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NOTICE AND ERRATA SHEET

A 1imited nunber of coples of References 21 and ", «re aveilable .
They iy be obtained by writing to:
Aircraft Developisent Service, DS-41

Federal Aviation Agency
Washington, D. C. 20553

In the colurm heading on page C-41 for Columms 1"7-214-, change the
word "nei” to "incremental”.
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SUMMARY

Three aiternate forms of gust loads criterion based on power-spectrsl
concepts are developed. These include a mission analysis criterion,

& design envelope criterion, and a criterion cambining sdvantages of
eacki., The latter is recommended for design use. Design levels are
determined based on the strength of three existing satisfactory air-
planes, the Lockheed Model Ti9 (Constellation) and Model 188 (Electra)
and the Boeing Model 720B. The determination of a design load level
involves dynemic gust analysis of the three airplanes, taking into
account the significant rigid body and elsstic modes, for both verii-
cal and lateral gust inputs, as well as detsiled stress analysis to the
regulting loads, The appr ate limit design frequency of exceedance:
(miss:ion anslysis eriterion) is found to be 2 x 10~5 exceedances per
hour. The approrriate limit design value of O, (xms true gust
velocity times ratio of design load to rms load, for use in a design
envelope criterion) varies ligearly from 55 fps at sea level to 62 fps
at 7000 ft., te 55 £ps at 27000 ft., to 1T fps at 80000 ££. For a
conservative level to be used w.der the "cambined" criterion in the
absence of 'a mission analysis, these values increase to 10i fps at sea
level, varying linearly to 110 fps at 7000 f£t., to 117 fps at 27000 ft.,
to 37 fps at 80000 ft. Two tecmiques have been developed £or inte-
grating the statistical determination of loads with the detailed stress
analysis. One is the matching ccndition technique, in which design
conditions are generated to closely envelope the statistically defined
loads, with phase relations of the various load or stress camponents
properly accounted for. Thke other is the joint probability techaique,
in which the joint probebility density of sxial snd shear stresses is
determined at all potentially critical locations in the structure and
reiasted {o the respective strength envelopes. The sensitivity of
results to variations in input data is investigated.

This volume covers all parts of the study except the analysis of the.
Model T20B airplane and the development and illustration of the joint
probability technique, which are covered in Report FAA-ADS-5U4, prepared
by The Boeing Company under subcontract.
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INTRODUCTION

During the past fifteen years, great progress has been made in gust loads
theory. The most fundamental advance has been the representation of
atmcspheric turbulence as a stationery rendom process, to which power-
spectral methods of analysis can be aepplied. A second important advance
has been tne widespread develomment of automatic computer techniques
for solving the equations of motion of the airplane in turbulente. It
is now practical to represent the dynamics of the airplane in sufficient
refinement to cover adequately not only the rigid-body motions but also
the airplane elasticity and, if necessary, the effects of artificial
stability augmentation devices.

The motivetion for these advances, of course, has been to secure a safer
and lighter structure frcm the standpoint of gust loads. Yet these ad-
vances in themselves do not resuit directly in achieving this objective.
There are still two steps required. The first, and most important, is

to modify or re-develop the siructural criteria by which a required
strength level is established for any given airplane. The second is to
fit the newer methods into the routine by which design loads are cbtained,
and stress analysis carried out, to assure a consistency in strength
throughout all the individual elements of the structure.

The first of these, namely the criteria step, is particularly difficult.
Gust severity, as affected by both magnitude and shape of the gust, is
inherently a statistical phenomenon. Conseguently, it is not possible to
define a "worst possible" guct and simply design for this gust. Past
gust criteria have consisted of a particular combination of gust inten-
sity, gust shape, airplane flight condition (speed and weight), method of
analysis, and factor of safety., This combination has resulted in a satis-
factory level of safety. Other combinations, however, such as a higher
gust intensity with a lower factor of safety, could equally well have
been selected with no significant change in the strength level achieved,
Similarly, with & change in the method of analysis, such as an improve-
ment to include flexible-sirplane dynamics, or a change in the definition
of the gust structure, the remaining factors must be re~evaluated to as-
sure that an adequate y=t not excessively high level of strength is
defined.

To establish criteria directly, starting with agreement as to an accept-
sble lcss rate, hus generally been found not to be practical. Work along
this line, however, has usually indicated that past criteria have not
been overly severe. Consequently, in modifying existing criteria or de-
visingz new criteria, a practical objective is the achievement of a level
of safety with respect to gust loads just equal to that of earlier satis-
factory airplanes. If this is accomplished, the level of strength is
certain to be adequate. It may be greater than actually necessary, but
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probably by a rather small margin.
must be of 2 severity such that when these criteria are applied to the
older, satisfactory airplanes, these airplanes are found to be just
adequate. A criterion of any greater severity would then indicate
these airplanes to be inadequate, in contradictiorn 4o their satisfac-
tory service records. A criterion of any lower severity would have
permitied less strengin; with the reduced strength the safety record
might not have been satisfactory. As apvlied to new design, the new
criteria, now incorporating the more realistic definition of the gust
structure and the more refined methods of analyslis, will more reliably
predict the strength required than will the former criteria, estab-
lished without the benefii of these recent advances.

Urlortunately, to re-write the gust criteris in a simple specific form
that is sure to attain the above goal is a complicated task that had
not been n-complished prior to the initiation of the present study.
Some of the obstacles that had lelayed such an undertaking were the
following:

1. It had been questionable whether the state of the art of
gust loads analysis had advanced sufficiently to permit
clear definition of the variables that must be included
in tne analysis, and in what degree of refinement, in order
to achieve resuits of the required engineering a:curacy. As
a result, variations in the method of analysis had been
found to have a rather sizable effect on the resulting lcads.

2. To be realistic, gust criteria should reflect the actual
operating ussge of the vehicle, which may bear a quite
different relation to the design envelope for various
vehicles. +hermore, the operating usage cannot be :on-
trolled entirel; by placard without undue restriztion on
operating flexibility. Consideration of actual operating
usage inherently complicates the criterion.

3. To confirm that any proposed criterion defines a reasonzble
level of strength, it should be applied to varicus existing
airplanes. Each such study, if performed with the requisite
thorcughness, wouid be guite costly; such cost was justifi-
gble to individuszl manufacturers only in connection with the
development of 2 new design, wherein only one or two earlier
airplanes built by the same manufacturer were given the
required detailed treatment.

Even though no simple, spe=nific gust locads criterion utilizing the new
developments was availar.e, practical design techniques were developed
that adequately achieved the desired chjective in the desigrn of recent
aircraft.

More specifi-ally, the new criteria
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The first step in the development of those tachniques was taken tuward
the end of the era of piston engine transports. At that time it became
apparent that the earlier airplanes had satisfaztory service and safety
records, even though no provision had been mride in their design loads
for dynamic effects that were known to be yresent. Thus it became
evident that the design gust velocities nad been set high enough so
that for these airplanes no increase in design loads for dynamic
effects v2s needed. On the other aand, it was apparent that, as air-
pianes become larger, iaster, rud more flexible, the relative dynemic
effects might well incresse; and, sooner or later, design to static
loads =2lone could iead to a structure of inadequate strength.

Consequently, to prevent any deficiency in strength that might other-
wise have resulied from this trend, the CAA at that time adopied a
policy which was summarized as follows:

"During the AIA-CAA Gust’Loads Meeting in Washington, it was
agreed that if a manufacturer showed that for his new model the
percentage increase in load, due to transient effects, was no
greater than that of his previous models, it would not be
necessary to design for the increased load; however, if 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 "limited
dynamic accountability™, was apolied, for example, in the design of
the Lockheed Model 1649 Conctellation and the Electra. As was the
practice at that time, primary emphasis was placed on a comparison of
dyanamic megnification factors of wing bending moment. These were
obtained utilizing both discrete-gust and power-spectral descriptions
of the atmosphere. Even in these analyses, however, it was recognized
that comparison of dynamic magnification factors alcne would not assure
that the new airplane would have as great gust load capability as the
previous models. Consequently, consideration was also given to the
effect of the following: (a) differences in the margin between design
speed and normal operational speed; (b) differences in the static gust
loads criteria to which these airplenes had been designed; and (c)
positive margins of safcty (indicative of strength greater than
required) in the reference airplane.

More recently, important potential inadeqguiacies were round in this
simple treatment. As a result, more comprehensive and rational methods
vwere developed. In one particular application, the approach was two-
fold. Firsi, a full dynanic analysis of the response of the flexible
eirplane to discrete gusts of various gradient distences was mede, for
both the new airplane and a reference airplane having a long and satis-
factory service record. Complete wing loads were obtained for both
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airplanes. A "dynemic accourtability factor™ was then employed to
adjust the loads for the new airplane tc the level of gust severity
that would just take the reference a’rplane to limit strength. Second,
to confirm the adequacy of the Joads <hus defined, a power-spectral
analysis was performed on a "mission analysis" basis; in this analysis,
it was required to show that the new airplane would fly at least as
many miles before reaching limit rtrength as the reference airplane.

The major objection to a contiruation of the type of approach described
gbove is that data on the various satisfactory existing airplanes are
available, in the necessary detail and scope, only to the manufacturers
of those airplanes. Consequently, a manufacturer whose past airplanes
may not have been gust-critical, or for other reasons may have had more
than the required strength, must design his new aircraft to more severe
criteria than the manufacturer whose past aircraft happen to have less
margin. Further, no criteria shcrt of "full dynamic accountability™
are available to a manufacturer who has no previous aireraft in oper-
aticn with a long, satisfactory service life.

For this reason, it has long been recognized that eventually it would
be necessary to establish a gust criterion thet could be employed
without reference to any specific reference airplane. With the exper-
ience that has now been accumilated, it appears that the time is ripe
for the development of such 2 criterion. The study described herein
sets forth the form of such a criterion, provides evidence that the
criterion will be practical to apply, and establishes tentative
design levels.

As noted earlier, a second problem in the application of the newer
advances in gust loads theory is to fit them into the routine by which
design loads are obtained and stress analysis is conducted. Normal
stress analysis practice utili:es design conditions each of which is
defined over the whole of some major structural compenent at a given
instant. Power-spectral methods, however, dc not result in this sort
of design condition. They lead, instead, to individual design-level
values of load of equal probability at various points in the structure,
or of various components of load such as wing shear, bending moment,
and torsion, with the phasing undetermined. For example, it is not
determined whether meximum up shear combines with maximum nose-up or
maximur nose~down torsion or with some intermediate value, This
difficulty can be circumvented to some extent by determining design-
levei values of internal icads or stresses, such as front and rear
beam shear flows. But this approach is likely to lead to the cumber-
some procedure of determining separate power-spectra for loads in every
minute element of the structure ~ literally thousands of elements in a
typical modern airplane wing. In addition, there stiil remains a prob-
lem of handling combined stresses or stress redistribution after the
material begins to yield or buckle.
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Consequently, it is clear that for any criterion involving the power-
spectral concept to be useable, there must be some assurance that
practical means are available to integrate the gust loads determination
into existing design procedures and organizational arrangements. Two
rather different techniques that accomplish this purpcse havé been
developed and are described herein.

Finally, it has been noted that veriations in the methods of analysis
have sometimes been found to have & rather sizable effect on the loads
obtained. Consequently, for the envisioned criterion to be reiied upon
to provide adequate structure, it is necessary to obtain a cific
indication of the variations in the resulting design loads t might
be produced by variations in the input data used in the loads determi-
nation. Therefore, these effects have also been investigated.

In addition to the variations in method or input data that can be
studied utilizing 2 given mathematical model, there are also subtle
differences among various methematical models, even though these models
may all be of tie same general level of complexity. Since the present
egtudy is conducted by two different manufacturers, an excellent oppor-
tunity has presented itself to compare the results obtained by two
differen: models using identical input data. Consequently, such &
comparison is made as part of the present study.

In summeiy, the objectives of the program reported herein can be
listed as follows:

1. Provide a recommended form for a gust loads criterion based
on power-spectral concepts.

2. Establish design levels based on strength of satisfactory
existing airplanes, taking into account the significant rigid
body and elastic modes.

3. Provide a practical technigue for using statistically defined
loads in stress analysis, and illustrate by application to
an existing airplane.

k. Investigate sensitivity of results to dxta and methods.

It should perhaps be emphasized that, in car:ying out these objectives,
the intent has been to utilize the present state of the art of power-
spectral gust loads analysis, rather than to advance the state of the
art. Accordingly, only a very minor effort has been devoted to improv-
ing currently available modeis of the atmosphere, .even though a need
for a substantial effort in this direction has been generally recog-
nized. Also, no atiempt has been made to account for the effect of
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spanvise variations of gust velocity. Various published papers have
treated this subject, and eventually it may be necessary ‘o consider
the effects of a two-dimensional pust pattern. However, these effects
are probably rather small for existing or proposed airersft; and it is
believed to be more important at this stage to proceed to develop
criteria that exploit the simpler theory, which is the one that has
been employed in most applications to date.

The general plan of this report is fairly evident from the Table of
Contents.

Sections 2 and 3 discuss the selection of the three reference airplanes
for analysis and the airplane components to be treated. Scction L
indicates the general forms that might be taken by a power-spectral gust
loads criterion and that will be used in the present study. Section 5
then discusses the establishment of the particular atmosphere model to
be used. A detailed ccmparison of this with the best-known previous
model is given in Appendix A.

The dynamic analysis of two of the three reference airplanes, the Lock-
heed Model 188 and Model 749, is described in Sections 6 through 9,
with detailed numerical results presented in Appendix B. The corres-
ponding material for the Boeing Model 720B is contained in Reference 1.

The two design techniques developed as part of the present study are
introduced in Section 10. The "matching condition" technique is
developed in Sectior 11 anmd the "joint probabilaty” technique in
Reference 1. The two techniques are related and compared in Section 12.

Limit-strength and ultimate-strength levels for the three reference
airplanes, in terms of the power spectral criteria described ir Section
i, are then summarized in Section 13. These are determined from the
results of the dynamic analysis, drawing upon the design techniques
descxribed in Sections 10 through 12 and performing such stress analysis
of the structure as found necessary. Detailed accounts of this deter-
mination are included in Appendix E snd in Reference 1,

The effect of parameter variations on gust loads is reported in Section
14 and in Reference 1.

Utilizing the limit strength levels presented in Section 13, with the
information in Section 1k on the effect of parasmeter variations as
further background, appropriate design levels for new airplanes are
considered in Section 15. Suggested formal requirements are provided.
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A summary of the over-all procedure for dynamic gust loads determination
for new airplanes is then presented in Section 16. Comments on modifi-
cations that might be required ror application to advanced configura-
tions are included. Finmally, in Section 17, consideration 1s given to
the relation of the existing discrete-gust requirement to the power-
spectral criteria proposed as a result of this study.

Some prior fumiliarity of the reader of this report with the concept of
a stationary random process and the techniques of power-spectral anal-

ysis is assumed. Recommended introductory discussions sre contained in
References 2 and 3. References 4 through 6 provide additional material

that may also be helpful.
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1 ROMENCIATURE

Ratio of root-mean-square value of load to root-mean-square
.gust velocity

Intensity parameters in the expression for probability
density of oy

Mean wing chord

Slope of curve of Cj vs a , per radian
Frequency, cycles per second
Probability densgity

Altitude

Gust alievation factor for one-minus-cosine discrete gust
(Reference 31)

Dimensionless gust response factor for continuous turbulence
(Equation 5-5}

Scale of turbulence, a parameter in Equations 5-1i and 5-U4
Bending or torsional moment about axis indicated

Average number of zero crossings with positive slope, per
unit tine

Number of exceedances of the indicated value of y per unit
time (ordinarily per hour)

Probability that stress is in excess of limit load level, or
that stress condition is outside the limit-strength envelore

Fractions of total flight time in non-stcrm and storm turta-
lence respectively - parameters in the expressien for proo-
abilily density of o

Dynamic pressure. Shear flow

Reference wing arez

Shear in direction indicated
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Other quantities, used only in particular sections of the report, are
defined where used.

Airsreed
Design rough-air speed

Design cruise speed

Design dive speed

Equivalent airspeed

True airspeed

Airplane gross weight

Any acceleration, load, or stress

Ratio of actual damping coefficient to critical, or dead-
beat, damping coeffi:zient

Ratio of design load to root-mean-square load

Airplane mass parameter as used in Reference 31,
2w/cLa pcgs

Same as g, but with C;, taken as airplane instead of wing
1ift curve slope a

Air density

Root-mean-square value of true gust velocity (vertical or
lateral component)

Root-mean~square value of y
Power~spectral density function

Reduced frequency, radians per foot
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2 SELECTION OF AIRPIANES FOR ANALYSIS

In the selection of a "reference" airnlane to use for setting the level
of severity of a new gust loads criterion, the most important considera-
tion is a long and successful service life. This is necessary in order
to provide a reasonable opportunity for any deficiency in strength to
have become evident.

A second important consideration is that, to avoid excessive conserva-
tism, the airplane should be as gust-critical as possible at normal
operating speeds. For if the reference airplanes are not gust-critical,
the strength put in for other than gust conditions, or perhaps for gust
conditions at an unreasonably high design speed, will be interprested as
necessary to provide safety in turbulence. The new criteria would thus
require an equivalent, unnecessarily high, strergth in the new aircraft.

Another consideration of great practical importance is that complete
and detailed data for the reference airplanes be availatle. These data
must include not only the "over-all" aerodynamic, mass, and elastic data
needed to solve the equations of motion, but also detailed data as to
external and internal load distribution and local structural strength.
Adequate data of this type can be obtained only as a resuit of exten-
sive wind-tunnel tests, flight load measurements, stress anralysis of a
multitude of structural components, and panel tests to determine struc-
tural allowsbles.

/n important additional consideration, although not a vital one, is that
VGH data bte available for the reference airplane to assist irn defiaing
the mission profiles to be used for analysis.

Similarity of the reference airplanes to the new airplanes to which the
criterion will be applied, in such configuration characteristics as wing
sweep, type of propulsion, number of engines, etc., is not a pertinent
consideration in selecting the reference airplanes. The effect of dis-
similarity in configuration should be fully accounted for in the dynamic
analysis. P
For the purpose of the present study, the Lockheed Model 7L5 Constella-
tion, the Lockheed Clectra {Model 188), and the Boeing Model 720B are
selected as reference airpianes.

The Model 749 is regarded as particularly suitabie as a reference air-
plane. As of January, 1965, individual ships of this fleet averaged
about 43000 nours of service, with several as high as 55000 hours, all
with no evidence of structural inadequacy to carry the gust loads that
Lave been encountered.
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; 'E Tke Model 749 is gust critical under the current FAR 25 criteria

b \Reference 7). Furthermore, in comparison with other airplenes of the
piston-powered transport era, the 749 appears to be relatively gust
critical at normal operational speeds. It has been found to be consid-
eratly more gust-critical than later Constellations, for example, pri-
marily as a result of an increase in the wing loading of the later air-
planes without any significant change in their typical operating speeds.
In ~ddition, VGH data have been published for Model Th9 operation
(Reference 8).
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The particular version of the Model TL9 for which the unalyses are con-
ducted is the ™od~l T4OA including modifications in accordance with

: Service Bulletin 545. This airplane was designed for a take-off gross
o o weight of 107,000 1b. and a maximum zero-fuel weight of 86,464 1b. The
s 1 { majority of the 145 airplanes in the Model T4Q fleet - totaling at least
e : 10k airplanes and probably about i40 - were either delivered in this

P configuration or later converted to it.

PR

ié Cod The Electra provides a second suitable reference airplane. Individual
airplanes in the Electra fleet as of January 1, 1965, had acquired as
much as 18000 hours of service during their eight years of operation.
The Electra is gust critical over much of the wing, fuselage, and
empennage under FAR 25 criteria. And for it, voo, extensive VGH data
- . are available (References 9 through 11).
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- : The particular Electra airplane for which the analyses are conducted has
a design take-off weight of 116,000 1lb. and maximum zero fuel weight of
; i 86,000 1b. For the purpose of this study, airplane serial numbers
i L 1035 - 1148 and 2001 - 2022, totaling 136 airplanes, can be considered
f to fell in this category. Actually, a considerable number of these air-
5 - planes are certificated for a take-off weight of only 113,000 lb.,
} primarily because the increase in strength of the landing g=er support
: structure required for the 116000 lb. gross weight was serialized some-
. R what later in the production program. IHowever, the primary wing,
. f} fuselage and tail strength is the same for all 136 airplanes, and the
- flight loads given by the power-spectral analysis are essextially
identical at both the 113,000 1b. and 116,000 lb. gross weights. (The
"t last six Electra airplanes also had a small increase in fuselsge shell
; strength to provide additional growth potential; this increase, how-
ever, would have no effect on the results of this study, and no further
explicit consideration is given to it.)
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The Boeing Model 720B provides an additional reference airplane repre-
sentative of current subsonic jet transports. As of January 1, 1965,
the fleet of 720 and 720B airplanes had accurmlated a total of nearly - §-iE3
1,300,000 flight hours, with the high-iime airplane in excess of 13000 : ' i
hours. The 720B is selected in preference to other airplanes of the : ,
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TOT snd T20 series because itv is tbe most nearly gust-critical, because ,
its use in mediuwm-range operations probably results in a somevwhat more

severe gust exposure, and because better and more camplete daia are

avsilable for use in the analysis, Although VGH data are not available

for the T20B explicitly, extensive VGH data have beer obtained from TOT

operations and sre available in Reference 9.

The selection of an airplane to use for illustrating the design tech-
nigues to be developed can be quite independent of the selection of the i
reference airplane. The Lockheed Elecctra and the Boeing T20B are used |
for thie purpose. The Hasi< principles involved can be adequately

demonstrated utilizing these airplanes; possible modifications that

might te required for other configurations such as arrow wing, variable

geometry, or delta-canard are explored without specific nmumerical .
illustration. Sl
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3 AIRPLANE COMPONENTS TREATED

In developing criteria that will utilize the more recent =dvances in
gust loeds theory, major emphasis has usually been placed us determi-
nation of design wing loads. However, other airplane components, too,
are often designed by gust loads. In fact, one of the more significant
applications of power-spectral theory to gust loads has been in the
investigation of vertical tail loads for the current subsonic jet
transvorts where low damping in the Dutch roll mode has resulted in
loads not adequately accounted for by the discrete-gust epproach. 1In
addition, vertical gusts produce loads on the fuselage (primarily due
to inertia) and on the hcrizontal tail, that have been critical for
design.

Manifestly it would be desirable for a single design criterion to be
applicable to all structural components and to both vertical and
lateral components of turbulence. In order to assure, however, that
the c¢riterion developed in the present study does have the desired
generaiity, each of these various areas is treated specifically.
Prinary emphasis is given to the wing. The fuselage and horizontal
tail are treated by fairly simple extensions of the mathematical models
developed originally to define wing loads. Side gust loads on the
vertical tail require a separate treatment, and a significant part of
the study is devoted to this aspect.

No explicit consideration has been given to loads on engine nacelles.
In any new design, however, especially of a propeller-powered airplane,
the determination of nacelle design loads would have to be included in
the analysis.
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4 TYPES OF POWER-SPECTRAL GUST LOADS CRITERIA CONSIDERED f

In developing a gust loads criterion based on power-spectral analysis
that can be used without reference to any specific comparison airplene,
either of two general types of approach might be followed. The basic
features of each of these approaches are discussed in considerable
detzil in the following paragraphs. A combined criterion, which in-
cludes use cf both apprraches, is then suggested. Finally two sub-
sidiary considerations are discussed - namely, the treatment of
stability augmentation systems and specification of structural “ail-
safe conditions. Throughout the remainder of this report, data appli-
cable to both of the basic types of criteria are developed.
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| 4,1 Missior Analysis Criterion

The first approach utilizes the mission analysis concept. A standard
set of gust statistics is established, in the general form employed in
RACA TN 4332 (Reference 12). This pernits use of the equation

¥
o

g

H
X
3 -~
N(y) = {Pl exo (- -baliz) + P, exp (- 3&) (4-1)

-
tc obtain curves of freguency of exceedance vs load, for each mission &
segment. In this equation, ¥y can be any load quantity - for example, -
bending moment at a particular wing station. N(y) is the number of 0%
exceedances o° y per unit time or distanze flown. 3I is the ratio of FIO
the rms value of y to the rms gust wrelocity, and No is a characteristic g
frequency o y, obtained as the radius of gyration of the power-spectrai I
density of y about zero frequency. Both A and Ny are evaluated by §§ '

agpropriate dynamic analysis, utilizing all pertinent degrees of free-
don. Py, Pp, by, 2nd by are parameters defining the gust enviromment; -
plots ol these are provided as functions of altitude, as described in "
the next sectiomn. :

Tre exceedances deternined for each mission segment by means of the
above eguation are then a2dded to give the exceedances for overall
operation cf the airrlane.

This iyre of criterion requires, for 2 new vehicle, establishment of
typilcal mission profiles, which are then broken down into segments.
Certzain ground rules, or nminirmum requirements, may properly be speci-
fied for accorplishing this step, to assure that sufficient detail is
provided 1o account for the more severe elements of the operational
specirun. The mission analysis results in a curve of frequency of
exceedance vs load level for each pertinent load. The frequency of
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exceedance corresponding to limit (or ultimate) load is specified;
entering the frequency of exceedance curves for the various lcad quan-
tities with this value then yields a design value of each load. The
design frequency of exceedance must be carefully chosen on the basis
of providing strength in new vehicles consistent with that found
adequate in existing aircraft.

In the present study, the basic task in the development of the mission
analysis type of criterion is the determination of the frequency of
exceedance of limit (or ultimate)sirength, at the most critical point
in the structure for each of the three reference airplanes - the
Lockheed Model 749 and Model 188 and the Boeing Model 720B. A single
value is then to be selected to use in future design. On the basis
that each of the three airplanes has demonstrated structural adequacy
with respect to gust-induced loads, the rational selection would be
the highest of the three frequencies of exceedance - that is, such as
to define the lowest loads.

This frequency of exceedance can readily be expressed as a frequency
either per flight hour or per flight mile. For application to new
design, however, a different load level will result depending upon
vwhich way the frequency is stated. To illustrate, consider that a

rew airplane is being designed, which will fly much faster than the

o0ld reference sirplane on which the design frequency of exceedance is
based. Suppose that this new airplane is designed to reach limit
strength, on the average, after the same number of flight miles as the
old airplane - i.e,, it is designed to the same frequency of exceedance
per mile. The new airplane then, as a result of its higher speed, will
reach limit load in fewer hours; and by the time it has flown the same
number of hours, it will have reached - on the average - some higher
load level. Consequently, its design loads would be higher if based

on a given frequency of exceedance per hour rather than per mile.
Accordingly, it is important to establish as logically as possible
vhether equivalent safety is properly achieved by design on a per-

mile or a per-hour basis.

From the standpoint of a crew member, equivalent safety would appear to
require design to reach limit (or ultimate) load after a given number
of flight hours, since the crew member will expect to spend about the
same number of hours in the air regardless of whether flying in a fast
or slow airplane.

From the standpoint of a passenger, on the other hand, it might be
argued that equivalcat safety would involve design to reach limit (or
ultimate) load after a given number of flight miles. A passenger,
having decided to take a given trip, would want the same high prob-
ability of reaching his destination without mishap regardless of
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vhether traveling on a fast or a slow airplane. However, there is un-
doubtedly a tendency to travel more frequently and over greater dis-
tances as travel becomes fastcr and easier. Consequently, even from
the passenger standpoint., it :ppears about as reasnnable to design on a
per-hour as on a per-mile basis.

It therefore appears that a mission analysis gust loads criterion for
civil aircraft should specify a rate of exceedance of limit (or ulti-
mate) load per hour. The results of the analyses conducted in the
present program are therefore expressed on this basis.

While it would be a mistake to confuse economics with safety, it might
also be noted that the desired fatigue life of a civil transport air-
plane tends to be roughly a constant mumber of hours, regardless of the
flight speed. As a result, selection of a per-hour limit strength
criterion has the added advantage of tending to i=ad to consistency of
fatigue and limit strength and also to consistency in the calculation
procedures for repeated loads spectra and design limit loads.

At this point it is pertinent to outline more specifically the steps in
the actual computation of a frequency of exceedance curve for a given

quantity.

First, it is noted that y in Equation 1 is actually the increment due
to the gust - i.e., not including the one-g level flight value.
letting y now denote the net load, including the one-g load, Equation
(4-1) becomes

Y " Yone- Y " Yope-
Ky) - No Pl exp - ——S;.X—E + P2 exp - ——l;;r—z (4-2)

For any mission segment, N(y) is cbtained as a function of y by select-
ing a series of values of y and calculating N(y) for each. The value
of N(y) thus obtained will be the average number of exceedances per
hour of flight (assuming N, to have been converted to units of cycles
per hour) in the given mission segment. To obtain the mumber of ex-
ceedances within the given segment per hour of over-all flight, R(y)

is multiplied by the ratio of time in the given segment to total time.
Curves of N(y) vs y are obtained in this way for each mission segment.
At each of a series of values of y, the N(y) values for all the seg-
ments are then added, to give the over-all N(y) vs y relation.
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4.2 Design Envelope Criterion

The second approach disregards all considerations of the specific oper-
ational usage of various airplanes to which the criterion might be
applied; instead, it leads to a criterion in which design is to a
specified design envelope of speed, altitude, gross weight, fuel
weight and c.g. position. In this respect, the criterion is similar
to the past discrete gust criteria. The criterion resulting from this
approach specifies a shape of gust power-spectrsl density function and
a quantity g, 1nq (following the notation of reference 13), in which
7‘{ is an rms gust intensity and N3 is a factor representing the ratio

£ design load to rms load. The breakdown between the two factors is
n=dinerily not of consequence, except as en aid in visualizing the
physical significance of the criterion; only the product is specified.
(In the joint probability treatment of combined stress, however s values
of o and 73 must both be specified.) The quantity Oy Mg is closely
analogous tc Uge in present criteria; it is specified as a function of
altitude, for each of one or more speeds (Vp, Vo and Vp). The design
load at any point is then given by multiplying o,m g by A, the ratio of
the s value of load at the given point in the structure to the rms
gust velocity. The selection of the values to be specified for oy ng
mus*t be based on providing streagth in the new vehkicles consistent with
that found adequate in existing aircraft. (A refinement that might be
made would be to incliude in the expression for design loads an appro-
priate multiplying factor, ordinarily close to unity, given as & func-
tion of the characteristic frequency of the load response quantity,
Ny; the effect of such a refinement would be small, however, and the
added complexity is therefcre believed not to be justified.s

In the development of a design envelope type of criterion, a necessary

preliminary step is to establish a variation with altitude of ey 94.
For this purpose, it is noted that

Ydesign ~ M %

= (A) (o, n3)
Yy
whence __Q._e_f_i_@ = Oy Mg
= (%
or % Ma ( A) design

It is reasonable to require that, as altitude va‘ies, the design vaiue
of y/A, or of oy N4, should also vary, in such a way that the average

17

R S SR B SR

o) et

[

oy

A
nily Hhai



Kk

£3

AT
B
¥

g
oy
a0,

iy

o

Lot L AN, pet AF ¥
AR AL

v 4K,
o A

B

it
b

L

&

G

DL of RN 4% T
AR S N

cR R e R

L o e e v A S L o i+

frequency of exceedance of y is the same at all altituies, Noting that
by, b2, P1, and P2 are functions of altitude only, it is seen that
Equation -1 defines N(y)/No &5 a function y/K for constant altitude.
Also, therefore, it defines y/K as a function of altitude for constant
N(y)/Bo. Curves of the latter type are developed in the next section,
"Model of the Atmosphere", and are shown in Figures 5-6 and 5-8. To the
extent that Ny is independent of altitude, a given value of N(y)/No
reflects a constant frequency of exceedance of load. Consequeatly, the
variation of @,73 with altitude will be defined by some constani value
of N(y)/No In Figure 5-6 or 5-8.

The basic task in the development of the design envelope type of cri-
Lerion is to estsblish the particular value of N(y)/N, that will prop-
erly define O as & fu -tion of altitude. This is accomplished as
follows, For each of the three "reference" airplanes, the limit-
strength (or ultimate rtrength) y/K vaiue (at the most critical point
in the structure) is determined at as many altitudes as esre likely to
be critical. The limit strength value of y/K is simple the limit-
strength value of the load quantity, y, less the one-g value, divided
by X for this loed quantity as obtained by the dynamic analysis. The
flight conditions to be investigated at each altitude will consist of
the critical combinations of gross weight, c.g. position, fuel load,
payload, and airspeed within the structural design envelopes, For each
of these limit strength (or ultimute strength) values, N(y)/No will be
read from Fig. 5-8. The point ccrresponding to the largest value of
N(y)/No - i.e., defining a curve farthest to the left in Fig, 5-8 -
wvill determine the 04 variation appropriate to that airplane. Three
such curves will thus be defined - one for each of the three reference
airplanes. A single curve will then be selected for use in future
design. On the basis that each of the three airplanes hss demonstrated
structural zdequacy with respect to gust induced loads, the rational
selection would be the curve representing the highest value of N(y)/¥o -
that is, such as to define the lowest loads.

Ir establishing design values of Uvnd’ the investigation first is con-
fined to definition of 0, N3 for use at speed VC‘ Consideration is then
given to establishing values for use at Vg and VD'

Retention of a VD gust requirement is undoubtedly appropriate. Although
the percent of time at speeds substantially in excess of Vp is probably
very small, the highest speeds are likely to result from upsets in very
S€fere Luwrudence; a icasunscac copebility to withstand turbulence at

di -2 speed shotld therefore be assured.

A continued need for iacreased gust intensities at Vg is less obvious.
Operating instructions °“ncreasingly emphasize the need for maintaining
sufficient speed in rc.gh air to maintain good control, “and NASA anal-
ysis of their VGH data indicates that the tendency to slow down in
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turbulence has been negligivle. (Reference 15 does indicate that abeut
80% of storm turbulence is encountered at reduced speed; but the re-
maining 20% encountered at cruise speed still represents a substantial
exposure, ) Consequently, it might be concluded that whatever turbulence
intensity is found to be adeguate at speed V¢ should also be adequate at
VB. However, all three airplanes are found to Le good for turbulence
intensities at VB considerably in excess of those at vwhich they reach
limit strength at Vg. In the sbsence of compelling evidence that this
capability is not necessary for safety, it is considered prudent to pro-
vide a comparable capability in future airplanes. Consequently, a design
turbulence intensity at Vg, higher than that at Vg, is also established.

4.3 Combined Criteria

While the type of criterion finally formulated might be simply one or the
other of the two described above, it is believed that consideration shouid
also be given to a criterion that would combine both of these approaches.

It appears that only by means of a rzalisti: mission analysis can it
be assured that the gust loads defined provide a strength level that is
safe yet not overly conservative. Only the mission analysis approach,
for example, will proviile loads that are adequate for a new aircraft
that operates most of its time close to its design envelope, without
penalizing aircraft such as the current transports that operate gener.
ally rather far within their design envelopes. Yet the mission anal-
ysis approach does suffer certain disadvantages. Considerable judgment
is required in setting up the design missions, and the design loads ob-
tained are affected to greater or less extent by the decisions made at
that stage. Also considerable care may be required to assure that a
sufficient variety of off-typical Ilight conditions are included - e.g.,
extremes of c.g. position, payload, speed, etc.
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Consequently, a combined criteric¢n that would retain the advantages of
the mission analysis criterion while minimizing its disadvantages would
be attractive.

For example, a combined criterion might establish conservative design
values of oy Mg thal could be used in lieu of a mission analysis,
together with a provision that these need not be met if an acceptable
mission analysis is performed. Thus, for an airplane that is rather
far from being gust critical, the mission analysis could be eliminated
entirely. 1In addition, even when a mission unalysis iy performed, a
oy Ny analysis might be required, but at some reduced o, 74 level.
This would then provide a floor below which tae mission analysis loads
could not drop. It would thus provide a degree of insurance against
omitting pertinent operational elements in setting up the mission
profiles and breaking them into segments. Similarly, it would provide
insurance against a possible rapid increase ir gust response as the
boundaries of the design envelope are approacled.




4.k Other Considerations

In any gust criterion, the treatment of automatic stability augmentation
devices must be covered. Ordinarily, such devices would be considered
operative. However, malifunction must also be provided for. In the
mission analysis type of criterion, a certain percentage of flight time
can be included with stability augmentation devices inoperative. This
percentage can either be stated explicitly or left to the manulacturer
to select and then justify by reliability considerations. In the
“design envelope", or Oy Ny, type of criterion, a percentage reduction
ingyNg can be established for use with stability devices inoperative.
This percentags can be stated explicitly, or stated as a function of
the percent of time that the devices are expected to be inoperutive,
this percent of time to be selected by the manufacturer and justified
by reliability analyses.

Fail safe loads, also, must be covered. In the mission analysis type
of criterion, fail safe conditions can be defined in terms of some
different frequency of occurrence. In the design envelope type of
criterion, fail safe loads can be defined by some different value
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5 MODEL OF THE ATMOSPHERE

5.1 Background

The mcdel of the atmospnere adopted for use in the present program
follows the general pattern set forth in NACA TN 4332. The atmosphere
is first considered to be made up of discrete patches of continuous
turbulence of different root-mean-square intensities, 0., each of which
is "stationary" and "Gaussian.”" This discrete patch model is then re-
placed by a model which has a continuously varying distribution of
root-mean-square gust velocity, oy. This variation is considered to

be gradual enough in time, however, so that the various relations of
output to input developed for a stationary Gaussian process still apply.

g

i

>
-

o

The shape of the power spectral density function of the gust velocity
o is assumed to be the same for all turbulence encountered, and in TN L4332
it is assumed vo be given by the Liepmann equation,

2.2
P e -

with L = 1000 ft.

[

The probability density of ¢ is defined in the mathematical form
A 1 [2 o,z 1 /2 0.’
W

f (o) = g\ wo® (- =) + P2 55\/5 P (- —%) (5-2)

2p) 2bp

[S——

In this expression, the two terms represent the contributions of "non-
; storm" and "storm" turbulence respectively. Py and P, are the propor-
J tions of total flight time in the two types cf turbulence, and b; and
bo are constants irdicative of the probable intensities. More pre-
- cisely, by is the root-mean-squere value of 0, considering oniy the
\ time spent in non-storm turbulence, and by is the root-mean-square
o value of ¢y for the time spent in storm turbulence. A sharp distinction
.. between storm and non-storm turbulence is not required, as Equation 5-2
: can be regerded as an empirical equation covering all types of turbu-
lence collectively without regard to the motivetion leading to its
expression as a sum of two terms. The quantities Py, Pp, by, and by
depend upon altitude, and values are provided in TN 4332 for various
altitude bands.
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A particular advantage of the mathematical form utilized in equaticn
5-2 is that it leads to a simple and convenient equation for lcad
exceedances,

HO - e (- E) v pp e (- (5-3)

In this equation, y is any load quantity, such as airplane center cf
gravity acceleration. K and N, are quantities obtarxed by solution of
the airplane equations of motion; A is the ratio o /aw, and N, is A
characteristic f‘reqaency given by the radius of gyration of the power-
spectral density curve for y with respect to zero frequency. Equation
5-3 is derived by use of Equaticn,5-2 in conjunction with Rice's equa-

tion for exceedances at a given rms level (Equation 2 of Reference 5),

N(y) = N, exp (- "ﬁa )
20,

(As indicated in Reference 5, Rice's equation is an exact expression for
the nunber of positive-slope crossings per second of given values of y;
it is an approximate expression for the number of maximums - or peaks -
per second above a given value of y. The approximation is extremely
close for a time history characterized by a narrow-band power spectral
density. For typical gust load time histories, which are relatively
wide-band, tbhe approximation is still very good, especially at y/0
values greater than 2.)

For any given altitude, P, Py, by, and by in Equation 5-3 are available
as the parameters defining the probab* lity distribution of o,. A plot
of N(y)/N, vs y/A, as defined by Equation 5-3, then prondes a general-
ized exceedance curve for that altitude. An actual exceedance curve
for a particular load quantit, on & given airplane then follows by
muiltiplying ordinates by N, and sbscissas by A.

It is seen that thes same four parameters, Py, Py, » and by, define
both the 0, distributions and the generalized exceedaace curves. Thus
the generalized exceedance curves provide an alternate to the prob-
ability density as a means of describing the statistical distribution
of oy. is altevnate form of presentation is now generally preferred,
becauss of its close relation to the way in which the oy distributions
are actually used in loads determination.

Tnasmuch as TN 4332 represented a rather preliminary effort to define
atmospheric turbulence in power-spectral form, it was considered
desirable to up-date the informatior given therein, for use in the pre-
sent study, to whatever extent this could be done without embarking on
a major program.
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Accordingly, e meeting was held at the NASA langley Research Center in
Maxrch, 196&, for the purpose of determining what improvements in thre
TN 4332 atmospheric model should be made. This meeting was atteuded by
representatives of NASA, FAA, Lockheed and Boeing.

5.2 Power-Spectral Density Function

As a result nf information presented by NASA at this meeting and now
available in refexenzes 13 and i4, it was the consensus that the gust
power-spectral density function shou:d be taken as described by the
"{sotropic turbulence" equation,

1 +-§- (1.339 LO)2
2] 1i/o (5-4)
Jd

d (n) - oL
" [1 +(1.339 LO)

with L = 2500 ft. This equation is plotted in Fig. 5-1. The quantity
) is a reduced Trequency with units of radians per foot. The constant
L is generally called the "scale of turbulence" and defines the fre-
quency at which the bend in the curve occurs (approximately 1L = 1).
Tt is seen that 2t the higher frequencies ® varies as ) -5/3.

Because of the generally isotropic nature of atmospheric turbulence,
the above equation is considered to apply equally to the vertical and
lateral components. It should be remarked, however, that the power
spectrum of the component parallel to the flight path is inherently
somewhat different; it can be derived from the above equation, if
needed, by means of relations noted in Reference 1k4.

For altitudes less than about 2500 ft. above the ground, the scale of
turbulence is probably somewhat smaller than the 2500 ft. value
selected. For convenience in performing loads analyses, however, the
2500 ft. va’—e will be retained for all altitudes. The effect on
design load: .s negligible for aircraft haviug gust response character-~
istics similar to those of current propeller driven aireraft. Some-
what conservative loads might result for a new vehicle spending large
amounts of time in this altitude range if it were to fly very substan-
tially faster than present airplanes or respond at a very much lower
frequency.
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5.3 Probability Distributions of 0

With respect to the o, ;robability distributions, NASA indicated that
they had done no specific work toward refining the by, by, Py, and Pp
values given ir: NASA TN 4332. They felt that such a study should in-
volve a complcete redetermination, and it was agreed that this could not
be vurizi *uken v2d completed in time for use in the present program.
NAS, 1id < phasize the preliminary nature of the numbers presented in

" s, nd indicated that if certain simple modifications clearly
e ared to represent an improvement in the distributions they could
see no objection to sich modifications being made for the purpose of
the present program.

it might be remarked that, in the present program, any overall conserv-
atism or unconservatism in the o, distributions will be automatically
cffset in the determirations of a design frequency of exceedarce.
However, it is obvious.y important that the relative variation of
turbulence severity with altitude be accurately represented. Also, it
is advar .~geous for the over-all level of severity to be as realistic
as poss.ole - first, in order to avoid giving a misleading impression
of actual frequencies of exceedance of limit strength and, second, so
that the o distributions can be used directly in fatigue calculations.

Accordingly, further consideration was given to simple means of im-
proving the o, distributions presented in TN 4332,

It was found that in ASD TR 61-235, “Optimum Fatigue Spectra®™ (Reference
15), an extensive re-analysis of available VGH data has already been
accomplished. This included not only a substantial sample of the air-
line data, but also data from military operations at the higher alti-
tudes. The analysis utilized the criginal An measuremen®s from the
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VGH records; these were immediately converted to y/ﬁ for:a and plotted .. G
vs N(y)/N,. "s%‘”
Sirce P;, Py, by, and by follow directly from the intercept and slope
of such curves, the determination of Use's was bypassed; thus it was 3 L
unnecessary to assume average airplane characteristics in converting 1 s
the Uge exceedance data %o o, form, as had heen done in TN 4332. i ‘ f
The difference between tue ASD TR 61-235 and the TN 4332 o, distribu- e
tions was found not to be grrat. However, the ASD TR 61-235 distribu- i -E
tions do tend to be somewhat less severe. As indicated in Section 5.6, f “i%
this is in the direction necessary to achieve the best agreement g’
between analytically predicted and measured An exceedance for the three s

airplanes considered in this stiudy.




e

Iy view of these advantages, a decision was reached to base the oy ?
distributions to be used in the Present study on those presented in :
ASD TR 61-235.

Certain modifications, however, to the b end P velues presented therein
were considered necessary. As a minimum, the bl and bo values quoted
required modification to account for the d:ifference in spectrum shape.
In addition, it was considered desirable tc make other simple changes,
in order to place the determination on a slightly more rationsl basis
and to eliminate at least a part of the conservation believed still to
bte present.

The computation of the modified b} and b2 values from those given in
ASD TR 61-235 is shown in Tables 5-1 and 5-2. The computations require
certain assumptions as to airplane characteristics, and for this pur-
pose the Tabie Ja and Table Ib airplenes of TN 4332 are assumed., These
two airplanes have gquite similar gust resporse characteristics; for -
consistency with IN 4332, however, the Table Ia airplane is used for }
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b determining modified b values and the Table Ib airplane for the bo

E= values, )
= The modification of the by and by values is based on & consideration of -,
S how these quantities are determined from the original An data. For a
=2 3iven nltitude band, frequency of exceedance of An would be plotted,

g

on a log scale, vs An. This plot would be made in the generalized
form of N(y)/No vs y/A by dividing exceedances by N, and An's by A.

O the semi-log coordinates, the non-storm and storm con‘ributions will
eackh plot as straight lines. Py and Pp are given by the intercepts of
these lines with the vertical axis; and by and by are proportional to
the reciprocals of the slopes. Consequently, the numerical values ob-
tained for by and bo will be inversely proportional toc the A value used
in obtaining the plot.
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In both TN 4332 and ASD-TR-61-235, A is obtained by means of the
equation,

b

o e

P o

pC SV,
L, T

E= i K, (5-5)

T

The dimensionless coefficient K o is evaluated using simple theory, on
the assumption that the airplane is rigid and free to plunge (move
vertically) but not pitch. The resulting A values may, however, be
adjusted by estimated factors to account for the effects of elastic
mode response and freedom in pitch.

Plots of K, es a function of a dimensionless mass parameter and of the
ratio of scale cf turbulence to mean wing chord are given in Figure 7

I it s woovre w1 ik A = o
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of NACA Report 1272 (Reference 5), based on theory developed by Fung in
Reference 16, Similar curves, utilizingz more exact expressions for the
unsteedy lift growth functions, are given in Figure 70 of ASD TR 61-235
and were used therein. Both of these sets of curves assume the Liepmann
shape of pover-gpectral density function. For use with the isotropic
turbulence spectral shape, a new set of curves has been obtained. These
are shown in Figure 5-2. The assumptions regarding lift growth are the
same as for the curves in TR 1272,

The spectral shape affects A only through the coefficient Kg, and it is
clear that by} and bp vary inversely as Kyo In Tables 5-1 and 5-2, the
Kgcurves in NACA TR 1272 and in Figure 5-2 herein are used to determire
the K,ratio. It should be remerked, incidentally, that in TR 1272 the
mass parameter is defined in terms of an assumed 1lift curve slope of 2#;
in the computations in Tables 5~1 and 5-2, however, as well as in the
original evaluation of b) and bp in ASD TR 61-235, *he same value of lift
curve slope selected for use explicitly in Equation 5-5 was also used in
evaluating the mass marameter.

In the ASD TR Gl-235 determination of b1 and b2 values (as well as in the
TN 4332 determination), the lift curve slope, CL was based upon an
apprcximate formula that gives an excellent apprommatmn to the wing
1lift curve slope but underestimates the airplane 1ift curve slope by
some 15%. The airplane 1ift curve slope would appear to be the more
rational one to use. Also, it leads to lower values of bl and b2, vhich,
as noted above, are desirable. Consequently, the A ratio in Tables 5-1
and 5-2 includes also a 1l.15 factor to account for the greater CL
believed to be realistic. This increazed CLgq is, of course, also used
in evaluating the mass parameter.

No correction for pitch is ircluded. Response calculations for the
Model 749 with and without a pitch freedom indicate roughly a 7% reduc-
tion in A due to pitch. This percentage is quite small, and the exact
value obtained will depend somewhat on the extent to which it is desired
to include, 2% the same time, Gifferences in the unsteady lift growth
functions between those assumed in the simple "Fung" analysis and those
applied on the various components in the more refined analyses. Further-
more, the pitch effect on the Model Th9 undoubtedly differs somewhat

from that f other airplanes from which VUH results were obtained for use
in ASD TR 61-235. As a result of these considerations, it is believed
desirable to ignore the effect of pitch.

(It might be remsrked that the correction necessary to account for pitch
effects carn be minimized by appropriate selectiown of 1ift curve slope in
the plunge-only analysis. If wing-alone 1ift curve slope had been used
instead of airplane 1lift curve slope, the indicatel correction for pitch
would have been comparaple in magnitude, although opposite in direction.
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Therefore, _a this instance the criterion of a minimm correction for
pitch was not helpful in selecting the basis for 1ift curve slope. )

Ko correction for elastic mode response is included in Tables 5-1 and
5-2, as this is considered to have been adequately accounted for in the
original worke In the calculation of bj and b2 values in ASD TR 61-235,
calculated dynemic factors were used for the DC-6 and DC-7 airplanes.

For &ll other airplanes it was reasonably assumed either that the dynamic
factor was negligible or that the dynamic factor, static flexibility
effect on 1ift curve slope, snd pitch effect were mutually offsetting.

With the foregoing as background, the computations made in Tables 5-1
and 5-2 to obtain modified b values are self-explanatory.

Py and P> are also modified. The ASD TR 61-235 determination, like that
in TN 4332, utilized estimated No values of 7 for non-storm turbulence
and .5 for storm turbulence. On the other hand, cslcuiated values for
typical airplanes (Lockheed Model 749 and Model 188 and also the Boeing
707/720 series) average about 1.1 cps. Consequently, the TN L4332 Py
values are multiplied by .7/1.1 and the Pp values by .5/l.1.

The resulting Py, Po, b1, and bo values are plotted as functicns of
altitude in Figures 5-3 and 5-4. These curves, in conjunction with the
given shape ol power-spectral density function, constitute the required
model of the atmosphere.

Generalized exceedance curves reflecting these P and b values are shown
in Figure 5-5. It is suggested that these curves not be used for actual
camputations, because of the non-linearity of the interpolation between
adjacent curves, Instead, P and b values should be resd from Figures
5~3 and 5~

As a matter of interest, comparisons of the TN 4332 and ASD TR 61-235
oy distributions are shown in Appendix A. These are in the form of
p.ot - vs altitude of the respective P and b values, and also as cum-
parisons of the respective generalized exceedance curves at various
altitudes. The comparisons are shown first for the probability dis-
tributions exactly es defined in these two documents. The comparisons
are then repeated based on the distributions with appropriate modifi-
cations, comparable to those described above for the ASD TR 61-235
distributions. On either basis, it is found that the differences in
the b and P values appear rather great, but that the resulting general-
ized exceedance curves show much closer agreement. At frequencies of
exceedance in the vicinity of limit strength (K(y)/N, = 10-8 to 10-6),
and over the altitude range of primary interest, the ASD TR 61-235
distributions are slightly lecs severe than the TN 4332 aistributions ’
as desired.
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5.4 Lateral-Gust gy Distributions

BEvidence to date is that atmospheric turbulence tends strongly to be
isotropic, except within a few hundred feet of the ground. (See, for
exsmple, Reference 14.) As a result, gw distributions obtained from

vertical gust messurements are considered tc upply equally to the lateral
compone=t of turbulence.

For convenience, the symbol o, is applied in this report to the lateral
as well as the vertical component of turbulence, despite the origin of
the subscript w as a velocity in the z direction.

5¢5 Generalized Exccedance Curves for Use With Design Envelope Criterion

To assist in defining design values of gy g for use in the design en-
velope fcrm of criterion, generalized exceedance curves are pictted in 2
different forr in Figure 5-6. Instead of plotting N(y)/No vs y/A for
various altitudes, as in Figure 5-5, y/A- is now plotted vs altitude for

various values of N{y)/N,. The resulting curves are shown by the dash
lines in Figure 5-6.

These curves are theu simplified for design use as indicated by thc solid
lines. Beceuse of the complete abseace of data above 80000 ft., the
curves are ccuservatively defined for design use by constant y/A values
ahove this altitude. As an aid in evaluating the fairing of the curves,
the same curves are transformed from a true gust velocity basis to an
eouivalent gust velocity basis in Fige 5-7 (i.e., if A is defined as
‘H/"’true’ in accordance with usual practice, use Fig. 5-6; if A is de-

ned as‘ﬁr/"‘vleauiv. » wnich would correspond more closely to the usual
discrete pust treatment, use Fig. $-7.) The waviness appearing in the
dash lines in Figures 5-6 and 5-7 does not necessarily indicate improper
fairing of the Py, Pp, by, and by data in Figures 5-2 and 5-k. It is
interesting to note, for example, that the particular bend in the curves
at 15000 ft. bears a similarity to the Uge data shown in Fig. 8 of KASA
TN D-29 (Reference 17). In TN D-29 the Uge's in the 15000 - 20000 ft.
band are merkedly lower then the trend indicated by the other altitude
bands. In the determinaticn of b's and P's in TN 4332, however, the
departure from the general trend in the 15000 - 20000 ft. band was
faired out. Zlthough the wavinecs showa by the dash lines is perhaps,
therefore, a true reflection of the atmosphere, a rather gross fairing
appears sppropriate for use in a design ervelope criterion. The fact
that the airplane must be designed for a range of altitudes tends tc
compensate for the fact thet in some narrow altitude bands less strength
might actually be required than indicated uy the criterion,
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The simplified curves in Figures 5-6 and 5-7 are used only in connection
with the design envelope criterion; in the mission analysis approach,
the data reflected by the dash lines in these figures are retained.

For use in later portions of this report, the solid lines of Figure 5-6
are repeated in Figure 5-8, Intermediate curves are added to facilitate
interpolating, and the range is extended to higher load levels. (This
extension is by linear extrapolation, which is valid because of the
linearity of the N(y)/R, vs y/A curves in this region, as indicated in
Figure 5-5). As these curves are intended to be used to establish design
levels, the abscissas are relabeled ¢, 73, the design load equivalent of
y/R (Section L4-2j.

5.6 VGH and VG Comparisons

A qualitative check of the atmospheric model derived above can be obtained

by comparing airplane c.g. exceedance curves calculated for the three
reference airplanes, using the model, with curves obtained from VG and
VCH measurements.

Such comparisons are shown in Pigures 5-9, 5-10, and 5-11. The "mission
analysis" curves are based upon the results givea in Section 9 and
Appendix B for the three reference airplenes. VG and VGH data were
taken from the sources indicated (References 9, 17, and 18), but were
changed to the form of cumulative exceedances of pcsitive load factor
pexr hour for this comparison.

Inasmuch as neither VG nor VGH data are available for the Model 720B,
the VGH curve shown is for a Model T707-300., This curve is then adjusted
10 reflect differerces in operating usage between the T07-3G0 and the
T20B. The ratio by which the 707-300 exceedances were increased to com-
pare with the 720B was obtained by recalculating the T20B exceedances
using weighting factors for the five flight profiles representative of
707-300 operations. Dividing the exceedances calculated using the
actual 720B weighting factors by the exceedances calculated using the
707-300 weighting factors gives a ratio of 1.37; this was then applied
to the T07-300 exceedances obtained fram the VGH data.

It might be remarked that, for the Model 749, the descent speeds used in
the analysis were siightly lower than prevailed at the time the acceler-
ations were measured (see Section 6.2); if cunsisteat descent speeds

had been used, the so0lid line in Figure 5-9 would have moved slightly

to the right.

In Figures 5-9 through 5-11, it is seen that the agreement between pre-
dicted and measured data, although not perfect, is sufficiently close
to indicate that the choice cf atmospheric model is reasonabie.
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Generslly, the computed accelerations are samewhat greater than the
measured, indicating a scmewhat conservative modei. The various steps
taken t» educe the severity of the model, described earlier, thus
appeer to be well justified.

5.7 Future Improvemsuts

It is generally recognized that further work to improve the atmospheric
models currently available would b2 highly desirable. The appropriate
shape for the power-sp=ctral density function and value of the gecale of
turbulence are still matters of conjeciure; and much greater cont'idence
in the oy distributions wonid result if these were rederived from the
vast store of available VG and VGH duta utilizing directly A and N,
values obtained from dynemic apalyses of the respective airplanes.

However, it must te borne in mind that the design levels (N(y) and oyu7g)
oLtained as a result of the present study are based upon analysis of
existing satisfactory airplenes, using the particulsr mcdel of the atmos-
phere dei'ined herein., Changes in the atmospheric model would ordinarily
require changes in the design levels, and definition of the revised levels
would be likely to require extensive reanalysis of the reference air-
planes.

Any changes whatever in the shepe of the power-spectral density function,
including a change in the value of the scale of turbulence, would clearly
require such reanalysis.

Changes in the b and P values in the altitude range wh:ire the reference
airplanes operate would also reguire such reanalysis. However, the
greatest uncertainty in the b and P values is at the higher altitudes,
say above 40,000 ft. Improvements in the b and P values in this altitude
range could be made freely, as the iimit strength values of. N(y) and
o3 for the reference airplanes would not be affected. It is possible,
too, that, even at somewhat lower aliitudes, changes in the b and P
values could be shown not to affect the d<sign levels selected. Con-
sideration would Lave to be given, in any particular casce, tc the
magnitude of the proposed change, which cf the reference airplanes was
critical, and at what altitude it was critical.
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3 6 MISSION PROFILES FOR REFERENCE AIRPLANES
3 6.1 Model 188
The mission profiles for use in the Model 188 mission analysis are based
1 upon the following sources of data: B E
. | (1) NASA VGH statistical data given in References 9, 10, and 11; =3
. i1 -
. v (2) Information gathered from contacts with the various airlines g |
operating Electra airplanes; _
oo (3) Various published and unpublished Lockheed reports providing
: veight and operating data on Electra airplanes. ® 3 '
- ) =
P For the purpose of selecting aprropriate flight durations, the distri- i g ;
= bution of flight durations given by Reference 9 is plotted in Figure 6-1. - B
- The following three mission durations were selected to represent this -
¢ distribution: 3 3 ;
LI B H
i Duration % of Flights |
- - % ¥
i L0 min. 63 3 .
100 min. 28 3 £
- 170 min, 9 2 3-8
s ES P
‘. ) The tendercy of average cruise altitude to increase with flight duration g
; is depicted ir Figure 6-2, which is prepared from data presented in § .
: P Reference 10. The cruise altitudes appropriate to the three mission = .
5 P durations are read from the faired curve as foliuws: g s
[ 13
] H{ Duration Cruise Altitude § "
N 40 min, 11,000 ft. H 2k
.- ; 100 min. 16,000 £t. +
. 170 min. 18,000 ft. g . 2
; T Representative speeds in climb, cruise end descent, based on dats in j Vi,
M . Reference 9, are shown in Figures 6~3 - 6-5 as a function of altitude. i A
. E : (In Reference 9, all speeds quoted are indicated airspeeds; these are P T
i - agsumed equal to equivalent eirspeeds.) For the purpose of establishing ' i =i
o | ) wmission profiles, average speeds are indicated. The average climb ; “ s N
: g sp=eds are simple averages taken directly from Refs—ence 9, I: the § -2

cases of cruise and deecent, however, the ranges of speed are so great
that use of a simple average would be unrealistic. For example, con~
sider the effect on & frequency of exceedance curve for gust loads if a

-
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given speed distribution were to be divided into a high speed and a low
speed band, with the average speed in each band used for srelysis. The
low erveed band would coutribite negligibly to the exceedance curve. The
high .peed band would contribute only hslf as many load cycles as the
total. distribution, hut its average speed wouid be appreciably higher.
dhr: increase in load due to the higher speed would have 8 far gxeater
effect than the reduction in cycles. In order to apprcximate this
effL>t, the "average" speeds shown for cruise and descent have “een in-
creased somevhat over the simple averages stated in Reference 9.
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The mission flight profiles thus established are shown in Figures 6-6a
thru 6-%e.

o
N

The airplane weights shown in Figure 6-6 were next determined.

TSI PERpT

Pl COperating weight empty wes determined by first examiring the weight data
Lo available at the time of delivery of the airulanes to the various air-
; lines. The average operating weight empty for the various airlines
ranged generelly from 59400 1b. to 61800 1bv., with one airline as
high as 64200 1b. (These weights include an adjustment <o account for
the increase in weight empty due to the "LEAP" modifications made to all
airplanes after delivery.) These values were then increased to account
for w:ight growth after delivery by use of recent Eastern Air Lines in-
formation indicating &8 weight growth of 1100 1b., for their airplanes.
Based on the foregoing, a value of operating weight empty of 62,000 1b.
was selected as representative of the fleet,

IR RN A T R AR s T P INESRRG,

DRI

A reypresentative payload was selected based on information obtained

from several Electra operators. Average passenger ioad factors and
other pertinent dsta are shown in the following table:

:

;o Airline Passenger Fassenger Assuned  Resulting
by Load Factor Capacity VWeight Per Average
i Passenger Payload
- (Incl. Baggage)
o AA 63% Th 200 9300
EAL ~0% 73 200 8800
NAL 60-65% < 200 9800
io-- PSA 80%(estim.) 96 170 13100
WAL 80%(estin.) 96 200 15400

A reuresentative value of 12000 1lb. was selected based upon the above

figures. Although the Electra has provision for several thousand pounds

; of carge, express, and/or mail in addition to nurmal pessenger dbaggege,

{ this is seldom utilized; a nominal allowance at 500 1lb. is included for
: this, giving a total average payload to use 1n analysis of 12500 lb.
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N The corresponding zero-fuel weight is 74,500 1b. This compares with a
design maximum zero-fuel weignt of 86,000 1b.

E Reserve fuel at landing is the most d4ifficult weight item to estimate
- reliably. Values used for analysis are based on the fcllowing
considerations.

.i 1. A nominal value, based primarily upon aprlication of FAA
operating regulations, would be about 8000 1lb.

2, Based upon ~ Xnown tendency to load fuel conscrvatively, aversge
values would he expected to be somevwhat greater than this -
I perhaps on the order of 10,000 - 11,000 1b.

—

. ey

- 3. The Electra is often "fueled through" ~ that is, fuel is not

- ) taken aboard between flights. Based on the design landing weight

: of 95,650 1b., an operating weight empty of 62,000 1b., and a

i first-leg payload of 12,500 1b., the méximum fuel at landing , 5

would be about 21,100 1b. This would permit teking off without ‘ -

- refueling and making roughly a 170 minute fiight while retaining :

- an 80CO 1b. reserve. It is clear that for short flights in ]
: series there is a likelihood of a wide veriation in reserve fuel. ¢

It is estimated tnet rcughly 30 to 35% of Electra individual

flights are made without refueling before take-off.

R

-t

L, Previous information provided :c NASA and Lockheed by airlines
for the purpose of computing gust velocities frum airplane ncrmal
accelerations has indiceted average Electra gross weights at the
midpoint of the flight of 92 000 1lb. to 101,000 1b. Fo." chese

T I weights - especieily the latter, which is currentiy used by NASA

i - to be consistent with the operating weights empty, puyloais,

and flight durations indicated herein, considerably more than

= 8000 1b. reserve fuel is indicated.

-4

B g,
i

—_—

or d

[

As a result of these considerations, it is assumed that 20% of all
flights will carry reserve fuel of 17,000 lb., reflecting the more ex-
treme fuel-through situations, and the remaining 80% of 1lights will
carry reserve fuel of 11,000 1b., reflecting non-fuel-througa operations
o together with the remainder of the fuel-through flights. ‘The high-

. reserve-fuel rlights are assumed to be confined to the 40 minute and
100 minute flights, divided 75% to the L0 minute flights and 25% to the
100 minute flights.
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The landing weights corresponding to the above assunptions are as

follows:
i Operating Wt. Empty 62000 1bs. - 62000 1bs.
; Payload 12500 12500
Reserve Fuel 11000 17000
Landing Wt. 85500 1bs. 91500 1bs.

The esirplane weights for various points in the representative missions
are round by working backwards from the landing weights using fuel con-
sumption and performance data of reference 19.

o

The mission profiles thus established and shown in Fig. 6-6 are broken
down into segments, or blocks, for analysis as indicated by the circled

numbers in Figures 6-6a to 6-6e. These segments are tabulated in detail
in Table 6-1. T

3

ey K S b

The mission cegments ‘shown in Table 6-1 are then combined for analysis ‘-
in Table 6-2. Only very nearly identical segments asre combined, except
in the case of the climb segments, which previous analyses had indicated

contribute negligibly to thz gust load exposure. Airplene center of &
b= gravity positions zaown in Table 6-2 are based on & center of gravity
{ midway vetween forward and aft limits without fuel, in acccrdance with -

the best available estimates.

i L

L33

6.2 Model T49

The mission profiles for use in the Model T49 mission analysis are based
upon the same general sources of data as the Model 188 mission profiles.

¢ m————y

The distribution of flight duratiors given in Reference 9is plotted in
Figure 6-7. “he following three mission durations were selected as

. ( represertative:

&

e Duration of Flights
o+ 60 min, 63

ifi - 120 min. 28

E 300 min. 9

EEy

-
e
' m?}{i*

The flight duration for the intermediate range mission -~ 120 minutes -
was takep siightly lower than the actual average of 140 minutes in ordex
to partially reflect the trend toward shorter stage lengths experienced
by the Model T49 since the time tkz vGI data were obtained (1951 - 1953,
in eastern seaboard operations).
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= The trend of average cruise altitude with flight duration is estimated
L in Figure 6-8. Since actual statistical information was not available,
1L this trend was established by plotting the single over-all average
'-«:;, cruise altitude and flight duration obtained from Reference 9 and

fairing a curve through this point guided by the 188 trend. The cruise
‘2 altitudes appropriate to the three mission durations are read from the
resulting curve as follows:

Duration Cruise Altitude

60 min. 8,000 ft. ,
120 min. 13,000 ft. - f
300 min. 18,000 ft. ;

Reasonable confirmation of this selection is indicated by Fig. 6~9, which
shows the number of cruise hours spent in each altitude band as indicated
by the data in Reference 9.

Trhe distributions of speeds for climb, cruise and descent as given in -
Reference 9 are shown in Figure 6-10. The breakdown of these distribu-
tions by altitude band is not availsblie.

The representative climb speed is taken as a constant 157 knots equiva-
lent airspeed for all three missions. I

Average cruise speeds as & function of altitude are estimated by means of
Figure 6-11. The average cruise speed obtained from Fig. 6-10 and the
average cruiee altitude shown in Fig. 6-8 are plotted as a single point
in Fig. 6-11. The average cruise speeds at the three altitudes required av
in the mission analysis are then estimated using the curve of speed at |

meximm cruise power as a guide. The resulting average cruise speeds for .
the three mission profiles are:
Cruise Altitude Cruise Speed
3,000 ft. 210 xnots EAS
13,000 ft. 205 knots EAS
¢ 18,000 ft. 190 knots EAS

The descent 3peed is taken as a constant 220 knots for cach of the three
missions, based upon maintalaing & reasonable spread - approximately 15 -
¥nots - between the actual speed and Vyo. The distribution shown in
Fizure 6-10 indicates typical descent speeds to be somevhet higher. How-
evar, this distribution is based oo data obtained at a time when normal N
practice was to descend, in smooth air, at close to Vyg. As a result P

o — A bAoA

largely of the same data shown in Figure 6-10 (obtained in the period -2 .

1951 - 1953), the descent-speed policy was altered to prohibit descent : {

in excess of Vyg shortly after the data were obtained. 3 }
]
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The three representative mnission profiles are shown in Figure 5-12a
through 6-124.

The airplane weights shown in Figure 6-12 were next determined.

Operating weight empty for the T49 is taken as 63640 1lbs. Calculations
based upon as-delivered weights indicated an average value of approxi-
metely 63,000 2bs. with a variation of several thousand pounds in this
weight due to different interior configurations. However, weight growth
due to configuration changes, conversions and structural modifications
has taken place on tr. Th9 fleet and a detailed weight summary is not
readil) availsble. A fleet of 7h9O's presently operating report an
averege operating weight empty of 68640 1lbs. contrasted to an estimated
as-delivered operating weight of 63200 1lb. This-is teken as a represent-
ative increase, and, because the orizinal weight of this fleet was close
to the overall average, the operating weigit of 68640 1lbs. is used as
representative,

An average Th9 paylcad of 9500 lbs. is selected based upon information
obtained from the same major 749 operator. This estimate corresponds to
a lcad factor of 70% applying to & ruminsl maximum payload of 13590 1lbs.
It corresponds to a passenger load factor of 77%, based upon a pessenger
capacity of 62 and a weight per passenger of 200 1b. including baggage,
with no cargo carried. It corresponds to 53% of meximm payload as
controlled by the placard zero fuel weight of 86464 1t. in combination
with the cperating weight empty of 68640 lb. The zero-fuel weight cor-
resronding to the 9500 1b. payload is 78140 1b.

Representative reserve fuel guantities for the assumed operating weight
empty and payload range from the FAA required minimum of 4200 lbs. to a
maximum of 11360 lbs. Tae latter figure is the maximum that can be
carried at the assumed operating weight empty and payload without ex-
ceeding the design landing weight of 89,500 1b. It is estimated that
the T49 is operated such that approximetely 25% of the missions are
fueled through and thus require high landing fuels. As a result, it is
assumed that 15% of all flights will carry 11,000 1b. of reserve fuel,
reflecting the more extreme fuel-through situations, while the remaining
85% of flighte will carry 7000 1o. of reserve fuel, reflecting non-fuel-
through operations together with the remainder of the fuel-through
flights. The fuel-through operation is limited to the 60 minute flights.

The landing weights corresponding tc the abcove assumptions are as follows:

rating Wt. Empty 68600 68600

Average Payload 9500 9500
Reserve Fuel ZOOO 11000
Landing Wt. 85100 83100
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The airplane weights for various points in the representative missions
) are found by working backwards from the landing weights using fuel con-
: sumption and performance data available in unpublishei form.
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The mission profiles thus established and shown in Figure 6-12 are

broken down into segments for analysis as indicated by circled numbers
in Figures 6-12a to 6-12d. These segments are tabulated in detail in
Table 6-3. 3

-4

.
A %

: The mission segments shown in Table 6-3 are then combined for analysis
, ¢ in Table 6-4, Ocly very nearly identical segments are combined, except
| . in the case of the climb segments, which previous analyses had indicated

BT PO

e A o A S s < e s sr il L A

- contribute negligibly to the gust load exposure., Airplane center of
i gravity positions shown in Table 6-U4 are based on a center of gravity
o w midwey Letween forward and aft limits without fuel, in accordance with
. the bes: available estimate.
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7 SELECTION OF IESIGN ENVELOPE POINTS FOR AMALYSIS OF REFERENCE '

7.2 Model 188

The design speed-altitude chart for the Model 188 ie shown in Figure 7-1,
and the weight-c.i. envelope in Figure 7-2.

In Figure 7-1, the Vg and Vp lines reflect the values used for structural T
design, The VNE speed, while not used directly in structural design, is ..
I shown for information, The Vg speed of 180 knots is to a certain extent . o
i arbitrary. In existing criteria, Vg is defined as the speed at which a ‘
6> fps gust line on “he V-n diagram intersects the stall line. The ve
actual speed depends upon gross weight, and is also subject to some
variation depending upon the source of data used in determining the
stall speeds. For applicaticn in = power spectral criterion, the -
i definition would, of course, have io be recast into power-spectral form,
% and some difficulty might be encountered in arriving at a simple yet
i rational definition. The 180 knots VB speed used in the present anai- :
ysis is the value indicated by existing criteria at e gross weight of
about 95000 1b,

$-

[T,

The c.g. limite shown in Figure 7-2 are based upon operating placards
and are slightly more restrictive than the limits actually used in the
structural design of the airplane.

$oad  Pouedy

In addition to the envelones shown, there are, of course, further re-~
strictiovns as to location of fuel and payload, whick are taken into
&ccount in the analyses conducted herein. In particular, it is noted
that the minimum fuel for structurel desigr is 3145 1b.

The design envelope cases for which vertical gust dynamic esnalysis was
conducted for tne Model 188 are listed in Table 7-1.

—,

In selecting these cases, an effort was made tc reduce to a minimum the

number of cases for which a fill dynamic analysis was required. Mani- )
festly, it was necessary to include enough cases to assure that the
critical combinations of airplane speed, altitude, weight, and weight
distribution were covered. Moreover, the selection of critical condi-
tions was complicated by the variation of oy M4, or design y/A, with
altitude, as shown in Figure 5-8. The number of potentially critical . ;
- cases is, thereiore, very large. In order to reduce the number re-
" quiring detailed dynamic analysis, the effect of altitude was
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GROSS WEIGHT, 1000 Ib

B A e I e S I T TV VTOPRRRS

8 o

120 MAX TAKE OFF WEIGHT
116000 Ib
/ !
1o / L
100 / |
/o MAX LANDING WEIGHT Ll
/ / 95650 LB .
- ]
% /[ .
MAX ZER$ FUEL WEIGHT 1]
l - 36000 18 .
’ I
YAy
80 / |
/ LANDING LIMITS !
/ FLIGHT LIMITS \j
70 ] u’L_\
——" 1 ~J ’
L MIN WEIGHT FOR STRUCTURAL DESIGN
65000 1b
r .
l i
60 -
Ed 0 15 2 25 30 ) 35
CG, PERCENT MAC
FIGURE 7-2. DESIGN WEIGHT - CG ENVELCPE, MODEL 188
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TABLE 7-1. DESIGN ENVELOPE CASES FOR VERTICAL GUST
ANALYSIS, MODEL 188

»
[ LY

-1 ” I
.1 Gross ;:g Fuel VB s VC v
Weight Weight VWeight C. G. Altitud> Oor e
~ Case Lv ) Lb 4 MrC Ft Vp kKnots
. 101 65000 | 61855 315 12,6 | 12000 v 324
i - Lo2 65000 | 61855 3145 33.0 12000 Ve 324 ol
: 403 97345 61855 35490 16.2 12000 Vo 324 ;
Tt Lok 97345 | 61855 35490 33.0 12000 Ve 32k
§ - Los | 116000 | 80510 | 35490 20.2 | 12000 A 32k 4 1
§ L06 116000 | 80510 35490 33.0 12000 Ve 324 §§ ’
} LoT1 89145 86000 31ks 14,5 12000 Ve 324 5 f
; 108 89145 | 860CO 3145 33.0 12000 v, 320 % :
: 409 95620 | &6000 9620 15.8 12000 Ve 324 § :
k10 95620 | 86000 9620 33.0 12000 Ve 32k g; .
L1l 101860 | 8600G 15860 7.2 12000 Ve 374 § '
L12 101860 | 86000 15860 33.0 12000 Vo 32k §§ .
k13 107000 86000 21000 18.3 12000 Vo 224 %
L14 107000 | 86000 21000 33.0 12900 Ve 324 =
%15 113000 86000 27000 19.6 12000 Vo 32k %
K16 113000 86000 27000 33.0 12000 vc 324 - 5 ,it_:
: L17 116000 | 86000 30000 20.2 12000 Vo 324 : §%§{{’§
P 118 116000 | 86000 30000 33.0 12000 Ve 32k i
’ 419 39145 860C0 3145 1L.5 20000 Ve 275 -
420 89145 8€000 31k5 1k,5 16000 Ve 299 . é )
-1 b2y 891ks | 86000 31k5 14.5 7000 Ve 324 - .
N Loz 891t5 86000 31Lk5 1L.5 o] Vo 32L 3 :
N k23 €5000 | 61355 31kg 12.0 70C0 vy Los . :
: Loy 65000 | 61855 3145 33.0 7000 v Lo5 : 3
-3 Lz5¥* 89145 | 86000 3145 ik,5 7000 vy 405 ; ;
126 89145 | 86000 3145 32.0 7000 Vi 405
L27 891k5 86100 3145 1k.s 700 Vg 180 i
428 89145 | 86000 3145 k.5 | 212000 vy 180
--g* 1 115000 | 86000 30000 20,2 12000 Vg 180 3 !
. k30 116000 ¢ 86000 30000 20,2 12000 - 220
' 431 116000 | 86000 30000 20.2 27000 - 220
* Cases found to be aritical
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investigated first by examining center of gravity accelerations obtained
on & much simpler basis. For this purpose, the curves of Figure 5-2
vere used, which are based on the assumption of a rigid sirplane free to
plunge only. The c.g. accelerations thus obtained should indicate, to a
good first-order approximation, the effect of altitude on wing loads &s
these would be obtained by the more complex dynamic analysis.

A values thus obtained are shown as a function of altitude , for three

; gross weights, in Figure 7-3. These A values are then multiplied by

5 values of y/K from the various curves of Figure 5-8, to yield Figures -
k8 7-4 and 7-5. These curves represent equal probability values of c.g. R
b load factor, based cu the simplified analysis. For any particular gross

& weight and weight distribution the curves can also be interpreted, to a ..
g‘i;;; reasonable approximation, as equal-probability curves for structural

;;a loads. Actually, there is a tendency for the load per g to increase el
,;‘ with altitude due to reduced aerodynamic damping in the elastic modes;

f as a result, the true equal-probability curves for most structural loads I
5 would tend to shift slightly to the right with increasing altitudes.

g -

Lo Inasmuch as the limit design value of N(y)/N, was expected to fall in

i the range 106 to 103, it appeared quite certain that the critical 1
v altitude would be either 7000 ft. or 12000 ft., with 12,000 ft. perhaps

1 the more likely. The 12,000 ft. altitude, it may be noted, corresponds

L to the knuckle in the design speed-altitude V, line, and the 7000 ft. I
' altitude to the knuckle in the curve of y/A V8 altitude.

- Accordingly, the first 18 cases in Teble 7-1 were taken &t an altitude

. of 12,000 ft. A wide range of gross weights, payloads (as defired by I

zero-fuel weight), and fuel welghts was covered; and for each of these
weigkt combinations, & case was included at both forward and aft c.g.
limits.

Using results obtained for the 2 18 cases, preliminary limit-strength
values of y/A were then deternined, based upon four load quantities
only ~ namely shear and bending moment at WS 83 and WS 275. Phasings,
including the probable effect or torsion, were estimated from the results
of earlier analyses (Reference 20) and limit strengiths were based upon
available design load envelopes. The critical case was indicated to be
No. LOT. A3 a result, cases 419 to 422 were then added, to assure that
the critical eltitude had been selected. (More thorough snalysis, dis-
cussed in Appendix E, indicated later that Case 417 was actually more
eritical tharn LOT; however, the pattern of casee actually selected was
found to be sufficient to draw the necessary conclusion:.)

Four cases were next selected for analysis at design dive speed. These

Srie include two weight cases - minimum fuel weight with maximm zerc-fuel
-, weight, and minimum fiying weight. The former had been found most
[ critical for Vp conditions, but the latter was included to provide for

SRR ey
“
;
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the possibility thaet a negative gust in combination with level f£light
loads modi fied by high speed aeroelastic effects could be more critical
in down bending on the wing. The selection was based primarily ou re-
sulte of the eariler design analysis contained in Reference 20, The
choice of a critical altitude was not a problem. The knuckle in the
speed-ultitude envelope shifts down to 8000 ft. at dive speed; this is
80 close to the TO00 ft. altitude at which the knuckle in the ¢ 7 ave
altitude curve occurs thst the loads are sensibly the same at bath
altitudes,

Inasmuch as reduction of speed from Vg to VB was expected to have little

effect on the critical weight conlivion, the VB case was taken for the

same weight configuration and c.g. location expected to te critical at

V¢ . The altitude was reduced ZTrom 12000 ft. to TO0O ft., however, es a -
result of preliminary evaluation of the results obtained in cases I119--‘4»22.
Folioving detailed study of loads resulting from cases 401-427 (described

I
}

. Ee

C R Ly it s s e o T+ ki s b el
/e

in Appendix E), it became evident tlat the critical VB condition would ..
= occwr at a gross weight of 116,000 lbs. rather than 89,145 lbs., and that
g7 the critical altitude, too, might be higher than seiected. Also, because -
%o of the somewhat arbitrary selection of a Vg speed, it appeared desirable
g to determine the effect of & range of potential VB speeds. Accordingly, ~
' = cavzs 428-431 were aided. -
The design envolope pointe for which lateral gust dynamic analysis was
N e made are shown in Teble 7-2. The conditions listed cover a range of
: weights from minimm flying weight to maximum teke-off gross weight. The I
I center ol gravity travel investigated ineluded both forward and aft desiga
" limits, and both V¢ and Vp variations with altitude are represenied. No

hey
AR ML
= .4

A
A

* doe\
N
¥
It

VB cases are included. Preliminsry runs, in which fewer load outputs
were available, indicated the critical VB loads to be apprecisbly lower
than 50/66 c2 the V¢ loads and conseguently not critical. -

The cases in Tables 7-1 and 7-2 later found to be critical (Appendix E)
are indicated by asterisks.

s
g

L2

ems

T.2 Model Th9

The design speed-altitude chart for the Model T49 is shown in Figure 7-6,
and the weight-c.g. envelope in Figure T-T.

In Figure 7-6, the Vo and Vn constent equivalent airspeed lines at low
altitude are the values used for siructural design. The knuckle at 16,000
ft. in the Vi line is in accordance with the flight placard, A constant
Mach line above this pnint is assumed for the purpose of the present study,
although the &ctual flight placerd is a straight line approximation %o
this. The knuckle in the Vp line is considered to occur at the same alti-
tude as the knuckle in the VNE line, which is shown at 13,000 ft. in
accordance with the flight placard. Vi is assumed to follow a constant
Mach line sbove 13,000 ft. Although a coustant Mach line is also shown
for VNE, the actual flight placard is a straight line approximation to
this line.
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TABLE 7-2. DESIGN ENVELOPE CASES FOR LATERAL GUST
ANALYSIS, MODEL 188

i

b o N T YADY AN RETAT

fan e wm maswmarn

ProveRRRTE

e

»
w

;M”"g

B

1+ s

ex V., V
b I Ib L Knots

501 116000 86000 30000 35.0 6000 Vo 32k
602% 136000 86000 30000 35.0 7000 Vo 324
6¢3 116000 86000 30000 35.0 12000 Ve 224
6ol 116600 86000 30000 35.0 20000 v, 276
605 116000 86000 3¢200 35.0 30000 Vo 221
606 116000 85000 30000 35.0 %000 5 405
607 116000 86000 30000 35.0 7000 vy 405
£o8* 116000 66000 30000 35.0 8000 vy Los
603 116000 86000 30000 35.0 20000 v, 328
610 116000 36000 30000 35.0 3000C 75 256
611 86500 86000 500 35.0 7000 Ve 324
612 86500 56000 500 35.0 7000 Vo %05
613 6500C 61855 3145 35.0 7000 Vo 325
61k 65000 61855 3145 35.0 7000 vy 505
615 86500 86000 500 35.0 12000 Vo 32k
616 116000 86000 30000 20.1 20000 Ve 276
617* 116000 86000 30000 20.1 6000 Vo 324
618 11606C 86000 30000 20.1 30000 o 2zl
619 116000 86000 30000 20.1 20000 Vo 328
620 115000 86000 30000 20,1 30000 v 256
621+ 116000 86000 30000 20.1 8coo vy 405
¥ Ceses found to oe critical
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. MAX. TAKE OFF WEIGHT
°ﬂ 10706C 1b

MAX, LANDING WEIGHT

89500 Ib

90‘ T %_1
! 1
MAX. ZERO FUEL WEIGHT |
86464 Ib | Do
: { SO

sof l— LOADING LIMAS
| eamememmstion. R -

GEAR DOWN —— :

1 p

FLIGHT LIMITS
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GROSS WEIGHT, 1000 Ib
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|
|
|
I 5480 Ib
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FIGURE 7-7. DESIGN WEIGHT:- CG ENVELOPE, MODEL 749
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The maximum altitude shown, while not used in the original structural
design of the sirplane, is a reaconsble value based upon performance
limitati. ms.,

G PR S e A

As in the cas» or the Mode] 188, the VB speed is somewhat artvitrary.
The 175 knot volue used herein is in agreement with present criteria at o
& gross weigbht of about 99,000 1b. :

The c¢.g. limits shown ju Figure T-7 are vaced upou operating placards.

Throughout this study, the aft c.g. limit in flight was inadvertently

taken equal to the loading 1imi+, at 32% MAC; inasmuch as the results

of this study have generally showa the c-g. position to have a very small -
effect on loads - generally less than 5%, and for the vertical gust

loads only 1 or 2%, for the full rangs between forward and aft limits - -
nc attempt has been rade to adjust the resulrs for this discrepancy.

The minimum weight for structural ~esign, shown es 58480 1b., is an - f
early design number and is obvicusly lov for the sirplanes as currently

operated, with an average operating weight empty of 68640 1b. Cases at
minimin weight, however, are found not to be critical. ) '

The design envelope cases for which vertical gust dynamic analysis was
conducted for the Model Th9 are listed in Table 7-3.

The aspproximate effect of altitude on loads was determined by means of
a simplified analysis, as for the Electra, with the results shown in
Figures ?-8, T-9, 8~* {=10. It is clear that critical loads will occur
at either 7000 £t. or 16000 ft. sltitude, with the 16,000 ft. altitude
sligatly more likely.

Consequently, the first 14 cases in Table 7-3 represent a variety of
weight conditions at an altitude of 16,000 1't.

Based on preliminary enalysis of the results for these cases, it --
appearea that Cese 308 was critical. Accordingly, a range of altitudes

was next investigated for this weight condition; this investigation e
comprises Cases 315-318.

Selection of four Vp cases and a Vp case wae made in the same way as -
for the Electra.

P L

‘fhe design envelore points for which latersal gust dynamic analysis was
mede for the ModeXl Thg are listed in Table 7-k. Results cf the Model
188 analysis were used to eliminate conditions that would clearly not
be eritical. Critical forebody loads were found to occur in the weight T
condition having maximum forebody weight combined with minimum fuel and <+
winimum aftbody weight. This result is reasonable; forebody lcads are

primarily inertial, and maximum values should occur with high forebody -
weights in combination with the greater accelerations associated with
the highest natural frequencies. On the other hand, the aftoody is

L
.
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~ ‘E TABLE 7-3. DESIGN ENVELOPE CASES FOR VERTICAL GUST ;xﬂ?;
. ANALYSIS, MODEL 749 z* }
: 1
-t Gross Fzﬁg Fuel l vB, Ve v ’% ‘
. Weight | Weight | weight | €. 5. | Altitude or e 3
: Case Ib Lb Ib % MAC Ft n Knots 3
’ 301 58480 | 55980 2500 15.0 16C50 Vo 235 g
T 302 58480 | 55980 2500 32.0 16000 Vo 235 3
303 90900 | 5598¢C 34920 15.2 16000 Vg 235 .?.
304 90900 | 55980 34920 32.0 16000 Ve 235 E .
305 107000 | 7208C 34920 18.5 16000 Ve 235 § ‘
306 107006 | 72080 34920 32.0 16000 Ve 235 :
307 88964 | 86u6h 2500 |, 15.0 16000 Ve 235 g ;
308 889Gk | 86u6h 2500 | % 32.0 16000 Ve 235 5 -
309 G5000 | 8646k 8536 16.0 16000 Ve 235 §
310 95000 | B86L6L 8536 32,0 16000 Vo 235 g
311 101000 | 8646k 14536 17.1 16000 Vo 235 3
312 101000 | 8646k 14536 32.0 16000 Vo 235 3
313 | 107000 | 86u6L | 20536 18,5 | 16000 v, 235 §
3tk | 107000 | 8eués | 20536 32.0 | 16000 Ve 235 3
315 88964 | 86u6L 2500 32.0 20000 Vo 218 :
. 316 88964 | 86u6k 2500 32,0 12000 Vo 235
317* 88964 | acusu 2500 32,0 7000 A 235 C
: " 318" 8806s | 8eudk 2500 32.0 16600 Ve -] 235 .
9 | 880 | 55980 | 2500 | 15.0 | 7000 v o a3 i
L. 320 58480 | 55980 2500 32.0 7000 vy, 313
i e 321 88964 | 86u6U 2500 15.0 7000 vy 13 1
Co 322% | 8896 | 86u6H 2500 32,0 7000 v, 313 §
323% 8896k | B6u6k 2500 32.0 7000 vy 175 2

* Cases found to be critical ;
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- TABLE 7-4. DESIGN ENVELCPE CASES FOR LATERAL GUST F
- ANALYSIS, MODEL 749 i
Gross Lero Fuel vB’ vc v §
Case | Weight wi“i‘;“t Weight %&: “t;t“de or Knowe :
‘ Ib iy Ib vy i
i g :
! 501% 107000 BeL6h 20536 32,0 Looo Vo 225 %
! 502% | 107000 | B8646L 20536 32,0 1000 v, 313 §. !
2
503%* 107000 864k 20536 32.0 10000 Vo 235 s
504* 107060 86u8Y 20536 32,0 10000 v N3
505 107000 866N 20536 32,0 13000 v 313
506 197000 B6L6L 20536 32.0 16000 Vo 235
507 107000 86u64 20536 32,0 16000 vy 29%
508 107000 86u6L 20536 32,0 20000 Vo 217 )
509 107000 86L6YL 20535 32,0 20000 vp 271 3
B 510 207000 | Esu6h 20536 32,0 25000 Vo 195 i
; ; 511 307000 | 86u6L 20536 32,0 30000 Vo 174 A
i c .
P 512 107000 86u64 20536 32,0 30000 vy 27 i
H { £ §
P ¢ i
: * Cases found to be eritical g i
i
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losded primarily by the air load on the vertical tail and is, therefore,
eritical for the high gross weight cases. However, the maximum tail
and aftbody loads are much more critical than the maximm forebody
loads. Accordingly, in the Model Th9 analysis, only the high gross
veight, aft c.g. cases were ircluded. Also, inasmuch as Vp conditions
were clearly not critical for the Model 188, these also were excluded
from the Model TW9 analysis.

rt f’fﬁw b 4

The combinations of speed and altitude chosen represent both Vy and Vp
speeds over a range of altitudes. It should be noted that, for the pur-
poses of this study, several points outside the design operating envelop=
were ocbtained -~ namely, the 25,000 f£t. and 30,000 f£t. altitude points.
These cases are listed in Table 7-4, but are not considered in estab-

lishing limit and ultimate strength values of N(y) and of o, Mg .-
The cases in Tables 7-3 and 7-4 later found to be critical (Appendix E) o
are indicated by asterisks,
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8 MATHEMATICAL MODELS OF REFERENCE AIRPLANES

8.1 Vertical Gust, Models 168 and 749

8.1.1 Equations of Motion. In the mathematical model employed to
determine dynamic response oI the Model 188 and Model 749 airplenes to
the vertical component of turbulence, the sirplane is represented by
means of a rigid fuselage and horizontal tail, & wing revresented elsas-
tically bty an elestic axis straight and normal to the plane of symmetry,
and two nacelles per side having flexibility relative to the wing.

Airyplane motions are defined in terms of ten generalized coordinates -
fuselage plunge and pitch, two wihg bending modes, two wing torsiosn
modes, and plunge and pitch of each rnacelle mass relative to the wing.
The firs: wing bending and torsion modes are uncoupled cantilever modes
obtained¢ by assuming a reasonable deflection shape and iterating once.
The second bending and torsion modes are ottaired sinilarly; however,
with only the one iteration, these depart considerabiy more from the
true natural-mode shapes. Provisicn is also made for specifysiang both
mode shape and frequency for any or all of the four modes, with no

fur .her iteration to be made. -

Wing masses and aerodynamic forces are lumped &t ten sparwise wing
stations. Spanwise flow effects are not accounted for, aithough any
desired spanwise variation of CLa can be used; in the present study,
renel Cpq values were chosen to match static spanwise distributions
produced by & constant increment in angle of attack. Definition of thre
mass of eachk penel includes the chordwise location of the center of
gravity and the pitching moment of inertia.

Each nacelle (in addition to that portiorn considered rigidly atteched
to the wing) is represented as a dumbbell mass with translational and
rotational. inertia. Aerodynamic forces as felt by the propelier as
vwell as the nacelle proper are spplied.

The fuselage is assumed to develop aerodynamic 1lift and moment; 1lift
developed on tre forward portion of the forebody is separated out in
order to account for the time lag btetween nose and wing penetration of

the gust.

Tail aerodynamic forces include the effect of wing downwash, and the
time lags of the gust and downwash proceeding from the wing to the tail
are rccounted for. Provision is included for aerodynamic force incre-
ments on the tail dve to elevstor float or elevator motions introdiced
by a stability augmentation system. The elevator float motion is

W

DAAMIE % S iR A5 T2 5 e e i

i
£
b
%
)
g
3
3
!




= 3 . - - T o T b P AT =
S : A s
v e © g G T

L] - ‘1"-“'&\’;;“ < )
%,'.: N "i -;’ "5

PAPOTE e < N Y AR e = N

B e = R R i P T I O -

intrcduced actually as an eleventh generalized coordinate, with elevator

mass (including moment of inertia about the hinge line) as well as aero- -
dynamic forces included. A simple static treatment could have been used,

and would have given essentially the same results; this would have elim-

inated the need to include appropriate external damping in the mode.

Unsteady 1ift growth functions for gust encounter (Kussner function) and
for airplane motions (Wagner function) are represented separately for
wving, tail, fuselage, nose, nacelles, and propellers. The customary
exponential approximations appropriate to low lMech number and infinite
aspect ratlo are used for the various wing panels and for the horizontal
tail. For the fuselage, n=celles, and propellers, the seme exponential
expressions are used, but effactive values of chord are estimated such
as to provide reasonable epproximations to the 1lift growth on these
compoaents.

*
3
i
i
s
2
%
i
H
v

Loads at various points in the airplane ar= obtained by superimposing

the loads produced by the direct effect of the gust and those resulting

from the motions in the ten generalized coordinates. Provision is in- --
cluded for computation of the following load quantities as desired:

wing shears, vending moments, and torsions at ten spanwise locatioas;

up to 20 wing shear fiows (or other internal loads that can be expressed
as linear combinations of the shears, bending moments, and torsions);

i nacelle c.g. shears and pitching moments (two nacelles); and up to ien o

fuselage loads (sheares or bending mowents) includir_ lozd on the hori-
T zontal tail, For the wing, the load read~out locations are defined by f‘
v, the initial lumping of mass and aerodyramic datw. Loads ere determined .

g for the individual penels end summed as appropriate to yiela shears,

bending moments, and torsions at the panel bounderies, Since the fuse- .
lage 1s considered rigid, its mass and aerodynemic properties need rot ]
be broken into numerous penels for soluticn of the equations of motion. o=

For the purpose or fuselage load determination, however, the aerodyamic
forces are distriobuted to & number of panels. Fuselage sheer or bending
moment at any given station s then obtained by summiag terms consisting a-
of appropriate coefficientz multiyplying the pitch and plunge accelera~-

tions and the airloads on the various panels. .-

The ten simulteneous differential equations of motion are solved lor &

forcing function consisting of & steady sinusoidal variation of gust

velocity. Frequency-response, or transfer, functions relating both the
generalized coordinetes and the various airplaene loasd quantities to the

input gust velocity are thus evaluated, at upr to 100 frequencies. The .
moduius of each transfer “unction is then squared and multiplied by the ’
input gust spectrum to-obtain an outp t power spectrum. These in turn

e are integrated with respect to frequency o give A and N, values. The

. upper limit of integration was teken as 10.2 cus.

Pele 92
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Provision 1s also included in the equations of motion for elevator
motion instead of gust veloecity &s an inyut, in order to obtain trenster
functions or meneuver loads for establishing the adequacy of the sero-

dynamie input date.

All of the calculations indicated sbove were carried out in a continu-
cus operation on an IBM 7094 automatic digitsl computer. .

A complete presentation of the equacvions of motion, including their
derivwation, is contalned In Reference 21.

8.1.2 One-g level Flight Loads. The one-g level flight loads to which
the incremental loads due to the taobulence must be added were obtained

by appropriate static loads methods.

For the Model 18&, the distribution of air loads between the wing,
fuselage, and horizontal tall wes based upon wind tunnel force data.
Wing spanwise 1ift distributions, fo:r the rigid wing, were ottained by
means of theory. ing and nacelle aerodynamic pitching muments were
based on integrated use of published NACA documents, wind tunnel pitch
data for the Model 188 wing “fith &nd without nacelles, calculated pro-
peller normal forces, and flight-meacsured wing torsions over a wide
range of speed end load fe-<ter. Air _oad increments due to the wing
twist resulting from the rigid airplanc serodynamic anéd inertia forces
were calculated and included. Arbitrary adjustments to the theoretical
airioad distributions were made vhers necessary to bring the calculated
loads into close agreement with flight-measured leoads.

For the Model T49, ss for the Model 188, the distributior of air loads
between wing, fuselage, and norizontel tai. was based upon wind tunnel
force data. Wing airload distributions, too, were determined in a
generally simiier manuer, although flight-measured torsicns were not
avajlatle. Excellent agree—ent was found betweenr wing bending moments
calculated using these distributions and tending momeuts obtained by
flight measurements on a Model 101+9B, which had a wing aerodynamically
identical to that of the Model Th9.

8.1.3 Input Data for Dynamic Anelysis. The scheme for lumping of
input dats and the locations of load read-out points sre¢ shown .n
Figures 8~1 and 8-2 for the Model 186 ard Model TS respectively.

For the wing, loe2d read-ocut stations are determined by the pane)
boundaries deiined for lumping of input data. OConsequently, a fairly
deteiled coverage of load outputs was inberently provided. Shear,
berding moment, and torsion were obtolaed at eech of the wing load
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1. INERTIA AND PITCHING MOMENT OF INRTIA N .
ARE LUMPED AT CHORDWISE CENTER OF GRAVITY .- PR

OF EACH PANEL. .
2. LOCAL AERODYNAMIC CENTER IS ASSUMED TO - PN

ENTER AT FS 1207.8 3. LOCAL CHORD =C, = 227 - .229y: ’
4. MEAN ARRODYNAMIC CHORD = 168.7 we
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FIGURE 8-1. MODEL 188 GEOMETRY AND LOAD STATIONS
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i TAIL ARODYNAMIC
: CENTRR AT FS_1146.2
1. INERTIA AND PITCHING MOMENT OF INERTIA
~ ARE LUMFEN AT CHORDWISE CENTER OF GRAVITY
R OF EACH PANEL,
: 2. LOCAL AERODYNAMIC CENTRR IS ASSUMED TO BE
- Ry AT LOCAL 24% CHORD,
‘ \o®, 3. LOCAL CHORD = C, = 235.0 - .187;
- L. MEAN ARODYNAMIC CHORD = 176 INCHES,
LE MAC = FS 500
i 5. NACELLE INERTIA AND AERODYNAMICS
CONCENTRATED AT NACELLE CG
INBOARD FS 524.7, OUTBOARD FS 5. 1
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I e :
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FIGURE 8-2. MODEL 749 GEOMETRY AND LOAD STATIONS
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stations indicated in the figures, and front and rear beam shear flows
were also cbtained at the lwo wing stations noted.

For the Model 188 fuselage, the selection of load output points was in-

fluenced by an examination of wmargins of safely for the design gust

conditions, with the critical locatioans selected. The Mcdel T49 fuse-

lage was designed to extremely severe criteria and is much less critical

than the wing; consequently, only & limited number of load caitputs were

obtained. In obtaining fuselage load outputs, overlapping assumptions

with respect to the distribution of payload were made, ia the desigs

envelope ceses, in order to simplify the preparatior of input data. For

a given total paylcad, the distribution of payloai between the forebody

and aftbody depends upon whether the airplane c.g. is tc be at the for-

ward or the att limit. However, in determining the increments of fuselage e
shear and bending momeut due to turbulence, the panel weights by which

the local accelersilons were multiplied in the dvnamic analysis were

alwayt taken &8 the higher of the forward 1limit end aft limit values, -
regardiese of the actual c.g. position for the case being analiyzed.

Borizontal tail loads were included as outputs for the particular cases -
found tc be potentielly critical as a resuii of examining the fuselage

loed results. o

SERTEARS W BT R AT P IR Y o e

Mess and aerodynamic data used ia the dynsmic analysis of the two alr- 5
planes are genersally consistent wita the data used for stat. : loads »* g
determiration. as described in th~ previous section. ;

Wirg EI and GJ (flexursl and torsional stiffnesses} were obtained by
cslculation; guidance as to apyropriate aspumptions regarding extent of |
effective material was obtained from the results of static load- -- i
deflection vessurements and ground vibration tests. Nacelle stiffnesses
were obtained similarly, with particular reliance on load-deflection
data for the individual ergine mounts and on nr:elle mode netural fre-
quencies ovtaineu in ground vibration testis.

Wiug structural damping was assumed to be zero, inasmuch as the sub-
stantial aerodynamic damping present overshadows the structural damping.

Inclusion of structural dumping in the nacelle modes, however, was {
considered desirable. Comparison of Model 182 calculated with flight . ;
measured pcwer-spectral densities indicated that nacelle response above 2 :
about & cps could not be adejuately represented by the ten-degree-of- - !
freedom analysis. Not only is the mechanical representation of the %
nacelle vertical freedoms 0o crude, but also: 1) coupling with the yaw ’
motions is not included, 2)there is no way tc account for the effect of '
side gusts and their coupling with vertical motions, aund 3) spenwise

variations of gust velocity, not coneidered in the theory, invaiidate .-

the couplings assumed between nacelle and wing moti-ns., As a result,

power spec“ral dengities of nacelle lcads caiculated without the inclusion o
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of structural damping indicated considerably more power above sbout 4 cps
than was ectually present. In earlier studies, to assure realistic
nacelle load inputs to the wing, the integration of the power-spectral
densities had beer limited to e maxirmm frequeacy of about h-l/2 eps,
thereby eliminating the i..creased response., This had little effect on
wing loasds since most of their response is in the short period and first
tending-torsion modes. In the present study, as a more rational means of
preventing possible over estimation of nacelle response at the higher
frequencies, structural damping was introduced into the spring ~onnection
of the nacelles to the wing. A structural demping coefficient of .20 was
assumed; this is the value of g in the expression (1 + ig) k and cor-
responds, at the resonant frequency, to a relative viscous damping of
.10. This damping value appears reasonsble, and it surficiently reduces
‘he high frequency response to give substantially improved agreement with
fiight measured power spectral densities.

In order to account adequately for the effect of static aeroelastic de-
flection on the spanwise load distribution and on the gust load factor of
the Model 188, it was found necessary to replace the second dynamic wing
torsion mode by a static aeroelastic deflection shape. This was because

a8 significant part of the static aercelastic deformetion occurs outboard
of the outboard nacelle, vhereas neither of the first two dynamic torsion
modes contains significant deformation in this region. Wwhile some loss

of detail in the dynamic representation results, it appears that, over-all,
the static aseroelastic mode is more important than the second dynamic
torsion mode. It is therefore included in the present Model 188 analysis.

Considerable effort was put forth to assure that, on a static basis, the
ten-degree~of-freedom analysis duplicated losids obtained by the accepted
static loeds methods. For this purpose, ten-degree-of-freedom loeds were
obtained for both the Model 188 and Model 749 for a maneuver ccadition
obtained by introducing a low-frequeacy elevator oscillation. The result-
ing loads are not sensitive to the exact frequency chosen, as long as it
is well below that of the airplane short-perliod mode. The effect of fre-
quency is shown in Tsble 8-1. Based on the results shown therein, a fre-
quency of .05 cps was selected for the loads ccmparison. The comparison
of ten-degree-of-freedom loads with s*tatic analysie loeds, per g of c.g.
acceleration, is shown in Tables 8-2 and 8-3. Toreional moments are
compered on a difference rather than a ratio basis, since torsional
momencs can easily be close to zero, depending on the location of the
arbitrary moment axis, and ratios have little mesning. For comparison,
the approximate limit design torsions are noted in the tables. It is

seen that the ten-degree-of-freedom analysis reproduces the loads obtained
by the static loads analysis very well. The small differences that do
exist are not considered significant, especially since in some respects
the ten-degree-of-freedom analysis may be morz rational than the static
analysis.
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TABLE 8-1. EFFECT OF FREQUENCY OF ELEVATOR MOTION ON
MAGNITUDE OF ROOT BENDING MOMENT
Model T49 Model 183
Frequency
0Of Elevator 10’614 x/nze W.S. 103 10'6;4 x/u”e W.S. 83
Motion - nd
CPs V. 7205 Kt v =235 Kt Vv 290 Kt ve=26h Kt ve-31!4 Xt ve=36h Kt
L0125 5.720 5.909 6.363 3.646 3.791 4, 085
.025 5.718 5.908 6.367 3,644 3.79%0 4, 085
.050 5.713 5.904 6.384 3.637 3.785 L c82
.100 5.691 5.887 6.373 3.609 3.767 4,070
.200 5.606 5.622 6.330 3.50L 2,700 ko027
400 5.291 5.578 6,165 3.165 3.476 3.884
1,00 3.870 4, 406 5.335 1.872 2,640 2, bl6
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TABLE 8-2. COMPARISON OF LOADS COMPUTED BY THE DYNAMIC

b IR IR AR 18 ST R be e s sy v

“g ANALYSIS PROGRAM AND BY STATIC
< ANALYSIS METHODS;,, MODEL 188 & i
- Static Analysis Dynamic Analysis Comparison i
H ~ a
I s::‘:on 5. 1076 M, 106 u s, 1676 M, E“” # | Stpy, M, 2078 (Mypym, 1:;’:y ,é? '
An, | Bn, | Bn, |&n, | An, | sany |S My ¥ stat, ) | Desten 3 .
. z z T Tstat. tat, -
: v, = 264 knott, h = 13500 ft %
5
.- g3 liizse | 3.680 | -.127 ook § 3.637 | -.022 } 975 987 .105 -1.9 E
1u9 liougr| 3.202 | -.190 J1cers | 3268 | -.o0 | .98 | .995 .100 -7.8 kS
: w61 | ewgr| 2.803 | -.203 | 6a77 ] 2.833 | -.209 | .995 | 1.003 R 1.7 L
, 209 |11635 | 2,318 | -.or9 ]11828 | 2.301 | -.ou5 | 1.018 | 1.003 034 -k.0 I
; 215 | 9522 | 1.682 | -.122 | 9692 | 1.70c | -.088 | 1.0i8 | 2.007 .03k -3.3 H
| a6 | 629 | 121 | -.123 | 6599 | .23 | -.086 § 1023 | 1.005 .037 -2.6 4
§ 380 | o150| .8: | -.o;m |93} .82 {-.124 | 1022 | 101 -.023 -1.2%
§ w8 | sue8| .332 | -.053 | 5593} .o |-.067 | 1.020 | 1.0 -.0lk - .15 X
; 516 | 28| .087 | -.016 | 2308 | .o76 | -.005 | 1.050 .B74 -.007 - .3 -
: 2
i v, = 314 knots, k = 13500 ft 'f )
g2 lnawil 3.8 | +.056 1225} 3.785 .023 .986 99 -.033 -1.9 §
1y |iomee | 3.L.7 | -.009 10617 | 3.400 ~-. 046 .99k 1.000 -.037 -7.8 3
67 | &8r| 2007 | -0 | 8585 | 2951 | -.066 | 110 | 1.010 -. 042 -T.7 g
209 |1977 | 2.u68 | +.0i7 [r2256 { 2494 | -.028 | L.028 | 1.000 -.085 -b.0 £
215 | o889} 1709 | -.cer |ioum { 17Tme | -.om | 3.020 | 1,010 -. 0k -3.3 3.
16 | 6t | 1260 | -.ce7 | 7003 | 1.275 | -.068 | 1.033 | 1.010 -.08 -2.6 i:
380 guss | .e61 | -.o96 | 9726 | .875 | -.119 | 1026 1.008 -.023 ~1.25 ?ﬂl
w8 | s687| .35 | -.057 | sees | .354 ] -.070 | 1.023 | 1.023 -.013 -.75 CE
P, 516 | 2z15| .092 {-.m9 Jamz2}| .om |-.027 | 1.060 .859 -.008 - .35 3 _
: V, = 3 kncts, b = 13500 kts )
% . 83 |nu& | .06 .27 |1286G | L.0B2 .089 | 1.032 1.006 -.158 -71.9 ;
: 19 o951y 3.605 | .am [u3se }3.én | .08 | 1038 | 1.007 -.161 -7.8 3
s 167 8923 | 3.100 .59 | svs2 { 3.133 | -.008 | 1.055 1.023 -.163 ~T.7 ;
T 209 Jazs3s | v6m | a7 fimss | 2691 | -.003 | 1043 | l.022 -.120 -h.0 F ]
ors |10su9 | 1.6m | .on |uoeo | 1913 | -.06 | Lob3 | l.021 -.17 -3.3 i ;
! w6 | mo] 128 | .on | 73| ass |0 | o203 |07 -2 -2.6 i
i 380 lioer| .97 |-.mo |10%1 | .937 | -.129 § 103 | 1.020 -.019 -1.25 )
i LL8 605s | .3m | -.085 | 6237 | .380 | -.076 | :.030 1.022 -.011 -.T5 i
i 516 243k .098 -.023 2594 .085 -.029 1,064 868 -.006 - .35
14

WOTE: mnionheuts,lymmwmsmssnﬂ
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} ) TABLE 8-3, COMPARISON OF LOADS COMPUTED BY THE DYNAMIC
4 ANALYSIS PROGRAM AND BY STATIC
?'" ANALYSIS METHODS, MODEL 188
§ Static Analysis Dynamic Analysis Comparison
ving s, 106 M, 107 uls, 1076 M, 107 K|S, oyn  |M Dm 1076 (Mypyn 10676 LR
Station .
"—n, LYY An, |Bn, Bn, LN m 'ﬁ;m - ¥roeat) mxﬁ;;
V, = 205 knots, h = 13000 ¢ .
103 J15627] 5.838 }-1.775 J1sk99 | 5.713 §-1.658 .990 980 117 r £z -
s | 12499 | 5.219 |-1.648 |12u69] s5.132 |-1.532 935 .983 216 STk
191 1815k | M.k9T |-1.796 | 18157 | L.k2T | -1.TML 1.002 .08% 057 | ~".28 ..
263 |13730| 3.371 |-3.528 |13%13] 3.257 |-1.470 1.006 966 058 | -6.53 )
337 9265 | 2.496 §-~1.217 } 9b12] 2.2k |-1.162 1.01% .9TL .055 -5,66
) Lok f12507) 1.674 |-1.250 }12522) 1.650 |-1.264 | 1,001 -986 NuL ~b.% -
w0 | sus3} .883 |- .87 | se9] .86 {- .890 | 1.002 .975 -.003 -3.26
P : s88 | 3130| .226 {- a7 | 36| .29 |- k20 | 1.000 .569 -.003 -1.57 -
i { 668 § 1149 l .03 |- .127 | 167} .02 - 135 | 1016 ~Tad -.008 - -
, -
t % V, = 235 knots, h = 13000 ft
" ! 103 16589 5.993 [-1.84 |16m5] S5.90% |-1.7e6 .93 .985 .006 -8.12
165 f13015 | 5.328 |-1.664 |13007] 5.280 |-1.577 1.000 .91 .087 ~7.9%
191 J19251) b.569 |-1.870 | 29288 4,537 |-1.830 1.002 .993 .O%0 -7.28 T
263 jwor7] 3.395 | -1.539 {1s229] 3.31C | ~1.508 1.015 975 .03l -6.53 .
e 337 8950 | 2.522 | -1.176 | 9280| 2.870 ] =1.155 1.037 9 .021 «~5.66 bl
* bok | 227931 1.687 }-2.277 | 12698} 1.681 |-1.301 1.098 .995 -.02% ~h b6
seo | 8512] .885 |- .893 | 8610] .373 |- .905 1.m2 986 -0k -3.26 *
588 IThL| .225 - 537 | 3803] .222 |- .2k 1.017 .987 - 007 -1.57 .-
668 1nkE| 03 |- .227 | 11T6| .022 |- .136 1.026 .o -.009 -
Ve = 292 knots, h = 13000 ft
103 {18099| 6.011 }-1.926 | 29397] €.3%% | -1.6T1 1.072 1.082 .253 -8.12
ws finse] 5.0 }-1.677 J14375] S5.675 | -1.410 1.293 1.069 267 ~7.9%
191 {20080 &.526 [-1.930 | 21628 4.842 | -1.887 1.687 1.069 .03 -7.28
263 [13%66] 3.332 | ~1.526 | 15860} 3.478 | -1.k56 1.108 1.0k .070 -6.53
. 337 8117] 2.496 | ~1.106 | 9211] 2,606 | -1.00% 1.13% 1.0k .1c2 -5.66
uok 1 12865| 1.670 | ~1.282 ] 13906] 1.773 | -1.%01 1.031 1.062 -.123 -k 46
a80 8u12} .8n1 |- .882 | 9ok0f .920 |~ .951 1.075 1,045 -, 069 -3.26
. 588 3%712] .220 [~ k09 | 3946] .229 |- .Mko 1.075 2,0% -.03 -1.57 )
668 122 .013 {~ .12k | 1213] .023 | - .2M0 1.081 . Th2 -.016 -

WOTE: Torsion moments, K,, are sbout lced avis et FSA58.8
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Inasmuch as results of an analysis including the pitch freedom can be

; somevhat sensitive to the static stability in pitch, precautions were

’ taken to assure that the pitch stability is correctly reflected in the

analysis. Since the pitch stability results from the sum {or difference)

3, of many different contributors - including each wing element, the nicelles,

i o the propellers, the fuselage, the tail, the control system, all of the
masses - the many sepsrate contritutions do not always add up to the best

value for the airplane as a whole, and adjustments were made as needed.
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An option with respect to pilot technigue is available in that flight can
be assumed to be either "stick-fixed" or "stick-free." 1In order to
- account realisticaslly for the strongly stabilizing effect of the Model 188
( . control column bob-weight, it was considered appropriate to assume a
‘ stick~free technique. Moreover, recommendec techniques for flight through
oo turbulence have generelly called for & very light touch on the control
column, vhich would appear to be more closely approximated by a stick-free
(0 then a stick-fixed coundition. Accordingly, both Model 188 and Mcdel T49
vertical gust analyses were conducted stick-free. A couparison of stick-
fixed wi*h stick-free results, however, indicated that the loads produced
vwere not sensitive to the choice betveen the two assumptions.
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8.2 Lateral Gust, Models 188 and 745

8.2.1 Equations of Motion. The equations of motion employed to determine
Mode? 138 and Model (49 loads due to the latersl component of turbulence
weie derived following closely the derivation preserted in NACA TN 3603
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{Reference 22).

The equations of motion are written with respect to an Eulerian moving

axis system and utilize as generalized coordinates the three rigid-body

motions of sideslip, yaw, and voll. Provision it included for inertia

coupling between the generslized coordinates through the product of

P inertia, Iy,; however, for the Model 188 aad Mcdel 749 this term is so
. small as to have negiigible effect ard is assumed to bz zero.

Elastic mode response is not included. For both the Model 186 and the
o Model Th9, the lowest fuselage-tail side bending natural mode is far
higher in frequency than the Dutch roll mode - roughly 6 to 8 cps vs .2
to .3 cps. Consequently, for these aiiplanes, the elestic modes were
expected to centriocute negligivly to the loads produced by turbulence.
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Provision is made to include the effects of rudder and aileron float, if
desired, or of artificial stability augmentation systems,

For the purpose of accountiang for the penetration of the various aero-
dynamic elements into the gust, aerodynamic forces are evaluated
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separately for the wing, fuselsage, and vertical tail. Wing and fuselage
aerodynamlic forces are lumped at the airplane c.g., and tail forces at
the vertical tail aerodynamic center.

Provision is made in the equations of motion for the effect on each aero-
dynamic element of the sidewash produced by the other elements; but the
best indications are that on the Model 188 and Model T49 the side-wash is
negligible, and it is assumed zero in the analysis.

Unsteady 1ift growth functions for gust encounter (Kussner function) and
for airplane motions (Wagner function) are represented separately for the
vertical tail, the fuselage body, and the wing. Suitable exponential
approximations are used; the effective chord for use in these expressions
is taken equal to the mean chord for the vertical tail and wing and zero
for the fuselage.

Fuselage loads at any desired fuselage station are cbtained by super-
positicn of inertia loads due to lateral, rolling, and yawing accelera-
tions (including the lateral component of gravitys and aerodynamic loads
due to the net sideslip angle at the airplane c.g.

Ihe three simultanenus Aifferential equations of motion are solved for a
forcing function consisting of a steady sinusoidal veriation of lateral
gust velocity. Frequency-response, or transfer, functions relating both
the generalized coordinates and the various airplane lcad quantities to
the input gust velocity are thus evaluated, at up to 4o frequencies.
i The modulus of each transfer function is squared and multiplied by the
i input gust spectrum to obtain an output power spectrum. These in turn
are integrated with respect to frequency to give A and N, values. The
upper limit of integration was taken as 9 cps. The ;ower limit of in-
tegration was teken as .04 cps insteed of O, in order to exclude &
sizeable response associated with an unstable epiral mede which, in
practice, wculd be adequately controlled by the pilot.

H A1l of the calculations indicated sbove were carried out in a coatinuous
i operation ¢n an IBM 7094 automatic digital computer. .-

A complete presentation of the equations of motion, including their
derivation, is contained in Reference 23.

8.2.2 1iInput Date for Dynamic Analysis. Airpleane mass data for use in

the Model 183 and Model 749 lateral gust analyses were drawn from calcu- b
lations made in the course of design loads determination,

The various stability derivatives were obtained from a careful eveluation .-
and integration of such sources as wind tunnel force measurements,
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o flight-measured stability end control characteristics, theoretical calcu- - R
- lations, and putlished NASA information. £
“ The following quantities were selected for load determination:
Z
5 ‘: Location Location § ‘
bk Quantity Model 188 Model Thg %
b Fin side load Total for fin Total for three fins § A
% Fin bending woment Fin root (Not obtained) % §
]
C.G. lateral acceleration Actual c.g. Actusal c.g. i;:
l Pilot station lateral acceleration FS 132 FS 200 § :
Vertical tail lateral acceleration FS 1161 FS 1194 § ;
Aftbody side shear ¥S 69k FS 1057 g'
, Aftbody side bending FS €9k FS 1057 §
Aftbody torsion FS 694 FS 1057 %
Forebody side shear Fs 5T1 Fs 456 §
Forebody side bending F3 571 FS k56 §:l

The fin side loads were obtained ignoring the effect of relieving

inertia. Results for a representative case - Model 188 mission anslysis ..
P case 201 - indicated that inclusion of the relieving inertia reduced the it
, load by only sbout 3%. : :

\
VA KIS A

In selecting specific values for the Kuscner and Wagner unstesdy lift 3
growth functions for use in the lateral gust analysis, it appearzd at ;
first that any reasonable sapproximation would be satisfactory. Loads .
due to lateral gust occur predominantly et frequencies in the vicinity - 3 :
- of the Dutch roll natural frequency. As a result of the low frequency " 3
; of this mode, in combination with a vertical tail chord length consid-
erably less than that of the wing, the unsteady 1ift growth functions
: are very close to unity, and it appeared that it would be hard to be
3 very far in error in their determination. Accordingly, for the fin,
exponential approximations appropriate to an infinite ewspect ratio
surface at low Mach number were assumed initially.
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: Closer examination of the unsteady 1lift growsh Cunctions, however, indi-
- cated this assuaption to be inadequate. The absoluce value and the real
;f E rart, or in-phase component, of both Kussner and Wagner Lift growth {unc-
- . ticns were indeed close to unity, with values of about .97. The imaginary
z " part, or 90-degree out-o0f-phase couponent, ¢f the Kussner funciion is of
k S no concern, except for the extent to which it migiat be Jdifferent for two
} . parts of the same airplane. The imaginary part of the Wagner function,

i o however, is quite significant. Based on the high aspect-ratio, low Mach
. number assumption, its value is about, .07. This, acting upon the aero-

- dynamic spring force - which is several times as great as the darping
force - produces a sizeable force in phase with, and iu the same dirsction
as, the yaw velocity. Thus & negative damping force increneut is in-
troduced. This was found to reduce the damping coefficient, {, for the
Dutch roll mode to sbout 2/3 of the value it would have with instantaneous
1ift growth. Inasmuch as the various A velues vary approximately inversely

as / ", the corresponding increase in A vaiues due te the unsteady
1ift growth is about 22%.

‘o m 4

v e e i

: . Because of this sizeelle effect, it became impertant to use the best avail- .
? . able information for the Wagner 1ift grovth functicn, Accordingly, the )
. ' assumed exponential approximation was replaced by one which accounts

approxirately for the actual aspect ratic snd Mach number.

L X

A and N, values computed using the two different versions of the Wagner
function for toth the Model 188 and the Model T49. Generaily the A
values decreased by about 10% snd the Ny values increased by about 8%.

Tnerefore, the improved 1lift growth representation shown above was used
throughcut the lateral anal;sis.

The expression used was of the form -
-
) 1-ae D8 -
égf; ) ? vhere s is the distance traveled in chord lengths. The values selected
- #