower-spectral density (ft./sec.)?/

./t

T asroot-mean-square gust velocity,
t.

/sec.
Qereduced frequency, radians per foot.
L.-2,500 ft.

(3) The limit loads must be obtained by
multiplying the A values determined by ihe

(2) The typical mission of the new airplane
is substantially equivalent to that of the
similar dveign.

(3) The similar design shouid demonstrate
the adequacy of the Us selected.

() Atspesd V,: Us ls aqual to 1.32 times
the values obtasined under paragraph
(bX3)() of this appendix.

(iii) At speed V,: Us is equal to % the
values obtained undsr paragraph (b)X3Xi) of

appendix.

(iv) At speeds between V, and V, and
between V. and V,,: Us is equal to a value
obtained by linear interpolation.

(4) When a stability augmentation system
is included in the analysis, the effect of
system nonlinearities on Joads st the limit
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FLIGHT TEST EQUIPMENT FOR THE ON-BOARD MEASUREMENT OF WIND TURBULENCE

by
G.Schiinzer and M.Swolinsky
Institute for Guidance and Control

Technical University of Braunschweig
D-3300 Braunschweig, Federal Republic of Germany

and

P.Vérsmann
Acrodata Flugmesstechnik GmbH
D-3300 Braunschweig, Federal Republic of Germany

Abstreet

The knowledge of the actual wind and turbulence situation along the flight path of an aircraft is an important
factor in the area of meteorological and asronautical research.

In this paper different flight test programs for the on-hoard implementatian of off-line and on-line wind and
turbulence measuring systems are presented. The theoretical principle of the determination of all three
components of the wind vector is stated. A summary o the installed sensers, the data acquisition systems ad
computer equipment ia represenied and the essential effects of sensor errors on the accuracy of wind
determination are discussed.

Netgtica

fy sensor parameter

INS inertial Navigation System

H altitude, height

H vertical speed of the aircraft

H vertical acceleration of the aircraft

L distance between flight log and inertial navigation system
PCM Pulse Code Modulation

Pe static presaure

q dynamic pressure

q angular velocity about the aircraft y-axes
r angular velocity about the aircraft z-axes
t time

T total temperature

ug Norih component of true airspeed

Uy North component of inertial velecity

Ywg Nerth component of the wind vector

Y true sirspeed vector

ve East component of true airspeed

Vg East compenent of inertial velocity

' inertial velocity

Twe East component of the wind vector

Yw Wind vector

we vertical component of true airspeed

Wig vertical component of inertial velocity
Wwge vertical wind component

[ aircraft angle of attack

oy flight leg angle of attack

[] sircraft angle of sidesiip

Be flight log angle of sidesiip

Y fligh path angle

3 difterential operator

A sensor error or wind component srror

e pitch angle

A longitude

[} standard deviation

)X sum

[ latitude

[J bank angle

L 4 true heading

wind direction

1. lntreduction

Wind and atmespheric turbul are ial parts of the weather pr .G quently the t of
the wind vector and its tubulent fluctuations is the 4 in of t logist for several decades. From
asronautical peint of view wind and turbul are disturb variables affecting the aircraft dynamic, the load

of aircraft and pilet, the passenger cemfort and and wind shear and downdraft may restrict flight safety
especially during take-eff and landing. Hence, this meteorological phenemena have to be subject of intensive
research in the field of aeronautics, too.

At the Institute for Suidance and Control of the Technical University of Braunschweig different flight test
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programe for the wind determination on beard of aircraft have heen initiated during the last tan years. One of
them used an AIRBUS A300 of the DEUTSCHE LUFTHANSA cellscting raw data during taks-off and landing for the
off-line wind celculation (Fig. 1). The experiments demenstrated, that the standard-equipment of an airliner gives
sufficient rasvits, if there is performead an extensive and accurate data preparatien and fitting (11,021, A higher
loval of accuracy as well as an increacs in frequency range can be sbtained using a specis! squipped research
wircraft. On board the DO 28 research aircraft (Fig. 2) of the Technical University of Braunschweig an on-line
wind and turbulence measuring system has been implemented, which calculates all three compenents of the wind
vector in real time at a sampl.ng rate of 23 Hz {3]. A medified system has been developped in celaboration with
the AERODATA FlugmeBtechnik UmbH just now fer the second research aircraft of the TU Braunschweig, a DO
128 (Fig. 3), using more powerful computer and sensor systems. The DO 128 is bare aiso for the flight test of
the newest development of AERODATA FlugmeBtechnik GmbH In the fleld of airborn wind and turbulence
measuring syst s the lted METEOPOD (Fig. 4). This system is installed in a stender body attached under
the wing of the research aircraft instead of the auniliary fuel tank. tts advantage is the high flexibility of the hole
wind determination and processing s¥stem.

The results of the measuring projects are used to get mor. information about wind shear and turbulence
phanomena, and to parform investigations of the aircraft response. Furthermore it ds the develap t of
flight control systems as well as wind and turbulence enginesring models for flight simulation and hazard
investigation.

2. The 3 of on-board wind and turbuionce determination

On board of an aircraft wind can not be measured directly. Only by taking the vactordiffersnce between the
inertial velocity My, avd the true airspeed ¥ the windvector ¥, may be computed (Fig. 5). Following the German
Avintion Standard !h. wind components are defined in the earth-fixed coordinate system as shown in Fig. 6: A
wind blowing from the south represents a positive north component Uy . & wind from the west yislds a positive
esast component vy, , and a downdraft indicates a pcsitive vertical wind p t. The [ ts expressed
in earth-fixed coord‘nnn can be written in the following form:

uw Uk u
Y = " - v (1)
w w w
w Jo klg 9

with
w =-H 2
k9

and the true airspeed components

u' = V' (cosa - cosp - cos® - cos¥ + (3)
sinf  (sin® sin® cos? - cos® sin¥) +
sina - cosp - (cos® - 3in® : cos¥ + sin® . 3in¥))

v‘ = V-(cosa * cosP - cos® . gin? + (4)
sinh * (sin® - 3ir® . sin¥ + cos? - cos?) +
sina - cosP * (cos® - 3in® ' 3inY - 3in® . cos¥))

wa V:(-cosa - cosB - sin® + sinP - sin® - cosO + \5)
sing : cosp - cos® - coe®)

The equ. 3-5 are representing the complete computation algerithm for the transformation af the true airspeed

components in the earth-fixed coordinate sys idering any kind of aircraft manoeuvre [3].

Besides of the inertial velocity components (u kg . kg + W Kg ) and the magnitude of the airspeed IVI five angles
have to be measured on-board the aircraft: The flow angles of the air relative to the ajrcraft (u, B) and the
attitude data true heading ¥, pitch angle @ and bank angle ®. Since the air velocity sensors may not be located
near to the sensors for the inertial data, a corrective term x | has to be added, whare is the vector of the
angular velocity of the aircraft and L the distance from the inertial sensors to the air dsta sensors. For
approximate calculations this sffect can be expressed by additional terms for the angle of attack and angle of
side slip:

a=a - Az (8)

!-l,-Al (84

with
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where §, is ths (srgitudinal distance between the inertial data sensers and the air data senvors. The exprestiens

q and r are repressnting the pitch rate respactively yaw rate of the gircraft, which also have to be measured
sn-beard.

3. mmm.mwm.mgmummmm
2.1 The moppurian syptem of the ANPUS A00

The AIRBUS wind shear preject atarted in 1980 (2). Subject of this research pregram was the investigation of
character, magnitude and frequency of wind variations in the terminal area of airperts. One requirement for
descriding statistical properties of wind shear is to gather data from a large number of take-offs and landings.
Due te the medium and short range service of LUFTHANSA AIRBUS A300 in the suropean and the north african
region the Mgk number of eperations were guaranteed. The ASOO is squipped with a medern Aircraft Integrated
Date System fer recerding numercus signals and senser ocutputs about the flight conditions of the aircraft. Mest
of the required parameters shown in aqu. 3~5 were available on-beard in one way or another. During nermal
service air datu frem the Air Data Computer (ADC)along with other signals is sent to the Flight Data Acquisition
Unit (FDAU) which performa the signal processing for the Performance Maintenance Recorder (PMR), see Fig. 7.
In arder to overcome lagal preblems in the fisld of collecting personal data and to consider flight safety aspects,
a second FDAU and PMR were inctalied in paraliel to the primary set used by the LUFTHANSA for their
maintenance purposes. Hence, an output sequence of 24 parameters with a sampling rute up te 4 Hz could be
recorded independently of airline requirements,

One problem was t2 make the INS-data ilakle for acquisition. On-board no INS-data was procussed by FDAU
for recerding. Thus a special airwerthy INS-interface had to be bullt and installed which con.erted and reduced
the 32 bit serial INS-data bus (ARINC 561) inte parallel 12 bit format fer the digital input channels of the FDAU.
This interface box alse was used ta house & timer switching the PMR on and off and specifis take-off, landing and
go-around conditions.

The recorded raw-dats have been converted by LUFTHANSA from PCM structure into readable data at the
University computer. Here an off-line data processing was performed according to equ. 3-5. But it turnad out
that an extensive post processing of the raw-data had to be performed, like filtering, wildpoint check and error
modelling, to get acceptable accuracy of the resulis. The problem of influence of sensor errors on the accuracy
of wind determination will be painted or! lster on.

3.2 The measurk ; equipment of the D2 28/De 128 reseersh sircraft

It is easy to realize that a high accuracy of on-board wind determination requires a specificly equipped aircraft.
in this case the sensor equipment and its location can be ch with regard to the specific requirements. and
calibration may be performed when ever it is required.

In 1980 the TU Braunschweig acquired the DO 28 aircraft from the BODENSEEWERK Geritetechnik {BGT) where
it was formerly used as a company research aircraft. Since then a CAROUSEL IV Inertial Navigation System,
powerful computer hardware and several sensors have been installed. This war a prerequisite for the realization
of the on-line wind measuring systems.

The DO 28 computer system consiste of twe digital cemputers (Fig. 8). In thy main computer, &« NORDEN 11/34
(military version of the PDP 11/34), the wind vacter is calcuiated in real time at a sampling rate of 23 Hz. For
handling input and output of analog, digital and aynchre signale a MUDAS processer designed by DORNIER System
is used. This processor also transfers these signals te the main computer. Meteerolegical data can be viewed
during flight en a CRY terminal of the main computer en an aiphanumaric ceckpit display. For sxample the average
of the wind vector and corraspending aircraft data like pesition, altituds, neading and flight time can be displayed
and may aise be selected as cutput on the printer. Data sterage is performad by a PCM recerding system, which
can sample 32 ehannels at 92 Hz on ene tape rezerder. As ansther quick leak festure the flight path and thas
horizontal wind vecter are plotted in real time on an XY-recorder. Fig. 9 shews an example with a ten second
average of the wind vecter.

The loc'aoﬂon of the computer and the PCM hardware as well as the lecatien of the sssential sensers ia Hiustrated
in Fig. 10.

Mest parameters, which are required for the wind vecter determination can be od directly pt true
sirspeed and the vertical speed of the aircraft. On-board the DO 28 the verticl speed is synthetically derived by
means of complamentary filter using the high frequency infermation of the vertical acceleration signal and low
frequency information of the baremetric altimeter. This fliter obtains a 1-g-accuracy fer the vertical spaed of the
aircraft of abeut 0.05 m/s [3]. The true airspeed is derived in the ordinary way from dynamic pressure, static
pressure and tetal temperature.

it is planed 3 medium=-term replacement of tha DO 28 by the DO 128 research aircraft which has been acquired
by the TU Braunschweig in 1985. The DO 128 has ¢n sir fraim similar te the DO 28. But instead of twe pistan
engines it is squipped with turbeprep engines, which give impr ts in flight perfermance and neise
abatement.

The airdata sensors are located at the tip of a new designed carben fibre compesite none boom about 3 m in
frent of the aircraft nose. Available ars the DORNIER flight leg or a five-hele praba whic™ :an be cempleted by
fizxed wind vanes for messurement of the higher frequency turbulent fiuctuatisns (Fig. 11). Yhe eigenfrequency of
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the nese beem including the senscr-mass is about 15 Hz. The cutting-eff frequency of the fixed wind .anes is
reughly 100 Hz. Hance, the lowest turbulence wave length which can be measured by this system has a valus of 2
metres.

The inertial dats are measured by a strap down inertial navigatisn system, a rloneyweil LASER-NAV. The concept
for the data acquisitien and precessing systam, which is implemented at present, is illustrated in Fig. 12. The ides
in te realize an integrated navigation svatem. Fer the calculation of high accuracy peaitien data a combination of
INS-data and data frem a Glsbal Pesition Systam (working in a differential mede) s prejected. Investigation
shuws that this complementary system alse preducea a flight path velocity calculation of very high accuracy,
which reduces the error in wind determination. The wind determination including the cemplete ceordinate
transtermation is perfermed in the main computer, probable a ruggedizvd Micro-Vaz. Fer data recording a
streamer tape recorder is used.

3.3 The AERODATA METEOPOL

The AERODATA FlugmeBtechnik GmbH has develepped ar aircraft and helicopter pod fer application in alr
peollution and meteoroalogical research. It incorporates ar en-board measuring system for wind turbulence and
other meteaoraiegical parameters. This system integratesz the whele \enser equipment (Fig. 13) like 5-hele probe,
temperature-, pressure~ and humidity-prebes, INERTIAL NAVIGATICN SYSTEM, radar altimetsr, as well as the
real time data precessing system in a siender bedy, which may be attached at a pylen under an aircraft wing or at
& wire beneath a helicepter. Like the aircraft integrated system of the DO 287128 the METEOPOD performs real
time processing of the wind vecter inclusively campensatisn ef the aircraft metion and cemplete processing of
navigation and aircraft data. The specific ad antages of METEOPOD are turbulence measurement with a sampling
ra.e of 100 Hz, extremealy small distances between the different s and hangeability between aircraft
and helicepter. There are no measuring results available up te new, hecause the in-flight test program with the
DO 128 ressarch aircraft starts in ectebre 1987,

4. The offect of arrers in measuroment on the sesuracy of the wind dotermination

An important factor in estimating errers in measurement and in cerrecting aircraft wind determination are
in-flight calibrationc Completed by speciiic errer modeis for the 3-dimensional wind determination a
far-reaching slimination of sensor errors can be obtained. The errer effects ave demonstrated by a linear error
model, using the north component of the wind vector. The calculated value u g consists of the true component u
and ite error Au:

“w..c- uw.' Auw. (10}

For the total error Auywg the following linear model is used:

Su
—a
Auw.- Z 3, At (§1)]
i

The total error of the wind component is the sum of all partisl derivatives multiplied with the corresponding
senser error At , . The example in Fig. 14 illustrates the errors of the hori | wind cop ts d by
errors in true airspeed and angular pacameters. These are a function of the SINE and the COSINE of the true
heading while of course the error of the vertical wind component does not depend on true heading (3). As a
second general statement can be made that the wind cemponent errers, which are caused by angular parameters,
are directly prepertional te the true airspeed of the a.  aft. This also means an increase in error magnitude of
wind speed and direction with increasing true airspeed. Fig. 12 demonstrates thia relatien for the vertical wind
compsnant. It can be seen from this figure, that in the case of level flight (y , @ = 0) only errors in the angles of
attack and pitch and an arror in the vertical speed of the aircraft contribute to the total error in the vertical wind
compenent.

Because of the error behaviour of the horizontal wind components showr in Fig. 14, a reconstruction of sensor
errors or at a cembination of errors can be carried out by flying specific flight pattern. Fig. 16 illustrates
the caiculation of the horizental wind compunents respectively the magnitude ané wind direction in a standard
turn (4], Curve | shows the typical error behaviour. In curve 2 the errar sffects are sliminated using the above
mantioned linear error Mmadel. Furthermore this figure demonstrates, that the static wrrors tialty
effect the mean wind sccuracy. Whereas the accuracy of the measured turbulent fluctustions are influencerd by
the senger dynamic.

8. of reevits and derived wind medels

A lot of wind and turbulence measurement have baen carried out by means of the AIRBUS A300 and the DO 28
ressarch aircraft in the field of wind shear investigations, aircraft respense on wind and turbulence as well as in
the area of metecrelegical sxperiments. Flight taste for the in-flight of pellutien transpert in the
atmospher e also have been carried out in the middie of this year. In this case the simultaneous measurement of
the wind vecter is an important factor fer the interpretation of the data. Samples sf results of the different
raseargh astivities will be demenstrated in this chapter.

In Fig. 17 results of the AIRBUS experiment are presented showing wind and temperature profiles in connection
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with temporature inversions. On the one hand these ezamples indicats a significant influsnce of inversien on wind

and diroation. On the sther hand the tomparature pratile is sffetting the intensity of turbulonce. There is a
mueh lower turbulonce intonsity sbeve the inversion layor compared with the regien bencath the inversien.
Obvieusly & sample rate of 4 Mz i sufficient te identify theee sffects.

The next twe cxarspies fosture resesrch astivities in the ares of low-lovel-jot phonamena which have been
performad in soaperation with the institute for Metesrsiogy and Climatelegy of the University of Hannover. Fig. 18
om m of wind », , dirostion rnd tomperature of a lew-level- rt maassured by mean of the

This wind hat boon found in the nerthern part of derwany apprezimately in 10X
of a¥ nighte (8. Typical foatures are:

= 8 jot ke wind prefile in sonnection with intensive ground based temperature inversion
= 'y turbuionse intensiy
= horizonta: homogonity of the wind field

Additional measuring :la\o in the diagrom eriginate irem mast mossurement which have beon performed 70 te
100 km distant from the airpert Bromen. This underiines the herizontal hemegenity of this phom”l;on

Fig. 19 compares moasuroments of the DO 28 ressareh aireraft, a motesrsiegical mest and data of a
low=-level=jot engineering model dovelopped at the institute for Guidante and Contrel (8], The sxample shows a

geod agresnent of the differeat measurements and the medel. Tha enginnering medel has been used for the
mrollmnl.o of numerous maasured low-lovel-jets for haza: d investigations. In a similar way modeling of other
hazardeus wind ph like dewnburst and warm- and celd-frenta has been perfermed (8.

In general a turbulent wind prefile can be separated in a large scale mean wind or trend and a short scale
turbulent pertien (Fig. 20 ). The simulatien of lho eomplno \vlnd flew fisld may be aynthesized of these two
pertions. Fig. 21 lHustrates tie analyses of the turbul § and the fitting by the Dryden respectively
the v. {armén turbulence medel. Subject of this rnureh is the svalustisn of relatiens betwaen the model
parameters and meteereisgical conditions.
The last exampile relates te DO 28 measurements of the wisd situation influenced by a mevatain ridge near to
Stuttgart airpert. Investigations by means of very simple wind medel concepts have demonstrated that flight
safety may be effectad during taki-of! and ge-areund by les-effests of the Al in ene-engine-out operation [71.
The measured wind dats indicate a much higher hazard level and ferse te correct the medel concepts. Fig. 22
illustrates the results cf a take-off simulation with an engine failure at v , , using measured wind data. The
aircraft canr ot clear the sbstacies en the hill as required under this cenditions.

o Semmery

This paper presents the principles of in-flight wind and turbul dotermination and the hardware realization of
on-beard measuricg and data processing systems. The resuits of several measuring projects including tower
fly-by and comparison with ether refersne data s ow a relative high accuracy i, on-board wind computatien. The
horizental wind speed Iis calculated with a pr.cisien between 0.5 m/s and 0.7 m/s (10-value). For the vertical

wind P t a precision of 0.3 m/s can be stated.But high mnwrln. accuracy presumes extensive in-{light
eallbrnlon an well as the use of specific error medels fer the P of errors. Further increase |
may be ebtained by medification of the uring equipment, especiallly by future installation of GPS as

ln additienr| senser 'ynom tn compensate the bad leng term accuracy of the INS-system. First fight tests 'with
different GPS receivers have basn performed just nevw and a research preject in this field will be started in 1988.
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Fig.1: Measuring atrcraft AIRBUS A 300

Fig.4: The AERODATA METEQPOD
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MATCHING P.S.D. - DESIGN LOADS

by
R. Noback
Natiousl Asrospace Laboratory NLR
P,O. Box 153, 8300 AD Rmmeloord,
The Netherlanda

SUMMARY

A method to match loads obtained with the Design Envelope criterion of the P.S.D.-method is presented.
Consistent sets of design load conditions can be generatsd using the correlation coefficients between the
loads,

Two of these sets are proposed for practical use.

1. INTRODUCTION

The Power-Spectral-Density (P.S.D.)-method for the calculation of airplsve loads is based on the
umption that at pharic turbulence is a random quasi- stationary Gaussian process, acting as input to a
linear system, the airplane, The output, i.e. loads, accelerations, stresses, etc. algo are quasi-
stationary Gaussian proces
The calculation of deaign loads Y44 with the P.S.D.-method can be based or two criteria as described

in references 1 and 2.
The first one is the Design Envelope criterion. The ratio of the standard deviations of the load and

turbulence is multiplied with a deaign value Uo to obtain the design load y 14°

- 9y
V4" A% "5 Y% m
w
It should be noted that here and in the following the design load or stress is the load or stress due
to turbulence. For the real design value the 1g-load has to be added.
The second criterion is the Mission Analysis criterion., The number of exceedances of load level vy
in a certain flight-segment (k) is calculated with

Yy —y Yo
N(y,)y = t, N P, lexp - _1‘_.1&) + P exp(— .%_Bi_k 2)
1'% k 01k )} 1k i.b 2k i b
1k "1k ik 2k

is the ratio uildw and "Oik is the number of zero crossings of load ¥y pertaining to segment k.

Pll:' P2k' blk and b2k are constants describing the atmospheric turbulence in segment k.

A

ygik is the lg-load of load Yy in segment k.

The total number of exceedances of load level y, is obtained by summing Eq. (2) over all flight
segments. The design load is defined as the load for vhi’éh the number of excesdances ir equal to the deaign
valus N B
Thi"’.s.b.ﬂcthod produces the design loads, however not the mutual relation or phasing. If the
positive and negative values of these design loads are used to calculate a stress, depending on wore than
ons load, the design stress usually will be overestimated. Besides that the design loads will not be in
equilibrium.

Hence a method 1is needed to combine or wmatch loads such that stresses as calculated with such a
combination of loads or design load condition will give a good estimate of the correct values of the
stresses,

In the discrete gust cass design load conditions ususlly will be defined au the loads, occurring at
the same time, usually at the time that one of the loads is st its maximum or uwinimum value. Estimates
for the stress in a part of the structure can then be calculated for each one of the design load
conditions.

The maximm positive or negative value of the stresses thus obtained will be the deaign stress. I:
will be clear that this calculated value of the strass will be lower than or just equal to the maximun
valua of the stress. The stress generally will have its maximum positive or negative value not exactly at
the tims that one of the loads reaches ito design value (see Fig. 1).

A method to generate deaign load conditions or to match design loads, obtained with the Design
Envelope criterion of the P.S,D.-method will be described in this paper. Only the case with two loads
vill be trested. The derivation for the general case with N loade is given in reference 3, only the “esults
will be given here.

2. CORRELATICN AND EQUAL PROBABILITY

In the P.5.D.-method it is d that atmospheric turbulence is a quasi-atationary n%dw process,
with Gaussian probability~density function (p.d.f.) and with normalized power spectrum ¢ and standard
deviation 0_. This random process acts ss input to & linear system, the aircraft. The outputs, loads and
streases, h’vo the sams properties as the input.

The power spectrum of the output y " is

0,5 = ol (o) ]2 @

&
'
i
i
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The ratio of the standard deviations of ocutput vy and input v i3
[ - )
2
i - %. [oj b, o:(u)au] ()

B, (&) is the transfer function of ocutput y,
According to the requirements (Refs., 1 and 2) the design load has to be calculated with
u

[
Vg = Ry U= 7y 5 (!
v
Uo is 2 design value and is preacribed in the requirements.

The p.d.f. of tha load vy is

2

14
f_l "W?'—ii; (6)
2 ai 201

and it followa that the prohability that load y is lerger then the design load is

P yy) =

-
Py, > v = p sy,
Y14

=} ;1 - u‘f(j;/u')g (€)]

The ocutputs Yy and inpui w are correlated. The correlation coefficient between outpuis ¥y and yj in (see
Ref, 3)

R, (0)
b, P A
3§99,
1
1% o0

) I {Hi"(jw)ll;"(ju) + H:'(ju)}ljv(jm)}Q'(u)du (8)

The joint p.d.f. of two loads 1 and Yy vith correlation coefficlent Pia is

2 2
Nn_Funn N
02 % % 02
P1p(yyoyy) = — L st exp)- L 3 2 %)
2%a, 0,71 - 92 2(1 - p1,)
172 12
Any combination of loads v and Y such that
2 z
Yy W3, 9 ¥ 2
Boenn.ndag
[ 172 4 g
1 2 v
has the same probabilicy density, namely
2
U
Py = e %- - an
2101 7, 1~ P12 v

It should be noted thet Eq. (10) reprasent an ellipse.

3. DESIGN STRESS AS FUNCTION OF TWO LOADS
It will now be assumed that stress q is s linear function of loads v and Yye
9= a8, 5 +ta,y, (12)

The coefficients . and <y depend on the dimensions of the atructure.
The design value for the stress q can be calculated with

9 = & U, (13)

in which A q can be axpressed as

o - ¥
-8, D (a2e?
Bom o3 [0 Hnf o] e

- ]
- [oI Py zo:(u)du] (14)
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From Eq. (12) follows
ﬂq'(_‘lu) =a, B (o) +ay) Hy () (15)
This gives with Egs. (8) snd (14)
2

2 @ = 2 * "
K== o1 Py G ) + e e B G, Gu) +

a

2
w
3 2 * D
+a; &, B, (Ju)By (Ju) + a; Hy (Ju)H,, (Ju)}e,(w)de
- el o)+ 28y 1y 0y 0y 0y + 43 oMoy (16)

It should be noted that stress q is a linear function of the Gaussian processes Yy This implies that
q also is a Guussien process with p.d.f.

2
1 i

p(q) = axp {- Qan
g £33 % ) 2 a:

The probability that q is larger than Y- Kq Uu is equal to the probability that load y is larzer th:

Yia = Aq Ua (Eq. 7)

U o
P(q > qd) -} 31 - erf (—q-—')g (18)

%)

The processes y,(t), yz(t) and q(t) ~ ay (t) + a yz(c) are outputs of s system having as input the
Gsussian ptoc!l% w(t)."It will be clear th‘.r. if q io €qual to its design value LF that then Y and ¥y
can have all values that sstisfy

+ a

a . (19)

171 T2 Y27 Yy
It can be shown (see Ref. 3) that the p.d.f. of Yy under the condition that q = 9 is a Gauasian p.d.f.
with mean

q U

L a

d
Y1 " P1q ¢ = Plq Pla ¥
1 19 “1 oq 1q 1 oy 1q 7id

(20)

and stundard deviation

S;70 1~ ofq (21)

The design loa¢ condition, having the highest probability under the condition that q is equal to LI is

- P1q Yia and Yg = qu Y3 (22)

The correlation coefticients plq and pzq ave (Ref. 3)

Jtatent o Lt atn g (23)
P1q ) P2q o

1 q
The design load condition a3 given iu Eq. (22) defines the "optimal"design load condition for stress q
with coefficients a, and ay.

Tne locus of the loads ;'1 and ;2 will now be determined. The loads v and ¥, will be expressed in
the non-dimensional fora

1 Y
x = ;;: xy, = ;Td 24
The uon-dim.nsional desizn loads are

2 ello, Jl1Tfi2™

1 ¥4 1q °q

- ; [] n, + 0

Bymlap, md2202 ) _,
2d q 3

L

in which D, ~a, 0,
sand (see Eq. 16)

2 2 2
qq-nl+2"lz oy n2+nz (26)
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Eq. (19) bacomes with loads y, and ¥,

q

- d - x x
uq m: LI + n, X, (27)
Solving Eq. (25) for n, and n

_and inserting the result in Eq. (27) gives the relation between ;1 and ;2'
The locus of the potnt* (xl.

zxz) is the ellipse
2 2 2
‘1*2912'1 X +x;=1-0p], (28)

This equation represents the same ellipse as Eq. (10).
An example is given in figure 2. - -
Eq. (27) represents the tangent to the ellipse in point (xl, Xy7e This poin> represents the optimal
design load condition (Eq. 22).
The distance from the centre of the ellipse to this tangent is

g
D (ny, b, = —a_ (29)

/nfﬁ- ni
The coafficients a, and a,, and thus n, and n, are not known in the design stage. Besides that for various
parts of the utruc*utc difﬁnnt vnl\ng of a,"and a, are valid.
All points on the ellipse have the same problbility as the optimal design load condition. Suppose that

another design load condition is chosen for the calculation of stress q, for example with parameters kl and

k2 instead of 0, and L (see Fig. 2).

A Bt e L TV T S
1 9 1 % 1 9,
Pk, + k P,k +k U
~ 12 "1 2 ~ 12 "1 2 4
X, ® —— = ory, = -~ —% g, — (30)
2 9 2 % 2 9,
with
2 2 2
uk-k1+2912 kl k2+k2 (31)

The stress that will be obtained with these values of the design load condition is

"NV teY,

J Pt egp k) H iy, kit k) Ug

k %

(32)

The line through the pe’-t- {:

., x ) a8 defined with the parameter valuss kl and kz, and parallel to
the tangent aa given un Eq. (2'}) 13

(aee Fig, 2)

D T Tl P (33)

The distance from the centre of the ellipsa to this line is
4

D (k, k) = -—‘1‘—2 (38)

nl+n2

It can be shown for N > 3 (Ref. 3) and it 1is easily visible in figure 2, that the estimate oqg is alvays

smaller than or equal to 0_, or < Q..

From the foregoing cah be :El?cfudgd that combinatiors of loads y, and y, can be defined that have an
aqual probability density. The locus of these design load conditions }l an eflipu, that has as a tangent
the line representing the relation between the design stress q 4 and the loads 12 and ¥, Each combination
of paramsters k. aund k, defines & point on the ellipse and each point on the ellipae defines an estimate
1, < 9 One poi.lnt on tiu ellipse (the point of contact with the tangent) gives the exact value of Q4

The locus in the casa of N loads in an N-dimensional second order surface, for N = 3 an ellipsoid.

4, DESIGN LOAD CONDITIONS

As shown in the previous parsgraph any point on the ellipse can be chosen to represent an equal
probability design load condition. Ar in the case of the discrete gust dasign load conditions, care must be
taken to choose meaningful conditions (for example in the discrete gust case, those conditions for which
one of the loads attains its moximum or wminimum valus).

vo sets of d~sign load conditions will be proposed for practical use. The first one, the correslated
design load condit.on is comparable to the discrete gust case, where maximum loads are combined with the
loads occurring at the same time. The design load conditions in the discrete gust case will produce
relatively lov estimates of the design stress if the phase differances between the loads are large., The
same will be true for the correlated design load conditions if the correlation cosfficients are small.
Therefore a second set of design load conditions, the "eigen-vector" loads is proposed.

e e AR
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1. Correlated deasign load conditions

Rach design load condition consists of one design load plus the correlated values of 72 other loads. This
is soalogous to the discrete gust case, where each design load condition is composed of one design load
plus the values of the other loads at the same time that the first losd reaches its maximum value (see
Pig. 1).

The two design load conditions can be ganerated with:

coundition 1 condition 2
kl 1 ]
kz (] 1 (35)

The result is

TRt ¥21 = P12 Y1
12 = P12 Y Y22 " Y2 (36)
The correlated designm load conditions for N loads are
condition 1 2 3 esveceeN
Yia P12%1a P13 Yig vt
P12 Y24 Ypq Pz Yaq ceevecree
¥- Pig Y3q P2y Y3q Yaq sveveeeee an

Plg Yaq =rorrrrene seerreressansanens

P18 YN p2HyNd""""""""Yud

2. Eigen-vector design load conditions
The second set of design load conditions will be defined as the loads that are represented by the end
points of the main axes of the ellipse.

These points can be dutermined using eigen-values and eigen-vectors of the matrix R with the
correlation cosfficients. This vill be shown for the 2-dimensional case.

The eigen-vector K, is defined with the set of equations

i
Ky +8yy Kyt eoes = Ak, (38a)
Pzt Kyt oues =k, (38b)
The values of x define the direction of the main axes.
A is a scale factor,
This sat of equations has a solution only if the determinant is equal to zero.
1-2 Pig eevee
CI 1=k voeee | =0 (39)

This is an Nth order equation in A, giving N roots or eigen-values Ai. For N = 2 follows
Ay =lte, Ael-p, (40)
Inserting these solutions in Eq. (38) gives

for A, ¢ «x x
1 11 12 %1)
for 2 ¢ k) = 7Ky,

The normalised eigen-vectors will now be used to define the design load

K

11 1 %21 1
LT TR
/ 2 2 2 2 7 3
ut 12 K21+ K22
(42)
%12 1 %59 .
klz - - k22 - —ff e . 1 ,
2 2 7,7 2
ut 12 ko * K2,
The design load conditiona bacome (see Eq. 30)
I LS TR R R
e %1 T1a Y21 2 Y14
12 1) (43)
TR A o P1p kg Ry
Yi2 9 Va4 ¥a2 o Y2a
e e o L

——
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It cen be proven that °:1 - Ai (Ref, 3).
for the 2 dimansional case:

2 _ .2 r .
Oy " K Ao Ry Ryt = Ldo, (=)

: 2 2 (48)
Oka " K1t 2Py Ky Ky t Ky = 1 -0y, (5 1)

From equations (38a and b) follows

kyp topp Kt Ak ka1 *Pyg Ky T Ap Ky
. . (45)
P2kt R ta Ky, Pz Kt kT Ay ky,
These results inserted in Eq. (43) gives
Y= Ak vy Y21 = A7 %y N1a
R - (46)
Y12 = A ¥y Yoa Yoz = Ay Ky Vg
or
P AT P ALY
m 7 Yl Ya F] Yia
(47)
VALY AT
Y12 7 Y4 Y22 ) Y24
The eigen-vector design load conditions for N losds are with k as the normalised eigen-vector:
condition 1 2 N |
1]
LRy Tig ARy Yig eeeeeee My oy Yy
A K1 Yoq A ¥pp Yag eereeees Ay g Vog
¥~ 2 k13 ¥3q /i, K93 Yag seeeertr YAg Kyg Yag (48)
7 .
AL Ky Ing /AZ Kon YNg tecceete v’AN “xx Y¥d

The design load conditionr are presented in figure 3. The point opposite to the ones defined above produce
the same design load conditions, hovever with opposite sign.

The design load conditions as defined have special properties. When the design is fiuished and the
dimensions have beun defined it is then possible to calculate the correct value of the stress q = q,. Of
course the correct value can be calculated also with Eq. (16), uaing the g, and p values. Mll&ing,

hovever, that only the design load conditions are available to the siress officé, the Hoign—-trcuu can be
calculated with the followirg rules.

a. Using the estimates q . of the stress as calculated with the correlated design load conditions.
The square of the duigngsttou q, is equal to the sum of the products of the i-th estimate and the
streas dus to the i-th d.uign-lodd.

Ty Yy (49
The escimates LY in the 2-dimetaicnal case are
91 "M T1a t PV

(50)
a2 "8 P12 Yig ¥ 2 Vo4

Inserting this in Eq. (49) and using Eqe. (S5), (13) and (16) proves the rule for the 2-dimensional case.
b. Using the estimates of tha stress as calculated vith the sigen-vector do'lign load conditions

The square of the stress 9y is equal to the sum of the squares of the estimates

G-l e
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i The astimates q , in the 2-dimensionsl case are E
/I*m q/“"’12
" Q1" YT Yt VT T
{ (32) i
{ . L TR At ;
Wt "~ V7T 9% " 7 Y :

Ivaerting this in Eq. (51) and using Eqs. (5), (13) and (16) proves the rule for the 2-dimensional case.

Proufs for these rules for the N-dimensional case are given in reference 3.

f It also is posaible to define design load conditiung that provide a lower and an upper limit for
stress 9y Thess conditions ars described in Appendiu A,

! 5. DISCUSSION AND CONCLUSIONS

; It has been shown that it is possible to generate squsl probability design load conditions using
! P.S.D.~design loada obtained with the Design Envelope criterion, and the correlation cosfficients betwesn
these loads. The cerrelation cosfficients can be calculated easily together with tha A-values.

The matrix of correlation coefficients can be used to define an N-dimensionsl surface. For the 2~
dimensionsl case this surface reduces to st ellipse. Bach point on the surface defines an equal probability
design load condition., It can be shown (Ref. 3) that such a condition is in equilibrium.

Bach design load conditicn can be used to calculate an estimate for the stresa in a point of the
structure. Each estimate is lower than the correct value. Only one point oo the N-dimensional surface
represents & dewign load condition, that will give the corrsct value of the strasa.

Two sets of N deaign load conditions are proposed for practical use. They have been chosen such that
it can be expected that at least one of the estimates will deviate not too wuch from the correct valus.
This however can not bo guaranteed. Fortunately the chosen sets of design load conditions both have the
property that the corrsct value of the stress can be calculated, using the estimetes. This knowledge
can then be used to redefine the dimensions. Note that witl. the discrete gust method such a check 1is
not poseible.

The method slso can be used to generate design load conditions for the complete structurs, for example
the wing. A problem arises if stresses have to be calculated for a section of the structure for which
the deaign valuss of the loads and the correlation coefficients have not been calculated. It then seems
& logical approach to intarpolate within a design load condition. This however leads to inconsistent
values of both loads and streases in that section,

The same problem arises in a discrete gust analysis if the design load conditions are defined as the
loads occurring at the same time. This problem is discuased in wore detail in referemce 3. A possible
solution is to interpolat between the corresponding design loade and correlation coefficients of the
adjoining sections.

A number of hints, that may be useful in the application of the wmethod is given in referance 4.

The mathods for the determination of squal probability design load conditions can not be used if the loads
are obtained with the Mission Analysis. Tha correlation cvelficients in that case are not defined. However
it is possible to approximate the equsl probability design load conditions. The correlated design load
conditions in that case consist of the median value of the loads under the condition that one of the loads
exceeds its design value. The derivation and also the aspplication is rather involved. A description ia
given in reference 3.

The support of tLhe Netherlands Agency for Aerospace Programs (NIVR) for this investigation is
gratefully acknowledged.
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APPENDIX A Upper and lower limit design load conditione

One possidle set of design load conditions that will produce comservative estimates of the stress,
consista of the cowbinations of positive and negative values of the design loads. The estimate of the
stress calculated with these design load conditions (d.l.c.) will be (much) higher than the correct value
o1 the atrese 9y

In the following will be shown that it is possible to define d.l.c. that produce at lesst one value
for the stress larger than k. but generslly much lower than those obtsined with the design loads. The
mazisus possible error cen established. Using this result, d.l.c. will be defined that give a lower
limic for stress q,.

The pruposed %onurvuuvu d.l.c. are based on the eigen-vector d.l.c. In the casa of N loads also N
eigen-vactor d.1l.c, are defined. The conservative d.l.c. in thia case consist of N seta, each consisting of
2 to the powsr N-1 d.l.c.

The m~th set is equal to the w-th eigen-vector d.l.c. plus or minue a fraction c of each uf the
other eigen-vector d.l.c. The A-th d.l.c. of this set can be presented in vector notation with y,  as the
J=th eigen-vuctor d.l.c., as d

‘-l - - “ -
9,vcl 2ty + 3y + I ty. (A1)
® g - jomtl )
Tha &=th d.l.c. is defined with ons of the posaible 2"'l combinations of plus and minus signs.

The atreas due to an eigen-vector d.l.c. 1a

N - T -
9y " !:l R ITRLIR | (A2)
and it followe thet the stress due to the d.l.c. of Eq. (Al) is
[ ) 3]
q.-‘ -c jil H ch + Qe + cj-iﬂx Ugj (A3)

The maximun estimate for the stress, as produced by the m-th set is equal to

-l

N
Yo lagyh + Tagl + C I lal (0]

One of the estimates § - wil! be the largest one, Without loas of generality it can be assumed
that it 1s the ..:1-:3 of the first set, hence

q,, ¥4, ma=2, N (A5)

It follows that
lagyl + ¢ F gyl # e ol +e T Lyl
§&,~lq +c I Iq +clq +c¢ I |q :
el el Ju2 (3] (1) J=mtl ‘cj
-l N
clag,l +e jfz fogl + la | + cj_:ﬂh.jl -,

or

laggl 2 la | 1fc<n *6)

It will now be shown that the estimate § 1 is a conservative estimate for certain values of c.
The square of &.l is .

N N 2
2 2 2
a5, = ag, + 2 oyl L lagyl + < (jleq.jl)

N 2 N 2 N I ' | N 2
- jfl 9 - Jl-:z 9y * 2cjl-:2 (q.l' - q.j) . Iq.jl + 2 sz L)
N N N
2 2 2
I T
+ ¢ 2 g4 +c g2 |q.J| 152 lq“l with 1 ¢ § (A7)

The sum of the aquares of the estimates I“.ll of the eigsn-vector d.l.c. is equal to the square of
stress QY snd it follows that
2 2 f

3.1' qd +E (A8)
with
B-(Zc-1+cz) ;‘ 2,
j=2 S|

N | 2 N N
veon (q.,l - |q.Jl) s lagyl +e & laggl 2, 19l (A9)
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The relative arror is

L%h-Jlo-!’-l-'g/l‘tl-l (A10)
.

4
3  §
with F = Sy = —=g (Al1)
Y £ ‘.J

This value should be positive, but a4 11 »e eible. The last term of Eq. (A9) is positive. The
second term iu positive for ¢ > 0, becauss Q“I 3 r::‘l.
The firet term is sero or positive if :

c-1+c*20 orcavi- (A12)

This slgo turns out to be the lowest allowable valus of c. Assume that g, = O, except for ) = 1 and 2.
The cthird (positivse) terw of Eq. (A9) is eaqual to serc end this equatiocn be .

Eee-1eed ol v e (ol ol - ¢p
== (1- cz) ‘:1 + 2¢ 'Q“l inl (A13)
'l'ho/uu.o lq.zlllq.ll ranges from zero to one and it follows that E and thus F sre positive if c is equal
to 72 - 1.

The maximum valus for ¥ is obtained as followvs.
Assume that the derivatives "‘/Oq.j (J =2, N) are astablished. Then for syametry reasons the extreme

value 1f it erista, will occur at g = 3 ™ - Uyt

Inaserting this result in Eq. (A9) and (Al4) and teking the derivative l!/lq.z, taking into account
that ¢ = ¥2-1 1t is found that

o2 " %3 " 0t W T € 9 (A14)
Thia reault inserted in Eq. (A9) and (All) gives

Fe 8- c? (A13)
apd it follows that

osrs (1) c? (A16)

In the table the number of estimates and the maximum possible relative errors are given for some
values of N

number cf catimstas | weximum
correlsated + conspryative relative

N eigen-values N, 2 srror

V14P=1

2 4 4 0.0824
3 6 12 0.1589
4 8 kH 0.2307
5 10 80 0.2986
6 12 192 0.3630

The cobservative design load conditions as defined in Eq. (Al) with ¢ = ¥2-1 produce an upper lisit for
scress q,. It is now also possible to define a lower limit for stress y

From Iq. (A10) and (Al6) follows
s !. $q visr (A17)

{_ is the maximum estimate obtained vith the upper limit d.l.c..
B}, (Al7) can be writtev as

I TP T q (AL8)
/i O
and thus
. Q. P 53
Q " 384 {Al9)
AR
The lowar limit i. for 9, cam be obtained with the lower limit d.l.c. (see Eq. Al)
1
Fo0 $ (A20)
[ 13 137 ul

It can be shown that the points representing the lower limit d.l.c. are located on the N-dimensiopal second
otder surface representing tka locus of the equal probability d.l.c.. The upper and lower limit d.l.c. for
the cass N = 2 are shown in figure Al.

The correct valus for qq cen be expressed as a function of the estimates. It can ba shown that

—— - -
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The upper and lower limtc d.l.c. have the advantage that a range tor the correct value of stress 9y can
be established. The drawback is that a much larger number of estimates have to be calculated.
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A SUMMARY OF METHODS FOR ESTABLISHING AIRFRAME DESIGN
LOADS FROM CONTINUOUS GUST DESIGN CRITERIA

Richard N. Moon
Design Specialist Senior
Dynamic Loads
Lockheed Aeronautical Systems Company
PO. Box 551, Burbank, CA 91520 USA

SUMMARY

Continuous gust design criteria for airframe design are specified in FAR 25, JAR-25 and
various United States military specif{ications. Two forms of criterion, the design envelope
approach and the mission analysis, are usually rcferenced as “an acceptable mceans of compliance.”
However, these criteria do not provide methods of applying the statistical results to the design of
the structure. Dcvelopment of such mcthods is left to the imagination of thc airframe
manufacturer, subject to the approval of the certifying agency. Some of the methods that are
currently used by United States airframe manufacturers are summarized here. Continuous gust
design requirements from various certifying agencics are reviewed. A brief discussion is also
provided on the methods employed to include the cffcct of the L-1011 Tristar active-controls
wing load alleviation system on the loads duc to corrcctive roll control in turbulence.

INTRODUCTION
This paper is composcd of three rclated scctiors.

First, a brief review is provided of continuous turbulence requirements specified by various
certifying agencies. It is the purpose of this review to provide background matsrial for the
reader. Design gust load continuous turbulence psd requirements are quite consistent in their
essential aspects among all certifying agencies. Discussion of some of the underlying concepts
that contributed to current design gust criteria is includea. Much of the discussion reflects thc
work of Frederic M. Hoblit as presented in a pre-publication version of Reference 1. Mr. Hoblit
was the Lockheed-California Company lead engineer on the FAA contract during 1964 - 1966

that resulted in report FAA-ADS-53, which provides the basis for current continuous turbulence
gust loads requirements.

The second part of this paper deals with the problem of applying continuous turbulence design
criteria to the design and sizing of structure. In short, what do you do with psd statistical
parameters after you have them? There has been very little written with respect to practical
application. A summary of some of the methods used by United States airframe manufacturers
is presented. These methods are dependent on the nature of the airplane to be analyzed
(similarity to prior designs and anticipated operation), the criticality of the structure to gust
loading, and the complexity of the structure. Different methods arc often applied by the same
manufacturer in the analysis of different airplane configurations, or for that matter, for different
components of the same airplane. Because a mixture of procedures is likel:  be used by all

companies, these methods are not associated with a single company, but are presented as a
composite,
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As the use of active controls becomes more prominent in meodern aircraft design, the adequacy
of the continuous gust dcsign criteria and the associated methods of assuring adequatc strength
become of concern. The last section of this paper -provides a summary of the studies that were
performed to include the cffects of the Lockheed L-1011 Tristar active control system on the
determination of gust loads. The active control system developed for the L-1011 Tristar included
a wing load alleviation system. Although wing loads duc to gust were significantly roduced,
loads due to corrsctive roll control in turbulence were unaffected and, as a result, became
significant.  Considerable modification of the standard psd design gust procedures was required to
account for thic effect.

REVIEW OF CRITERIA

The FAA incorporated explicit continuous turbulence power-spectral gust loads criteria into
Appendix G of FAR 25, Reference 2, in Scptember of 1980.  These criteria were the result of
nearly 20 ycars of study involving close coordination between the FAA and the manufacturers.

The first attempt to develop a comprehensive set of powcer-spectral gust loads criteria that had
general applications was the study conducted by Lockheed-California Company in 1964 - 1966,
under contract to the FAA. This study produced two reports; FAA-ADS-53, “Development of a
Power-Spectral Gust Design Procedure for Civil Aircraft,” Reference 3, and the companion report
from Boeing, FAA-ADS-54, Reference 4. The criteria formulated in FAA-ADS-53 werc
jinmediately recognized by the FAA as an ‘‘acccptable means of compliance” with the
requirements of FAR 25.305(d). At that time the only rcquirement was that “The dynamic
response of the airplane to vertical and lateral continuous turbulence must be taken into account”

FAA-ADS-53 provided the basis for the current Appendix G to FAR 25, and for that matter,
it provided the basis for all current continuous turbulence criteria regarcdless of the certifying
agency. The primary difference between the criteria prescribed in FAA-ADS-53 and current
criteria ate in the specified design gust velocities and their variation with altitude.

European civil regulations as of January 1987 are specified in JAR-25, Reference 5. The
continuous gust psd design criteria given here are identical to those given in Appendix G of
FAR 25 with one major exception. JAR 25 makes no reference to reduced design gust velocities
for airplanes similar to those having extensive satisfactory service experience despite a lower gust
velocity capability, This will be discussed later.

The US. Air Force and Navy are in the process of updating (simplifying) some of the
military specifications. The Air Force Document, for example, is MIL-A-87221(USAF).

However, US. Air Force requirements for power-spectral determination of limit design gust
loads are still as given in MIL-A-008861A(USAF), Reference 6. This document was first issued
in 1971. The specified power-spectral gust criteria are essentially those of FAA-ADS-53 for a
mission analysis with design envelope floor. The scale of turbulence values, L, have been
reduced at altitudes below 2500 feet and the gust intensity parameter values, b's, have been
correspondingly adjusted. Provision is also made for evaluatiag mission analysis loads on an
ulimate as well as on a limit basis. The same basic criteria were published in SEG-TR-67-28 in
1967, Reference 7. The normalized power spectrum specified for the criteria is the Von Karman
representation.

Prior to 1986 the US. Navy requirements did not require power-spectral determination of limit
design gust loads. However, MIL-A-8861B(A3), Reference 8, issued February 1986 supersedes MIL-




e a1 Gt g w1y ot

ot 1 it

e i

-Zmes ot e,

T T

4-3

A-8861(ASG) and specifies essentially the same requircments for power-spectral determination of
limit design gust loads as MIL-A-008861A(USAF).

Gust fatigue and design load psd requirements for both services utilize the missi.n analysis
approach. Discussion in MIL-A-87221(USAF) does provide for the use of “envelope imit gust”
which is similar to the Design Envelope criterion provided in FAA-ADS-53.

Basic Forms of Criteiion

As specified in Appendix G of FAR 25, powcr-spectral gust loads criteria are presented in two
basic forms; the design envclope analysis and the mission (flight profile) analysis. Provision is
also made for a modification of the design cnvelope analysis (ic, reduced design gust velocitics)
that considers the scrvice experience of cxisting airplanes.

In the past, two shapes of gust velocity psd were commonly used, the Von Karman and the
Dryden. Currently, however, the Von Karman psd representation is specified by FAR 25, JAR-
25 and the US. military specifications for use in both the design envelope analysis and the
mission analysis.

The response of the airplane in vertical and lateral turbulence is characterized by the response
parameters A and No . A is defined as the ratio of root-mean-square, rms, incremental load to
root-mean-squarc gust velocity, expressed as:

1
_ o, | % n % (@ do |2
A gL B
v AN

No is defined as the characteristic frequency of rcsponse (the average number of times per

seccond that the response crosses the value zero with positive slope) and is expressed as:

1
s 0l %, @ de |?

Yy _ v
N0-21“7 -

) Eq. )
where, v % @) t0

0 = spatial frequency, radians/ft.
g, = cut-off frequency, an upper limit of integration used in calculations, chosen such that
the calculated integral adequately approximates the integral from zero to infinity.

1

ow(a) is the Von Karman power spectrum for vertical-lateral gust ped’s, plotted in Figure i.

o 2 1+ 203000
Q) = - Eq. (3

[1 + nasmo?]§

L = scale of turbulence

¢, = rms gust velocity

v

Design Envelope Criterion

The design envelope criterion is similar to past discrete gust criteria as well as to current
limit design maneuver loads criteria. Operational usage of the aircraft is ignored. Instead the

v
e
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Figure 1. Von Karmon Vertical —Lateral Gust PSD’s

aircraft response is evalvated for a specified design envelope of speed, altitude, gross weight, fuel
weight, and center of gravity, c.g, position. For the load (response) quantities, y, that are of
interest, A’'s are obtained by dynamic analysis. The limit design value of y is given as:

) - - -
Yd“ilﬂ = oy = (a—:‘- °w) ng = Aoylny = Ao, ng = AU, Eq. (4)

where,

o, = design rms gust velcsity

7y = design ratio of peak to rms values

A is from the dynamic analysis
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The quantity U, is the product of a design rms gust velocity o, and a dcsign ratio of peak
to rms values, ny Uc has thc. units of velocity and can be thought of as a continuous
turbulence design gust velocity. The breakdown between oy and ny is shown here to help in
visualizing the criterion; only the product U,J is specificd.

Ua can also be cxpressed as a design value of y/A; that is,

(%)dninn = Yo Eq. ()

Design values of Uo arc specified as a function of altitude, much like the Udc valucs of
discrete gust velocity. Uo . however, is a true gust vclocity and Ude is an equivalent gust
velocity. Values of Uo , at speed VC , are defined as 85 fps true gust velocity from an
altitude of O to 30000 ft with a linear rcduction to 30 fps at an altitude of 80,000 ft. The
variation of design Ua with altitude at VC is included in the comparison of design velocities
given in Figure 2. At speed Vg, Uo is taken as 1.32 times the VC values and at speed Vp,
0.5 times the VC values.

Reduced U o Requirement

Appendix G of FAR 25, Item (b)(3)(i), provides for reduced design values of v, -
Specifically, “Where the Administrator finds that a design is comparable to a similar design with
extensive satisfactory service experience, it will be acceptable to select Uo at VC less than 85
fps, but not less than 75 fps, with linear decrease from that value at 20,000 feet to 30 fps at
80,000 feet.” A plot of the variation of U, with altitude is included in Figure 2. To apply the
reduced U, values requires that

1) Transfer functions of the new design are similar to the prior designs.

2) gypical missions of the new airplane are substantially equivalent .o that of the similar
esign.

3) The similar design should demonstrate the adequacy of the Uo selected.

This modification to the design envelope criterion came about from an AIA proposal to the
FAA after extensive studies of mid-range to long-range transports, such as the L-1011, DC-9 and
DC-10, and the Boeing 727, 737, 747, 757, and 767, that showed Uo of 75 fps at VC was
adequate under FAR 25 Appendix G for this type of transport. The higher Uo values specified
by the basic design envelope criterion are more appropriate for the lower cruise altitude more-
severe types of operation. The more-severe types of operation are represented by short range or
commuter operations where cruise altitudes of 20,000 to 30,000 feet are typical. The mid-range
to long-range airplanes normally have cruise altitudes in the vicinity of 35000 feet.

The requirement of similar transfer functions to qualify for use of the modified design
velccities does not seemn to be particularly relevant. Operation of the airplane is a2 much more
significant consideration. It is logical to assume that the mid- to long-range transports could be
classified a single iype of airplane having satifactory service experience; new airplanes in this
catagory should then qualify for use of the reduced Uo design velocities.

It was noted ecarlier that JAR-25 makes no reference to modification of the U, design
velocities, nor does FAA-ADS-53, which is referenced by JAR-25. Depending on the methods
used by an individual manufacturer and the service history of their past airplanes this may or
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may not cause some kardship. If the design gust loads for a specific airplane are obtained using
the mission analysis criterion, later studies of derivative aircaft can easily he related to the
original! mission analysis in much the same manner as a design euveiap: analysis (i.e, by
comparison of predominant mission analysis flight conditions). In tais ‘nsiarce, lack of the
reduced U, design envelope criterion should not cause significant probler s  .itthods are Yeing
proposed for JAR-25 evaluation to define a reduction of PSDlgusi intersiy 1o less ihan 83
ft/sec.

Mission Analysis Criterion

As originally developed in FAA-ADS-53, the mission analysis approach was a “stand alone”
method. It was, however, suggested that the most appropriate criterion would be a combination
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of the design znvelope approach and the mission analysis approach. Combining these two
approaches now constitutes the Mission Analysis Critcrion specified in FAR 25, JAR-25 and the
various US. military specifications.

In addition to a mission profilc analysis the Mission Analysis Critcrion requircs that a design
envelope analysis be performed similar to the design envelope criterion, but with reduced Uo
values to provide a design envelope floor. The Uo values at VC are specified as 60 fps from
0 to 23000 feet with a lincar reduction to 25 fps between 30,000 feet and 80,000 feet. The
VB and VD valucs arc still 1.32 and 0.5 timcs the VC valucs, respectively. The variation of
Uo with altitude for use with the mission analysis is also shown in Figure 2.

The mission analysis approach is based or “Rice’s Equation™. first published in Reference 9.

Rice's equation is:

_1(1)2
N - Nge 2V Eq. (6)

This equation yields N(y), the number of crossings of a given y, per unit time, with positive
slope. No is the number of zero crossings per unit time with positive slope.

Application of Rice’s equation to determine frequency of exceedance as a function of load
level requires that the equation be modified to accommodate one or more mission profiles. The
mission profiles represent the expected utilization of the airplane. Each profile is divided into a
number of mission segments te account for variations over the flight profile of the various
parameters affecting A and No and the variation with altitude of the expected 0,, exposure.
The required modifications to Rice’s cquation result in the following expression.

. (—lv - vul) p (— ly - vlgl)
NY) = X tN, [P exp T + Pyexp —hz—i_— Eq. (7)

where,
t = fraction of total mission time in each segment
y = net value of response quantity
Y1g = value of response quantity in one-g leve! flight
z denotes summation over all mission segments
A, N, = parameters determined by psd dynamic analysis

P,, P,, b,, b, = parameters defining the probatility distributions of rms gust velocity.
ese values are shown in Figures 3 and 4.

This expression provides frequency of exceedance curves from which the limit gust loads are
read at a frequency of excecedance of 2 x 10'5 exceedances per hour. The parameters, P,, P,,
b,, and b‘, dcpenfl only on altitude. By setting ylg equal to zero, the variable N(y)/N o €an be
plotted versus y/A to produce the generalized exceedance curves shown in Figure 5. Actual
exceedance curves, to be applied about the one-g flight load, can be obtained by multiplying the
ordinates by No' and the abscisas by A, for the specific load quantity and flight case desired.
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Mission Profile Generation

The generation of realistic profiles is not a particularly straight forward procedure. It requires
ingenuity and judgment to apply information from a number of different arcas that includes
outside sources. For example, development of realistic profiles for a commercial transport requires
knowledge of the target airlines’ current and anticipated route structures, probable passenger load
factors, and cargo loading practices.

Mission profiles should reflect anticipated operationil usage for flight parameters such as speed,
payload, flight duration, cg. location, passenger load factor, etc. A number of different profiles
can be generated to reflect significant variations in anticipated usage from one operator to the
next. However, the profiles should still reflect the composite of all operations, rather than the
most severe.

Design loads obtained from: a mission profile analysis are not normally increased simply
because utilization by a new operator is moderately more severe that anticipated in the original

DT
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mission analysis. In most instances, the effect of a single operator on the frequency of
exceedance of limit or ultimate load for the fleet as a whole (all operations) is small enough
that no change in loads is required. It is recommended, however, that such changes be
Qualitatively evaluated.

A number of profiles are normally generated to adequately represent variations in profile
distance and duration, cruise altitude and M:ch number, payload (both passenger load factor and
cargo), fuel, and pilot training or check flights. Plots of a representative mission profile,
developed for the L-1011-1, are shown in Figures 6 and 7. Typical segmentation of that profile
is shown in Figure 8.

Flaps-extended segments contribute to wing fatigue, flap fatigue, and may affect limit
horizontal tail Joads, but they do not contribute significantly to wing limit load exceedances, The
flaps-extended segments are, therefore, not shown in Figures 6 through 8.

The parameter values to be used in the definition cf the mission profiles must be selected
with care. This is illustrated in Figure 9. Two samples of airspeed data for the L-1011-1 are
shown. In the upper sketch an airspeed of 290 knots based on a simple average is reasonable.
However, the airspeed range is 8o large in the lower sketch that a simple average is not realistic.
This is demonstrated by considering the airspeed to be represented by high and low speed
segments with the average speed in each segment used for analysis. In this representation the
contribution of the low speed segment to the exceedance curve is negligible and the high speed
portion contributes half as many cycles as the total distribution but with a considcrably higher
average speed. The increase in loads due to the higher speced has a greater cffect on the
exceedance curve than the reduction in cycles. In this case a weighted average should be used.

Mission Analysis or Design Envelope ?

The question arises as to which form of criterion, the mission analysis or design envelope, is
most applicable for determination of limit design gust loads of a specific airplane. The answer
is not always clear; both have advantages and disadvantages.

Historically, before the introduction of power-spectral methods, the design envelope type of
analysis was the most common. However, even then, a mission analysis type of evaluation was
performed if there were doubts concerning either the ability of a given airplane o withstand the
gust loads to which it might be exposed or the applicability of the existing criteria to new
aircraft with mission profiles that were considerably different than prior aircraft

Most airplanes operate well within their placard speeds. NASA VGH data on actual
operational usage of similar airplanes shows that the spread between actusl and placard speeds is
never I'ss than 10 to 15 knots; the gap is often greater. The mission analysis approach will
provide adequate loals for airplanes that cperate close to their design envelopes most of the time
a3 well as for airplanes that operate well within their design envelopes. The design envelope
approach will either over estimate the loads for airplanes that ~perate well within their design
envelopes or under cstimate loads for airplanes that operate close to their design envelopes.

On the other hand, the anticipated profiles that must be defined to perform a mission
analysis evaluation require considerable judgment. This leads to differences of opinion that can
be quite difficult to reconcile. The profiles are then a compromise and the loads obtained are
never exactly “right” Use of the design envelope criterion eliminates this type of uncertainty.
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In addition, the mission analysis criterion requires that all flight conditions be analyzed and
the frequency of exceedance data generated before a single limit design gust load is obtained.
Using the design envelope approach, icads can easily be obtained even for preliminary design by
analyzing a selected number of flight conditions that are expected to be critical. Additional
conditions can be added throughout the design process.

Because a mission analysis is normally required to obtain rcpeatcd load spectra for fatigue
analysis, use of the design envelope does not eliminate the need to generate mission profiles. In
addition, use of the design envelope does NOT guarantee a conservative design. Nor does it
guarantee that the airplane can be safely operated at any point within the design envelope.
Design gust velocities are based on the satisfactory performance of past airplanes. The design
gust velocities are adequate for a new airplane only if it operates in a manner similar to these
past airplanes, for example - well within its design envelope.
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Figure 9. Typical Airspeed Distritasions

If the requirements of the certifying agency are not the determining factor, the choice
between the mission analysis approach or the design envelope approach is pretty much determined
by the anticipated operation of the airplane relative to prior airplanes. If it is basically an
existing airplane design, intended to fly in the same manner zs past airplanes, the design
envelope criterion should be adequate. Howevei, for all other designs, including the use of active
controls, the mission analysis approach should be seriously considered.

In spite of the difficulties in defining mission profiles, the Mission Analysis Criterion has
always been preferred at the author’s company. The other US. companies surveyed arc applying
the Mission Analysis Criterion with increasing frequency. Military specifications specifically
require use of the mission analysis approach for gust critical airplanes. The Design Envelope
Criterion is used primarily for designing derivatives of existing airplanes or in the design of
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airplanes that are similar to past airplancs in both design technology and anticipated operation.
It is also used extensively in preliminary design studies.

DESIGN APPLICATIONS

In compliance with either the dcsign envelope or mission analysis criterion, limit design levels
of a variety of airplane response quantitics can be established. These response quantities may
include not only external loads, such as shears, bending moments, and torsions, and translational
and rotational accelerations, but also internal loads and stresses acting on the various structural
elements. Design limit values of stress in the various structural clements may be obtained from
the statistical parameters either by direct computation of the internal stresses or by generating
design load conditions that produce the design stress levels when applied to the structure.

In effect, the direct computation of internal stresses involves determining separate power
spectra for loads in every element of the structure. For an entire airplane the number of
structural elements could number in the thousands. In addition, where the strength of an
clement such as a wing surface pancl involves the interaction of two stresses, for example
compressior and shear, these stresses must be properly combined (phased) to provide the necessary
stress information for design. Because rms stresses obtained in this manner are directly tied to
the structure, changes in the stress model require that the internal load rms values be
recomputed.  Application of this approach has then been limited to local areas of structure with
relatively complicated loading patterns, where the gust loads tend to be critical.

The more common approach is to gencrate design load conditions. A design condition consists
of a set of external forces in equilibrium that represents the statistically defined parameters from
the psd analysis over specific regions of the airplane. By applying such a set of forces, the
stresses in every element of the structure can be determined and the same set of forces can be
applied in static tests. These conditions are analyzed by the Stress Depariment in the same
manner as conditions obtained from t'me history or static loads analyses to determine the internal
loads and stresses acting on the structure. Secondary structural changes to the stress model have
little effect on the externally applied loads, and such changes can be easily evaluated.

The design procedures that are discussed here are sumnmarized below relative to the approach
used - that is, computation of internal stresses or development of design conditions.

DESIGN PROCEDURE APPROACH
Internal Design
Stress Condition

Matching Conditions

Conditional Probability Method

Equivalent Discrete Gust

Internal Load Method X

E

Some companies apply more than one method. This is done because some procedures require
modeling of the airplane that is not available for older derivatives. In addition, some of the
more sophisticated methods are applied only to the most complex arcas of the structure or to
areas that are gust critical or sensitive to gust loading. Converscly, the more easily applied but
potentially less accurate procedures are applied in a conservative manner to non-gust-critical
structure with relatively simple loading patterns.

All of the airframe manufacturers contributing to this study emphasized that the psd design
procedures recuire close coordination and a high degree of cooperation between the Loads
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Department (responsible for providing thc loading or stress environment) and the Stress
Department (responsible for sizing the various structural clements). In many respects it is an
interdisciplinary analysis,

With the exception of the Equivalent Discrete Gust Approach all of the above procedures
explicitly consider the problem of phasing.

Phasing

Values of the response quantities obtained by psd analysis are inherently unsigned. Because
positive and negative values are equally likely to occur, both must be considered in establishing
the design loads. For a mission analysis, scparate exceedance curves are obtained for positive and
negative net loads (response quantities). For the design envelope analysis, the design net values
are computed as:

Net load = + U, A + L, Eg. (8)

Because the design values of the various response quantities generally occur at different times,
the above design values are “unphased.” Design of the structure cannot be determined until
proper combinations of these response quantities are defined. This is true even if internal stress
quantities are directly computed in the psd analysis.

The phase relationship for any two response quantities is completely defined by their
covariance and respective variances, usually represented as conelation coefficients. The method of
fictitious structural elements also provides phasing information. The use of correlation coefficients
is the more popular procedure; however, fictitious structural elements are occasionally used for
special considerations.

Corruiaiion Coefficients

In applying the psd method it is assumed that atmospheric turbulence is a random Gaussian
process which acts as an input to the airplane. The airplane is represented as a linear system.
The resulting outputs from the psd analysis are then also a Gaussian process. For a Gaussian
process the statistical dependency of any two respons: quantities (outputs) can be represented by a
correlation coefficient, Pyy given by the following expression, which fellows from the equation:
given in Appendix B of Reference 4.

(-4
oy _—‘_—w(w)[u,(w) @)+ h@ 4] do Eq. (9
4 Ax‘ . real real imag imag
where

® - forcing frequencies, the array of frequencies for which the anzalysis was
perf. y req ped Y

Og(o) = gust spectrum at each forcing frequency

A = Ratio of the rms of the response quantity to the rms value of the gust
-velocity, obtained from the pu:ro analysis

No = characteristic frequency of the response quantity, obtained from the psd
analysis

TFw) = complex transfer function of the response quantity at each forcing frequency

THw) = Ww) + i Hw) Eq. (10)
real imag
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The phasing of any two response quantities is then determined by using the correlation
coefficients in the expression for a joint probability density function given in Reference 4, that

1 1 X2 vapxy v2
Pixy} = —— TR exp| - 7.l =3
2"‘!“'“ - pl'y) 21 -pxy) A Al‘y Ay

Eq. (11)

By asigning various constant values to P(x,y), for a given Pyy + Contours of constant joint
probability density are defined. These ate ellipses, collapsing to a straight linc at p = 1 or a
circle at p = 0. An ellipse can be defined that is tangent to the design level values of any
two specified response quantities. This is referred to as a design ellipse and gives a complete
representation of the phased design loads for these two response quantities, Figure 10. By
considering only the incremental loads and normalizing these loads to their design values, the
variation of the probability density function (e, different values of pxy) at constant stress levels
can be illustrated as shown in Figure 11.

Fictitious Structural Element
Before it was recognized that proper load combinations could be easily obtained through the
use of correlation coefficients to define an equal-probability ellipse, load phasing was accomplished

using the concept of the fictitious structural element, Reference 3. This method still has some
potential advantages relative to the correlation coefficient approach.

The fictitious structural element can directly provide design level values of combined internal
loads and stresses. For example, by expresing front or rear beam shear flow as

FE=a, S+a M+a, T Eq. (12)

DESIGN VALUE DESIGN VALUE
OF SHEAR, 8 T ¢ { OF ToRsioN
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Figure 10. Egual Probability Design Ellipse and Clreumscribing Octagon
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Figure 11. Variation of Probability Density Function, P(xy),
Maintaining Constant Stress Levels

the frequency response function of “FE” can be determined as a linear function of the
frequency rsponse functions of S, M, and T. Its psd, A, N 0! and design value can then be
determined. To further illustrate, assume that shear flow is affected only by shear and torsion.
The above equation then becomes

FE-a.S'*‘a;T Bl-(]B)

which defines a diagonal straight line on shear-torsion coordinates, as shown in Figure 12. This
line represents the shear and torsion that result in the design magnitude of the front beam shear
flow. No valid combination of shear and torsion can excced this line. Therefore, in Figure 12,
points 2 and 3 could be considered realistic design load combinations, but point 1 is obviously
conservative.

The procedure can be applied to any two response quantities, not just front beam shear fiow.
In addition, arbitrary values of a, and a, can be selected. This defines a family of diagonal
lines each representing the design load or stress in a fictitious structural element. For a design
envelope analysis, where the design load is defined as a constant times the rms value, this
family of diagonal lines produces the same design ellipse that is obtained using the correlation
cocfficient approach. :

Current psd gust procedures normally apply the correlation coefficient method to establish
phasing. However, one potential advantage in using fictitious structural elements is that they can
be carried through an entire mission aralysis, thereby providing direct load phasing information
that includes the effects of differences from segment to segment in one-g flight loads, correlation
coefficients, and ratios of (say) design shear to torsion. In general, the result is not an ecllipse.
This approach is alw easily applied to the time history determination of loads and is currently
used by at the authors company in the determination of design taxi loads.
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Matching Condition - Concept

The matching condition procedure or a variation is used by all companies surveyed as one
method of generating design conditions. It was first proposed in Reference 3 and further
developed in References 10 and 11. In Reference 12, linear optimization techniques were anplied
to the procedure, which resulted in a batch processing computer program that provided solutions

to the matching operation. The matching condition concept is described by the following excerpt
from Reference 3.

“The basic concept employed in matching-condition generation is suggested by the fact that, in
flying through turbulent air, an airplane responds statically to the low frequency components of
the turbulence (long gradient gusts) and it responds dynamically in its various elastic modes to
the higher frequency components of the turbulence. The two types of responses - the static and
the dynamic - generally have quite different distributions of load throughout the structure.
Moreover, each clastic mode will have its own distinctive load distribution. In flight through
typical turbulence there is a random interplay among these various distributions. As a result, no
single distribution can be expected to reproduce simultancously the correct stress histories at all
points in the structure.”

“Accordingly, in generating matching conditions, the approach is to start with a number of
‘clementary distributions” Each of these consists of a sct of forces in equilibrium, representing the
static response of the airplane or the dynamic response of a particular elastic mode. The
elementary distributions, as building blocks, are superimposed in various proportions to give a h
number of design conditions, which, collectively, enveloys the statistically defined shears, bending ;
moments and torsiens.”
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Application of this conccpt requires a procedure to define each of the following items:

e design load combinations to be matched
e clementary distributions
e oontribution of each elementary distribution to a design condition

Design Load Combinations

A design ecllipse, obtained by use of either fictitious elements or correlation coefficients,
establishes the phase relatiorship for any two response quantities. To the extent that the critical
internal stress required for design of a structural element is a linear function of one or two

response quantities, the design ellipse provides sufficient information to define the critical design
load combinations.

An infinite number of load combinations is required to define each point on a design ellipse.
However, linear combinations of loads can be easily defined that circumscribe the design ellipse
and thereby provide a limited number of load combinations that produce a conservative value for
the design stress that is a linear function of two inputs. For the matching condition procedure,
a design octagon is defined. that circumscribes the design ellipse, illustrated in Figure 10 for shear
and torsion. Points A through H are defined for the incremental design values of load from
the normalized equation that produced Figure 11. The coordinates of points A through H, Figure
10, are then dependent only on the value of the correlation coefficient. The normalized
coordinates of points A through H are:

P A = Pt E = (10, - Qa)
Pt B = -Pt F-(Ea,l.O)
Pt. C = -Pt G-(!b,l.O)

Pt. D = -Pt H-(I.O.!b)
where,

W= 10- NG 70

y

ﬂb-'1-0+ 42(1+pxy)

A set of design load conditions is olaained by matching the phased loads defined at each of
the eight points for a number of design octagons defined throughout the structure.

Prior discussions of this procedure given in References 3 and 10 thru 12 have emphasized the
use of wing shear-torsion and bending-torsion load combinations. Shear and bending at the
various wing locations are in general highly correlated. The elementary distributions inherently
reflect this correlation and the design conditions that are developed based on the shear-torsion and
bending-torsion load combinations also provide guite rational load combinations of shear and
bending. This, of course, is not the case in all areas of the structure.

A procedure is proposed in Reference 13, the “equal probability technique,” to define design
conditions for load combinations that specifically account for the effect of three (or more) load
inputs on the design stress levels. For example, if shear, bending, and torsion all contribute
significantly to a design stress, the critical load combinations are defined as a three dimensional
ellipgoid, rather than a two ditaensional ellipse. In comparing the equal probability technique
with the matching condition technique it is stated that the two methods are equivalent for
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combinations of two loads, but doubts were expressed concerning the validity of the matching
condition approach when three or more load inputs are significant.

The doubts expressed appear to be pointed more toward the definition of proper design load
combinations than toward the fundamental matching condition concept. Effective application of
the matching condition procedure is dependent on the determination of design load combinations.
Unfortunately, procedures that have been applied to define load combinations as input to the
matching condition program in the more complex loading areas have not been fully described in
past references.

In complex loading areas, such as the interface between wing and fuselage, horizontal or
vertical tail and fuselage, or wing engine and wing, a number of additional loads are considered
that include selected internal stresses and the forces and moments acting on concentrated mass
items. In addition, some areas of the structure require the direct consideration of load phasing
between shear and bending.

Information is provided by the Stress Department to assist in selecting additional load
combinations that are potentially critical. The information provided includes:

o Stress results for_ a number of “study” conditions

e Margins of safety for current design conditions

e Unit load distributions for selected internal stresses

(] mm of relative significance of various external loads in producing specific internal

From this information a number of additional load combinations are defined. For example, in
the interface area of the wing and wing engine, load combinations are defined that relate engine
forces and moments to each other and to wing shears, bendings and torsions. Load combinations
representing three external load inputs are obtained using a concept similar to application of a
design octagon. For example, conservative conditions for load combinations of shear, bending and
torgion can be defined from the design octagons relating shear-bending, shear-torsion, and bending-
torsion. These conditions are:

e Maximum shear with related bending and related to torsion
o Maximum bending with related shear and related torsion
e Maximum torsion with related shear and related bending

This produces 24 load combinations that circumscribe a design ellipsoid in a manner similar to
a design octagon circumscribing a design ellipse. A sketch of the concept is given in Figures 13
and 14, These load combinations are slightly more conservative relative to the ellipsoid than
those produced by the design octagon relative tv a design ellipse. After applying the information
provided by the Stress Department very few of these types of load combinations are actually
required for design. Simultancous consideration of more than three load quantities has not been
necessary. It is quite possible, however, to define load conditions that include directly phasing
the external loads with specific internal stresses.

Elementary Distributions

The mission analyszis exceedance curves are surveyed to determine the dominant profile(s) and
dominant flight scgment(s). Critical design envelope flight conditions are implicitly defined.
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Elementary distributions are obtained for each critical flight segment or design envelope condition
selected.  For vertical gust analysis these distributions include:

o Static acroclastic loads due to a oneg static discrete These are cffectively the loads
ue to an arbitrary angle of atmck&,g airloads balanocfug')" plunge and pitch umj{-ua

o Static aeroelastic (or rigid) loads due to a unit pitch rate
o Loeds due to unit inboard and outboard aileron angles, balanced by inertia

e Loads due to unit generalized elastic mode acceleration, § , combined with airloads
at the associated modal displacement, q

The predominant contribution of an clastic mode to airplane response occurs at its resonant
frequency, so the airloads associated with q, calculated on a zero frequency basis, are multiplied
by the real part of the lift growth function at the resonant frequency. The loads per q are
generally not in equilibrium and are balanced by use of the rigid airplane plunge and pitch
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inertia. The acrodynamic term, proportional to modal displacement, is then directly added to the
inertia Josd, proportional to modal acceleration, to form the combined distribution.

In the lateral gust analysis the following elementary distributions are used.

o Static acroelastic loads per unit sideslip.

e Static ac oclastic loads per umt yaw rate

e Static acroelastic loads per unit roll rate.

e Static acroelastic loads per unit rudder angle.

e Loads due to unit 1gcncralizcd clastic mode acceleration. The airloads due to modal
displacement are neglected.

3 4
10
9
T 12
] L] A
1
7 8
LIST OF COORDINATES
POINT SHEAR BENDING  TORSION
1 1.0 b Lla
2 1.0 b 1b
3 1.0 Ia Lla
4 1.0 2 Ly
] Lb 1.0 Ia
8 b 1.0 b
17 La 1.0 La
8 La 19 Ly,
] Lh I3 1.0
10 19 I 1.0
1" 1a b 10
12 la La 1.0
Figure 14. Coordinates of Load Combinations That Circumscribe @ Design Elipsold
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Each of the eclementary distributions noted above is calculated for each of the critical mission
segments or design envelope conditions selected. They are formed initially as panel loads, then
integrated to obtain the appropriate loads or response quantities.

Degn conditions should reflect rational levels of each contributing elementary distribution.
For a design envelope condition the maximum realistic amount of a modal distribution is defined
by the A value for that distribution times U° . For a predominant mission segment the
maximum value is set equal to the value read from the frequency of exceedance curve for that
distribution. This is, however, an approximation and some latitude is allowed.

Generation of Matching Conditions

Each design condition consists of a portion a, of distribution E,, a, of distribution E,, etc.
A st of coefficients {a} defines both a complete set of panel loads and integrated loads (response
quantities) throughout the airplane. The objective of the matching procedure is then to define
sets of coefficients {a;} that match the design load combinations previously discussed. The
problem is represented as one of linear optimization of the form:

[Elu-::} - w‘_; Eq. (14)
P mbination

The above expression is developed in Reference 12 and is comprised of both equalities and
inequalities. The inequalities are obtained from the equations that define the design octagon
boundry lines. Equalities correspond to the equations that define the phased design load
combinations for which a design condition is desired. Constraints are applied to the problem
such that

e All loads will lie within their design octagon boundary lines
o The allowable magnitude of any elementary distribution is limited based on psd results

o Each solution, set of {a;} coefficients, contains the minimum number of elementary
distributions with the smallest contribution possible to obtain a design condition.

Conditional Probability Method

The Conditional Probability Method is a typical variation of the Matching Condition procedure
that is applied by one of the US. manufacturers.

Load combinations for a number of response quantities are defined based on the statistical
dependency relationships. These load combinations are then matched by manipulating “generic”
external force distributions, rather than elementary distributions, t6 produce design conditions that
are applied to stress models to develop internal loads or to work with transformation matrices
that relate internal to external loads.

PSD gust analyzis flight conditions are selected based on the criterion applied, Mission Analysis
or Design Envelope. The phased loads are defined as the expected values of load distribution
that will occur when a selected envelope load is a maximum. These distributions are defined
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based on the conditional probability density function. Under the condition that y takes on the
valueym. the expression, shown in Reference 13, Appendix A, ix

v - Pry Ym %

PI[“' ym' 1 ) (1 )
Plaly = vg) = - op (- Y Eq. (15
Pyl o,V 2mV1 -va 20401 - p?)
x xy
The expected value of load x given load y  is then:
Pyy @
X ==Y, Eq. (16)

y

This is equivalent to selecting load combinations corresponding to points “T” on the design
ellipse shown in Figure 10.

When the design envelope approach is used, Yy represents a specific load for a specific
configuration and flight condition. For the mission analysis, the loads reflect a weighted average
of all the individual segments that compose the complete mission. Therefore, the phasing formula
is modified by the fraction of total mission time in each segment to account for the phasing
associated with each individual mission segment.

When a complete set of external loads in equilibrium is required for use with a finite
clement stress model, phased external loads are used to define discrete force distributions for
application at selected nodes of the model. The number of node points available to apply
external forces typically exceeds the number of external loads calculated by PSD gust analysis.
The algorithms that define the node externai forces assume generic distributions for the undefined
degrees of freedom. Different distributions are normally assumed for the aerodynamic as opposed
to the inertia forces in the matching process. Three types of phased PSD loads are calculated:
net loads, aerodynamic loads, and inertia loads. The matching procedure algorithms are subject to
the constraint that the integration of the applied nodal forces must be in equilibrium arnd must
reproduce the phased PSD load combination,

Equivalent Discrete Gust

Ouie of the older concepts of defining external load distributions that represent psd results is
that of an equivalent discrete gust. To the best of the author’s knowledge, this method has not
been used as the primary design procedure by any company in meeting continuous turbulence
criteria for commercial transports. This approach should not be confused with the Statistical
Discrete Gust (SDG) concept that has been developed by J. G. Jones as a possible alternative to
PSD analysis.

The procedure is, basically, to define discrete gust conditions that match the airplane
translational and rotational accelerations about the center of gravity as defined by PSD analysis.
The resulting time history solutions arc assumed to produce properly phased external loading
distributions. These conditions are then factored to match specific PSD loads at various locations
on the airplane.

For a relatively *"stiff” airplane, with minimal dynamic modal response, this procedure produces
a rational set of external load distributions. However, for more flexible aircraft, a method of
defining the probable external load pattern, similar to that discussed in Reference 14 for SDG
application, would seem to be necessary.
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The procedure is used primarily during the preliminary design phase to asist in defining thoee
aress of the structure that are potentially critical for gust loading. It can also be used to
povide balanced external load distributions for use in various matching procedures.

Internal Load Method

As the name implies, the Internal Load Method diractly computes internal load responses in
the PSC gust analysis. Unit load coefficients are defined that relate the sclected internal stresses
to unit external loads applied at =ach individual structural grid point. The procedure is really no
different than the computation of integrated external loads. Usually two internal loads or stresses
arc sufficient to size a structural panel so the problem of phasing three or more external load
quantities is eliminated. Correlation coefficients are applied to define a design ellipse which can
then be directly applied by the Stress Department.

As was stated carlier, the number of psd’s required to apply this method through::t the
sirplance is very large. Application of the procedure is normally limiied to local areas o!
structure with complex loading patterns that arc also quitc sensitive to gnst loading.

An internal load method called the Joint Probability Technique is developed in Reference 4.
Tais method is not currently in use and will not be discussed here.

Approach

The general approach to sizing structure from psd results is basically that of . pyramid or
hierarchy of increasing complexity.

At the lowest level, areas of the structure that are subjected to polentially critical gust loading
are identified by simply comparing the loads or stresses obtained from the psd analysis directly
to design envelopes obtained for other types of load conditions, such as maneuver, static and
discrete gust, or dynamic landing and taxi conditicas. Because of differences in fuselage
pressurization, care must be taken when comparing ped results with ground load conditions. The
maximum design values of each load or stress are applied without regard to phasing, only the
design values are used. This comparison will establish both arcas of the structure and the
quadrant in which the gust loading is potentially critical. The procedures discussed above are
then applied to the extent required to define the design stress levels.

Of these procedures, Matching Conditions, or a variation such as the Conditional Probability, is
applied by all of the US. manufacturers that were surveyed. The Equivalent Discrete Gust
approach i8 used primarily as a tool to provide additional information on areas of the structure
that are potentially sensitive to gust loading and to provide external foice distributions for
“matching” The Internal Load Method or the use of three dimensicnal load combinations in the
Matching Condition approach are applied only to areas of the structure with complex internal
load patterns for which gust loads are actually the critical design condition.

ACTIVE CONTROLS CONSIDERATIONS

The active control system (ACS) developed for the L-1011 extended span configuration
involved symmetric motion of the outboard ailerons. This was phased wi. cg acoeleration to
relicve static gust and mancuver loads and with wing tip velocity to increase elastic mode
damping. Installation of the ACS was intended 0 offset the load increase due to the increase in
wing span, in order to minimize the extent of structural changes.
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Loads due to corrective roll control in turbulence were explicitly included in the dynemic gust
analytis for the L-1011 airplane configuration with active controls. The following background
information contributed to this decision.

Background

Analysis of flight test data from the L-1011 development flight test program in 1971
indicated that the measured wing torsions were much greater than predicted by theory. The
ratio of measured to predicted torsions was Jargest just inboard of the outboard aileron and just
inboard of the inboard aileron. At these locations the measured torsions were 1.5 to 3.0 times
the theoretical values. Bending moments and shears, however, were more in line with theory.
The increased torsions were not coherent with the measured gust velocity, which suggested the
presenice of other inputs. Although the first wing antisymmetric bending mode appeared to be a
contributor, high coherencies between wing torsion and aileron angle indicated that corrective roll
ocontrol was also a majr source of the increase in torsions.

Fortunately there was sufficient strength available in the basic L-1011 airplane to
accommodate the measured torsions. The effect of the increased torsions was thereafter included
in all derivatives of the L-1011 up to the development of the active controls system by
applying an empirical “flight test torsion increment”. Because the active controls aircraft
represented a significant departure from prior derivatives, a rational approach to account explicitly
for the loads due to corrective roll control in turbulence was found to be necessary.

Flight tests were conducted during 1977 and 1978, using the L-1011 flight test airplane, as
part of a NASA-Lockheed funded program to evaluate the use of active controls for loads
reduction. These tests were made first on the baseline span airplane without active controls and
then with the span increased 9 feet hy means of wing tip extensions. The results of these tests,
reported in Reference 15, showed that the active controls greatly reduced the loads due to gust,
LG, by as much as 50% in the outer wing. But they had no effect on the loads due to roll
control. As a result the roll control londs became much more conspicuous. Bending moments
and shears as well as torsions were seen to be involved.

Loads due to corrective roll control have always been present when roll control is by means
of the outboard ailerons. In the past, these loads have been small relative to loads produced
directly by the vertical gusts. As a result, they have been adequately provided for by an
implicit conservatism in the design gust velocities (or, in a mission analysis determination of gust
loads, in the design frequency of exceedarce). But, as noted above, an active-controls wing load
alleviation system substantially reduces the vertical gust loads, while leaving the corrective roll
control loads unchanged. Consequently, the percentage effect on loads of the corrective roll
control increases.

Further, this increase is accentuated by the fact that the two loadings - gust and roll control
- add on a root-sum-square basis. For example, if roll control lcads, without active controls are
S0 percent of the gust loads then:

Without Active Controls

Loads due to vertical gust - L5 - 10
Loads due to roll control = Lpc = 05
Combined loads - Lg,pc- V12 +osZ - Lus
Ratio - 0g , ro 7/ &g - L118
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Although the roll control load ia 50% of the vertical gust load, the combined load is increased
by only 12 percent. If active controls are used and wing vertical gust loads are reduced by
SO% the result ix

With Active Controls

Loads duc to vertical gust - Lg - 03
Loads due to roll control = Llpc = 05

Combined loads - Lg, pc -Vos2+052- 07
Ratio - g, po / g - 1414

The increase with active controls is substantial, LRC relative to LG increases by a factor of
20, but the increase in increment in nct load due to roll control is a much larger factor of
0414/0.118 = 3.51.

From this example it is clear that the increase in gust loads due to corrective roll control
must be explicitly considered for any airplane that accomplishes roll control by means of the
outboard ailerons and for which an active control system is used to reduce wing loads. In the
more general context it can be stated that an active control system can significantly alter the
contribution from vertical or lateral gust to combined loads. Special procedures may then be
required to accuratcly predict the resulting gust design load.

The concepts and analysis methods that were used to include corrective roll control effects in
the gust design wing loads for the L-1011 Tristar with active controls are summarized below.
Based on all available information, which includes operational flight data, flight test data, flight
simulator data, and additional theoretical studies, they provided a realistic set of design loads.

Other than for the L-1011, no attempt was made in these studies to explicitly determine
when, or whether, or to what extent roll control effects should be included in a dynamic gust
loads analysis, Therefore, this discussion is presented primarily to increase awareness of the
subtleties involved in the use of an active controls system on the determination of design gust
loads,

General Approach

Design gust loads for the basic L-1011 were obtained using the mission analysis approach.
The procedure to explicitly include loads due to corrective roll control for the active controls
configuration was then defined for mission analysis application.

Results of the basic L-1011 mission analysis showed that the cruise segments were the greatest
ocontributor to wing loading. This was expected, since cruise represents approximately 80 percent
of the time in flight. In addition all of the cruise segments exhibit similar wing response
characteristic®. The cruise segment that contributed most heavily to the wing shear and bending
loads at critical wing locations was then selected for explicit roll control analysis. This is
referred to as the predominant segment. The effect of other segments, climb and descent, was
estimated using a parametric procedure and simplified exceedance curves. Factors were developed
to adjust shear, bending and torsion at a number of locations over the wing span. These loads
were phased using a combined correlation coefficient method, and design load conditions were

developed for stress analysis usting the matching condition process.
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3D GUST ANALYSIS

Extensive use was made of a thrre-dimensional gust analysis computer program that utilizes
the work of Dr. Frederick D. Eichenbaum of Lockheed-Georgia Company, References 16, 17 and
18. An existing Lockheed-California one-dimensional program was modified to include the
computation of gust input cross spectra and computation of output spectra utilizing these input
cross spectra and the computed transfer functions.

The term “three-dimensional” refers to the number of position coordinates upon which the gust
velocity is asumed to depend. The most important variation of the gust velocity is along the
fiight path. This is rormally the only variation considered, which results in a *“one-dimensional”
gust analysis. The thrre-dimensional analysis considers also, on a statistical basis, the spanwise
variation of vertical gust velocity. It also considers, although these are less important, the
vertical variation of the vertical gust velocity, and the vertical and lateral variations of the
lateral gust velocity. In addition, it combines vertical and lateral inputs into a single analysis.

Basically, the three-dimensional gust analysis consists of threc steps:

1. Determination of transfer functions relating the various airplane loads to gust velocities
acting un specific streamwise gust strips.

2. Determination of the power spectra of gust velocity on the various strips and cross
spectra of gust velocity for all strip pairs. The gust power spectrum on any individual
strip is simply the usual one-dimensional gust power spectrum. Three-dimensional effects
are brought in by the cross spectra.

3. The t.- wfer functions and the gust velocity spectra and cross spectra are combined to
dctermine response psd’s, cross spectra between pairs of response quantities, and cross
transfer functions that relate various responses to the gust velocity at a gust probe, for
comparisons with flight-measured transfer functions and coherencies. These are then
used as in a one-dimcnsional analysis to provide A’s, N,'s and correlation coefficients.

Steps 2 and 3 were accomplished using Eichenbaum’s basic equations as presented in Keference
18. The only simplification was to drop the fors-aft component of turbulence. (Although the
fore-aft component may become significant in landing approach, it has only a small effect at
the higher airplane speeds that produce the critical gust loads.) These equations not only retained
provision for variation of vertical and lateral gust velocities in the y and z directions, tut also
provided for orientation of the individual lifting surface segments.

The program allowed 20 gust input strip. for a half-airplane (15 were used) and included
provision for arbitrary dihedral angles and arbitrary locations in the y-z plane. The gust
velocity was considered to vary linearly from a maximum at the strip centerline to zero at the
adjacent strip centerlines. Computation of the various gust velocity croes spectra was facilitated
by applying the planar and nonplanar coherencies tabulated in Reference 18. The arrangement
of the gust strips, defined for the L-1011 studies, is shown in Figure 15.

The three-dimensional gust analysis was applied to determine the effect of roll control by the
autopilot. It was also used to help select the appropriate autopilot mode. (Some fpilots prefer a
variation of the CWS (control-wheel-status) such as attitude hold, rather than the turbulence
mode, when in turbulence; for the L-1011 the roil control rms aileron angle values, o5 's were
about 10% higher in CWS status than in the turbulence mode) a
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Figure 15. Gust Strip "Centerlines” Used in 3-D Gust Analysis

Loads obtained from the 3-D gust analysis were somewhat lower than the corresponding one-D
loads. It was therefore necessary to design to slightly higher gust velocities in order to retain
the concept of equivalent strength used in setting the gust criteria design velocities which were
determined from a one-D gust analysis Based on a comparison of several L-1011 cases, it was
concluded that the 3-D loads should be increased by a factor of 1.07. It is noted that this
factor has much broader applicability than just to the determination of corrective roll effects. If
3-D analysis were to become routine for gust loads determination, the value of this factor would
be of primary importance.

In the original design study, 3-D analysis was performed for a predominant mission analysis
cruise segment with an altitude of 32,000 feet and Mach Number of .85. Later studies included
additional cruise segments and some climb and descent segments. Studics were obtained to
determine the effect of ACS-on and off with and without the autopilot, the effect of different
autopilot modes, the effect of dihedral, and the effect of the number of structural airframe
modes on the computation of stability derivatives.

RMS Aileron Angle

The parameters required to determine loads due to both autopilot and pilot roll control are the
rms aileron angle, the aileron angle ped, and, for each resporse quantity to be analyzed, the ratio
of the roll control load component to the rms gust velocity, ARC‘

The magnitude of corrective roll control aileron angles in turbulence depends upon the
turbulence intensity and the flight condition. It is reasonable to expect the rms (root-mean-
square) aileron angle, Ogar to vary in proportion to rms gust velocity. A key parameter in the
analysis is then the rms aileron angle as & ratio to rms gust velocity, or A , which can be
expected to vary with flight condition.
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In addition the amount of corrective roll control is likely to vary from pilot to piloet,
between pilot and autopilot, and from one turbulence encounter to another for the same pilot.
As a result, selection of a design As involves judgment in evaluating all of the available data.

a

Deta on the L-1011 rms aileron angle were obtained from a number of sources.

e L-1011 gust response flight tests and flight simulator tests
e L-1011 operational data

e L-1011 3-dimensional gust analysis with autopilot roll contrul

Data from three flight test programs were available. Seven bursts of from one to four
minutes duration were available from the original L-1011 flight test program conducted in 1971.
Three bursts were available from the 1977 program and five from thc 1978 program. Roll
control was by the pilot, except for a limited amount of data from the 1978 tests.

Flight simulator data were available for three different pilots. These data were taken as
averages of six S-minute samples for pilot No. 1 and four each for the other two pilots. This
program was conducted in 1978 utilizing the 1977 flight test conditions.

Operational data were obtained from British European Airways (BEA) AIDS tapes. For the
original analysis only five samples were available, all from the same flight. The data were
questionable and the analysis was quite crude. However, for later studies, 50 additional records
were available from British Airways and Gulf Airways, also obtained by means of the AIDS
system. Twenty-two of these records were analyzed for the roll control study. As a condition
of CAA certification, British Airways continued to obtain such data, of which 17 records were
reduced for use in the roll control analysis.

Tabulated values from the AIDS system included CG acceleration with a sampling rate of 8
per second and aileron angle once per sccond. Rms values of these quantities were calculated
from the time histories. Rms gust velocity was then determined from the rms CG acceleration
by means of a procedure utilizing an extensive set of curves developed by Lockheed in prior
studies, in which the continuous turbulence gust response factor, K, , was computed and plotted
as a function of four dimensionless rigid airplane parameters.

These curves are based on simple theory. The airplane is considered rigid, but is allowed to
pitch as well as plunge. The effect of gust penetration on pitch is neglected, and unsteady lift
growth is accounted for only with respect to the gust input, not the airplane motions. The Von
Karman shape of gust psd is assumed.

The curves were adjusted to agree with results given by the more sophisticated analytical
methods used for the L-1011 by back-figuring K, for a number of mission analysis flight
scgments. It was found that applying a factor of 1.13 to the plungeonly curve developed from
simple theory provided a good representation for the L-1011, Figure 16. The relation of Oyn t0
oy is then given as

V:SC
- OAn P T LD VT
A, ok Ky —g— = Koga~ Eq. (17

where
P 2N

~ pSC
4 I‘a
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Three-dimensional theoretical data were obtained for evaluation of the autopilot primarily from
the predominant mission segment. Because the autopilot is expected to do essentially the same job
as the pilot, it should require approximately the same amount of aileron as the pilot to do it
The pilot response, however, is not as likely to be Gaussian.

In all cases, the rms aileron angle was computed and related to the associated rms gust
velocity. Both the rms aileron angle and gust velocity were adjusted to give “effective” values
corresponding to a reference flight condition.

The use of an effective value allows direct comparison of data from various flight conditions.
It is based on the voncept that as the flight condition and turbulence vary, the roll control 5,
applied by the pilot will be such as to give a rolling moment proportional to the rolling
moment caused by the turbulence. It is believed that the gust induced rolling moments are
primarily due to lateral gust working through the rolling moment due to sideslip stability
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derivative, Cy . This parameter is then a key value in obtaining the effective values for L
The reference flight condition was defined as:
h = sea level altitude
V‘= = 300 Knots
M = 045
W = 350,000 1b
which yields:
—— ¢
o YRy Yo lg Ko ow Eq. (18)
Wetf 1 300knots &, — K — 1
prei ref
and
c
(——v’ )2 e (19)
adae" ™ \300 knots C[d ada Eq.
Aot
where

P = density of the atmosphere, Py = sea level value

V_, = equivalent airspeed

C, = rate of change of rolling moment coefficient wit" aileron angle
C, = nrate of change of rolling moment coefficient with sideslip angle

Ky = ratio of rms sideslip angle produced by continuous turbulence to rms ‘“sharp-edge”
gust sideslip angle

The operational data {except for the very early, questionable five data points) is plotted in
Figure 17. (The flight test and simulator data points are not shown, but they displayed a
similar trend.) The solid line represents A& for the autopilot as determined from the 3-D
analysis. The dashed line is a least squggc approximation for the pilot related data, The
effective value of AB for the autopilot was 0.240 deg/fps and for pilot control 0.210 deg/fps.
In the original design’study 0.240 was used for both pilot and autopilot. Actual values of Ay
for a given flight condition are then obtained by reverse application of the above parametric
relationship.

Afleron Angle PSD and ARC

Loads due to autopilot roll control could be obtained directly from the 3-D analysis.
However, for pilot roll control, it was necessary to establish an ailéron angle psd for computation
of the roll-control loads. This was done by examining the psd shapes obtained from various test
flights, flight simulator tests, and theorctical (autopilot) cases. Four typical psd shapes were
selected, shown in Figure 18. Ratios of rms wing load to rms aileron angle for pertinent wing
load quantities were calculated for each psd shape, on the basis of aileron input only. The two
most severe scts of loads were then averaged to give a set of ratios for use in design.
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Figure 17. Operational Data on Relation of Effective RMS 5, to
Effective RMS Gust Velocity

Multiplying these ratios by KB yiclds the ratio of the roll control load component to rms gust
velocity, ARC , that is: a

Rms L, RAms L Rms d Rms L
= RC RC a RCY -
Agc - o ( Rms 8, )( oy ) b ( Rms da)Ada Eq. (20)

Loads Due to Roll Control, Lgc

The roll control component for each load quantity can then be calculated as:

Lpe = Yo * Age Eq. 1)

In the original design analysis, roll control effects were explicitly obtained for one
predominant mission segment. For this approach, Uo was calculated seperateiy for cach load
quantity from the expression:

L -4y

U, - —-rl Eq. (22)

where

Le = Limit design value of the load quantity form the mission analysis exceedance curves
ng = Oneg value of the load quantity for this mission segment

A = Ratio of rms load to rms gust velocity for this mission segment
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For the predominant segment, which wus selected based on the contribution of wing shears
and berding moments, U, averaged about 105. This means that in order for design gust loads
to be encountered during this mission segment a design gust velocity of 105 fps is required.
The U, value was then limited to 105. Torsions generally required a higher design gust velocity
to reach their design levels, indicating that this particular flight segment was not critical for
torsion.

Combined Loads - Phasing

The combin=d loads «'uve tc gust and roll control were computed from the following equation:
2
LG + RC - ﬁs + l:c Eq. (23)

wheie LG is the statistically derincd gust increment value Le - l..1 g factored by the effects of
control system saturation and unavailability (reliability).

Tuc effect of the increment in load due to roll control was included in the phasing by
ajjusting the expression for computing correlation coefficients to account for a second unccrrelated
input For any two load quantities the expression becomes:

PryOxCy * Puy@uy

2, .2 2,2
NEATH oy+o

Eq. (249

Py s,y +v™
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p = correlation coefficient

v = A, rms value

X, ¥, u and v denote load quantity and input source, for example, correlations for shear or
bending to torsion are defined as shown in the following table. However, the expression is
valid for any two load quantities, not just shear or bending to torsion.

Load Quantity

S or B T

Inputt Gust X y
RC u v

‘The eifect of roll control on the correlation of wing bending and torsion is illustrated in
Figure 19, The effect on the correlation of wing shear and torsion was similar. The correlation
of these lcads tended to become more negative, shifting loads on a design shear-torsion or bending
torsion envelope from quadrant I toward quadrant II, and broadening the load envelope in
general.

Other Segments Factor

Primary emphasis for determining the effect of roll control was placed on the predominant
mission analysis segment. However, the climb segments are at lower altitude with a higher
oquivalent airspeed and tended to yield a higher ratio of Lpc o Ig - For these segments the

A“’s were estimated using the parametric approach as:

(&) )

- Orof

Rs = i Eg. (25)

[} c da
1
va d' eff
300 knots C‘d

Bref

)

The effect on loads was then determined by constructing simplified exceedance curves for a
limited number of segments within each profile. The exceedance curves for the individual
sgments were then adjusted to reflect the relative severity of the roll control effects. The sum
curves with and without adjustments were then compared. The resulting factor was applied in
addition to the L | pc /Lg factor obtained based on the predominant segment.

Other Considerations

The effect of control system saturation and reliability should be accounted for in the design
loads. It was noted earlisr that this was done by applying suitable *factors. From prior studies
the effect of system unavailability on loads was estimated as a factor of 1.01.

Control systemn saturation is an entire subject by itself. The methods used to account for
saturation of the I.-1011 active controls system are reported in an AIAA paper, Reference 19.
With respect to roll control a separate study indicated that saturation tended to reduce the
increase in loads due to corrective roll control. This effect was not included in the study.
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Figure 19. Effect of Roll Control on Bending-Torsion Gust Load Octagons

Roll Control Accountability Factor, RCAF

Continuous turbulence design gust criteria are based on the concept of equivalent strength with
past airplanes that have a satisfactory service life. Three reference airplanes were used in
establishing the criteria, the Lockheed Model 749 Consteliation, the Lockheed Electra (Model 188),
and the Boeing Model 720B. Although the Boeing airplane limited the use of outboard ailerons
for roll control to the flaps extended configurations, the Lockheed models used outboard ailerons
for roll control throughout their flight envelopes. As a result the design gust velocities, U,
and the 2 x lO design frequency of exceedance include the effects of roll control by means of

the outboard aileron for aircraft without active controls. Ther:fore, the effect of loads due to
corrective roll control i8 included only to the extent that the percent increase due to roll control
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with active controls exceeds the percent increase without active controls for the same airplane,
that iz

Design Load = Load ACS-on with roll control
Load ACS-off with roll control
Load ACS-off without roll control

In the above expression, the numerator represents various phased load combinations at a given
location with the full effect of roll control. The denominator is referred to as the “roll control
accountability factor” or “RCAF.” This is the factor by which the loads would increase due to

roll control if the airplane were designed without an active control system. This effect was
included as follows.

First, gust loads were obtained with the active control system present and the full effect of
roll control included. These loads were then divided by the “roll control accountability factor.”
If, for example, roll control increased the gust loads by 66 percent with active controls and 31
percent without, the with-active-control loads would te divided by 1.31. In this example the
RCAF is the factor 1.31,

The RCAF was evaluated separately at each wing station. It was found to vary from 1.01
at the wing root to 1.31 at Buttline 833 (85 percent semi-span). This variation is shown in
Figure 20. It is seen that the roll control effects are relatively small at the root but become
large near the wing tip.

Additional studies were later performcd with the intent of developing general procedures
separately for use with mission analysis and design envelope analysis that eliminated use of the
RCAF. The primary approach has been to identify conservatisms in the methods and data used
to obtain the loads due to corrective roll control. It appeared that, with only fairly modest
reduction in the roll control loads, perhaps in combination with a very small reduction in design
gust velocities, the net loads (gust plus roll control) might be sufficiently reduced so that the
RCAF would not be necessary. Although these studies have shown some promise, they have not
yet yielded a design procedure that is ready for general application.

As a result only the original design procedure has been presented here; more work remains to
be done before a more general procedure is ready to use
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SUMMARY COMMENTS

Both the Mimion Analysis and Design Envelope criteria were developed from the concept of
equivalent strength with past airplanes that have a satisfactory service life. If an airplane is
operated in a manner that is considerably different than these past airplanes, the design gust
loads on the new airplane will be different depending on which of the two criteria is used. It
is important to understand the differences in criteria to assure that the criterion selected for
analysis will indeed give realistic loads for the new airplane.

The most common method of determining ipternal loads and stresses for the design and sizing
of structure from the ped results is that of *Mawching Conditions” or variations of this approach.
The selection of load combinations to be matched and the use of rational external force
distributions in the development of the design conditions are of primary importance. The general
approach is to identify areas of the structure that arc potentially oritical for gust loading based
on a conservative comparison of the PSD gust loads with other types of conditions. The more
complex analysis procedures are then applied to these areas of the structure.

Application of the psd continuous gust design criteria to airplanes designed with active controls
and gust load alleviation systems presents a challenge. This is an area where considerable
analysis, development effort, and possibly new methods will be required in the coming years.
The use of three-dimensional gust analysis procedures is likely to be beneficial.

ACKNOWLEDGEMENTS

The author is grateful to Richard M. Heimbaugh of Douglas Aircraft Company and
Joe J. Nishikawa of Boeing Commercial Airplane Company for their assistance in supplying
information on methods of applying continuous gust design criteria to the design and sizing of
structure.

The study of loads due to corrective roll control presented here was conducted by

Frederic M. Hobiit before his retirement from Lockheed-California Company. The author is
grateful for the support and advise provided by Mr. Hoblit during the preparation of this paper.

ST

e w yeeema e

e T e — e———

oy

s s




R o]

4-40

1.

10.

1l

12

13.

14,

1S

16.

17.

18.

19.

REFERENCES

Hoblit, F. M., “Gust Loads on Aircraft: Concepts and Applications.,” American Institute of
Aeronautics and Astronautics Education Series, scheduled for publicatior May 1988.

“Federal Aviation Regulations - Part 25 - Airworthiness Standards: Transport Category
Airplanes.” ent of Transportation, Jan. 1984 Rev, Federal Aviation Adminstration,
Washington D.C.

Hoblit, F. M., Paul, N., Shelton, J. D, and Ashford, F. E, “Development of a Power
Spectral Gust Design Procedure for Civil Aircraft,” FAA-ADS-53, Jan. 1966, Federal
Aviation Agency, Washington D. C.

Fuller, J. R, Richmond, L. D, Larkins, P. C., and Russell, S. W, “Contributions to the
Development of a Power-Spectral Gust Design Procedure for Civil Aircraft,” FAA-ADS-54,
Jan. 1 Federal Aviation Agency, Washington D. C.

Joint Airwortgine? Requirements, JAR-25 Large Airplanes, Civil Aviation Authority,
1986 Rev.

MIL-A-008861A(USAF), “Military Specifications - Airplane Strength and Rigidity Flight
Loads,” 31 March 1971

Austin, W, H. Jr, “Dcvclogmcm of Improved Gust Load Criteria for United States Airforce
Aircraft,” SEG-TR-67-28, 1967

%%%IHAS), “Military Specifications - Airplane Strength and Rigidity Flight Loads,” 7
e 6

Rice, S. O, “Mathematical Analysis of Random Noise,” Bell System Technical Journal, Vol.
XXIH, No. 3, July 1944, pp 282 - 332, In Wax, Nelson: Selected papers on Noise and
Stocastic Processes, Dover Publications, New York, 1954.

Stauffer, W. A. and Hoblit, F. M., “Dynamic Gust, Landing, and Taxi Loads
Determination in the Design of the L-1011," Journal of Aircraft. Vol 10. No. 8, pp. 459
- 467, August 1973.

Stauffer, W. A, Lewolt, J. G, and Hoblit, F. M, Application of Advanced Methods to the
Determination of the Lockheed L-1011 Tristar,” Paper No. 72-775, 1972,

Moon, R. N, “Application of Linear Optimization Theory to Development of Design Load
Conditions from Satistical Analyses,” AIAA/ASME 20th Structures and Structural Dynamics
Conference, Paper No. 79-0740, 1979.

Noback, R., “The Generation of Equal Probability Design Load Conditions, Using PS.D. -
Techniques,” NLR TR 85014 U, National Aerospace Laboratory NLR, Amsterdam, The
Netherlands, Jan 198S.

Joues, J. G, “On the Development of Structural Design Load Conditions from Statistical
Analyses of Aircraft Response to Turbulence,” Royal Aircraft Establishment Technical
Memorandom FS(F) 504, London, February 1983.

NASA CR 159097, “Accelerated Development and Flight Evaluation of Active Controls
Concepts for Subsonic Transport Aircraft - Vol. 1, Load Alleviation/Extended Span
Development and Flight Tests,” September 1979.

Eichenbaum, F. D., “A General Theory of Aircraft Response to Three-Dimensional
Turbulence,” Journal of Aircraft, Vol. 3, No. 5, pp- 353-360, Rfay 1971.

Eichenbaum, F. D., “Response of Aircraft to Three-Dimensional Random Turbulence,”
AFFDL-TR-72-28, October 1972

Eichenbaum, F. D, “Evaluation of 3-D Turbulence Techiniques fer Designing Aircraft,”
AFFDL-TR-74-151, March 1975.

Gould, J. D, “Effect of Active Control System Nonlinearities<on the L-1011-3(ACS) Design
Gust Loads,” AIAA Pa No. 850755, AIAA/ASME/ASCE/AHS 26th Structures, Structural
Dynamics, and Materials Confecence, Orlando, FL, April 15-17, 198S.




— -

e —p————— T e — W

5-1

COMPARISON OF THE INFLUENCE OF DIFFERENT GUST MODELS ON STRUCTURAL DESIGN

Abstract:

Depending on the country of certification different gust models and means of compliance of

by

Manfred Molzow
Chief Structural Dynamics
Messerschmitt-Bolkow-Blohm GmbH
Civil and Transport Aircraft Division
P.0.Box 950109, 2103 Hamburg 95
Federal Republic of Germany

the airworthiness requirements have to be covered in Structural design of civil transport aircraft,

The influence on aircraft

- gust models

design from

~ A/C modelling
- control systems/laws

is demonstrated on example of a short to medium range transport aircraft.

Recommendations for future harmonized approaches in gust methodes and modelling will be given.

Abbrevintions_

AA
A/C
CAA
DGAC
FAA
LBA
RLD
STPA
FAR 25
JAR 25
NV

AC

M
EDP
EFCS
FBW
LAS
CT
MA

Airworthiness Authority

Aircraft

Civil Aviation Authority

Direction Generale de l'Aviation civile
Federal Aviation Agency
Luftfahrtbundesamt
Rijksluchtvaartdienst

Service Technique des Trogrammes Aeronautiques
Federal Airworthiness Requirements (US)
Joint Airworthiness Requirements (Europe)
National Variant

Advisory Circular

Special Condition

Interpretative Material

Electronic Data Processing

Electrical Flight Control System

Fly By Wire

Load Alleviation System

Continuous Turvulence

Mission Analysis

Design Envelope Analysis

Supplementary DEA

Discrete Gust

Discrete Tuned Gust
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MoC Means of Compliance
TAS True Airspeed
BAS Equivalent Airspeed
Ude Derived Gustvelocity (fps, EAS)
Ue Gustvelocity (fps, TAS) in CT
¢ Gustgradient
QF quasi flexible
FF full flexible
NZc Loadfactor
Ve Crusing speed
(] rate of attitude
'] Bank angle
oc bank angle Indices:
oc rate of bank angle c commanded
r roll velocity
8 sideslip angle

1.0 Introduction

Different from military fighters the large transport aircraft up to relatively large grossweights
are designed by gusts in big parts of their structural components.

Being so, the component weight and the overall standard of safety during flying in gusts
will depend on

- Gust Models

- A/C Modelling

- Systems Introduction
used in static design work. But the manufacturer is not free in the choice of models, neither
in

Gusts

nor in

Aircraft

He is rather guided by existing regulations or their related and by authorities acceptea means
of compliance.

Although flying around in the same atmosphere all over the world, different countries require
through their airworthiness authorities different Gust and A/C madels.

AA normally defend their since centuries nearly unchanged position by stating:
THE EXISTING LEVEL OF SAFETY MUST NOT BE ERODED
Nobody will and can oppose to that, the question is:
WHEN 1S EROSION STARTING?

‘The author believes, based on discussions with several AA in this field that sometimes the improve-
ments against the past in

- more and more sophisticated investigations of gusts in relation
to masses, c.G., massdistributions, Mach, altitude and dynamic
pressure using extensively EDP

- physical and numerical methods

- correction of data by ground and/or flight tests

- extensive ssrvice experience with former designs

- weather radar and improved weather foracast by satslites
- extensive use of qualified equipment and systems on board
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is not adequately taken into account in this judgement.

Therefore, while accepting the requirement for a high saisty standard, there is on the other
hand the danger

TO PENALIZE A/C DESIGNS BY UNNECESSARY CONSERVATISMS

The truth wiil be - as always - a very narrow path. Therefore very openminded discussions
will be needed, to get real progress in this field. But let us first review the today's situation.

2.0 Comparisen of Requirements and Interpretations

2.1 _Gust Requiremen's

The requiremant situation for large traanspoit A/C and the different

intorpretations re.resented by the following national airworthiness authorities will be reflectsd
(Fig 1) .

COUNRY PEGULATION AA
Jermany JAR 25 LBA

I ace JAR 2% STPA/DGAC
Great Britain JAR 25 + NV CAA
NETHERLANDS JAR 25 + NV RLD

USA TAR 25 FAA

Fig. 1, Airworthiness Requirer enis and AA in differert countries

N\ stands for national varian. und means that in this country
additional tc the basic rule a special gust-requirement exists. Also in the case where the require-

ment basis is similar, different means .{ compliance and interpretztions from ope country to
another might be valid, as later wiil ba shown. (Fig. 2)
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Fig. 2, Gustrequirements in different regulations

¢ Floor Level for Supplementary DEA, Ue = 60 fps

2.2 Aircraft Modeling

Besides the already exisling differences in gust requirements as shown in chapter 2.1, different
A/C madels are required by the forementioned AA.

These differences are mainly

- how flexibility
~ if and how unsteady aerodynamic forces

are taken into account.

Whilst in the requirements exists a clear statement how flexibility has to be considered, it
is normally left to the manufacturer how unsteady lift is introduced.

So all AA are in agreement that in CT-investigations

- dynamic response for
~ the full flexible A/C taking into account
steady and unsteady lift

have to be considered,

The question how many modes and frequencies and which unsteady lift theory will be taken
to have an optimal representation of the A/C lies in the hands of the marnufacturer.

The situation is different in the required discrete gust models. The QF-approach, A/C regarded
as frozen under deformation, is accepted (see figure 2) from

- FAA for Pratt-Formula and the (1-cos) gust.

- BLD for their N.V. of the negative gust.

- Basic JAR 25 as "Quasi Pratt", but in
combination with a FF discrete (1-cos) gust.

For DTG the CAA and for the DG with 90% Ude all other European authorities require the FF-A/C

The term "Quasi Pratt" is used hcre for a complete A/C response calculation of a (1-cos) gust,
but suppressing the effect of the flex modes and frequencies.
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2.3 Effect of Control Systems and Control Laws

In history the only systems effect came in by

~ autopilots
- autostabilizers
- yawdampers.

Normally for design the A/C was conservatively regarded without these systems and the effect
had only to be demonstrated by a supporting study.

This situation has changed since modern transports have EFCS (FBW) with Control Laws and
sometimes Load Alleviation Systems.

It is self-evident that AA in this situation will request that
- systems have to be introduced in the A/C modelling
to prevent that the loads situation does not become worse than for the conventional A/C.

Accepting this, the interest of the manufacturer is that

- systems effects arec taken into account
also taere, where it means benefits
for the structure

and that this is adequately accepted by AA.

Naturally the problem starts with the different opinions represented by AA and industry about
the meaning of

adequately.
The existing requirements do not cover this area at all.
The FAA gives in its Advisory Circular

AC 25.672
"Active Flight Controls"

some advice.
The JAA have together with European industry in the frame of an actual A/C design estublished
a special condition to JAR 25
SC - A 2.1.1.
together with interpretative material
IM - A 2.1.1,
"Certification Criteria for an A/C designed with systems interacting with structural Performance"

The European paper goes further, as can already be seen by the heading, and covers - to
the opinion of the author - the problem more appropriate.

Both papers are derived from actual necessities in the different countries and will need -
having now more experience - a critical review, update and generalisation. A lot of conservatism
is in the early papers, taking into account the lack of experience and the fear of the AA

to erode safety.

In between the term "aderuate" needs a revised interpretation, not to destroy the attraction
of these new systems, which also brought an improvement in handling for the manufacturer
by insisting on old unjustified conservatisms.,

Fig. 3 to 8 give for control systems of modern transport A/C in schematic sketches.
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3.0 Infl of Requirements on_Static Design Load Lavels

The influence of the different national requirements and its means of compliance on the static
design load level of a large transport A/C, which is designad in major parts by gusts,
is demonstrated in the following figures.

As representative quantities were chosen,
for Vertical Gust

- wing bending
- tail bending

for Lateral Gust

- fuselage bending
~ fin bending

Further the influence of introduction of control systems, control laws and load alleviation
on the Vertical and Lateral Gust Load Level is shown,

3.1 Vertical Gust

The following gustmodels and MOC are compared:

- Vertical Gust Load Level due to European/American requirements (Fig. 7 and 8)
All system effects inclusive ioad alleviation are included,

CT (85 fps. TAS) - reference level
with

CT (75 fps. TAS)

DG + DTG / 100% resp. 90% Ude/FF
DG /100% Ude / QF

For the wing (Fig. 7) it is found that the DG and DTG-Le¢vel with the European interpretation
to be calculated FF gives a load level even higher than the JAA load level due to CT (85
fps}).

The FAA approach with the chance of CT (75 fps) in special cases and the DG interpreted
QF gives a marked lower load level,

For the tailplane the highest gust load level is found also for the JAA gust interpretation
with the DG interpreted QF nexi, both higher than CT.

- Vertical Gust Load Level due to Britisch National Variant
(Fig. ¢ and 10)
Systems as before.

DG / 90% Ude/FF - referenc: level
with
DTG / shaping law with max. 90% Ude/FF

Fig. 9 and 10 show the effect of the gust shaping due to the UK-National Variant. It is found
that at wing and tailplane depending cn the spanwise station the National Variant produces
the higher load level. This means that at components, where CT is below DG, the DTG will
give the design case. :

- Vertical Gust Load Level, effect of pitch control law and load alleviation
(Fig. 11 and 12)
DG / 90% Ude/FF pitch contral law and LAS incl reference level

with
DG / 90% Ude FF pitch control law included
DG / 90% Ude FF no systems included.

For the wing (Fig. 11) it is found that the introduction of the pitch control law gives the
same level as the conventional A/C. This is different for the tailplane where the pitch control
law introduction leads to an increase of tailplane loads in relation to all "systems introduced"
where the conventional A/C leads to an underestimation.
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3.2 Lateral Gust

The foilowing gustmodels and MOC are compared:

- Lateral Gust Load Level cdua to European/American requirements (Fig, 13 and 14) The influence

of systems and control laws was not introduced.
CT (85 tps, TAS) - refersncs level

with

CT (7. fps, TAS)

DG + DTG / 109% resp. 80% Ude/FF

DG / 100% Ude/QF

The JAR 25 rcquirement basis inclusiva the NV and its usual MOC lead to A higher load

level as well in continuous turbulence as in discrete gust tha. FAR 25 and its usual interpre-

tations.

Lataral Gust Load Level due to British National Variant
(Fig. 15 and 16). The influence of systems and control laws was not introduced.

DC / 100% Ude / FF - refarence levesl

with

DTG / shaping law with max 30% Ude / FF

This NV gives a higher to equal load level for the fuselage and a lower one than discrete
for the fin. In this design the CT-level is dominating all components in lateral gust which
must not always be the case.

Laterzl Gust Load Level, effect of systems and control laws
(Fig. 17 and 18)

CT (85 fps, TAS) without EFCS - reference level

with

CT )85 fps, TAS) with EFCS, 100% operating

The introduction of systems, especially yawdamper function and lateral control laws leads

in general to reductions of gust loads because of its damping effect of the dutch roll. It

is obvious that if this level is taken for design, system failure cases have to be investigated.
IM-A2.1.1 defines a safety factor as function of failure probability of occurrence to calculate
ultimate load. (Fig. 19 and 20} These figures illustrate the high importance of a reliable
system on structural weight.
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4.0 CONCLUSIONS

The shown situation can be regarded as representative for a major gust load designad transport
A/C.

It was shown that more severe gust requirements or interpretations in Europe lead to higher
gust design loads.

It is doubtfull whether this is necessary to guarantee an acceptable lavel of safety. But
there is no douht that this situation distortes the international competition.

The objections of AAs to this statement wil) be that also Import- A/C entering the European
market will have to cover these requirements.

Although this is true it canuot satisfy a manufacturer that own A/C designs, flying in
the same atmosphere as those of a cormpetitor, have to cover different severe gust requirements,
depending on the country of certification.

A critical review ot the total gust requirement situation is therefore requested, ending up
in a harmonization of the conditions to be covered, indepsndent from the country of certifica-
tion.

We must vefrain from the former artificial load conditions, coming as near as possible to
the real physical conditions.

New statistical material ior better representation of the atmosphere is needed, only this

will guarantes a good level of safety and will at the same time give us the chance to use
all the benefits we can get also in the structures field from introduction of modern electronic
systems, to improve overall economics.

Industry, Laboratries and Authorities are requested to take over this task in the interest
of all of us,
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MEASURED AND PREDICTED RESPONSES OF THE NORD 260 AIRCRAFT
TO THE LOW ALTITUDE ATMOSPHERIC TURBULENCE

by

JL.Meurzec and F.Poirion
ONERA
9 ave de la Division Leclerc
92320 Chétillon
France

Summary : A program of in-situ measures using the Nord 260 piane equipred with
accelerometers has allowed to compare the predicted and the measured resronses of the
flexible aircraft to the turbulence. It shows a good agreement between the two sets of
results and it emphasizes the better modeling of the turbulence using the isotropic mocel
rather than the cylindrical one.

INTRODUCTION

A flying program using the plane Nord 260 has allowed to compare the experimental and the
calculated responses of the fIexible alrplane to the low altitude atmospheric

turbulence. The results ot these comparisons give a good fitting between calculated and
measured transfers, spectral densities and coherence, once the adequate turbulence length
scale and standart deviation have been found.

Those comparisons show also that che responses calculated by using an isotropic model
in order to represent the atmospheric turbulence are much more closer to the experimental
responses than those obtained using a cylindrical model, which shows the more realistic
behavior of tha isotroplc model.

After recalling in a first part how the recponses are calculated, we show by drawing
the curves representing the transfers, the spectral density and the coherence, the
comparison between the erperiment and the caiculus

1 Theorical responses to the turi “ence

I.1. Non stationary forces due to the turbulence

The ron-stationary pressure created by the atmospheric turbulence at point M and time t
on a flexible aircraft is given by the relaticn :

'¢8) AP M,t) = Isgm,w,c)‘a (M7, t) am

where G(M,M’,t) represents the Goeen function of the problem caiculated by the doublet
lattice method (1], and @& (M’,t) is the local angle of attack induced at point M’ and time
t by the turbulence, S beeing the wing surface

The generalized non-stationary forces relative to the cdisplacement field KH(M) are then
glven by :

@2 F _® -I'Aﬂ’m,c)ﬂ(mdu

-
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In the modal basis of the plane, the vector q of the generalized coordinnates is given 1
by the relation

(3) qit) = a* F(t)

where a is the impulsional response and F is the vector of the generalized forces

componants. Ne denote A = A the admittance mattrix. b
Knowing the vector h(M) of the displacements (L (M))

of the eigen modes at point M, we can deduce the vertical displacement 2 at that poin.

using the relation

4)  z@t) = X h M q(t)

In order to achieve the calculus it is necessary to know the expression of the local

angle of attack a(M,t) in function of the turbulence. This expression will be different
according to the model chosen to represent the atmospheric turbulence.

I.2. Cylindrical turbulence

The cylindrical model is a simplified model of the atmospheric turbulence which suppose
that it is constant spanwise and which is entirely defined as soon as its value at a
single point M o is known.

More precisely, for an airplane flying along the x direction at speed V, the local
angle of attack o(M,t) induced by the turbulent field Wi, t) is given by :

() aMt) =WME) /V =W (M,t - (x,-X)/V) / V

where M (xo) is the point where the turbulence is measured and which is located at the
nose of the plane,

Denoting AP{M») the Fourier trarsform of the non-stationary pressure AS(M,t) at pcint M,
we get easily :

© APM,0) =W (W) / V [ MM, 0lexp(-I0x, % ) / V) d W

Therefore we see that the pressure is obtained by a linear filtering of tiae cylindrical
turbulence, the frequency response beeing given by the previous integral.

In the same way the non-staticnary forces and therefore also the vertical displacement
2(M,t) are obtained by a linear filtering of the cylindrical turbulence and we cnnsider
the frequency response that we shall call transfer at point M by :

M T Mo = 2,0 /0 M) = 1V n A F

We can then construct :
2
® Mw =T (Mo | O ()
zz wi wwr

and the cuvherence : 1

2 2
b (M,cn)—ltb_"z M) |/ O"(fn) Ou(M, )

I.3. Isotropic turbulence

SRR | TV

The verti.-al atmospheric turbulence is modeled by a s2cond order stationary continuous
and zero mean gaussian process wich is isotroplc and homogeneous. In this context, the
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local angle of attack is given by the relation s

(8) aiM,t) =W (M, t) / V »

and the non-stationary pressures and the responses of the aircraft are not given any more
by a linear rlltering of the turbulence at the single point M, .
In order to get the transfer, we are going to construct directly the spectral density

On(M, ®) of the response 2

at point M and the interspectral density between the turbulence measured at the reference
point M and the response Z at point M, Olv(M,,M,m).

T¢ calculate the generalized forces, the surface $ is discretized. We denote ,
G(t) = (G (t)) ®(g(M,M,t)) the mattrix of the discretized kernel g(c) '

H= ( hl (X)) the mattrix which columns contain the displacement of the mode i at point M
of the lattice, W(t) the vector which componants are the value of the turbulence at timz
t and at the points of the lattice M .

The vertical displacement at point M, Z(M,t) is therefore civen by the relation

(9) Z(Mt) =h' (M) A+ (HG*WV) (t)

The process 2 is thus obtained by the composition of two linear filtering of the
process W/V , the first impulse response beeing HG(t), the second one beeing h T(M)A(t). The
general theory of second order processes [4] show then that the p.ocess Z is a second
order, zero mean continuous gaussian process which is stationary , the spectal measure of
which beeing given by the formula :

T A A AF . An -
(1n) "’zz‘“'“’) = h (M) A(@) H G(w) S, l® G(®w) H A(®) h(M

The guantity 3 wV(m) is the matrix spectral measure
of the process W/V which elements are defined by :

1 S = 8 M
(1 u/v(m) t H‘/v( x'Mj'm)]i,j
where %wv(M ,Mfon represents the transverse spectral measure of the process W/V at the two
1
points Mj and M .
In the same way, the cross-spectral density between the response Z and the turbulence
W/V at the measure point M o is given by :

. T x
112) Q.Z(MO,M,O)) h™ (M) A(®) H G(w) S, ”
]

where

1 s - M

(13 %/JO» ( awv( o'Mfm)lg
represents the column of the transverse spectral measure at point M .

In order to be able to detine completly expression (10) and (12), we still have to

write down tne transverse spectral measure S v(M',r‘.,o)) between two paints M and M’.

This quantity has been calculated in reference (3] :

(14) SW/V(M,M' ) = exp(-i(x—x')}C(m;n)ow(m) = om(m)o'. (@)

pt3/2 _p-1/2

K

p+1/2
K

(15)  c(om) = 2/C(p+1/2) ((W/2)

n=w:4mﬂ/v+1

p =V (y-y) '+ (z-2")’

a = WNK T(p) / T(p+1/2)

B o~ (1-(1+(am) /V') ((z-2") /p)) (142 (p+1) (ae) /V)

2 - 2 BV
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L beeing the turbulence length scale, X the Bessel function oI order p.
0;}u» is the spectral density of the vegtical turbulence :

16) @ (@) = 67 L/V2E (1+2(p+1) (ao)/V') (14 (a)’ V' ) P

The Karman’s model is obtained when p = 1/3 .
We can then construct a pssudo transfer T" between the response 2
and the process of the vertical turbulence :
2
(17 ® (Mo =|T (M) | & (0
11 b1 1]

where

ERR. SR A ne S =
(18) |TJM,m)| = h (M) A(Q@) H G(m) cm(m) G(@ B A () h(M

In the same way, using relation (12), we can construct the pseudo transfer '1‘"z :
(19) 0"(M,m) - T“(M,m) d>“(m)
and the pseudo coherence
2 H
Y (M, mv)=|d>“',v z(M' o/ °w(°))°zzm' o)
I.4. Turbulence length scale

The quantities C(an) and G:M@» depend of the Eurbulence
length scale L and of the standart deviation o

If we wart to compare the theorica. plane’s re;ponses <0 the measured ones, it is
necessary to estimate correctly these two parameters which characterize the turbulence
state during the in flight measures. In order to do that, using the measured spectral
cdensity, we do the ratio of two values of the spectum (16) for two different
frequencies and we obtain a relation which depends only of the length scale L. We get L
using an numerical iterative scheme.

Then we get easily the standart deviation. This method is however limited by the

scattering of the experimental spectrum values but it gives a rough estimate that it is
possible to improve.

.- “

I In flight measures for the Nord 260.

II.1. Modal Basis

The modal basis contain two rigid modes of pitching and plunging and twelve flexible

modes obtained during ground vibrations measures [2] and which characteristics are given
belcw :

frequencies Hz 1 4.52 6.32 .03 9.5 10.41 11.95 13.30 15.59 16.17 23.3 27.8
generalired masa 6.4 201 659 692 6.7 135 345 431 1.2 1070 88.2 256
structural damping .35 .009 .014 .011 .034 .027 .016 .017 .025 .022 .015 .018

— 0
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II.2. Positions of the accelerometers

QL | H TV

—_—]

170

IITI Comparison measure and theory

We use a length scale of 75 m for the turbulence which give a value of .78 for the

standart deviation.
igure 1 shows the compariscn of the erperimental and theorical spectrum. The inertial
area is well represented.

From now on we shall only look at the acceleration Z(M,t) of the vertical
displacement. Figures 2 and 3 show for two different accelerometers how the
theorical response compare when either the isotropic or the cylindrical model is used. We
can see a rather big difference for the two results, especially in the flexible modes
area. Such a difference had not been found for the responses of the Mirage III, this last
airplane haviig a much smaller aspect ratio than the Nord 260 which can be considered as
a large aspect ratio plane.

The 5 last figures show the comparison between the theorical response using the
isotropic model and the experimental response for 5 different accelerometers. We see the
good agreement of the results except ror the figurz 7 which involve accelerometers
located at the wings’s tip. This ls due maybe to bad measures at these points.

The results for the transfers are not much modified when the value of the turbulence
length scale varies. This 1is not the case for the power spectral densities.

Of course the agreement 1s not perfect between the experimental and theorical results :
the turbulence is already anisotropic at the altitude of 150 m where the measures were
made and there is always some noise wich add up to the turbulence excitation.

1
.
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Fig. 8 — Comparison of the experimenial snd theoreticel
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A REVIEW OF MEASURED GUST RESPONSES IN THE LIGHT OF
MODERN ANALYSIS METHODS

by
P Mr:v,o?rﬁ:nas:nmyor
d'm.«mmm
Alrworthiness Division

Brabason House
wull'(“ 15Q

In the past various gust load feomuilas have bean develcped for the calculation of design gust loads on
aircraft. Sinoce it was first oublished in 1954 (Mef 1), the allsviation factor of Pratt ad
Walker hag gained almost universal acceptance and for mary years has been a fami. part of the
airworthiness requiremsnts for toth civil and military aircrafe.

derived qust velocity is not 0 much an absolute physical quantity,
tranafer factor defined within the terms of the formula. As such the method is wost accurate whan
restrictad to use on wary similar characteristics. lLess oonfidence must be sttached to
are unconventional when compared to the data collacting aircraft.

|
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have af!
is the subject of this psper. The wrk described was done by British Aercspace, Weybridge under a
ressarch oontrect sponecred by the Civil Aviation Asthority of the United Kingdem.

The cpinions expressed in this paper are solely thoss of the Author.

2.0 INVESTIGATION OF THE EFFECTS OF NOUKLLING MEFTNENENTS URON PRNEDICTED AOCELERNTION RESPONSES.

Tre design gust velocities in cxrent gust load requiremsnts are based, for the most part, on
statistiosl data oollectad on U.§. trensport aircreft prior to 1950 and supported by further data
collacted on Burcpesn transport aircraft prior to 1960. Guat velocity probabilitiss were derived fram
exossdance counta of centre—of-ravity scocsleration using a simple gust allgviation factor agproach

based upon the aircraft mass parwmeter. Guat welocitiss derived in this way oan be confidently used
for design, providing the alrcraft comsideration has similar responss charactacistics to the
. Whare this is not the case a wore realistic picture of the distribution

trus gust welccity should be sought. Ideally, dasign methods and design should be H

' the required ssfiety cbjective without eTNGMC panalty
Gust load m.alysis methods staadily over recent years to kesp in step with develcgmants %
in aircraft technology. The effects of flexibility, wing swsep, high spesd asrodynmmios, transport delays,
interference betwesn li surfaces, iguration changes (flaps, slats spoilers etc) and autopilot




Mathamaticsl nodels of the aircraft under review ware developsd using the latest analytical
tecihniques from previcusly published mess and stiffnees data. Rigid ssrodynamic load distributions
were
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A comparison of the major design features of each type of aircraft studied is given in Table 1.
In «aach case the alrcraft response squations terc eatablished in a wey which permitted an
individual veriation in some sspect of modeiling technique. At each stage tiv responses to a
rangs of*1=coaine” shaped gusta were calculatsd to determine the change in incvemsntal
acoelsration at the centre—af-gravity.

The mndslling asmuaptions inherent in the Pratt formula approach to responss analysis are
summarised in Table 2, togethar with briaf details of the improvemants embodied in curvent
state-of-the art modelling prooedoes. Analysis of some typicul results obtained for each class
of sasrcplane are sumarised in Figures 1-3. Thess figures show how tiw predicted incremental
C.g. soomlaratic, can vary depanding upon the assumptiona mads conoerning each physical
characteristic of the aircraft included in the equations of motion.

Bach block in the diagram represants the maxismwm predicted cantre—of-gravity acceleration in
TeSpXNse tO & “1-cosire” shaped qust. Meading from left to right repressnts tha introduction

of a selectad improvemsnt in modelling technique. The far right of the figure faithfully
represents the campleta dssiga procedure in accordance with current UR practios. Ir sach case
the datum value shown is that wiich would be obtainsd from the basic rigid Pratt formula
solution. Tt can be sesn that ths general trend is towards a higher response as the iathematical
model is preogressively refined.

The final result confirme that the simple allsviation factor approach will seriously under—
eatimate the trus accelaration which would be cavsed by any discrets gust of a given magnitude.
Conversaly, derived gust velocities bassd upon these simpls aodols will, in turn, be over-
estimetes of the trus qust velocity.

4.0 O@LICATION FCR AIRCRAFT DESIGN LOADS

In addition to the calculation of aircraft accelerationa in the various cases, estimstes of the
valuss of some important load paramsters were also derived 3o that the effects of the various
modelling refiremsnts upon design loads could be checked. The overall trends for Wing Root
Bending Mosent for each class of aircraft investigated are smmarised in Figqures 4-6. The
results confim that wmodarn analysis techniques are -uits conssrvetive when compared with the
Pratt formula agproach and these have led to a gradual btut significant increase in the
ssverity of the design criterion. Thees hidden strength increases must be assegsed in the light
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5.0 REASSESSMENT OF GUST FRE[JENCY DISTRIBUTION

The maximzn value of centre-of-gravity acoceleration that results fram an encounter with a vertical

gust is largely dependent upon weighc, speed, altitude and centre-of-gravity position. The first

three of those paramstwrs wers fully accounted f- ¢ by Pratt and Walker in their assesament of

operaticral qust statistics (Red 1). As anly the heave degree~of-frusdom wes
cantre~of-gravi 4
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calculatsd t
used in the current study to a range of discrete gusts of verying wevelength. The tuning effect is
clsarly evident even for :hese relatively rigid atircraft where the dynmmic effects of wing flexibility

i

Alternatively, research by Jones into the statistical pature of diacrete gusts has shown (Refs 4-5)
that fadlies of remp gusts, whose amplitudes vary as “wavelength to the power ape-third”, have an
equal probability of ocourrence. This physical characteristic has been demonstrated in turbulence
analysis studies carried out by British Aercspace at Weylwidge (Ref 6) for single ramps and
combinations of remps with a sooth "1-cosine® profile. Adaption of this feature of equiprobability
to more familiar symmetric discrete gust (Figure 10) will allow & family of "1-cosine” gusts to be
definad, each member of which will be as likely to oocur as any other. Furthermore if the 25 chord is
chosen as the datum for definition of the aplitude ucaling law as in Figure 11, then a tuned qust of
of

equal pac ty
to derived st velocity can be established which incorparate the concept of variable gust lengths,
whilst maintaining the sams level of probability inharent in the earlier analyses of Pratt, Walker,
Bullen and others.

The effects of the application of the discrete gust power law on the peak accelsration can be seen
in Fiqures 12-14 which provide a direct compariacon with the constant amplitude gust respouses of
Figures 7-9.

The developmint of acceleration tc gust velocity conversion factors appropriate to the latest
rodelling assumptions, and a comparison with the Pratt datum result is sumnarised in Figures (15-17).
These factors are based upon representative flexible aircraft models which for the aircraft type V
will give the true correspondence between gust velocity and acceleration at the mean cruising
conditions. For the JS aircraft the factors represent a reascnable estimate of the likely correspond-
ence due to uncertainties in the model data.

The prime use of the revised gust factors described above has been in the evaluation of more realistic
derived gust velocities appropriate to a large pari of the American V-G data collected prior to 1950

and the part of the V-G-H data measured on Furopean aircraft between 1953-1958. Calculated valw s of

derived qust welocity had previously been fitted with thearetical extreme value distrikutions (Ref 7)

in order to smooth out irregularities in the data and to provide a conistent basis for extrapolation.
Fou this investigation therefore it was necessary only to apply the relevant gust conversion factors

wdngimstmdimmmw.mghuapmcrfuleffactupcnﬂnguatpzobabu_tuuulrm
in Figures 18-19.

It is emphasised that the new result is a product only of revised assumptions concerning the respanse
of the aircraft to the gust. These assumptions were made in the light of acceptsd modern techmiques
of mathematical modelling and of recent theories of the nature of the atmosphere. Other assumptions
pertinent to the operacion of the data collecting aircraft, such as estimates of mean operating
migmu,w-paadsmﬂaltit\nuhavemtfmdpnttotthisinveattgadmmdhuwbemwoq:mdn
samdly N

6.0 ATRWORTHINESS CONSIDERATIONS

British Civil Alrworthiness Requirements were revised in December 1964 in an attempt to anticipate
the needs of turbine engined operations. The gust probabilitiss asgumed at that time were extra-
polated from pre-1958 oparational data and the target limit gust velocity was set at a value that
would be wet once in 30,000 hours. It was assumed that the gust occurrence rate would not vary with
tims s0 that experience fram 30,000 hours of turbine powered operation could be aquated directly to
30,000 hours of niston powered operations. The minimum requirement of 50ft/sec EAS at 20,000 feet
reducing to 25ft/se at 50,000 feet therefore reflectsd the maximm gust experienced in 30,000 hours
at 250 mph assuming a dynamic stress factor of 1.0. The constant gust velocity below 20,000 feet
representsd a relative increased probability of meeting the design gus: but this was balanced by the
decreased exposure “imes associated with climb and descent.

From 1964 the BCAR discrets qust design velocitis have reflected those contained within U.S. Federal
Aviation Regulations. That is not to say that the requiremsnts themselves are identical since the
FAR 25 discrete gust requiremsnts specifies a fixed gradient distance ¢f 12.5 wing msan chords. In
the United Kingdam there iz concern over the need to take account of aircraft dynsmic response in the
calculation of design gust loads. To this end the conoept of varying gust gradient distance to find the
most critical responses on different parts of the aircraft has been introduced. Although for many
aircraft the 12.5 chord gradient is close to being the most critical for response quantities such as
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wing root bending mment, most aircraft have isportant responses affecting struotural loads uhioh
tune to other gradient distances.

Thus, whils, £1om & point of view of structure weight the 12.5 chord gust gradient is near to being
the most important, this is not the case for all aircraft nor is it the cass for all parts on any
aircraft. Futwae devalopments, such as the appliostion of active controls or other advance
configuretions ow be scxe sansitive to discrete gust effects than past designs and it therefore
beccmas sty imperative to consider more then one gradient distance.

As previctily shoam qust velocities developed frowm sisple response modsls are ssvere when used with

a fully retional walysis. Tha CAA has recognised this fact and in its Wational Varioat to
JAR 25 has introduoed a reduced qust welocity for use in conjunotion with a dynsmic analysis. I:

can be seen in Figure 20 that the o N , that
modern analytioml would sugport tiss of “trus" gust velocity than the simple
allsvistion factor spproach. Secondly, that the reliability of modern jet transport has led to
greater expectations of cpazational than were thought whan the turhine engined aircraft
were first intvoduosd. An airworthiness ve of one encountsr with the limit gust in 50,000

flying hours is now thounht to be appropriats.
7.0 CONCLUSTONS

1) In the past sixplified models of aircraft used to assess opurational gust statistics have lwd to
conssxvative estimates of derived gust excesdances.

2) Modern refinemnts in aircraft modelling techniques have gradually introduced conservatism in the

models are too syvere for use with a modern dynsmic analysis.

3)mmmn¢muwmum,a1ommmummmmmcy
can be readily justified. Purther reductions may be justified on ths
considerations, or by investogation of more recemt mmﬂmqowbyﬂn
current genexration of transport aircraft. In the latter case it will
all relevant features of the subject aircraft in the derivation of qust velocities so as to obtain
a trus picture of the gust statistics.
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RE-ASSESSHENT QF QPERATIONAL CUST VELOCITIES

CONPARICON OF SICNIFICANT DESICH FERTURES

OF THE DATA COLLECTING AIRCRWFT

P

AIRCRAFT E | RIRCRAFT J | RIRCRAFT V
Uing frea % sq.rt 864 sq.t %3 sq.ft
Ving seon chord 1039 ft 9.2 ft 1028 ft
Repact ratio 9.1 0.1 9.2
faxima AN Zm b 390 b % b
Maxima At weight e ) 1% b
Tipical speed A0 wh 28 wh 38 mph
Npical altituk N £ e it 0 ft
Estisatad 3 3 h &y
e | AR | uIm | im
L]
] r. X1 Mk
TABLE 1
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PRATT ASSUNPTION CURKENT MODELLIAC TECHNIQUE
The sircreft lift arve slape | ALl surfuces omtribute to the sirareft
ismdonvigee, ondis | nowl force aefficiont.
atu-dim fewle w& Yod dtw;l:ﬂ «e divd
(1] Urex-dinns w
A+2 by vind el cemmreaents.
R parts of the aircreft Sump efficts o sspmretion betvemn
panetrate the gt togather lifting surfuc ere (ncluded,
s ad fu. Alons Lift Anction
are for infinite aspact retio. ‘\r srfue wre drived
Urar-dipmsiont thory,
The alircreft responds in hesm | AL signifiomt freades ere allowed
oy, including control and auiopilot equti
vhre gprorite.
The aircreft responds &= e full Mofl’ic:‘b(l(b;ﬂ
@ rigid body, included. The shepes wd fraquncies of
the sajor structirel aades @re confirend
by full-scele vibration tests,
The sircreft it o The aircreft ams is correctly distributed.
concantrated ams. Mmf—rﬂ s pujlond end funl ore
veriad to find the st e,
The gt gradiont distance is The gust gradient distance is varied o
fived ot 12.3 chords, find the pask response, ( UK, anly )
TRBLE 2

el gt
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FIORE 2 )
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FIORE 9
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13 Prett datum solution for 12.3c qust Cef. NCA 12000,

2: Prett solution for @ 12.5 gat, including mmu tail lift.

3t o only solutian, delmy betuaan

o S e
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71 o oo pitch solution for @ tunad gust.

0 Flacible wlition for ¢ 12.% gat.

9 Flacidle sircreft solution for o tuned gust.
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FIGHE ¢
Nircreft Tipe J
Weogh Ut ), TORY, ANTSERD
307 Responses fo 38ft/sec EAS "I-cosine” gusts
-
FIGRE 5 ro
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"
Rircreft Tige V
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: 847 Respanses to SAft/sec FAS ‘1-cogine’ qusts
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61 Moove and pitch soiwtion for ¢ 12.5 gat

71 e ond plich soletion for @ tnad gt

0: Flaxible wolution for ¢ 12:3 gut.

% Flaible sircreft solution for @ hred guat.
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FIGKE 8

FIGUE 9
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MR COLLELTING AIRCRAFT

Veriation of the pesk response vith gust length
Rircreft Tpe £, 210 agh (Uc), N0 At
. ) B, M hal, o

1, R €0,
4
e 1oL
axleetion? + + positive
2
¢ o nagative
4 posks
I
[ |
5 1 15 2 5
fst length ¢ chords )
Rircroft Type Jy 236 agh, 3000 ft
AN = 39900 1b, 802 fue), e c.g.
4
Mc.q.
aceleration 1 + postive
9 ) . puls
I K T §omptive
l J ) i m
8
S 10 15 a -]
Qust length ( chords )
Nircreft Type U, 260 KIS, 20000 £t
RN = 5000 1b, 72 Aal, Forwed .9,
3
Pk €9
elerstion ot + positive
{9
0 ¢ ¢ 1 | b g
) 0 nagative
= peds :
' j
5 n ] . | -] k |

Qat langth ¢ chords )
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Veriation of the pask response vith rus! length

for en aquiprobeble gust faally

RN‘Q.P&E, 2 gh (), NN A

tb, Xin fal, e cg.
4
Posk Cgs
ﬂll'l?m .‘#—*—l—r ¢ mitie
(y) ‘ ! puls
2
. o nagative
FQPE 12 + ks
i
! 5 " 4] ] o]
Qust langth ( chords )
Rircreft Tupe J, 296 gh (), TN ft
lﬂ-&l‘,lﬂl,h{m.
4
Pask ¢
«celwetiond + positive
(9) 0o § 0 padks
2 < 0 nagative
FIGEE 13 ¢ pesks
1
*
|
S B B 3 3 23 0
st lagth ( chords )
Alrcraft Rpe U, 260 KTS (W), 2000 £t
m-#u:mm.m}m.
3
Pask ¢ { P 4 )
axelwetin o + positive
(g) poks
01" o agutive
FIGRE 14 Y . B pusks
+
)
S 0 5 32 3 35 4
Gnt logth (ceeds)
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FIGHE 16

FIGRE 17

RERIED OF CUAT CANNERAIN FACIORS
Aircreft i €
fenning o ux conditions
™
3‘ -
vt 1986
e wle
o
(]
1 2 3 4
"
Rircret Tipe J
M- ing man cruise conditions
194
N wie
" 19%
i vele
)
oy
| 2 3 ]
"
Rlrcreft Type ¥
fssuming nemn cruise conditions
194
K 1 value
13
fiic e
;]
(]
l 2 3 4
e

12 Pratt dub solution for 12.5c guat el WA 1200,
2t Flaxbla aircreft solution for ¢ 12:% gust,

3: Flaxible sircreft solution for @ bmad gt of epe! wplitue
to the 125 gut.

4: Flacible sirareft selution for @ tuned gt of gl probodilily
b the 12.X gat
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Sust probebilities balieved valid for trensport
operations prior to 1938

"
| LN | | |
- -9 DO D -0 iy
Mik
W
m
1 . 'T
. AL N
"2 % &4 % 0 AN
Ot welecity (Ftrwc B
FIOWE 19

IE-AENEN F BEOCH CHST WELUGTTIED

Sust probebilities estinated as a result of the letest vork

"
“ 0 0 (-nrt-o 'muun
\ oo aile
Mg')mm ;\ \ § Nrcreit €
\\ \\ o Rirreft J
» ) $ Rirreft v
L]
g @ o
' A 13 1A N
W39 8 % aaA0
Cst velacity ¢t/ B

O -k iiartt oy i,

.




LE-SISESSNT F MESIEY ST WINCITIF

Cust velocity expected to be net once in 30000 hours
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The jarge-scale use of flight recorders by commercial airlines, coupled with the enhanced quality of
results offered by modern computer-based reduction processes makes it possible to broaden
knowledge of the phenomenon of atmospheric turbulence. At the same time, new methods for
predicting the response of flexible aircraft to turbulence are being progiosed, and novel gust
alleviation systems are being designed and tested. The Structures and Materials Panel held two
Workshops on this topic, one in October 1986 and the other in October 1987.
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