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SUMMARY

The present aircemft Structursl Pactor of Safety has been in use for
msy yeurs. During this perind there have been appreciable advancements
in structural knowledge: and therefore, a review of the value glven
to the Ajrcraft Structaoral Factor of Safety should be maae 2t this
time, and revisions considered wherever deemed possible without
Jeopardizing any safety that has prevloualykexifi?d; -

The-paper-presente certain design aspects,wherein a reduction {in
the presently required ultisate factor of safety is realistic and
_should be considered as well as other design aspects wherein a reduc-
tion /. Sould not be considered at thia time. A realistic approach
mmt 'a taken and deafgn philosophies must change {f the highest
+ffiz.{etny with adequate safety is to de reslized in future aircraft.

SOMMAIRE

L valeur du coefficient de sécurité actuellement ewmployés >cur les
structures d’avions & été fixée 11 y a bien wes anndes. Or, la counmais-
sance des structures ayant sensiblement progresse dans 1’ intervalle. 1
¥ s lien & examiner & nouvesu la valeur adoptée pour le coefficient de
sécarité dea structures d’avions en y spportant toutes modifications
utiles compatibles avec Ia sécurité déjad assurée.

L'nutsur de cotte Note présentc certains aspects du calcul od une
réduction de la valeur du coefficient de sécurité ultime couramment
rrige vt demandée par ls réalité et devrait faire 1'objet d'une étude:
1l en expone A'autres ot {1 ne devratt pas étre question en ce moment
do réduire cette valeur. 11 rappelle, en concluston, la nécessitéd
S atarier ce probléee de facon réalistique et de reorienter nos iddes
concersant les guestlons de csleul, pour que les avions de 1'avenir
TrATiARnl Aver une Afcyrile adéquate le plus grand rendement possible.

RI%.13.012 - 624,048

sl Jedfia




CONTENTS

LIST OF TABLES

LIST OF FIGURES

NOTATION

i,

4.

INTRODUCTION

ULTIMATE FACTOR OF SAFETY

ALLOWANCE FOR NO PERMANENT SE. OR YIELDING AT LIMIT LOAD

ALLOWANCE FOR DEFECTS IN MATERIALS AND WORKMANSHIP

. ALLOWANCE FON DESIGH UNCERTAINTIES AND INACCURACIES

ALLOWANCE FOR STIFFMESS

ALLOWANCE FOR EXCEFDING SPECIFIED MANEUVERS

HLTIMATE FACTOR OF SAFETY AND ULTIMATE LOADING

LI fresn? Lryterin
LI Tarer Probaby ity
S 3 e 1

= Fisttrer

o4 Bty amy s Hear g

Page

oA A

£



Fage

TABLES L3
FIGURES T

DISTRIBUTION




TAME 1

TADLE 11

Pig. 1

Pig.2

Fig.3
Pig. 4
Flig. 5
Fig. 6
Fig. 7
Fig. 8

Fig. 9

LIST OF TADLES

Extimated Flight Mours to Exceed vde and t:é“

Probabilit- of Paliure due to Gusta

LIST OF FIGURES

Trend in uxe of structural materials

Variation of F,,/F,, with tenaile strength for aircaft
structural materials

Varfation of F.y/Pry with temperature

Probabilicty of exceeding load factor in ‘X' hours

High wing loading mirplane, Typical gust V-n envelope

Low wing loading airplane. Typical gust V-n diagram

Total flight milss to equal or excoed Uge twice (one cycle)
Probutility of fallure due to gusts at various altitudes

Flutter speed xafety eargin versus Mach number

Prage

i4

17

18

19



NOTATION

4 s tuni distance tn siles that *he airplane travels during (05 rogored
1ife
ﬁo expected Aistance in niles that the airplane would have to fravel -

excead the uliimate gast velocity at the particuviar attitude hased on
the y.tiemte streagth avaflabje

Fea ultiemte atrength

?t; yield strength

] airplane load faclor

Py probability of fatlu-e

Ui, 1imit design gust velocity

Ude equivalent ultimate gust velecity
v, equivalent cruise speed (m.p.h.:
A truve cruise wpeed (m.p.h.)

b irad -actor

K.8. 1. denotes kipa/in.?, wherse s ‘kip’ 13 1000 1lb weight



THE AIRCRAFT STRUCTURAL FACTOR OF SAFETY

George N. Mangurian®

1. INTRODUCTION

The present Aircraft Structural Factor of Safety as applied to manned aircraft has
been in use for many years. During this period there have been appreciable advance-
ments in structural and aerodynamic knowledge. Therefore, a review of the value given
to the Aircraft Structural Factor of Safety should be made at this time; and, if the
highest efficlency is to be real’zed in future aircraft, revisions should be counsidered
wherever deemed possible without jeopardizing thg safety that has previously existed.

A paper on this subject was presented by the author® some time ago. The present
paper reviews some of the points covered in that -paper and introduces some additional
thoughts on the matter.

2. ULTIMATE FACTOR OF SAFETY

The Ultimate Aircraft Structural Factor of Safety is defined as the ratio of design
ultimate load to design limit (or actual applied) load on the structure and i{s usually
equal to 1.5 for U.S, military and commercial aircraft unless otherwise specified.
This same value is specified in Amendment No. 85 to the ‘International Standards and
Recommended Practices, Airworthiness of Aircraft, Annex 8, I.C.A.0. In the ICAO
requirements, Factor of Safety is defined as ‘A Design Factor used to provide for the
possibility of loads greater than those assumed, and for uncertainties 1n design and
fabrication’. A review of the origin of the 1.5 value for U.S. aircraft, both
military and commercial, is given ir the earlier paper! and it was determined that
this value of 1.5 was first established in 1934, and has been with us since that time.
It was also determined in this re' iew that the ultimate factor of safety of 1.5 over
the limit loads was for the following reasons:-

(2) Allowance for no permanent set or yielding at limit load
(b) Allowance ior defects :~ material and workmanship

(c) Allowance for design‘uncertninties and {naccuracies

(d) Allowance for stiffness

{e) Allowance for exceeding specifies. maneuvers,

Many of these reasons are similar to these stated in th~ ICAO requirements.

Y Chvep Analytocal bngneer, Northrop Avreraft, Inc. Northrop Division
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Again, Reference 1 discusses these points in considerable detail and points out
some of the changes which have come about, or may com: abcut in the future, to
influence our thinking with regard to retention of the presently required factor ot
safety of 1.5. Without repeating this discussion, further thoughts are added bhere

on some of these points.

3. ALLOWANCE FOR NO PERMANENT SET OR YIELDING AT LIMIT LOAD

¥hen the ultimate factor of safety of 1.5 was established ‘or commercial use in
1932 in the United States, the thinking was that an aircraft utructure, which was
designed so that 1.5 times the limit loads did not exceed the ultimate strepgth of
the materials, would not yield or have permanent set at the limit or applied loading
conditions.. This was no doubt a reasonable criteriz at the time the factor of 1.5
was selected. However, let us take a look at the trend in the use of Structurel
materials since then, to see if this criteria is still realistic. FPigure 1 shows
this trenu plotted against the ultimate to yield strength ratio. 1t may be
interes‘ing to note that the ultimate factor of safety of 1.5 was establishred in
1934 fr.r commercial use at about the same time that 24ST aluminum alloy, having
approximately the same value of ultimate to yield strength ratio, came into general
use in aircraft design.

Figure 2 shows the variation in the ratic of the ultimate to yield strength with
the ultimate strength of aircraft structural materials at room temperature, Figure 3
shows the varfation in the ratio of ultimate to yield strength with temperature. Az
indicated in these two figures, the presently-used high strength aluminum alloys,
high heat treat steels and titanium have a ratio of ultimate to yield strength
considerably lower than 1.5. If an ultimate factor of safety of 1.5 is used in
design, permanent set or yielding in tension of aircraft components using present
day materials will no doubt occur considerably above the limit or applied loadings.
This is likewise true for compression, since most modern aircraft have thick plate
or sandwich construction, Therefore, if a design is to be predicated on the criteria
of permanent set or yielding juit above limit load, then i‘he ultimate factor of
safety must be based on some criteria other than the ritio of ultimate to yield
strength of the structure. Goldman? expressed this serr thought in his paper on
Safety Factor Requirements for Supersonic Aircraft Structures.

4. ALLOWANCE FOR DEFECTS IN MATERIALS AND WCRKMANSHIP

This point seems to have been adequately covered in the earlier paper!; so no
further elaboracion is necessary, except to note that Goldman, in Reference 2, gives
a qualified endorsement to the author's views. He said ‘There has been cohsiderable
improvement over the years in the workmanship of production alreraft ... it seems rather
illogical to think that we will never again have poor workmanship during periocds of
introduction of new materials or new fabrication techriques. It is logical to expect
a smaller degree of trouble as our over-all production kncwledge increases,’



S. ALLOWANCE FOR DESIGN UNCERTAINTIES AND INACCURACIES
This point can be split up as follows:-
(a) Aeroelastic cffects
(b) Fatigue
(c) Plutter
(d) Dynamic effects
(e) Structural complexity
(f) Loading spectra and load distribution
(g) Aerodynamic heating.

Again, most of these areas are covered in detail in Reference 1. However, some
further thoughts may be added to the original discussion on fatigue.

Fatigue has been given considerable emphasis in design of aircraft structures in
the past few years. Both the ‘faile-safe’ design philosophy and the ‘safe-1ife’ design
philosophy as described in Reference 3 are used in designing for fatigue. Generaily,
the ‘fail-safe’ design procedure is used for commerciul aircratft, und the ’safe-life’
design procedure for military aircraft, because of the shorter life span and higher
performance. However, the trend recently in the design of military aircraft is to
us: the ‘fail-safe’ design philosophy. This has come about because of the uncer-
tainties in the service 1ife of some of the newer materials and types of construction,
such as metal bonding and sandwich structures. Recently, much fatigue and static
testirg has been carried out to prave the ‘fail-safe’ concept. The ‘fail-safe’
strength required for U.S5. commercial aircraft is specified in paragraph 4b.270(b)
of the Civil Air Regulations, Part 4b, Here it states that ‘It shall be shown by
analysis and/or tests that catastrophic failure or excessive structural deformation,
which could agversely affect the flight characteristics of the airplane, are not
probable after fatigue failure or cbv’.,us partial f.iilure of a single structural
elenent’. The specified gust velocities result in a structure which, after failure:
of ~ single element, has approximately 50% of the original ultimate strength. All
the current U.S. transports being presently designed are following the ‘fail-safe’
philosophy. Furthermore, the tests being performed for many of these aircraft
are indicating that there is considerably more strength remaining in the ctiructure
after fatlure of a single component than the required strength. Jn addition to the
‘fail-uafe’ concept, many of the aircraf. comranies are specifying replacement of
rarts after a period of time, before the estimated fatigue life is exceeded. This
nrocedire will undoubtedly be vsed more and more if minimum weight aircraft are to be
desicned in the future, ¥With more knowledge being gained on the facigue problem, it
mivht Le regidstic to constder a reducticn in the present required ultimate factor
of safety s o ot oof thos factor Po i been used In the past to prevent failures,

Thien theave woss sy expressoed by FURLD shanley in Reference 4,




6. ALLNWANCE FOR STIFFNESS

The various points discussed on this subject in Reference ! still appear to be
reasonable. Admittedly, it will become more and wore difficult to design future
manned and unmanned aircraft for strength rather than stiffness because of the
aerodynamic requirements of thin wing and tail surfaces to reduce drag. Adequate
stability and control, as well as freedom from flutter in supersnnic aircraft, have
required in some cases minimum stiffnesses which are greater than that resulting
from strength considerations alone. However, there have L::n many instances where
the stiffness requirements have been minimized by such means as judicious location
of masses, favorsble positioning of the elastic axis, aerodynamic shape changes,
aerodynamic surface rellefs, and selecting types of construction, such as sandwich,
that would give the greatest possible stiffness with the available materials. 1In
the early stages of design, it is just as necessary to investigate for stiffness as
well as strength, and modifications should be made by the tools just mentioned, if
adequate stiffness is not attained. Therefore, it is not satisfactory any longer
to say that the ultimate factor of safety of 1.5 would take care of stiffness for
future aircraft,

7. ALLOWANCE FOR EXCEEDING SPECIFIED MANEUVERS

The most.plausible reason for an ultinate factor of safety of 1.5 seems to be to
allow for exceeding specified maneuvers. Goldman? has discussed this point in con-
siderable detail. He states that there have been very few cases where transport or
very heavy type bombar nircraft have exceeded their design limits, whereas trainers
and fighters exceed the design limits quite frequently. Figure 4 shows typical
probability curves for a fighter airplane maneuver spectrum, and illustrates the
effect that operttisnal factors have on the spectrum. It is cvident that the higher
the placard load tector specified to the pilot, the move often any given load factor
will be exceeded. On the other hand, the higher this placard load factor, the less
orten the design limit load factor is exceeded. The reasons. given by Goldman to
substantiate the need for an allowance for exceeding design maneuver limits are all
valid considerations, I would like to reliterate that it should be the designer’s
aim to develop airplane control characteristics that will provide adequate control
as needed for the mission of the airplane; but, at the same time to prevent the
pilot from exceeding limit loading conditions by more than a small amount. This
can be done by aerodynamic means such as limited size of coutrol surfaces, and also
by servo-mechanisms,

“he trend is definitely to automatic operations in order to surcessfully s~complish
the mission of modern manned alrcraft. Missiles are zenerally designed for factors
of saicty considerably less than 1.5, due to the use of automatic controls. High
speed military manned aircraft of the future will have navigational and fire control
systems that will control the aircraft rather than the pilot. Therefore, there
should be no need to design above the limit loading conditions in such cases and the
desipn shoutd be predicated on no permanent set or deformation at the limit loadine

co it vones,




8. ULTIMATE FACTOR OF SAFETY AND ULTIMATE LOADING

The present factor of safety philosophy provides more ultimate strength than

necessary in some areas of the aircraft and not enovgh, or at best an inconsistent
amount of strength, in other cases. This results {n unsafe conditions in sox casen

and excessive structural weighiu in other cases, as effectively illustrated in
Reference 1. Some additional examples of this inconsistency are now introduced.

8;1 Gust Criteria

Both military and civil criteria establish a limit gust assumed to act either up
or down during lg level flight. The limit gust V-n diagram is thus symmetrical about
the 1g line, as all available experimental data indicates it should be. However, the
application of an ultimate factor of safety of 1.5 to the limit gust loads results
in a structure capable of withstanding higher up-gusts than down-gusts. This i~
{1lustrated for a low and high wing loading airplane respectively in Figures 5 and 6:
In the example of the high wing loading airplane (Fig.5), which has an incremental
gust load factor of 1.0, the ultimate gust velocity is twice the limit gust velocity
in the up-direction but no more than the limit gust velocity in the down-direction
at the critical gust losding condition. However, in this case the maneuver require-
ments will indirectly provide structural capability for higher negative gust velocities,
but the fact remains that the ultimate factor of safety as applied to regative gust
requirements do not. In the example of the low wing loading airplane (Fig.6), which
has an jncremental gust lcad factor of 6.0 at the critical gust loading condition,
the ultimate gust velocity is 1.58 times the limit gust velocity in the up-direction
and 1.42 times the limit gust velocity in the down-direction. These examples illustrate
two points of inconsistency in the us- of an ultimate factor of safety. First, for
two airplanes operating in the same degree of turbulence, since the design limit gust
velocities are the same, the design ultimate gust velocities are considerably different.
Furthermore, the design ultimate gust velocities in the up-direction are considerably
different than those in the down-direction, which is contradictory to the fact that
gusts are the same in elther direction.

8.2 QGust Probability

The mission concept and the loadings encountered during the mission of an airplane
have been fairly well accepted for fatigue investigations. It is just as rational to
consider the same mission concept and the loadings for static strength investigation.
Let us apply this concept to determine the frequency of limit and ultimate gust
loadings for a fighter type aircraft having a gust V-n diagram eimilar to the one in
Figure 6, and under the following conditions:-

Cruise Mach number = 0.9

Limit desipgn gust velocity at cruise,
Uy, «limity = +56 ft/sec {sea level)

Cidene desien zast ovelooclty of ceuise from Fieure 6

(A FUR L wee gsea level)



Ultimate design gust load factor = +10.5
Required airplane life = 5000 hours.
The following two cases will be considered:-
Case 1: 20% of life shall be at 10¢,000-20,00C ft, and 80% at 40, 000-50,000 ft
Case 2: 80% of life shall be at 10,000-20,000 ft, and 20% at 40,000-50,000 ft.

Dataz on total flight miles to equal or exceed a given gust velocity at various
altitudes are shown in Figure 7. These curves were determined for a fighter aircraft
flying in rough air turbulence as well as clear air turbulence during part of 1its

~ mission. They were determined in the same manner as those shown in Reference 5,
except that a gust of 50 ft/sec was retained from sea level to 20,000 ft and then
reduced linearly to 25 ft/sec at 50,000 ft. The high gust velocity data is question-
able, because of the very small amount of test data available in this area. However,
these data will be assumed as satisfartory to illustrate the points being discussed.
For simplification, it is assumed thit all the life of the airplane is spent in the
cruise condition and under this assumption and from Figures 6 and 7, the data of
Table I are obtained. The numbers in this table would indicate that the airplane in
both Cusex 1 and 2 would have infinite lifo bofore nxceoding the ultimate guat
volocities which were based on ultimate strength at sea lavel. However, the limit
des .gn gust velocities would be exceeded for the low altitude conditions during the
required life of the Case 2 airplane, and almost at the required life of the Case 1
airplane. Admittedly, this is a simplified example, and many things have not been
considered: such as, the fleet concept, usage in more turbulent air, etc. The
conclusions that someone might arrive at with thesedata would be that the airplane
has excessive ultimate strength when the factor of safety of 1.5 is applied to the
limit loads obtained from the specified limit gust velocities. Before such con-
clusions are seriously acted upon, one must consider the probability approach = ith
the mission concept as perhaps a more rational approach than using an arbitrary value
for the ultimate factor of safety on gust loadings.

The probability of failure as applied to gust loadings may be given by

Pf = 1 - e-d/d

o]

where d = nactual distance in miles that the airplane
travels during its required life

and » d, = expected distance in miles that the airplane
would have to travel .o exceed the ultimate
gust velocity at the particular altitude
hased on the ultimate strenusth available.

Taki.w the fiphtey discussed previously, the prodability of failure dae ¢+ gust if
the wirplane were to Uiy oL eatire Tife (3000 hours) at any one altitude is detere

fors shown vy Tabis 1T, The probability of fallure duer to pgust at various
TS A I tn this wav s shown n Fipure 8 for various percentages

Tt

ki
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of times spent at zpecific altitudes. Using thesedata for the two cases of the
fighter the following probabilities result:-

Case 1 (20% at 10-20,000 ft); Py = 0. 00082

Case 2 (80% at 10-20,000 ft); Py = 0.0032.

If it is assumed that = probability of Py = 0.001 is an acceptable valuve for this
type of aircraft, it is now possible to determine the ultimate factor o»f safety

necessary to attain this probability. For low values of Py, it may be assumed that
Pp = d/d, and the two cases are now considered.

Case 1
For P = 0.001 = d/d,

d

0.20 x 3.25 x 10 = 6.50 x 10°% miles

d 6.50 x 10%/0.001 = 6.5C x 10° miles

i

*]

Allowable nltimete gust velocity, u‘;e 102 ft/sec (Fig.7)

1]

Limit design load factor = 7.0
(From Fig.6)
Ultimate design load factor , = 10.5

Incremental load factor (due to 12
ultimate gust), AL.F. = g T ¥ = 02

Ultimate gust load factor 9.2 +1 = 10.2

10.2
T

Required ultimate factor of safety = 1.45.

Case 2
For Pf = 0.001 = d/do

d 0.80 x 3.25 x 10° = 2.60 x 10¢

"

d 2.60 x 10/0,001 = 2,650 x 10°

o]

it

Allowable ultimate gust velocity, Us, = 112 ft/sec (Fig.7) .

112
ALF, = —x 9.5 = 10.1
105
Ultimate gust load factor = 10,1 +1 = ;.1

Required ultimate factor of cafety = --:—- = 1.59.
i
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On the basis of the assumed probability of failure of one in s thousand (P = 0.001}
the present ultima*e factor of safety requirement of 1.5 wouid be satisfactory for the
Case 1 airplane but would not be satisfactory for the Case 2 airplane. Whereas, on the
basis of the s*vdy of tutal flight hours to exceed the ultimate gust velocity, it
appeared that there was sufficient life in both cases,

These illustrations are very simplified cases but do indiccte inconsistencies in the
present criteria. The probability approach using the mission concept must be exploited
further in order to establish consistency with any required ultimate factor of safety, .
Much more gust .. equency data, especislly at higher altitwies and higher intensities,
is necessary if this approsch is to be adopted in gust studies.

8.3 Flutter

Another inconsistency in strength margins is the margin of safety requirement for
flutter on military aircraft. The margin of safety for flutter has usually been
specl a8 8 speed margin, with a 15% margin being the normally selected value,

rather ' a8 50% value as Is specified for ultimate strength above limit strength.
This s . margin spplies Lo caiculalidos aud RIGE-LBGUST Edubbnl waikia Huts, Wi

it is not required that the nirplane demonstrate this margin in flight. Because of
the often catastrophic nature of flutter, it is only necessary to demonstrate that
the airplane is free from flutter throughout its range of speed-altitude flight
conditions. Therefore, the actual margin of safety of the aircraft with respect to
flutter is seidom known.

The requirement for a 15% speed margin requires th»:t the pertinent natural fre-
quencies be 15% higher than those required for a zero flutter safety margin. Ffcc a
conventional wing, this would require a 15% increase in the wing torsional frequency,
which cau be obtained only by a 30% increase in torsional stiffness.

In the era of subsonic flight, the 15% flutter margin was applied to limit dive -
speed. However, for strength considerations, a speed margin of (0.5), or 22%, was
required above the limit dive s;y:ed based on the ultimate factor of safety of 1.5.

With the advent of transonic aircraft, it has become necessary to consider the
margin of safety throughout the flight range, because of the conventional dip in
flutter speed near Mach number 1 as is illustrated in Figure 9. This indicates that
the minimum margin may occur at some point other than at the limit dive speed, and
therefore the present flutter margin of safety requirement should apply throughout
the flizht range.

It is possible to demonstrate the margin of safety on flutter madels in a wind
tunnel for sea level conditions by decreasing the stiffness of the model by 30%
or by increasing the air density in the tunnel by 30% relative to the equivalent
airplane values,  However, there i{s po assurance that such a margin of safety
exirts on the actual airplane, since it cannot be similarly demonstrated in flight.
In fact, an unsafe condition could very well exist if the airplane characteristics

sere madified slightly during {63 lifetime. A courlusiun that may be drawn. from
thin dliscussion s that there is ono facet of the alrcraft design presently working

At IET marein oflutter consideratinngg apove 1imit conditions corpared to another

Si0e T oY mnroin

anstdoeration).,
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8.4 Asrodynamic Heating

Inconsistency in the application of the ultimate factor of safety concept to
heated aircraft structures is discussed by Goldin in Reference 6 under the section
‘Creep end Allowable Ultimate Stress’. Goldin states that ‘this concept would impose

 a drastic load conservatism on top of conservatism for: (a) time-duration of the

design load, (b) tempersicure of the structure at the time the design load occurs,
and (c) total life of the aircraft’. He has proposed that the ultimate strength of
heated structures be based on the following:-

1 Raise t“e *ntire limit-load level by some reasonable factor considerably lower
than 1.5, for thu estimated temperature sud total-life time duration, :

i1 Use the creep stress~rupture curves to obtain an alluwable ultimate stress.

As in fatigue investigations, the mission concept must be applied in xnvestignting
structures subjected to aerodynamic heating. No doubt, variation in the’usage of
the aircraft will affect the time duration of the design load, the temperatures
encountered, as well as the load itself, Realistic tolerances must be considered
in establishing the limit design conditions and designing for these conditions.
Once this is done, then the ultimate design criteria wust be based on something cther -

than 1.5 times the limit load.

9. CONCLUSIONS

The examples given here, and those of Reference 1, point out the inconsistencies
in the present ultimate structural factor of safety. Some change must be made in the
present factor of safety concept if we are to economically design, build ani uperate
aircraft of the future while retalning adequate safety. As indicatcd in Reference 1,
we can place certain design aspects into two categories:-

Category A. Design aspects wherein a reduction in ultimate factor of safety
should not be consid-red at this time, 1In fact, to acquire the
required safety the ultimate factor of safety might even have to be
increased.

Category B. Design aspects wherein a reduction in the ultimate factor of safety
should be considered at this time. However, structure designed in
this category should have no perceptible set or yleld at or below .
the limit loading condition. T

In each category, adequate consideration must be given to fatlgue requirements, since
serviceability and maintalnebility are affected, as well as safety. Examples in each
of these categories are given in the following:

Examples in Category A

(1) Wwhen operational requirements of a new alrcratt are not definitely determined,
and design maneuvering and livding loads and losding distributions cannot be definitely
ascertained ‘within smail * eorances’,
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(2) When positive steps are not taken to prevent exceeding the specified design limit
maneuver load factors by a iarge amount, inadvertently due to undesirable low stick
force in pounds per g -and unduly light control forcea in general.

(3) When adequate experi-entul data are not available for us2 ir design, and before
delivery of n.ircrnft.

(4) Vhen structunl behavior due to aerodynamic heating or other phenomena cannot
be accurately determined.

(5) When non-linearity in aerodynamic data or structural deflections can be cata-
strophic 1if the limit design conditions are exceeded only a small amount. This is
especially serious, since many people have thought that an ultimate fact~r of safety
of 1.5 indicates that the airplane strength is good for an ultimate load factor of
50% above the 1imit load factor,

Examples in Category B

(1) Loadings resulting from ram pressure. These.can be ascertained fairly accuratély
and cannot be exceeded if the airplane stays within its specified speed and altitude
design limits., Structure such as intake ducts would be considered under this point.

(2) Loadings from pressurization, such as in pressurized cabins. Such loadings are
controlled by a pressure relief valve and cannot be exceeded unless malfunction occurs.
It my be more economical to install a dual relief system rather than provide
excessive strength in the structure for such malfunctions.

(3) Loadings from hydraulic systems which have relief valves. Here again dual relief
systems may be more economical than design for ultimate strength.

(4) Thrust loadings from engines and booster rockets. These loads are determined
quite accurately, and therefore, cannot be exceeded.

(5) When loadings are limited due to the buffe: boundaries of the airplane. This is
rather a questionable item, as it is difficult to determine the magnification of the
loadings when the buffet boundaries are reached and even exceeded, before obtaining
any flight test information.

(6) when loadings are due to negative pressures approaching absolute vacuum,

(7) When loadings are due to true terminal velocity which cannot be exceeded.
Affected structures may be canopies, tail surfaces, inlet ducts and a few others,
depending on load distributions.

(8) When loadings are due to hinge moment limitations. Many control surfaces, such
as flaps, allerons, all flying tails, etc., have hinge moment limitations due to the
available power of the hydraulic operating cylinder. <Therefore, the maximum avail-
able hinge moments on these aurfaces cannot be exceednd. If adequate tolerance is
provided to the center of pressure of the loadings ou the surface, then the load is
the maximum load possibl» on the surface. In fact, in many cases over-all wing, tail
an) fuselage critical loads, and airplane load factors, cannot exceed limit values
tecruse ot such hinge moment limitations,
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(9)  When the limit loadings result from maximm control surface deflections. Some
design criteria specify maximum conitrol surface deflection, for surfaces such as

speed brakes and tabs,: at all design flight speeds up to maximum. If good experimental
data is available from flight or wind tunnel tests, then it can be stated that the
limit loadings cannot be exceeded in such cases.

(10) When practical installations of g-limiters and gust alleviators are available,
In such cases, limit loadings camnot be exceeded. However, malfunction of such
installations should be taken into consideration. Here again it may be more
economical to install a dual system to tike care of malfunctions.

(11) When automatic controls are installed on aircraft for maneuvering conditions
and the loading conditions will be restricted to the specified maneuver loadings.
This method is already in use on missiles, and the c-iteriu of an ultimate factor
of safety of less than 1.5 has been accepted practice witn considerable success.

In order for military aircraft of the future to successfully sccomplish their ’
mission, it will no doubt be necessary to rely more and more on automatic controls
rather than manual operations. The fire control systems in long range bombers and
interceptor fighters must be operated under automatic operations {n order to obtain
the effectiveness designed in them. Commercial air transportation in the jet period

~ may have to rely almost entirely on automatic navigation in order to obtain the

necessary safety. Probability of railure of such automatic controls is a reality,
and therefore, dual systems may be required.

(12) When 1.5 times “he limit loads encountered from the specified limit gust
velocities result in ultimate gust expectancies considerably in excess of the
estimated life of the airplane, or the established failure probability. The mission
concept must be used in this evaluation, and consistency in up- and down-gusts must
be retained.

(13) When 1.5 times the limit loads encountered in maneuvers result in ultimate
design loads considerably in excess of ultimate loads based on ultimate design load
factors. There should be consistency of strength between various stiructural com-
ponents of the aircraft.

(14). When stresses are due to aerodynamic heating, and cannot be exceeded provided
that the limit design speed of the aircraft and the rate of temperature rise cannot
be exceeded. However, tolerances must be taken into account to parameters such as
thermal joint conductance and others affecting thermal stresses.

(15) When load linits have been determined by a flight loads demonstration. If an
airplane has been subjected to an extensive flight loads program® and it has been
demonstrated that cer:ain loading conditions cannot be exceeded, then it should be

possible to take advantage of these load limitations in any future modifications of
the airplane.

No doubt tl.ere are many more items tuat can be included in the twc categories and
should be if there 1s a real earnest intersst in taking a rational approach. Of the
nany ftems considered, those that are affected hy load factor perhaps would contribute
rest to a lighter desigred airplane., Theretore, the probability approach and the
nission concept must be applied to all design conditions.
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It has been extremely difficult to change the present design philosophies applied
to piloted sircraft. The alrcraft enginesr might improve his design if he could
modify his specified design criteria. However, he is constantly faced with a time
factor if a request for deviation {nvolving a change in philosophy is ap. to delay
progress of the airplane program before resolution can be made of the deviation
request, His attitude in general is that, as long as his competitors are bound by
the same rules, he does not suffer by comparison; certainly not enough to be a lone
crusader and do research that will benefit his competitors as much as himself.
Furthermore, it is not realistic to expect any incentive for change to appear from
the military or civil authorities, because of the constant fear of degrading the

safety that presently oxists. .

Design philosophies have changed with the advent of pilotless aircraft. Design
philosophies must change for piloted aircraft of the future. The key to a motivation
for change exiata in the increasing costs of our aircraft and missiles and the
limited or reduced national budgets with which we are faced. The challenge is dpen
to a1l. A rational and realistic design philosophy approach must “e taken in the
future. Only by this means will the aircraft industry be able to produce the safest
aircraft at the least cost.
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TABLE I
4
Estimated Flight Hours to Exceed ude end Ude
Case 1 Case 2

Altitude (1,000 ft) 10-20 I 40-50 10-20 40-50
True cruise speed Ve (m. p.h.) 850 598 850 596
Equivalent cruise speed \Ie

(m.p.h.) ‘ 515 274 515 274
% Time at altitude 20 80 80 20
Miles traveled in 5000 hr 6.1 x 10%)2.384 x 10| 2.6 x 10%|5.96 x 10°
Limit design gust velocity

Uje (ft/sec) 50 29 50 29
Equivalent ultimate gust
velocity based on ultin'te
strength at sea level Uge (ult),
(ft/sec) 105 197 105 197
Total flight miles to exceed :

Uje (1imit) (From Figure 7)- |6.3 x 10°| 5.0 x 10* , 6.3 x 10°| 5.0 x 10°
Total flight miles to exceed

Ufe (ult) (From Pigure 7) 9 x 10° ® 9 x 10° @
Total flight hours to exceed

Ude (limit) 5150 10,5C0 1210 41,900
Total flight hours to exceed

Uge (ult) 7.38 x 10° ® 1.73 x 10° ®
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TABLE I1
Protability of Failure Due to Gusts
Altitude Cruisg Speed (m.p.h.) Equg:le;tl(llfi-ute 4(1) ﬁ(dql(g’ ,
(1) (True V. Equealent, V.| 0o (i) | (miles) (;:gf;; 4
¢ + Ve de’
6| 685 685 79 - - .
5,000 | 674 625 88 3.37 x 10%/6.5 x 107 5x 1077
10,000 { 661 567 95 3.31 x 10%] 2 x 10® |1.64 x 1077
15,000 | 650 515 105 3.25 x 10%] 8 x 10° [4.06 x 10°"
23,000 | 635 462 117 3.18 x 10%/1.3 x 10'°} 2.4 x 107
25,000 | 623 416 130 3.12 x 10%/2.2 x 10%%} 1.4 x 1075
30,000 | 596 331 165 2.98 x 10° > 102 -
35,000 | 596 274 197 2.98 x 16 > 1012 -
Notes: (1) Based on 5,04 ilours cruise at each altitude
(2) Extrapolated in Figure 7 where necessary
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