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SECTION I

INTRODUCTION

A. PROJECT SUMMARY

The objective of the research reported herein was to explore the
interactions among aircraft stability and control characteristics,
handling qualities, and structural loading . The ult imate goal of such
research is improved FAA loads criteria which adequately account for
these factors . Such criteria would cont inue to provide a high level

of safety without imposing unnecessary weight penalties on the aircraft

designer .

The scope of this program was to include fixed-wing aircraft from

large commercial transports to small general av iation aircraft . The

project started with a review of those aircraft accident s over a ten-

year period which involved an in-flight structuraJ. failure. The basic

objective of this accident review was to put the whole project in the

proper perspective . It was hoped that the accident data would provide an

indication of:

• The relative importance of accidents involving
structural failures .

• The circumstances which most commonly lead to
structural failures .

• The role of handli ng qualities in these accident s
and the identification of the most important
handling quality parameters .

These hopes were largely realized except for the third item . Potentially

important handling quality parameters were identified , but their importance

cannot be proven fr om the available data.

The accident review was supported by a literature review and a number

of analytical studies . The nature of these analyses is outlined in Sub-

section C.
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B • BACKGROUND

The structural loads which an aircraft -will be exposed to depend on

the complex interactions among several factors , includi ng:

• Environmental conditions encountered

• Aircraft utilization or miss ion

• Aircraft stability and control characteristics

• Aircraft handling qualities

• Pilot proficiency

An obviously important aspect of the environmental conditions is the

atmospheric turbulence which will  be encountered . The turbulence may

have a natural source , such as a storm or the terrain , or may be from the
wake of another aircraft . This turbulence cou) d impose excessive loads
on the aircraft and directly cause a structural failure . The structural

loading resulting from a specific atmospheric disturbance depends on

various aircraft characteristics and the reactions of the pilot or

automatic control system .

Turbulence can also induce a structural failure indirectly. It can

cause the pilot to lose control of the aircraft. During the attempted

recovery a structural failure could result from exceeding the aircraft’s

design envelope, e.g., excessive airspeed or load, factor . The likelihood

of either loss of control or a successful recovery depends on various

aircraft characteristics, aircr aft loading, and the skill of the pilot .
Other environmental conditions , such as poor visibility and icing , can

also contribute to the possibility of a loss of control.

Aircraft utilization or mission affects loads in at least two ways .

First , it affects the frequency of encounteri ng various environ mental

conditions , e .g . ,  transcontinental transports have less exposure to low

altitude turbulence than short haul transports . Second , the aircraft
mission affects the normal maneuver loads which will be experience d .

. 1’ HIgh load factors are more common in a crop duster than in a commerc ial
airliner .
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The effects  of aircraft stability and control characteristics , haiid.l i n~
qualities , and pilot proficiency have been alluded to above. They affect

the loads due to atmospheric turbulence, the probability of loss of con-

trol , and the probability of a structural failure during an attempted

recovery . They also affect  the probability of inadvertently oversteering

the aircraft during a maneuver . Certain aircraft characterist ics, e.g.,
low control forces , make it easier for the pilot to impose higher loads

t han he intended .

Structural loads or i terLa which  provide adequate safety wi th  no

unnecessary we i~-ht penalties would have to properly account for all

the factors discussed above . This is clearly beyond the current state

of the art . ~ ci s t i n ~ FAA certification requirements largely ignore

many of these factors , because exis t ing technology cannot adequately

qu~~t i fy  the i r  el’le - ’tc.

Tho above di scuc c on has purpose iy nd addressed the  import ant cul~ie -t

of at rcraft mat at ~~~- i n c ~~. ~eeming ’~y i n c  ~gnifi c i n t  ma inten ancc  act ~ons (e .g.
pai nt  ing or ropa r i n g  a . - on t  ro u r f n c e  w i t h o u t rehalanc in g it ‘I can se ri o u s  ~y

al t er t h e  dy’rnun i c charact or at c c  - ‘~ a at r c r af t . I nves t .! gat ion of the con—

t r ibut ion of ma in t  t’nan cc t o  i n — f l  I ~ht  si ructura I fu lures would he a major

program by I t  cc t’ and was cut side ho scope of this pr o j  Cd i  . Ace i dent a

wh ich were ident I t i d  as p roh a h i  y due  t I nadequat e or i mproper m a i n t e n an c e

wor e excluded from t in- ~1 n i l  aTiL lync a

C. REPORT OIfl~LINE

The accident review ment i oned above is the subject of Sections Ii and

III. Section II presents the data for accidents involving air carriers .

Subsection A descri bes the data source , the general review process , and

the overall results. Subsections B and C describe two accidents which

were especially pertinent to this project.

Section III presents the accident data for general aviation air craft .

Subsection A discusses the data review and screenin g process . Subsecti en P

presents overall statistics on environmental condi t ion s , failed components,

and flight purpose. Data by specific air craft make and model are contai ned

in Subsection C.  These data include the number of accidents for each
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aircraft and estimated accident rates (er f l ight  hour ’) for many of the
a i rc r f t .

The remainder of Section III is devoted to an accident analysis

conducted at the end of the project. The earlier analysis which used

computerized summaries as raw data had identified a substantial num ber

of accidents ~ ‘ich appeared to be pertinent to project objectives. Late

in the program it was decided that additional, useful data might be

obtained by examining the complete files for some of the accidents.
Subsequent to a corresponding contract modification, copies of the files

for all accidents involving five selected aircraft were requested . Four

of the five had higher than average accident rates. The fifth is a

popular aircraft with a slightly lower-than-average rate for its group.

Thi s review of the complete accident files was actually accomplished

after the rough draft of most of this report had been completed . It was

expedient to merely add the results to the end of Section III. We have

tried to make the appropriate editorial changes to the manuscript for

good flow and. consistency . Hopel’ully the T ?
add on” does not show .

The subject of Section IV is factors which may contribute to these

accidents in general aviation aircraft. Subsection A is a general

discussion of the many factors involved . Subsection B discusses air-

worthiness directives which might be related to these accidents.

Subsection C examines possible correlations of accident rate with

speed marg ins , e.g., margin between normal cruise and, never exceed

speed. The tendency of various aircraft to gain speed in two situa-

tions is analyzed in Subsection D. The subject of spiral stability

is covered in Subsection E. The last subsection considers possible

adverse effects of reversible control system dynamics .

Section V addresses the genera.]. problem of structural criteria for

gust induced loads. Subsection A is a review of FAA criteria. Sub-

— 
- section B treats the problems in establishing criteria for continuous

(random) gusts . Subsection C compares the requirements for discrete

and continuous gusts. It is shown that several factors determine which

is more critical. Subsection D tackles the dii2icult problem of what

Ti~- 1 O~~)— 1 I~1~
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o do about system a o l  linear it  e a i n  an analysis of cont  m ucus gust

t oads . An example prob lem (a l i m it e d  author ty yaw damper ’l is ex amtne d

v a a It near i ~ed a m  I vs is and a ~!ont o C’ rio at m u t a t i o n .

Sect ion VI deals with the problems ~f selecting a turbulence penetra-

t ion speed for commercial transports. FAA requirements are reviewed in

Subsection A. Subsect ion B Wiscusses surreim ~ .iesi gn and operational

practice . Factors in t . l i t ’ sele~-t I on -1 a turbulence penetrat ion speed

are d : s c m m s s o . i  in ~m zhsoct on C. i luhsec t  ion  D presents some sununari:ing

remarks on tin’ ~ui’ Oct .  .

Section Vii is a summary of major results for tne entire report .

Details of several analyses are presented i n  appendices . Appendix A

deal s w i t h  the analysis of speed increases in two maneuvers — lowering

the nose and a spiral ~tiv e. The suhject fer Appendix P is longitud i nal

control system ~ ‘nani os. Appendix C treats the effect a ci manual coat rd

on gust loads . Append ~x D presents the details on the analysis of ta
m .1

loads w i t h  a limited authority yaw damper ( example to illustrate the

effects of a nonlinearity on continuous gust loads) . The last appendix ,

E, is a imply a collect ion of sample V — a diagrams.
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SECTION II

AIR CARRIER ACCIDENT DATA FOR IN-FLIGHT
AIRFRAZ€ FAILURE S

A. INITIAL DATA REVIEW

The National Transportation Safety Board (NTSB) keeps a summary record

on digital magnetic tape of every civil aviation accident that occurs in

the United States. A standardized printout of most of these data is readily

available. A sample L-f these accident briefs is shown in Fig. 11-1.

An examination of all the briefs for one year was made. This showed

that most of the accidents of interest here would have “in-flight airframe

failure” listed as the first entry under “type of accident.” However, a

few of the accidents had “turbulence” listed as the first type of accident .

Consequently, a printout of all accident briefs for which the first accident

type was in-fl ight airfr ame failure or turbulence was requested for the latest

availab le ten year period , 1 966-1975.

This printout still included many accidents which are not pertinent to

the investigation. A further screening of the data was accomplished by care-

fully examining each brief. Most of the air carrier accident s involved

injuries to passengers or crew but not any s ignif icant  in-flight structural

damage to the aircraft . Five accidents were identified as potentially per-

tinent to the objectives of this program. These are listed in Table 11-1.

Aircraft Accident Reports for all five were obtained from the NTSB and

reviewed thoroughly . It was concluded that the last three accidents listed

in Table 11-1 were not really pertinent to this program .

The United IDC-8 accident was not considered pertinent because there was no

damage to load-carrying structure. Damage as cited in the accident report

was: “Several exterior components of the aircraft were damaged by hail.

Inside the aircraft , several seat tables and the ceiling of a rear lavatory

were damaged . The performance of the aircraft was not affected by any of

this damage . ”

The Wien F-27 accident was not considered pertinent because (Ref .  i )

“The aircraft was not in compliance with existing airworthiness directives
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..; 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— —



- 

-~~~~~~~~~ 
-

~~~~~~

I 
~~~~~ CI ‘ I’- -~~

I I~~~~2~~-.
C I —~~~~

• 3
I ’~ f~~~~X
~~~~:

i c
• _  .~~a —
I —

H
I
~~~~~~~~~

a 2
I 7

• I 2 ~— -~I ‘I —

-~ .7I — ~— : 2  —I -c —~~L~ .4 Z
: 2 —  — .1. —I I ~~~~— —

I I~~~- -~/ I_ = -t — —
<a  a ‘~:I l~~~~4 —~~~~ ~~. 2

I ~~~~~~~~ 2 < a  2 C :2I — ~~- a ’- 5 -~— i - —  7
l a  ~~~~~Z 2 — C

I — a  I .~~ :2 ~~z :2 4.
I _ ~~~~ i~~~~ t 3 — 2 1
I~~L . a  I L C — 1- C C
I — — C 4-i0 ‘I l 7 ~~ 2 C C 3

I 4 —  0$ I 0 .,j _L L .7 C —
1 2 1 C C  ~~~U. 1 2

—. 1  -~ a a — c . -~~~ a
7 I - 1  I -‘- Z 2 w ~~~~~~~~~~~~~~~~~~~~
~~~~~~ I C C  C .._ ‘— — -‘ 4 2 a

I — . 7 I  I ,d- 14 3’ - C)
I a 3’ IJ a

14
3 I C)

I 2 — C)
I I I  0 .7 —

I I 3 ’~~ I CI i~~~~~a a ‘— ~~ U.
I I U. IL

“ I  I 3’ a 2
-‘- I I ~ 0 C C  —

I =
I — C

a I C  I C — U. C)
I — I >- C C U. C _j H
I C  7 ‘L —

C — z  C 8
I ,— - C c a

u —~ — --- -~ = U.
I . -  ~- — ~~~~

-. C L~~ P 3’I C  I~~~ C C CC  ~ — Z a  u. C
I~~~ I C  I 3’ —~~~ 3’ L C I—
I ~— I LI, I a U. .. Li 3 — C

I 1 3 ’ C  3’ U. L~. > IL L  .7
$ L I~’ C C — C —~~~

.
I C  It i 4 l  ~~ C a—  H
I I i~~N <  - I~~~ l ti C ,— z c H
I ,“

_ 
,. j

I — ~~ ~~~~~-C  C C)
I I :- C  2 — C—  —
I I —~ ~ — -

—- C C ~r
~: I -  2 < . 7 5  IL C U
_ C — — — “~~~~3’ IL

I — - 3 i— 17 C C u. — .—
U 4~~~~ 2 < 3 ’ Z  I L l  It C

2 C C Ø < C  C • 3’~~2 3’ U. C P- C Z  2
I —  • — .7 • —~~~ C u -  ZU - C Cp~. ~~ I 7 — 2 2 3
I C  ~~ a ~- —~~~ ~

-
~~~~ir 2 C

l - ~ ~ LL . C ~~~~C -j- - .,: LL _ $  C 2
‘ 1  _~~~~~~ > —

— L’ — : 1  , < . ~‘ 7 L~~U. ~~ 3— - — — — 3 ’~~~ _ ir  
~‘ ~~~2 I/’ C 3 ’ C

— U —  U.~~~~~2 3  C~~~~~~~~< I— I— I’-i~~ C c l  v —  C — L L ~~~ 2 I—~~ I 3’
• I U, ILU.  C C 1 7  C C

3’ C 2 ~~~~~~~~ 2 2  —
2 ”  L U .  L.~~Z Z ~~U C ~~~~~~~~~~~~~~~~~ _j

0’ ~~~~~ 
— —•~~~~~~~ — —~~~ a l u .  —.v’ .-Z~~c CL 7  < P U - U. 0 < ~~~~I , -  p

,( - L a —  4 I — I — a U .~~~~~~~ X 3 ’ 3 ’  Z , . C , ., 4. .7
,C I  ~~~u. —L 2~~~~~~~~~~~L 2 t’-~~ - 4 4  Z 3 ’ — 2 14~~~~U-~~~IL 3 4  C~~~~.~~~~~17~~~ C <  I ~‘u- 3’~~~ a Z  2 3 ’

1- — . u .  I L— C  3’~~~~~~ —~~~~~~~- P- I-
C —. Z  ~ . C L  C a~~~~ C l U l 3 C C  ,~~C v . 7Z~~~~ Z 1
C C ~~~U ~~ — ~~ )‘— a 31 v~ > C -

I 4
U. I e I ’

U. I I

TR-1 099-1 11-2

~2~ii~ 
- - - 

- 
- 

- -—



— ~~~~~
-— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ --
~~~~~~~~~~~~~~~~ _  

- _ _

~ 4 C
~0 Ci
C) 0 ‘Ci C)

u~ 0 - ’ -~4~ C)
.4 ) ,—-4 ~~~~-I C)

~ C.) -C) C
~~ -~~ 

. C) C
-4— 4-) 1.4 I U C) —~ -‘

- I ~~~ 4~) 4 - 4
- ,  ,_) 0 0  -00 ~~~0

C~~~~ O -~~ ‘ C )
— 1 .  - -  i-’ Cp 1-, ,—4 

~~
- 0 : .C 0 ‘—4

0 0 ~~ ~~ ~~ ~- 4_)
(C) 3 ‘p CC ~ ‘p C) I-~ 0 ~ C
- - CC - C O - ~ 0 0 ) )  ~ ~‘~~~~I ~C) C) C ‘0 ii -1) -- -4 C’ C -‘-I

-‘C . -
-c -o s-~ - - -i 0 C) C) C) ‘d 4-i C ~

0 0  0 0  ) 2 ) 0 0 0  0 4 - ’P C
0 0 ‘0 1 )  - - ~ ‘0 -C-~~’-I-: ‘p bD ~ >, -1 ’ C) ~-i ‘- C)

U C O  C 0 0 0 a )’ 0  0 ‘0
- --4 U’ ~‘~4 ~~ U) 0 ~~ u ‘p ‘0 C)

~~~~~~~ 4- ~-‘ 1.i (~~~-’ ~~~4_4
-~ 

-,~~~~< 4-’~~~~~ :- 0 0 4-’ C~~ -~ ~~~~~~~
-
~~~~--

C~~~~0 ’  : —  C) a)~~~ 2 D~~~

~~ 
~~~0 ’0  ( -‘ -

~ 0 1 -~~0~~C- C~- 4 -) ( C C
- - -- - C  -, -4 ,D cC i~C )~ C - l ~~~~~~C.) C~~)a)

~~~~

4-4 ~~~~~ .— IC\ 1., ~~~~~~ 
C) +) b~ ~~~~ LI•’s~~~~

4-4 Lr\ 4~) 0 Q .— 0) (t~ N ~) -‘ CCC .— U)
0) Lf\ 0) Ci N C) I -2  .0 ~~ \J OP 0 ~~~ p ~~~

- CC
— C) -H 04 ,1) C~) CCC 0 Cd I -~~ 

(P I 0 a)

0 4-i
04 4-I 4-i ‘Cj C

C)
C C 4-) 0 0

U) Cd Cd -H C) 4-’
C

o ~~ 
U)

TR- 1 099-1 II-~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~
-
~~

--- - -
~~~~~ 



-~~~

at the time of takeoff from Anchorage on this flight and had not been,
within the scope of the maintenance requirement s, airworthy for a consider-
able period of time before the accident .”

Pre-existing fatigue cracks had weakened the wing structure but the degree

could not be determined. Fatigue cracks were evident on radiographs made

more than a year before the accident. Radiographs of the failure area made

1-2 months before the accident showed nine or more cracks ranging from i/8
tc 5/16 in. in length. Calculations made by the manufacturer indicated that

with these cracks the wing would fail at approximately 11.5 g. Metallurgical

studies indicated that there might have been some substantial additional

deterioration of the structure prior to the accident. Therefore, the strength

of the wing at the time of the accident could not be determined.

The Saturn L-382 accident was also eliminated because of pre-existing

fatigue cracks. A NTSB analysis showed that the fatigue cracks could have

reduced the wing strength so that 60 percent of limit load would cause failure.

The accelerometer trace from the flight data recorder ended approximately 50

sec before the wing failed. The last portion of the trace showed peak loads

less than ~~ g. The NTSB determined (Ref. 2) “that the probable cause

of the accident was the undiscovered, preexisting fatigue cracks, which

reduced the strength of the left wing to the degree that it failed as a

result of positive aerodynamic loads created by moderate turbulence.”

The remaining two accidents are discussed in greater detail in the next

tw:- subsections.

B. BRANIFF BAC i -ti ACCIDENT ON 8/6/66

Flight 250 was a regularly scheduled passenger/cargo flight enroute

from Kansas City, Missouri, to Omaha, Nebraska. During the flight the crew

attempted to penetrate a severe squall line oriented across their intended

route, using the airborne weather radar to select a light area. The air-

craft was flying at 5,000 ft and approximately at the recommended penetra-

tion speed of 270 kt. (V 0 = 320 kt indicated airspeed) . The autopilot

was probably engaged. There was no upset.
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a. Handling qualit ies, stability and control characteristics,
and the flight control system apparently were not significant
factors in t h i s  accident .

b. The accident investigation did show the worst gust direction
for empennage b ids was not vertical or lateral, but an
intermediate direction. The recent amendment to FAR 25.3~4 1
recognizes this and requires consideration of gusts from
any direction normal to the flight path. That amendment
was probably motivated by this accident report.

c. The accident investigation also indicated a rather small
effect of the autopilot ( approximately 5-10 percent reduc-
tion in the gust required for failure) because of its
limited authority.

C. BRANIFF ELECTRA ACCIDENT ON 5/3/68

Flight 352 was a regularly scheduled passenger flight enroute from
Houston, Texas, to Dallas, Texas. During the flight the crew attempted

to go around an area of severe thunderstorms which was astride the airway .

They apparently encountered turbulence and decided to reverse course. While

in a right turn, the aircraft was upset and went into a steep, spiral dive .

During the attempted recovery, the aircraft was overstressed and the right

wing failed. Autopilot status at the time of the accident could not be

dete rmined.

The estimated sequence of events is as follows:

• While flying at approximately 10,000 ft and 200 kt
indicated airspeed, the pilot commenced a right turn

• Ini t i a l  bank angle was estimated at 211 deg

• The aircraft was apparently upset by a gust which
greatly increased the bank angle (estimated peak
of 11 5 deg)

• Aircraft started rapid descent and airspeed started
to increase

• Pilot attempted to recover by rolling back to left and
pulling back on controls (peak accelerometer reading
was li. .3 g)

• Recovery maneuver caused a structural failure of the
right w ing
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The NTSB determined “that the probable cause of this accident w-ic

the stressing of the aircraft structure beyond its ultimate strength

during an attempted recovery from an unusual a t t i tude induced by turbu-

lence associated with a thunderstorm. ”

A copy of the traces from the flight data recorder was obtained. The

last portion of that dat a is shown in Fig. 11-2. It was carefully reviewed

for any eviden ce of handling quality problems during the attempted recovery .

At 36: 11.2 we see the start of the turn to the right (the pilot was going

to reverse course). At 37:00 altitude begins to decrease rapidly. A r apid

airspeed increase begins at 37:05 indicating the spiral dive had developed.

From 37:08 on there are apparent reversals in the time scale. The acci-

dent report concluded that despite the distortions in the time scale there

were no reasons to doubt the magnitudes of the recorded signils.

The vertical acceleration trace is the one of most concern here. What

we are looking for is any indication of a stability and control problem

which may have contributed to the overload. A rapid increase in load fac-

tc’r to 3.8 g’s starts at 37:07. This is apparently pilot-induced and the

start of the recovery attempt. Within the next “2” sec ( remember the time

scale is probably distorted) there are wild fluctuations (5.8 to C. 5 to
1.9 to 0.7 to 3.0 g ’s). These may reflect the pilot ’s attempt i.e stabilize

at 2-3 g ’s while making large roll inputs and being subjected t.~ large

cockpit accelerations. For the next 2 see, the load factor seems to be

stabilizing at about 2.5 g’s which would be a reasonable leve l for the

pilot to try to maintain.

The crucial question is why the load factor suddenly increases to ~~~ g ’c

(the wing probably failed about this time ’). The change seems too large to

have been caused by a gust alone . It was probably pilot-induced but any

explanation would be merely conjecture. By this t ime the situation WOO

extremely critical . The pilot was faced with an extremely high airspeed

and sink rate, and the cockpit was probably being subjected t.~ high : n-c”  -

eration levels. A near lightning strike also occurred at approximately

this t ime .
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Overall, the data do not allow a firm conclusion with regard to the
possibility of a~ny contributing stability and control problems which
might have been encountered by the pilot while attempting to maintain
a high load factor . Time histories of the pilot ’ s cockpit controls would
have helped explain exactly what happened , but these data were not available

on the typ e of flight recorder used.

I-i

r
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SECTZ~~ III

GENERAL AVI&TI(1! ACCID~rx DATA FC~ Th-FLIGHT
AIR1~A~E FAIWRES

Section II discussed In-Flight Airframe Failure (IFAF) accidents

involving Air Carriers . These constituted only a small portion of the

1966-1975 accidents for which NTSB briefs were obtained. The majority

of these accidents involved general aviation aircraft. This section

presents a stat istical analysis of the general aviat ion IFAF acc idents
during that ten-year period from 1966 to 1975 .

The analysis proceeds in the following sequence. The first sub-

section descr ibes the screening of the raw accident data. This is fol-
lowed by a discussion of the overall accident stat istics. The next

portions present the statistics — most importantly accident rates —

by individual aircraft make and model.

The last part of this section presents a more in-depth analysis of

the accidents of a few specific aircraft. This study was undertaken

after the analysis of the accident briefs. Based on the findings of

that analysis, five aircraft were selected for this investigation. Copies

of the complete files for the accidents involving these aircraft were

requested from the NTSB. These were reviewed and important circumstances

and features of these accident s were tabulated.

A. RAW ACC~~~ T DATA SCREZNfl~~ M!D fl~TERPR1TATI~~

As with the Air Carrier acc idents, many of the general aviation acci- —

dents summarized in the NTSB printout were not pertinent to project objec-

J tives . Most of the “turbulence” accidents did not involve structural

damage prior to impact. Of the remaining accidents, almost half were
excluded. These involved one or more of the following:

• A sailplane, helicopter , home-built , or ex-military
aircraft.

- 
‘ • Intrinsically hazardous flying activities, i.e., acro-

batics and agricultural operation.

• Pre -existing airframe damage or weakness, e.g., fatigue,
improper maintenance (but not improper operation, e.g.,
exceeding weight or c .g. limits) .
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A breakdown by ren~ -on for exclusion is given in Table 111-1 for the

eliminated iccidents . This table provides some perspective on the analysis.

The Y~1 excluded accidents indicated in Table 111- 1 almost equal the num-

ber of ruccicfents retained in the analysis. Of particular interest is

the l-ir~
-o number of ace idents excluded because of a “pre-existing struc—

tural  d- ’f ic iency . ” This raises a question as to the prior structural

scnundrueso of aii-c-ra f’t whose accidents were not excluded .

A number of the “excluded ” briefs indicated that an annual inspection

had f-uiled to dioclose  existing substandard conditions . It appears quite

po-~sible that structural deficiencies could occasionally go undetected

in the accident investigation : most of the IFAF accidents end as fatal

crashes and, in a number of cases general disintegration occurs in the

air, leaving some — perhaps critical — components strewn a distance
from the wreckage . It is perhaps not coincidental , then , that more than

70 percent of the accidents in which “pre-existing structural damage”

was identified were u-uoru -fatal. In a non~fatal accident the aircraft is

recovered largely intact so that detection of pre—existing deficiencies

is more likely.

A similar extenuating factor not ed in the  briefs of a few “excluded”

accidents was t he occurrence of flutter. Accidents where flutter occurred

within an a i r p l a n e ’ s operational enve looe are not relevant t o  project

objectives , since such occurrences are already proscribed by the regula-

tiono . As in the case of structural pre-d ioposit i o n  t o  failure , SUCh

incidences might not always be identified in an accident investigat ion.

These concerns intensified the scrutiny given the candidate accidents.

Further consideration of such miti gating factors is reserved for the analy~
s i s  post-mo rt em later in this  section and in Section [V . which discusses

factors which may have contributed to the analyzed acc iden t s .  However .

desp i t e  fa i r ly  res t r i c t ive  c r i t e r ia , a large number of general aviation

accidents met- the criteria for relevance to the progran.

Var i ous stat istics were developed for these accidents. Most of the

data used t o compute these statistics were extracted from t h e  br iefs  in a

s t ra ight forward manner . An exception to this directly extracted data was

the v is i b i l i t y  condit iono at the time of the accident . The determinat i on
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TABLE 111-1

iAR ’~ OF IFAi - \ CC T[ i~~N~
I’-~ EXCL [TDED FR~~1 PATA ANA l v- -i:

REASON FOR ~~CWSIO~~ 
~ IM~~R OF ACC IDENTt~

FATAL/ALL

Sailplane

Helicopter 1 ~~/~~
‘(~

Home—built or cx-~ni l i ta r v ii /i~

Balloon 0/i

Test flight - ‘12

Pr e—exi st lng structura l d e z i c i 1 ’ncy ~ ‘~~/1 1

Failure ~ILh not involve primary
load— carrying structure

Parachute jumping 1 / n

Agricultural operationsC 1/2

Aerobatics~
1 1~-)/:~

Miscellaneous e 117:1.

Foreign jurisdiction (insufficient - I -
data)

H Total 1 ~i/:°~

Notes:
aEnch cx ciude~1 ace i dent- i s genera l ly tallied ‘naler the fir s t
applicable reason from top to bottom ; main except ions are a
fe~- aco [dents which might have been - - cnn t c i  andor sailplane

- . lid cop ter , or home—built , had t he  1 ~rcraft type been readi ly
idea tiC I ahl e

bMissirlg, imp roper , loose , damaged (including fatigue damage ) .
worn, or modified parts.

C~~ ny other accidents which occurred during agricultural
operations were conta1ne~l in the NTSB printout . A number of
these were turbulence accidents with no in-flight airframe fail-
ure. Of those remaining , most involved a “pre-existing structural
deficiency .”

dMany other a cc i den t s  associated w i t h  acrobatic maneuvers involved
a “pre—ex i sting structural deficiency.”

eFor example : ice not removed pr i or to takeoff ; pilot incay : t c~~t a-

tion ; improperly ~ecur ed door.
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- -C whan ar t ta p1 l o t  11:t,t  ni ft  - c i  .nt v i su ii i ’Ieren-c or i t d  t o  ct ly on

- - n i t  r i m e - i t t  S re -t n ret - - tra I\il t xai’a i t t  :. -n rid h i t  e r t t r t - t  a t  t o r i  of cact i  t i ’  l o t .

The ‘‘ t ype cC w e t  h r  -oa t iti ens .” ch:t r i - - h - c  h - I  is -itlier VI”R (Visual - 
-

F1I CI:t Rules) or IFR ( l n : t r n i : e - i i t  Flif hl t - 1-hit -s , w a:: not always 1 i~:to I .
Even when pr.~ v . i  i i  ng went h:, -r ~ - -on . h I l  - a : . : Were -t: - r- :~ -t o r  I ~od as V i- R , othe r-

r ep or t h - t h i s  - -ti m e s itnhi - -- ~t-ed t h a t  t i e -  ii~ -t ~S visibility was

i c - h  ha local -on -I tions wit - n the icc i deaL  ~~~~~~ F’or thu s re - 1. ;on

t h e  de.: i~p :- tt Ion s  ‘ V i  - ti-i l ~t - t c o i n -  I or : I on 1 Cen t i l ens ” (~~c ) a n t  “I re I ru —

M. - t - -~’rol  o~ ~1 ~‘o: .h it i ot a :  (Thtc) m t t n e  r t h an  ~~~ and i~~ are used

‘.0 c d  - o i  i .e v i e ft I cen t i t ions . C o n - l i t  ens cou n t e d  as ~~C cotidi—

i o ta  i ’ - -l it i.’-I I h-a: - - ! h i t - I  t i :  II~ tnt or described b~- suclu remarks :15:

: i  ~‘.i . ’ - r - - - 
- - n t  - I t -cr : i n  . . . “ ; “ . . . Clew i n t o  clouds , 1 - nt -red F

op :n . . . “ ; “ i ’ l l  -t ~a -w- I~~ a - t N - c  e n  h i t i  one e x i st e d  -~nt  ir e  r o u t. - ” ;

‘ 1 -  a ’en : r.~ - 7 to - C: on i n s t .” C on d i t i o n s  listed is V1’~ hut t ocom—

p-i : led 1-’ , I- - s- : p t - c  - - - o : d t  c i t  - a: of v i s u a l  t : n p a t  raieaa , su ch as I tie

- i t  thai “ :ont h o  I Vi -’F Ci i,~h i t - 1: t e - d\-erc weath er  c o n d i tio n s , ” ac m ’

o I is: if ad Li - 10  - - ~‘: t i ’  ‘LO .

A r~ ‘ -  r - cTh h- - - i v . - of  he : i - : : i  is iou: I - - cat :i o~~ t h e  d r o o t  onua t ’s

of -i 1 n C r  ~-: - C I l a i n  - t a d  :-i :: -e~: t h e i r  r - ~ - i t  i v  - :n -r I  u n c o .  F r  the

t ic . - - :. -s r -  - ;- - i n :  1 - 1  
~~~ I -~~~~ ‘ ti n a - t , -me t w as made t o  dot era ne the

- - V -  ‘ t e ach  at re~- nra : t t  I ar c  and o i d e n t  iVy the imme—

i t  - 0 i l i S e  • . ~~~. , - : :r t  .1 - - - - cc p er  so , p 1 ot t a i i i e uv . -r d u r i n g  u p s o l  recovery .
ii - - - a .  : ~~~~~~~~~~~~~ ~~ lie ~I I  F l r :  eta wer e i n n :  t~t’ o: - a to do 11: 1 S i n

a m - 5 ’ .  e v e ,- t r i a ’. a t cc . ih e  l a c k  ot ~- cmp l e t o  1. c-,uuei: ’ :11 - n  of t h e  caua ’t

Se sue:a-e I a not : sr:-r i a i ng s I nce l O W  cC t he l i - A t -  aec : d en t  s lef t any

I y o r e  ‘. • g ye V ~rs t - — h :t n d  i tcc  a: :1 s and here are no re a: rement s for

nay -u:iJ -f t~t n re- -ordinig in  genera  n v L a t i - .i aircraft . The efforts i-c

id entify t i i -  i mme’di :ttt - cause wet- c  herefore 1 lie . ed o a survey of he

n o n —  f a t  :h -icc den t  hr let’s. The W-cuae::t :11 ion cit t lose did nrove somewhat
::e -in: -

_ 
- ,: t ._ Ii i t :  ii it  f r  ite t~- i t  a l a  •

B. 0~~~ALL ACC~~~~T

i- ’er the 1-) — ye :t r  p er io d  of  interest R~ IFAF acci-ienta met th~ previ—

ously discussed or tIer I:t . Ot’ these , ~ T’ (~7 percent) wer e fatal and net-

one o C t ii. - s- left ~~~~ s:ir~- [vera . In the saInt ’ t - a. - .- n an  , i:e hou rs 
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for general aviatIon powered, fixed wing aircraft were 2.’~7 \ I(’~ , ha::’ d

on annual FAA eat i n a t e a .  This results in IFAF accident rates (p e r  i f  i:: u r s t

of 0.110 for :ti ac ci dents arid C .Cdl( ,  for fat. a i accidents. These r:e es -un

be cont  rasted w th the overall general aviat ioti~ rates for hut: same per lcd

of i~
’.—) icr a ll accidents and ~~~ for fatal accidents (Ref. ‘‘I . Thus

IFAF accounted for only 0.6 percent of all aec hI n t s  and for ~~~~~~ percent

of fata l accidents.

Stat i sties which have p-ir t icu l :cr  relevance to t h e  causal chain or

events of IFAP ace idetut a cc l:it c to the at- mosp hue  r i i ~ cond i t  I c~ia at  the

time of the accidents . 1~~o aspects ar c of particular interest as poten-

tial causal fac to rs  — visibility and aerodynamic disturbance. Visibility

conditions were classified as VMC , flvlC . or unknown , as previously described.

The citing of turbulence and -’or thunderstorm activity as a factor was tah:u-

lated as an indication of an atmospheric disturbance. One addi t ion al

factor was taken into account in summarizing the influence of these :itrn c’s-

pheric conditions on IFAF accidents — whether or not the pilot was instru-

ment rated. The resulting three -dimension al  breakdown is given aep :~r nt e ly

for fatal and for non-fatal accidents in Table Ill- h

Overall, the  data show a high incidence of the atmospheric ph en om en a :

• Cever : ty— e :x  rerce:ut of’ t h e  fat a l  accident s and ~~ per-
cent of the r:oa—fatal accidents involved flvlC and ~or
t- :irhuilcnce -’tLiuncterstorni (T ‘T).

• Only six accidents , all fatal , were definitely identi-
fied with VMC and no T ’T (four of these involved icing
conditions ::ii d two , pilot impairment).

The two conditions were each identified in a roughly cAnal number of

all accidents (160 ThIC, i~c T/T). However, their influence was suihatan-

tially different with in  the various subgroups :

• D4C is the more important factor in fatal accidents , and
T/T is more important in non-fatal accidents. Fatal
accidents show a t~~ per cent fl~1C incidence c~ npared with
a IL) percent incidence for non-fatal accidents. On the
other hand, T/T was cited in t h) percent of non -fatal
accidents vs. ~7 percent of fatal accidents .

‘Includes rotorcraft, gliders and balloons. Figures for powered , fixed
wing aircraft were not given separately .
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• Fatal accidents involving instrument-rated pilots
show substantially less influence of D~C relative
to T!T than do those involving non-instrument-rated
pilots. This is most evident from a comparison of
IMC-only vs . T/T-only for the two pilot subgroups .

These findings clearly indicate that most general-aviation IFAF acci-

dents are generally triggered by atmospheric phenomena. The accident

briefs do not allow assessment of the degree to which direct gust loads

and maneuvering loads cc-ru t rLbu te  to any individual overload, much less

to overall IFccF incidence. The high incidence of IMC and the differences

in the statistics for instrument-rated and non-instrument-rated pilots and

for fatal and non-fatal accidents suggest that loss of control is a more

important causal mechanism than direct gust overload. A detailed examina-

tion of the non-fatal accidents presented later in this section seems to

bear out this conclusion (see Tables 111-7, 6).

Another overall statistic developed is the relative failure frequen-

cies of the various aircraft component parts. These data are tabulated

in Table III-~ for fatal and non-fatal accidents. Note that percentages

in each column of Table III-3a add. up to more than 100 percent because

more than one failed component was cited in some accident briefs with

no indication of which part failed first.

For the most common component failures, the failed-component statis-

tics for fatal and non—fatal accidents were in agreement:

S The wing was by far the most commonly cited
component (63 percent of fatal and 67 percent
of non-fatal accidents).

• The horizontal stabilizer took second place
at about one-third the incidence of’ the wing.
No other component was cited in more than
11 percent of the accidents.

Noticeable differences between the fatal and the non-fatal accident

data are probably related to the dichotomy of outcome s which they repre-

sent. Failures of the empennage, are more likely to result in an uncon-

trollable instability, with fatal results; damage to the fuselage, flaps

or (single surface of) ailerons, on the other hand, is not nearly as

critical. Also, as noted previously, the data for non-fatal accidents

were more complete. Thus, one or more failed components were reported in

TR-1099-1 111-7

_ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
- 

-



TABLE 111-5

IFAF ACCIDENT FAILED-C0M~DNENT fl~CLDENCE

a) All Cori~ onents

PERCENTAGE OF ACCIDENT S
FAILED C0~~ONENT

FATAL NON-FATAL

General disintegration 9.7 0

W ing 63 67

Wing appurtenances
(wing-mounted tips , 2.0 0
engines , fuel tanks)

Hor isont al stabilizer 17 22

Ernpennage or tail4- 11 5.6

Elevator ~.9 8.3

Vertical stabilizer 5.7 0

Rudder 2,0 0

Aileron 1.6 8.3

Fuselage 1.6 8.5

Flaps 2.8

None Given 15 2.8

*Does not necessarily mean the entire tail failed but that
this term was used in the brief.

b) Wing Involvement

PERCENTAGE OF ACCIDENTS
FAILED COMIOIIIENT

______________________ 

FATAL NON-FATAL

Wing and/or wing appur- 6~ 67
tenances cited

Specific component(s) 11 j 51
excluding wing , cited L
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all but one (2.-A- percent) of these accidents, compared with 15 percent

for fatal accidents . Finally, the incidence of failures of only corn-

ponents other than the wing is three times higher for non-fatal acci-

dents than for fatal accidents, probably because: 1) less damage is

more likely to result in a non-fatal accident; and 2) fatal accidents

generally end in an uncontrolled descent which results in secondary

(possibly wing) failures, as evidenced by the 9.7 percent incidence of

“general disintegration” in fatal accidents .

A breakdown was also made of the type of flying for which each air-

craft was being used when an accident occurred. The use categories by

which the data are summarized are defined by the FAA as:

1) Personal: Any use of an aircraft for personal
purposes not associated with a business or
profession, and not for hire. This includes
maintenance of pilot proficiency.

2) Business, combines:

— Business transportation: Any use of an
aircraft not for compensation or hire by
an individual for the purposes of trans-
portation required by a business in which
he is engaged.

— Executive transportation: Any use of an
aircraft by a corporation, company or
other organization for the purposes of
transporting its employees and/or prop-
erty not for compensation or hire and

- 
- employing professional pilots for the

operation of the aircraft.

3) Instruction: Any use of an aircraft for the
purpose of formal instruction with flight
instructor aboaxd , or with the maneuvers on
the particular flight(s) specified by the
flight instructor.

1~) Other: All other uses including air taxi, ferry
flight, demonstration , research and development,
and “industrial/special.”

These statistics are summarized in Table III—~4.

TR-1099- 1 111-9
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TABLE II1-~

IFA F ACCIDENT A IRCRA P~ USE

PERCENTAGE OF ACCIDENTS
USE

FATAL NON-FATAL

Personal ~~~~

Bus i ness

-
~~~ I Instruction .0 ~~~. 5

j Other ~~~.

Unknown 0.1 0

1~AA data. 
( i~ei

’. ~ for the same iC—y ear  period , 1 °C~ — 1 ‘)‘7~- , yield th is

breakdown of per cent  at ’ hours flown for general aviation aircraft: personal,

business , - .1 -;truation , ~u
’
~’; and other , ~~~~~~~ Thus, personal use

- I :1 - ’ ,  d iets for a-:Lr i y th ree time: : t l i ’  proportion of accidents expe -ted on the

ba .:is of hours flown . The proportion for business use is fairly close to

the corresponding exposurrs. Instruction and other flying produce only a

small fraction of time proportion e~~~ e’,-t ed on thi s basis. The large di f fe r—

ontial effect- s ar’ probably re l ated to such factors as pilot proficiency and

rat , presence of an instructor . ap-ration :IJ condi t ions ( e . g .  , IMC/VMC ),
and adherence to good op”rational practices . A greater likelihood of flying

in f-ivorable wea ther conditions is a factor which might be e~~ected to reduce
the number of IFA F ac c i d e n t s  during instructional use. This e ff e c t  is also

suggested by the difference in the percenta~ c of fatal vs . no n—fatal  accidents
for this use. This difference is the only substantial one for these two
accident subgroups.

The differential effects of type of flying on IFAF acciden t inc idence

are aiuite substantial and should be considered in comparing accident rates
rwnong individual aircraft .

In or’-ier to gain fur ther  insight into the mechanisms of IFAF accidents ,
the data for the 56 non—fatal ic, ideirts were examined in greater detail. A
“primary c utsal factor” was determined in each case , if possible , based on
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the listed “probable causes , ” “factors ,” and “remarks .” These factors Ire

~uminarized in Table 111-5. This table again emphasizes the importance of

adverse atmospheric phenomena, particularly turbulence , on these accidents .

TABLE 111-5

DISTR IBUTION OF IDENTIFIABLE “PR Th~ARY CAUSAL FACTORS”
FOR NON-FATAL IFAF ACCIDENTS

Number of
Primary Causal Factors Accidents

A~l ver se attnosphe n e  phenomena

I :lrhulI ’nc - only ( including 17
3 vortex , 2 lost control,
:~eJ I upset)

Turbulence and ThIC 2

Turbulence and thunderstorms

ThIC only 1

“Adverse weather” 1

Spin

Overspeed

Spiral

Uniqu e miscellaneous occurrences

None identified 1

L T~~AL

The non-fatal  accident data were also sorted by aircraft  model t a r

thos e w i t h  tw o or more accidents , in hopes of find ing  some comm~nal i t  k-s

for a given make and model. These data are reported in Table III—~ along

with a composite accident description for each aircraft.  There is a suf-

ficient degree of consistency among the individual accident description s

for some of the aircraft to suggest the existence of an underly ing caus al

mechanism. However , the smaller number of accidents t’or each specific

aircraft prevents any firm conclusions.

--  
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TABLE 111-6. THUMBNAIL DESCRIPTIONS OF IFAF N(~~-FATAL ACC IDENTS

NU~~ ER OF F;~1:. -t; ’

Be- ’ch “ N , N , Y . N T h , t l I . O  h I - L -r  sep a rated
N , N , V , N Sever ~- t u r l - - d e i : - n - O i e  .1 p- I

Y , N , Y , N T-~j r b I ~~- . - -e lmprop~’r c j ~. t.- i:.~z . skin)
Y , — 

. V , N Vortex to r i:: 1 l~ ink’ ~~~~~~
Y , N .  V . N C lear i i -  t u r b o  - -

~~- W -~~- . I :a-~~ : - ~ ,~- . - r : t rc c ;’- I

— , N , Y , N Turbulence Wi: g damaged

Pi p - r  Y , ? , ‘, ? Pilot s t ru - k  head pr t- — W i i , - i o F : i , , l
-- x’ligh t

( I o I : : - t n . h -  ) V , N - Y , N Lo- - t oo :.t r ’ i  , spiral  N :  ~~ ,,r : :k1~-d

N , N :  Y , N j a i l  ournt - ,- o i e r o e - -l
N , “ , Y , N V o r t e x  turbulence (H or izontal  stabilizer)

(u 1 - s- - t  1
C~~ri:~-os It o  

—, N , Y, N :Irl Il , - : I - - O , possible ti l~~ n I ‘-~ or s t ab i l i ze r

______ 
j  .-c- o ’ r o L  loss

Piper i N , N , V . N clear ti r turbulence I ~~~~ skin wrinkled , r ivets
i-a- popped

Ta- itt  V , N - V . N T :t r l a i l e t : e , uncon. Wings bti - kl~ d

~ 5o, :c :t I I , - hf- I  trolled J c c - e : t.
V . Y , Y , N Ex -eo.led V~~ I B- nt o t :t l i l L e r
Y , N , V . N Thrb ::Jen~ o B r  i~~o :t a l  s tabi l izer  bent

to V . N , Y , N I - irI-~t .a- N i  :~ s de fo~~ cd , or

J _________ 

o t o b i l i c , r  bent

Cessna 19.’ ~ N , Y , V • N i~ -~ t control , sp in W i n g ,  stabilizer damag ed
f ’t-r e: t-~ring ~loud

N , V Y , Ic,- . lo ot  f ly ing opt -c -t  Wings  buckled
,::d -~ontrol

V . V r-~:.-tra t -1 h~~~l,-z’— Wlt :g and t ior i~~oi:tal s tab i l izer
ot or m  overs t ressed - ________

Composite N , Y Y , ? :t:r t e i l e : t c e , control  Wing ,  s t a bi li z e r  :
los s

C o o n  .10 ~ N , N. V - N ov ’-r o t t :r t’ul - t : co  Wit :gc damaged
N , N , V . N N i i - g s  dauctged
N , N - 1 , V k lIICs i io.~tged I —

to N , N , I , l i t i - t t t  I o t :  -~ e Wings dttmttg ~-t1

Bellanca 2 N, N , I , N Lest control in tur— Right wing skin separated
v : olrg
~er i . ~s I , I , I , N \‘ort , -x turbulenco W i n g  skin rupt ured

Cc-opoolte , N , Y , N Turbulence Wing skin

Cessna I~~~~ ~ ~~~~~, : , N , N Stall msnenver (Elevator, stabilizer)
recoVE- rv

- 
1: , 1, N , N Flew into clouds , ap i-: Psselage wrinkled

~ c tmr o o i t e  
— , I , N , NIh — —

Cessna N , ~~ 
N, N ~~~~atient set In wings

.La . ,  206 
— 

V N , N Wrinkled  both wings

C , n v e s it e  
—

, Y , ‘ , N Adverse weather Wings deforme d

Pi per ‘ N , “ , “ , Stu dent exceede d V~~ (Elevator , aileron , flap
PA _ BFt by 9 kt assembly )

N , Y N , N Recovery from hi gh l~ent wing spar
speed dive

C~-~ poSI te N , ? , N , N Excessive speed L 
- 

— 
— _________

‘At ow er Yes (Y~ , No (N), Unknown or c~uest iona ble (f l  t-c question s : 1 1 Was pi lot  instru-
ment r I t t - ~.t .~~ Did INC contr ibute  to the a c c i - t e n t ?  a t  Was turbulence a factor ? . t  Were

I- r o t  o rms a factor?
‘ ( o r lp ono t t S  In parent heses wer e l is ted under probab le causes. .  . a i r i r : t m e  “komp onent °’ .
‘ “

~~o n t i : - i e d  VFR f l ight  into adverse weather condition s ” wa tt l i s t ed  as a prob able cause.

TR-1099-1 111-12
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_______ 
—- -.. - - - --

— ~o__________~~~~____ _________ __ 
_ _ _ _ _

The remainder of the accident statistics are discussed in connection

with the individual aircraft involved.

C • ~~TA BY AIRCRAT~ MA~~ AND MODEL

The accident count is broken down by individual aircraft make and

model in Table 111-7. Data for very similar model variants have been

combined under one heading. Aircraft are otherwise classified only as

single-engine or twin engine models.

The accident count breakdown lacks the measure of exposure needed

for making comparisons between aircraft. Nonetheless, the Beech 55 (76
accidents) and the Piper PA_ 2).l (39 accidents) stand out in Table 111-7
against the backdrop of the other aircraft, many of which had only one

accident. Because the Beech 35 accounted for 27 percent of all the IFAF

accidents, incidences of adverse atmospheric conditions and of component

failures in its accidents were compared with those for the other aircraft.

In general, the compared statistics were similarly distributed, as

shown in Table 111-8. The major differences were:

• IMC was cited somewhat more often in Beech 35
accidents; however if the “unkn owns ” are excluded,
the percentages are very close — 85 percent IMC
for Beech 55 and. 85 percent for all others.

• The Beech had almost 2 -1/2 times the incidence of
“general disintegration ” for the rest of the air-
craft.

Comparis on of tail failure s is difficult because of the Beech 55 “vee”

tail. The two fixed surfaces provide the combined functions of the

vertical and horizontal stabilizers . The movable surfaces (called rud-

devators) combine the functions of the elevators and rudder.

To determine the importance of differences in the number of accidents

over a broad segment of the general aviat ion population of interest, the
raw accident count for individual aircraft was normalized by estimates

of the hours flown by the aircraft over the 10-year period. These expo-

sure estimates were based on flying hours data published annually by the

FAA .
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TABLE 111-7. IFAF ACCB)ENT C0(JI4T BY AIRcRAY.r

Y-\T2t .~ :2ttEI flC ‘A ll A - I:’E:-rs

_ _ _ _  

Tt~~AL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~i ~~~ “ ~~~~
- i ~~I J i ~~~~ O -: ~~~~~~ -

~_‘ecii I-I , - :.  1-luSket oer -- - . i l l  I ,/ - I

Beech ~.5 2!. 1 / 1

~~ech ~~~ ‘~~- [ i / i  i / i

Beech ‘- (Bonanza )  u i -  I c  I S  -. I - - I~ I, I~~ - / ‘~ 10 ,’ I ?  1 3/i 3 -

~e tar icq 3_ - h ’ ~~- ’2 , l I _ a L 7 o 1 ~ - L  1 2

es,n-l 2-), 10.) - - I I 
- 

—

,‘ssn~ i ’-~~ 
a - - n - i  i / ~2

esSfl ,% 7 1  1 , 1 ‘ / 1

essna ‘TV T , / 3  1 ‘ 0-

Cess n a I]~ }I I I / I

7essna 1.  J~~- L o - ~ ‘ — 2  0/ 1

7essna I , I 1/1

- essn~ -
~~ - ‘ .2 1 - 1 1

Ce s sn a 207, On 
- -  

I 
1 A ~ 1 __ _L c - i  1 / 1

CessaS ,2’O J 1 11. ;2 2.2 0,2 2 2  .7,2 2/2 1/1 3 1

Erocupe 1 — 1 1 /1 1 I 1

Single iIelio no, J 1 1
Engine Luscombe t~ 2 ~ 1 ( 1  1/ 1 T 0 , 

- — — -- — —

Maul. e Mfl:. I I 1 I -

I lavI o rt  
_______ ______ J_ 

9/0 ‘1 2 2J_ ~ 1 3 .7 2

Piper F’— 12 5-oper rai ser- ’ 1 1 1 / 1

Piper PA-17 (V a ~ab-o n dI 0 1 1  0 1

P ip er PA— 1~~, L — 2 1  (St i per  Cub) 1 / 1  l~~1

PIper PA—20 (Pa cer 1 0 1  0 1  -

Piper P5—2.2 ‘ Tri-P&cer I 1 ,1 2  0~- 1 1 1

Pipe r P-A_2I. 2omanche - i i i  : ~ 2. i :~ 7-7 I I . o ?

Piper i’\— .1~ . 2h e r o kee t I -  I I  ‘ . 7 1 , 1  .2,2 111 . 1 - 1  2/2’ 0

Piper PA—28R (Cherokee ) 10 10 1 -
_
i ‘ A  2/2  . 2 /2  2/ 2

Piper F-I - ‘- her-ear Six ’ 7,.9 A L 1 1 1 I l l  - - 2

5t t” a- . ,Ll  ‘eminantier 1.2 1/1 1 1

t . - t I — 2 - a r c h e t t i  3 -  1 / I  t t l

N I n ~ ,or, tO - ’) 1 /1 1 , 1

Tenco sc-is swift ’ i , i - 1

Tr qvel ) $ r  ,)1),) 1~~ 1 1 1

- ~~‘ ~~ 1 7) 22~~~~~~~’ 1- 1 9 ~~
- j i  i~ - - - , ~~~a1 -

~ ~- 1-)

Beech 1’) :‘.ri Beech ’ 0 1 3~ 1

Beech 1 - 3 : - I r t  Bønan za (  1 J l  1 I

ICCOC 7 — ° - 1 3- t een \Ir - 2 2 I 1

- A  -: lne -lI r - i /l 1,1

, C 1  Trave l. - \ i r  ‘ ‘ 1 . 1  ~ 1 1

7. In ‘essfla 1 2 , 1- 10 1 I. 1 2  I - 1 ‘ - 1

- e •esa fl a ‘‘‘ S tpe r i1 ~-,—,, - t s r a i -  2 - 2  I 1 I 1 
—

II. - —  _ _ l I _ _  
- —  - —  _.L

ic ‘~~~‘ I - ~~ A A ploh e lzt e ,- -l -) I 1 I 1 0-  I .2 2 2 .2

P.1_ ’1 ( Twin om~ nche i t  1~ 1 . 1 0 I - i  3 1 I I I 2 1’ 1 -
-

Pi p er i’ ..~~I. SeTI ee~~ I , 1

i’.,c- ,welL 1eri cmrtsnder -1 -) 2 2 i - I  1 I 2 .2 I 1 I 1 - -

2’TA I. - 2.-’ - ,  ‘0 .27 -
- ‘2 ‘ - t 5 

i ”j  
I I - .~ - j I ~~ - 

, 
- a.j -
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TABLE 111-8. COMPARISON OF BEECH ‘
~~~~ VS. REST OF

GENERA L AVIATION ACCIDENT STAT ISTICS

a) Number cu’ Aooidents

Beech 3~~: 76 All other aircraft :  ~~~

b) Atmospheric Conditions

PERCENTAGE OF ACCIDENTS
COND IT ION

BEECH ~~ ALL OTHER

mic 6~
V i s i b i l i t y  V1~1C 11 11

Unknown -

T ’T ~~)

Disturbance No T,’T

Unlcnown 10 12

c) Failed Components

PERCENTAGE OF ACCIDENTS
FAILED COMPONENT

BEECH ~°‘ ALL C11’HER

General t t i s  integration 
___________ 

6.3

Wing )t ’ .

~iing appurtenanceS 1 . .1~
Specific component (s ) ,  ~J . 2 i6

t1X,~lUdj flg wing 
___________ ___________

JhIrL.~Ifltlti stabilizer 1 ~ 1~~.
Empennage (or tail) 11
Elevator
Vertical stabilizer * •

Aileron 1.~
Fuselage
Rudder * 

~~~~~~~ 7

Flaps 0 C.5

None given 17 12

1The Bc -c-oh ~~ has a “vc-e ” tail. Fuilures of the ruddevators
a re 1 i:~t c-~i under elevator. Failures of the ot ib iii :cr a re
lict - 1 ’d tinder horizontal stabilizer.
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In assessing the relative magnitudes of these individual accident

rates general aviation aircraft were further subdivided by sorting the

single engine aircraft into two groups : those with fixed landing gear,

and those with retractable landing ~c-iIr. The accident rate data were

compiled for ai r c ra f t :

• With :t substantial number of accidents.

• With substantial flying hours relative to other
group members, including one aircraft t~ipical
of each group but with no accidents .

• Which werc- closely related to~ but di ffered
primarily in one aspect from, an aircraft in
one of the above categories. These included
the Beech 3~ m d  ~~~ 1

, conventional—tail successors
of the Beech JO ’ , and the following retractable-
land ing—gear variants of a model line : Beech 2~oR ,
Cessna 177RG, and Piper PA- 28R.

The canputed /atal/:ull accident rates are presented in Table 111—9

along with cuther related data. ‘~‘Jithin each group the aircraft are listed

in the order cuf increasing all-accident rate . The columns following each

of the accident rates indicate the statistical signif icance , if any, of

the difference between each aircraft’s accident rate and, that of the whole

group (of selected aircraft) to which it belongs. The significance is

based ~on the two—tailed test cuf the chi-s~uare statistic which is computed

= (Fo —
F~

where F3 is the observed number of accidents for a given aircraft and Fe

is the number expected, based on the group accident rate and the indivi-

dual aircraft’s exposure. Individual accident counts and hours flown

arc’ also provided in the table, making it easier to inte~~ret the varia-

tion -~f si gnificance with accident rate.*

Table 111-9 also lists the number cuf accidents excluded for the rea-

sons - Ii , Io I l s 5 t -d earlier. it is perhaps iiiteresting tha t I i )  1 three ~f the

*Note in several cases a relatively high (or low) accident rate is not
statistically ~nificant- because t h e  number of hours flow n is not large

enough .
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T1 CN
Al IC ~AF 1 1 ~~hh- 1 - - I ’~’~

::~~~~~~~~~~~

.

~~~

1 ~~~~~~~~~ 
- _

- ‘ eI3 r~ I 0  ‘ ‘ .2l’~’ 2. .2.75’ 2. ‘~~0 . . I - I , -. ‘1 .6 I .9 .2
Ft ~~,r P A -I  I I .c’ : . 3i S~- ~~,S - -1 . 1 .c ~~~ .‘ ‘.. ‘

- r r ’.pa:er ’
lea s t -, I 2,~ ~~~~~~~~ .21 — I ~~~~~ ~~~~. — ‘~~, I - P .2 2
2e.~ ,--~ I 3  I - \_ ‘. .2- - ’ -a . . 7  0 1  1 , 1 ,-- -, ~~ 

-
a l n~le 21 a’r F’)— -‘ 1~ ~1  H . 0 , 1 1  H - . ‘‘ .2 P- ,.7 - — .2  I
Engine , :er e-’e I 

-

2131111 - I - . - ’ A ’   - 
1 

-~~ ,  ~~~ ‘ _ 9 1 . - . 1 .7 -

~ - A - I - - ‘ ~ -~4 - I I - . ~~~ ~
‘ 1 _ -~~ . - I - - .

‘le A 1) , ‘ - - -.  . 1 ’  2 H . 1 ’  - H , 1’~~- .-- ,‘ - - .-
~ 1

I 
-

.7 

I_ _

Cessna 17’R0, I I , - ,~~~ 
- ~ , -1 - a

I Car-i. ,c,1 H/i
Single C essn a 11’ i i  - I - ‘- ~ - a’’ ‘ . I - - ‘ ‘,
Engine , Pi per 21— i1R I . ’ 10 ,.. - .01 .~ - ,O a

I h e r ’ ’. - ’-- Arrow
tabl e i~I p..r P A— .. - ~ ~.1 , - I / i  II . - - ‘-2- • 2 -.-. .7 ‘-‘, I -‘ - 1 1 . 2. 2
lanilig 2 2

A h ‘ ‘ 1 ,‘~i ‘c’ I I ) —I

V - - - . ‘1 . -
~ 1 1 1 . 1  -; - 

j -:. I - ‘ 12  I i
-1 ~1 -  .~~I i  .-) , ‘) ., 

~ 1- _ I -

7. - II ~‘~‘ T 
I i . I ~ - 1—-- ~~~~ 

- 1 .~

~~~~l I  

~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ ~~~~~~~~

‘ I , ~~ -I Beech ..~ 1 1 , .1.’’ -1, -‘

I • - .7 - 1 - t I’,:’- - 1r~~-1 ‘ -
- - - t ‘‘ , ‘ - 2/2 - 1 0 ’  •i0~ 1~~, - I ,O’ .0’.-l’ .7

ço’us .t -r ’
, —~~ 1~ • .0 , I - -, . 1 1 ’ - . 1 1 ~ ‘ 3

A - ~ . 1 1 - I  . 1- ’--  - - . - -
~~ ,-- ‘ 17 .0’  1 ’ - ’

-i’’’)’’ I
- ~~.1 H - 1 ~ H ‘ . -- - , • 2 I . ’- ’ - — -~~.~

) ‘ -
-

‘ Pi per F . - 2 I I  I . ‘ \~ ‘-“ 211 ~- t~.O -~1, 1 ’ c- - - ’ . 7 0 ’ ’

- ~~~~
- 1

~ 
.e~, I ~~ -~~~- - - - -~~~~

. .  I .1 ‘- - . i C ’  A - - - , • . 
-

I,, ~ X 

~

‘ 

r~ t I 

— __________

N- - ’  • I ’  I - ~r.-,( er
- - - t~~,a i tus,i “ -

UI -- cli I’ll

.1-f cr 1 I ,Oi ~~~ I h a ,  ‘. 1

r 11 cr - I l -~eI t*r a t - - s l I .  1
• , ,  I 1 ~~~1 - 1 1 , 1 5 C ‘1 I I
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-- crc— ‘ic- c I dc - Ic  t ‘‘ 211 reral’t icad :a -me exci uded ace i den ¶ • In part i cular , One

‘f these — the  Mooney ~
L1C — h - i d  I n c -r I -  eX C~ ii di ’d ace) de cmt s ( 12 ’s than any

Cl t i ’ i ’  a I rc -rut’t in Table 111—9 . i- - ’r tim is reason , I he MooneV 1 5 21cc idents

were examined in more - ic -ta i l  wi th  the fol l ow i n g  findings :

• Ten of the at r,’r:tI’~ w e r e  c 1-der  models made c-f pre :1—
71 1 r ’  betmded ll~rniIc2f ted c-peace . 1)eteriorat ic-n c-I ti -ic

wc -~— dc - n st ructur~- was ~
‘c-uimd in ~ of the 10 aircraft;

the vert ical  fin was cited 2 t imes and the wing  once.
The t e n t h  a - c - i  d c iït - was caused by p ilot incapacita-
t i o n In, - tc- i nt / ’x eat  ic-ti att.l CO poi so n i n g . Cf the
twc- “ntet :il” T~le~1l1I ~vs • one lc-st Liii ’ vertical f in
bc - c - - usc c-i’ m i s s  ug boll-s —in .1 the other lost it- s
11050 gear

• Atmospheri c-  cc -ridiLic - i~ were specified in only two
of the twelve accidents; turbulence/thunderstorm
was c- i ted as a On-) or in c-ne case and clear a i r
turbulence in the c-t her . Apparent~v it- was felt
that the st ruct ur -t i  ,It ’fj c i c nc  Ic - s cited in fli~15t
,‘:lses were the prime causes of those accidents.

• ~
ln Ly one of the pilots was instrument—rated and
‘nIy t’i ye had inc-re than ‘-00 hours previous t’l glmt

‘Inc .

• Only one c-f the :ucc .1cc~t-s occurred prior to 1 Lk.2.

Two -It’ the :i, - c- ident brie f’s i’c-r the wocde~m Moc-imcvs mentioned Air—

wcrt hiness Directive (AD) n0— ‘ — ‘ , in one cast? nc-t i .ng c z-mpliance and in the

c-ther , lc - 17—.-c-mp l ~a :mce . The sI ll ed c-b~lcct of I lm Is directive , which super— 
—

ceded AD 2 —  “_- — c - , WII c- “to detect- wood and glue jo i nt deteri c-rat -ion in

wood wing iii.) wood empennage structures .” Tue earl er AD was issued in

mid— 1 Ot . Two i c c  del ’. s lfl  Ic-li e 1 ~~~~~~ may have pr.’n-ipt cd the rev 1 si on
-
~~ ~

-,-

This review for the Mooney ~icisti fied the exclusion c-I’ these 12 a c c l —

-tents , Tli - ’se a c cI d e n t S  wei’~’ lar gely due to  ~i recc-gn i~ cd pr oblem wi th

the wood structure and nc-ne are relevant tc- t i-ic- scope c-f this project.

F~rther examination of the excluded acci tents was n,
It ,l~1l1e . We now tvrn

back to the data for the included IFAF ac-cidents.

The all—accident rate dat- -u are also presented graphically vs. their

statistical significance in Fig . 111-1. This plot provides a cz~npos ite
summary of the distribution of accident rates t’.ar the  selected aircraft-

and gives s-~ie ifli call -c-n of time importance of inter—aircraft dil ’I’erl-’nces .
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Symbol Group

~~ Single Engine , FG
o Sin gle Engine , RG
O Tw in Engine

~~~~G~~up Rotes~~~~~
Single Twin Single
En g i n e , Eng ine  Engine ,

5 0 -  FG RG

DPA 3O
‘ 

• M2 0 PA 32Lj~

20 - 

08.35 Probabilit y of
Chance Occurrence

• c172 - - 08. 3 3  
- O.O0I-~~VH or VL

2 
- 0.005

X ~~cI5o 
9~~J9~~~&~t D 0PA 24 ‘ 0.01

5 .  - - Ae ro - - .
PA28 L~ commander

ffJB .J8 
Bellon co Q - 0,05-.’-Hor L

- 0 10
N PA3I 0

2 Novion -

B. 55 E~ J ~~C2O5 BS2 4 R Ø
c3l o

1.0
j~~~C I 2O ØC2I0

- 

CI77RG O

PA28R

- 

.5 1.0 2
Accident Rate

Figure 1T -1. IFAF Accident Rate vs. Group Relative Chi—Square
- 

- Statistic for Selected Aircraft
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Examination of the accident rate data in Table 111-9 and Fig. 111-1 shows

that :

• Differences between group accident rates for the
three groups are quite substantial. The single
engine retractable landing gear (RG) rate exceeds
that of the single engine non-retractable landing
gear (Ft3) by more than an order of magnitude .
The twin engine (TE ) r ate falls in between .

• Differences between individual aircraft in a given
group show an even larger spread than inter-group
differences.

• Each group contains one aircraft with an accident
rate whose exceedance of the group rate could have
occurred by chance with less than a 0.1 percent
probability, as well as one zero-accident aircraft
with substantial exposure.

These differences alter “the bottom line” quoted at the beginning

of Subsection B. While the IFAF fatal accident rate on the last line

of Table 111—9 accounts for only ~ percent of all fatal general aviation

accidents during the ten year period, the percentage is substantially

higher for the RG group and even higher for several individual aircraft.

Thus the overall figure of L percent is somewhat misleading as to the

importance of IFAF accidents .

Of particular concern are the differences between the two single-

engine aircraft groups. These aircraft have many similarities, and in

several cases members of the RG group are just variants of the same model

line of members of the FG group. Operational use is probably the most

coherent difference between the two groups.

As noted in the preceding section, there is a correlation between ‘

the type of flying and IFAF accident rate. The rate is considerably less

for instructional flying and the FG aircraft have a much higher instruc-

tional usage (Table 111-9). In addition, the HG group are generally higher

performance aircraft than the FG ones. The higher cruising speeds and

lower drag could increase the likelihood of an IFAF accident. Lover drag

aircraft accelerate more quickly to VNE when upset (see analysis in See-

tion IV-D).
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One would also expect HG -dr,-r: ~~~ - tc- have 1 higher exposure t o

adv erse  weat tc i ~ ,- - scditi c-r :s • e.g. , - - C .  turiaiic -t:ce and icing. On the

other hat-id , the p ilot s of these Ii ia-raft c-icc -aid have more exper ience
oat be better qiril i f ic -d . e . ~I .  , one would expec t -  a higher percent age of

ins trunie nt rat i cigS

lOc i ic- , ‘I I t  1’:1 I I c- Ic - I 1 Ucna $L  l1!7dc-111 I c,j  ~v L~c - I l  I r I I- -st cc- e I-\i d I fferencc-

,- c-rr,- 1ct ~ i c - I l  c- f  ¶ a i c -  I F Is II li TFdY n-c - dec:t r-i~ e is rit }:er nc-cr fcr

Id I v i dci:t 1 cc F, - r i  t i .  :1c-na’ mc-m1c ‘es c-I l~c- ii t he  Fd -maci I~O grc-uns wi h \‘c-C\

li t tie 1:151 r I c c I  - c - l l . i  I .1St c - I  cli la\’- ’ very low :1cc c d e a i  r a te s .

Cc ’ - r : i t  ic-ri:Ii c is :ig i - ( e .g . . i1 - i~ t~~ - n g ~ ~1c - co- wculd suggest a h ig her ac c i—

din ’ r:tt c t’ -r twins ‘ 1 1 1:1 I 
~ c - cc - Ic— eng ine h~i group . That the e x a c t

n~-nc - .2  ii c- is n : - m~y be d U I’ - - 1 h i gh er  cv, ’ I c-f t r a i n i n g  :~~id prcfic : eflcy

Il:,— -n ew :  1115.

Dl f l - ’ r’ll - -eS be cs - ‘ i~ 
- I I I  I t  V j c - i t c - 1  Ii I rc r a ¶~ w i t  Ifi c ’ a c - I l  group ~re even

:nc-re 7i t  r I c a  lc~~ . I~~
)
~’l’c - t  , ‘ l 1 i l  11cc-ge i lh c - I t l d  act- he mcccl: c-I’ a fact c-r in

sac - i t  i i  : f e r - n ,’~’c . The cc : . - Iu~- c kdc -’-s-~’ a nd -~T c- s lc rc  t ~rne i’cr the Mcc-ney

2 - ca d  t i c , ’ I i pci’ Cc- lS :c - lc I Ie  . : c r  cx  c-ia- • - c r c  ve ry s ~~ l I F . t h e  ~r

IFA~ a,’’ ide:ct rates -c r c- c t  c-ppc-~7 it e c-ads c-I’ t ime di ct- n Ll-l :t i c-n . An even

mc rc c - c c : :  - I - c t  r a t  I S  c- l ’O - r - -I I—v t in - Ic - k - c-h ~~
- — :c~ J L t s  ,j i ’r c v  I I  I Vt? • the

ik ’ech ~~~, ~t -  line . A- c ccci cci c-n~-i . h,’ Beech has a vee—t :cil whose

f i x e d  c- c_ i nc-vat—Ic cccc ’1 ,~cc- :- r - v a, bc-h i Long : I ad :mtil :ìnd dl  r~ c-t c:i:i

-~b ’,lihv ,ad c c - : c t - r c - 1  . The 2cc -c -h ~~~~~ ~‘i -  i s  a e cr ]v  idcnt ic :~l c - t rccct-ar:cllv .

the  not -ibi ,’ except ic - i: betca t ts cc-avert Ic-ii :~l t c - i l ~-~— :c1i ,mir:c t ic-n . Yet

th~ Beech ~ - ‘s IFA F a ’c  i d - a t  rcct It C.7~’). 1~~ crc~ is C tilIle c- that of

it:; c-tm ~fit —t illed cc-:np- cc1c -n . :iim I in t’- ,’t • is exceeded c-iciv by a few

11 rcra 0 w i t h  : ; l l b : c t c : l I l  ¶ I a liv less exa-c -sit ~~ (]-ss th an 1 ’  perce nt c-I’ the

Be~—ch ~~
‘ - ‘ 5 t’]v crc Icc -ar _~ 1cc1 ~ 1:1 1 : t ic , ’ 1 2 c:crc

One pc-s c- ible cX~~i : I l l l t -  cii ~ c-r the di clc c - t c-mv iii IFAF accident involve-

ment- c-i’ 11cc - I wo li e ‘c-h a i r c- i’ !‘t .1 l~ i c c  I t Ie  I c-age v i  t-y c-f time a c-dc] ii ~~~~~~

The Beech ~~~
- was c-n,’ c-f l i l t ’ ear l y  y’c-:: t —~~ c-rid h:ir II a i r c  ra ft ; t-s t’irs t-

pr~— tcl ~- t i - ’rt yen: Ic-n — the ~1oicl — c-n i c - i  n a t  cci Ia  1 ~~~ - ‘
. The Beech ~~~~~.

~ t ’  ii tte is a more Fec -c -u I ct’i ’slic -eI ot ’ the ‘~i
_
~ 

I me ;  i t IS IS I i  inc t produced

i i i  1 . Dot 1: c l i i ’ ’ i’ - 0 -c i ’ ~- :1 iii i — - ing mann O t , ’ I tire -i t h e y come oi’i’ c c - S o n —

t iall_y I t ic -  SI u i l i t ’ ~ci sernb ly lin e . Many c-i’ I hc- m ’re— 1~1~2 ci r,-r- cf t ire st- I
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active . Possibly, the age and or the earlier structural design of these

aircraft could make them more suscept ible to IFAF than the  later models
c-f both l ines.  To cheek out this possibility the Beech ~~~

- accident count

and exposure data were broken out by individual model. These are summarized

in Table lIT-iC with the result lug accident rates , which are also plot-ted

Oi l F :g. 11 i — S ’ . btc :tu:t- 01’ its pc-k cat jul ccrrc- 1:11 ion with these rates, the

Beech ~~
- ‘ s ii ic - c cry c-I’ structural and c-t - rrespo :cdiitg performance changes was

rev : eyed, as is s:utuci:~r - :ed i-c Table ‘iI— 1 1

The trend ci the a c c i t e n t  rates with model is not clear. Because

c-I’ the small i:um i—e r ci’ accidents for any c-ne mode l , one can expect the

- 

I r- 1 aer 1c-rc- - , raaJc~ic flc~ctu :ct ic-its shown in tue Fig. 111—2 accident rates.
- 

j By combining ~nc-dels . gross  d if f e r e n c e s  between older and newer models

can be more r--liably identified. In the Beech 3’— ccer i e s , the most sub-

start-lcd structural change was made in Model H~~ . see Table 111— 11 . Corn—

parison of the IFAF :-cc id c -n t rate for earlier models wi th t ha t of the

i{~~ and subsequent models , as c h I c - w I t  in Fig. III—~~. indicates a substan-

tial difference . The accident rate for tue  older models is considerably

higher than for the nc-wet’ ones . Wi th the rather large number of acci—

dents involved , this c-utcome is c :n iike lv  to be the result of chance .

Howeve r , t h i s  reduced accident- r:ct-e fcc  the later models is still

fcu’ greater than t hat  for Beech ~~~~ i tc - .  Since t h e  H A i’recede s the Beech

‘ n’ l in e  by only ~ \ -eclr c- , and, its accide nt r 2 c-c - cc -cd t hose ci’ inter-

vening models (J~~- , i~ ) -crc actually lower than the later  model aver age ,

the dispar ity in the IFAF accident rates of the tw o Beech aircraft is

not explained by these data.
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TABLE l i l- i r .  IFAF ACC IDENT DATA FOR VARI OUS
MODELS (cF BEECH 35 ( 1 966-1 -~Y75)

OD NUMBER ACCIDENT RATE
UC - NUMBER OF IFAF EX POSURE ( PER 1 o7 m~)

MODEL T ON BUILT ACCID ENTS; (io~ FLR ’h -— _______

FATAL/ALL 
—

~~~~~~~~~~ FATAL ALL

55 1’-)~c 7— 148 1 500 10/12 6.c~ 1.5 1 1 .81

A55 19149 701 3.88 1 . 1 .

1 O~0 1480 2/:-’ 3.60 0.5 0. ‘-6

Cv-’- 1251-C’ 719 6/n - .74 0.89 0.90

I 
19- 3 ~~8 i/ i  3. 17 0.52 0. ~2

531, 195 hu 301 14/5 3.09 ~~~~

19’5 59: ’ 3/5 c~ 12 0.73 0. 7~’

G35 195t 147a 6/Li 5 .17 1 . i i ’  1 .

H~5 1957 h1h 11 2/~ - .37 0.~~l 0.37

i/ i  5.00 0.20 0.20

2/ 2  ~ .65 g.~-

io6o 1400 14/5 s. lb 4 0.78 0.78

N ’ - — 1 0 1  190 2/2 3.Sc- 0.59

I’ 1 L)~ i4~ ‘7 7/1 r.73 1 .014 I .014

57 l9u ’ 14~ c’5 re7 /~ 10.57 0.57 0. 51

-c 662 /6 9.35 0. 0.614

~~~‘A 10c R- -9 1470 14/5 ~.97 0.67 0.814

V~ ’ -B 1 970- * 2/2 3.79 O. -~ 0. 3

3eRt — ( 1 3 )  0/0 0.12 0 0

— ALL 
— 

71 /76 ~7. ’ 0.75
_J 

o.~ 9

‘218 built in 1970—71 ; li e built in 10 (1’; still in production.
t~~~dified Model ~~~ ‘ incorporating various A~ ’ and W’ features .
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D. REV IEW OF SELECT~~ NTSB ACCIDENT FILES

The foregoing analysis of the NTSB accident briefs identified a

substantial number of IFAF accidents which were potentially very relevan t

to the objectives of this project. It also revealed large diffc-rences

in the rates of these accidents between the three a i rc ra f t  groups , and

even larger differences in rates between individual aircraft- in the same

group. As indicated by the chi-square statistic, the differences between

aircraft were very unlikely to have occurred ~y chance. Thus they would

appear to reflect actual differences in pilot-aircraft factors. It wac-

important to try to identify those factors pertinent to t h is program

and to determine their relative contribution to the accidents.

The data gathered from the accident briefs provided some clues as to

the importance of some of these factors . However, the briefs are very

compact distillations of the information gathered in the accident inves-

tigation . They were a good screening device but left many questions

unanswered, such as:

• How much weight should be put on the listed “Probable
Cause(s)” and “Factor(s)”?

• What was the specific basis for such general cate-
gorizations as “Continued. VFR flight into adverse
weather conditions ” or “Spatial disorientation”?

• How proximate in time and place was the weather ‘T at
the accident site” and what was the significance of
its omission?

• What possibly mitigating circumstances were not
included in the brief?

A review of some of the complete accident report files in Washington,
- - D .C . showed that they would provide some answers to these ki nds of questions .

Moreover , besides more complete factual accounts , the files also contained

photographs of the accidents which might give some clue to structural

C 
failure modes in these accidents . All this detail might allow a more

accurate assessment of likely immediate cause c-f some ac,’ide n t s .  More

importantly , it could give a better idea ol ’ how similar the accidents

TR- 1 099-~
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were for individual aircraft models and between models . Therefore , a

thorough examination of the accident files of several of the aircraft

was done .

Five aircraft were selected for this “ in-depth” analysis: Beech 35,
Piper PA-24, Cessna 210, Navion and Pi per PA- 3 0. The first four aircraft
are members of the single-engine, retractable gear group, which had the
highest IFAF accident rate . Among these aircraft :

• The Beech 35 and the Piper I~~-24 had more IFAF
accidents than any of the other general aviation
aircraft and statistically-significant higher
accident rates than the rest of the group .

• The Cessna 210 had an accident rate of roughly
half that of the two above and somewhat below
that of the group, though substantial nonetheless.

• The Navion was another high accident rate aircraft
of modern (metal ) construction .

The twin-engine Piper PA-30 was also selected for further analysis because

it hM the highest accident rate for its group — roughly four times tl~
group ave rage .

Copies of the ~TSB files were ordered for the accidents of these

aircraft , and — because of its previously discussed similarity to the

Beech 35 — for the one Beech 33, 36 accident . These totalled 1 51k files,

represent ing 53 percent of all the IFAF accidents . One-hundred-thirty-

eight of these (90 percent ) were actually received 7 as summarized in

Table 111-12.

These 138 files were all carefully reviewed with the following objec-

tives in mi nd :

• Minimally, to fill in the gaps and to expand the data
base of circumstantial evidence built from the NTSB
accident briefs , and to increase our insight into the
meani ng and importance to be given to the terse ly C

coded. data in the briefs .

others could not be located in the ~~SB archives .
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TP~BLE 111-12

SUNMP~RY OF NTSB FILE ORDER

NUMBER OF FILES
AIRCRAFI~ REQUESTED RECEIVED

Beech 33 1 0

Beech 35 76 64
Cessna 210 14 14

Navion 9 9
— Piper PA-24 59 58

Piper PA -30 15 15

Total 154 138

• Ultimately, to identify the immediate cause or causes
of any in-flight failures common to a large number of
accidents, particularly, peculiar to a specific air-
craft model.

The contents of these accident files can include any factual informa-

tion which the accident investigator feels is relevant to a particular

accident . These data usually include the follow ing:

• Pilot/operator aircraft accident report ( NTSB
Form 6120.1 or equivalent), which provides factual
background information on the aircraft, pilot and
passengers, and a brief account of the accident
[“mandatory ” ex cept in accident occurring in  the
jurisdiction of another (non-U.S.) Government;
generally useful only for non-fatal accidents ,
to prov ide pilot’ s (operator) personal account
of the accidentj.

• Factual Aircraft Accident Report (NTSB Form o12C i~
or equivalent) in whi ch  the inves t i gator g ive s the
factual background , as above, but in greater -jet -all:
catalogues the damage sustained by the aircraft ,
and provides a narrat ive of the accident i ncluding
all relevant factual details (mandatory for accidents

- 

- occurring in U.S . jur i sd ic t ion) .
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• Summary of Meteorological factors , including Area
Weather Forecasts , Siginets and Air mets , weather
observations , pilot reports , e t c . ,  relevant to the
time and place of the accident .

• Statements of Witnesses to the accident itself or
to other possibly relevant circumstances .

• ~AA Air Traffic Report Package, including statements
of i~~~~’ Traff ic  Control Personnel as to weather brief-
in-~s an~i/or in-f l i ght communications w i t h  the pilot ,
often including transcripts of the latter .

• Wreckage Chart showing the locations of the a i rc ra f t
wreckage (scaled sheet provided as part of’ Form ‘ - 1 ~~O .~~,but often s imply separately attached to report) .

• Photographs of the general area of the crash and of
-
- the wreckage .

• Newspaper reports :If the crash.

The files sometimes also include detailed technical evaluations ci ’ selected

damaged components, original toxicology reports, and miscellaneous documen-

tation of the pilot’ s certifi cation status and the aircraft ’ s ownership and
maintenance and repair records .

There was a considerable variation in documentation from file t o

file. The files reviewed ranged from 8 to more than 700 pages , wi th a

typical file running ‘O- l OC pages. The “eight-page ” files were generally

for non-fatal accidents , and did not extend beyond the pilot /operat or

aircraft accident form and an abbreviated investigator ’s report. The

files for fatal accidents were generally much more detailed and lengthy.

Though the files give a considerably more complete picture of what is

known about the accidents than do the briefs, allowing a more accurate

assessment of the importance of the various factors involved , they do not

permit reconstruct~ on of the sequence of events leading up to in-flight

failure in most accidents. ~~cepting non-fatal accidents , this determ ina-
tion must be made primarily from the log of radio contacts with the pilot
prior to the accident, from the eye-witness accounts of the accidents ,

from the characteristics of the structural damage, and from the distribu-

tion of the wreckage .
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The reviewed files indicate that radio contact witii the pil~~ ~~~j~j

p r i or  to the accident is rare . Where fC tu:.t , it a : ;in t l  y g~ v o c  no :‘ r~ I -
~

lad I C a t  en cf the causal sequence o t’ th e pr 1 c~. than t tie .‘ r - - ~i

ev ~Cl ence provides . alt ongil it - does 000a5  C ’ t1Ui1~~ otTe r ~ c i t  ly e v , ’ri ~
‘ —

cation of th is evidence .

The next best sc’urC ’e ci a to m a t  I c i t  C a  ‘a ~ aI I 0 .101. ‘0 ti l~ 0~~~t ’ —

wi tness accounts . WI t l i  a low I1L ’ t - L t t  b ox cept I - 115 , 10 ct’ — 
- to o ral I v  t o - . v i i

afte r t lie in i t ia l  events leading to t h e  a - ‘i -len t . i’ii s s - a n r c~ a t . t a i l e

since:

• It is t ,vpi .‘tdly the unusual soun. C C l  an a - r - r~ i t  I IC

t rouble , e .g .,  ong no revving cm oxpi- -c ~ 
t iat i i  m c

.iraws t he w i tnesses ‘ a t - t Ofl’C- t e n

• ~tt .Ot2 the aircraft cannot Po seen tin t- i I it cornea - - I ’. L I

the clouds wiL i cli typically are precel ’. i i  e a t ’ acc -‘
• The ace id~iit sequence is i n i t  l i t  e.i frctt a ft git i t ’. I’. ado

(cruise conCi I ti on) where the a I rcral ’t would Pe i i  t t ’ I cul t
t-o see , even in  clear sk I

Thi s generally leaves the interpretat i on et ’ I l i t ’ atrtt. -t U’a i ~ttu~:i - o t i I C i

wreckage pattern as a last resort  1’C tr re cta; t rti C t ~~. e ac c - Ic . Thi a

has been foun d to be a ~t I iii cult. propos it on Ltecauae w it I tow ox

• The aircraft nvoltved suffer  mul t plc ‘a ~1 ~r~ a r n~lti 1 -
it difficult to p. apoint- a at r act ural w otI ~ateau ,
one ex i s t s .

• la—flight structural ~hutage ~ a .‘~ icp~ ‘ i i : . - t o  i ’~v s ui’s e.; -

damage sustained on inpact a t  .1/ ‘r t ccaa i enally by fire
damage .

Thus for most. of the accidents the data is eaaeii t .  a lLy ci r~’tu nat - iuiit al

like that extracted from the briefs thoug h mor e lot a. ~i e.t to ci ito . i t r t t  I .

Figure lII—~ l C i C f l t . I i ’ ie s  the b a s i c  data w i t ch W a t t  r. i t . f l t ’J ext ract c.j

from each file.  This Check List  and Summary Data h a t  ~~a.t~ Ct0\Oi- pe~i based

on our previous exposure t o  t lie NTSD acc ClO t Cld .-a base v i a  the Pr el’s and

a comprehensive rev i ew c i ’ several of t h e  accident- t’ lea . Bas 1 c data WOO C ’

summari a ed on thi s sheet it compactly C ’ L ~Cl od t orah t e a inpi i’y grot3 a i c or —

acc ident  comparison .
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NTSB ACCIDENT FILES REVIEW :
C1-~ CK LIST AND SUMMARY DATA

ACCIDENT DATE

NTSB FILE NO .

Model No.
Serial No.
Non-Standard Condition

Aircraft GW 
~~ ~~max ? c .g. OK?

Data Total Time on Airframe (hr)
Last Inspection Date
Fir s Since Last Inspection
Clperative Autopilot Onboard?

Total Hour s
Hours in Type

Pilot Data Hours in Last 90 Days
Instru.’nent Rating ?
Simulated/Actual Inst. Hours

Day/Night
vMc/IMc
Winds (kt)

Weather Thunderstorm Activity
Precipitation
Icing

_____________ Lightning 
_____

Altitude (ft)
Flight Indicated Airspeed (mph)
Condition Maneuvers

Gear up? Flaps up? Cowl Flaps?
Likeliest First Separation

Structure Other In-Flight Failures
Failure Data Length of Wreckage Trail

Fat igue Check Indicated?
Part s Inspected: 

_____

Other Factors Pilot Incapacitation?

Figure III-~ . Rout inely Kept Accident File Data
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The meaning of most of the basic data items in the Fig . IiI-~ list

is obvious . Occasionally, however, even seemingly stra l ti r’,-iar — item s

required some interpretation, e .g . ,  a pilot who had years of exper len : e

as an instructor and was instrument-rated in the Navy but not FAA rated
was counted as instrument rated . The only items whi ch requl re scice

explanation, except for “weather,’t are:

• Aircraft  Data , Non-staniar i conditIon : :atch-a..d for
all structural and control system abnormalit ies , e .g . ,
improper repairs or mairitanance , missing Lr ~rncci i fied
parts, airworthiness directives not complied w It h .

• Flight Condition , Altitude and Ir vicatet Ai rspeed:
last reported by pilot .

• Flight Condition , Maneuvers : those in progress at
time of accident, e.g., turn, descent, pullout
(recovery).

• Structure Failure Data, Likeliest first separation :
inability to find a structural component alter Irrpa - t
or finding it near the beginning of the wreckage
trail was taken as indication that it may have been
the first to separate. More than one component may
be so identified for one accident .

The items which characterize the weather must be taken in proper

perspective . In rare instances, these conditions were described by the

pilot in radio communications prior tc the accident . In some cases they

were reported by pilots somewhere in the vicinity of the accident close

to the time of its occurrence . Pre’ipltation and thanderstorm data were

also occasionally obtaltie l from radar observations . For the most part,

however , weather conditions were identified from accounts given by ground
witnesses, who could only rc-p rt on the actual conditIons in which they

saw or heard the aircraft after the ac,’Ident sequence had begun.

Gr und rules for es;ai . i~;hI ig weather conditions were as follows :

• Lighting Conditions : as indicated on Form NTSB 612O ,
~4

and verified by the time of day of’ the accident .

• Instrument Meteoruloci ’al Conditions : in essence the
same as previously defined for the NTSB briefs , namely,
evidence of pilot visual impairment; the most common
evidence found in the in-depth analysis were :

TR—1O ) IILl—~-5



— pIlot reporting h R  or in clouds, soup, etc .
— aircraft observed coming from clouds

— accident occurred on a -lark night over sparsely
populated (and therefore dimly lit) area

C 
— conditions at accident site included: l-~w ver-

cast or broken ceiling or heavy precIpItation .

• Turbulence: positive indications taken as

— pilot report of moderate or worse turbulence

— witness reports of heavy wind activity, e.g.,
“very gusty,” “strong winds.

• Thunderstorm : identified either by name, or by
description, e.g., thunder, lightning, storm cell,
in an area in which forecasted . Failure of all
witnesses to specify taken as evidence of absence
from immediate vicinity .

• Precipitation: an~rthing from -irizzle to driving rain
or snow showers . Failure of witnesses to specify
taken as evidence of non-involvement .

• Icing : icing was presumed to have occurred only when
the pilot reported it. In those instances, the acci-
dent was excluded . Icing was indicated to not have
occurred if the freezing level was substantially above
the pilot ’s last reported altitude, or the service
ceiling of the aircraft if no indication of aircraft ’s
altitude was given . Otherwise icing was counted as
questionable .

• Lightning: specifically cited by at least one witness .

Conditions for which insufficient or conflicting information was found

were counted as questionable . If the presence of thunderstorm in the

immediate vicinity or the general area was niti cated , turbulence was

counted as yes or “?“ . A yes was counted only if there was a positive

indication of turbulence.

Statistical comparisons of the weather conditions and some of the

other data in the Fig. 111-3 list appear later in this subsection . Other

possibly relevant details unique to Individual accidents were also n ted .

Some of these are described in the next subsection .
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a , .  :‘ ‘he acc , : ’  a ’ s~~~~:, -  i d c t  we t’ t,- t c ’ : a : i.-  we-r e l t d  Lie-I it. ‘ t ie

s ’ a 10’ :ca.  a : : O a O t i d 0 5.  N c : — x ’a ’iC a .  acc iiot.~ s c-~:’ C L -x oI..i _ : — oa~ae. no

)nS . - P S e : \ n - i  ~~:-  ‘ in~’ t ’ a _I .SlO ~ l t t  1, ,L’ t t ’ ’~~~ S tO C O 1 ~~i ! e t I ’ ’  00

exwci :.L’ 101. ct~~~ l~~- t ’i Lea . ia-c’ i t t  e a t’  i C  h i  h C - : ’ : ! ’ - ::. la I’a’ ~ :t ’ei - :et’a at-

~ C - C S I 0  a r~~~~~ c ,eV re c e t S .  10. St C C  t i t L J C  OI~~~~~ . t~i i J ch  a c - :

• il t e  a t ce:~~itu~~t a tt .a a p :or - a c~ td~~t- - :.~ : - -  :— i n L a l  aec -

or ’  tn - re ii ~~~~~~~~~ to Do - ~te0tofi0Ct w to  Vl—h’ alo wIth :at

a tno  sp or e I. s~ .rl a , ’e

• c tr L t c t Cr a l  hat- age i a ccvi ~- o I; I t C , ,t l  less severe 00 I -

t’a~al a: ‘ - ~te: . t a ,  p ssii- i~; rei’le ’tltig ai Ihoreat m aca ci’

failure .

• The not-i—fatal ae~-o Cu tS ai’e m a t  iCOj u l,  as : - r ~~- c  nt-v
nv es t  I oteCt , as prey - ‘  cciv o ct et ;  hence , dcv iota I is

are ~-IteIt n .  ca ng , e . . . t o ’  0: ritp ic - of str ,cutral
i,ama~:e wer e  ~~~~~~~~ to  mix C t ’ 0 .1cse  ± ‘I leo 3OCL C C C O C 1  po I
CL the hut-ace wer ’ -c -

however , because  they ic I :ialu.te pr -c’~C1nai 1; a O - ~~C r a t c  1’ rot— mao a- - cuLL s

of I n— fiigtit structural I’ai inr o  w I ‘a nay c-l ye some clue c~ the i:sne~ti ate

causes of fatal a- a o l- te n t s — e . . , t .  — L ’a~~ai VNC ~ C C C .  .b at mI ght ver ,’ well

have been fatal in IMC — t ouch-nail 00 - r I po C O ci ’ t :iese a:C’ dOllts are

given in the next moUse t i  cii in w - - oh inidvi total a Ir -ca t~c~ c~ac~~t ore suet—

mar~ :ed . The summary ~hv oa  ii. a c - c L IC 0 oa ~— C a 0C 1 ta tei :\ represent t~ the

non—fatal  a c ci den t s st-at I al l ah 1, ’ s in c e  t to f - i c c  iii t hese ‘aces are net

much more detailed than toe -r iefs , tuth notti octaply rellect- the -~~~ l e~~t

statements of the p i lot s .

Also excluded from t h e  at000 ar:: were ace Iaetlts It \C lion nit i-ratin g

circumstances which would pu t  the a C C ’v tent ou t side  toe m i t  cresoc of tue

investi tation were identified as ,-ei t r l  t x :  i~~ causes . Such h o t  erm m a i t i o .s

could not have been reliably made from’ the accident C l  i ’f s.

~~ccluded accident s are tabulated by reason it r exclusieim lit itii-io 1Il-1~~.
- 

- 
As shown in the table , 13 acci dents were I lL - m i — l a b  al . hi’ t i c  reinal ni :c:

a Lidents, 22 were C X C ’I U C I C - t  for -them rt ’t t sC :Cs

~~he lack of a detailed desor : ption ci t i t e  t~~~ ’i h o not  sarp i ’  a -

since the report coul t be 1,1 led af te r  m op:  - m c  w or e  i t-ado a t  - i  t o er e  1 a m i .

requirement to document such dana.-: e ; I i i  ii C -~~ a t au t I - e r  of  SCI ’hl a. ‘c i~ tcat s
may even go unreported .
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TABLE 111-13

SUNI4ARY OF IFAF ACCIDENTS ~ CCLUDED FROM IN-DEPTH ANALYSIS

AIRCRAFT

BEECH CESSNA NAVION PIPER PIPER TOTAL
35 210 PA-24 PA-3O 

____

NUMBER OF FILES REVI~~ED 64 1~4 -) 38 13 138

Number of Aircraft 
-

~ ccluied Because:

Non-Fatal Accident 3 3 3 4 13

BAC>O.1 i* 5 1 1 1 8
Hypoxia 1 1

Pilot-Reported Icing 1 1 1 1 4
Instrument Problems 31’

No Attitude Gyros 1 1 2

Other i t 3* 4

Totals i4 5 2 8 L 6  
______

NIJMBER OF ACCIDENTS 50 -) 7 30 7 103

*A Blood Alcohol Concentration (BAC ) of 0.1 percent is the limit above which
automobile drivers are presumed to be guilty of driving while intoxicated in
most states. Some states and other countries prescribe even lower limits .
tThese are described in greater detail in the subsection which gives Beech 35
specifics .

*Orle of these accidents involved a witnessed tail flutter, apparently within
the operating envelope of the aircraft. The second accident bore a marked
resemblance to the first, and was unique in other respects. These two acci-
dents are described in greater detail in the subsection describing PA-24
specifics. File data for the third accident did not yield proof that an
in-flight airframe failure had occurred. The airplane crashed, unwitnessed ,
in the water , no wreckage chart was given nor could one be determined from
the file data , and the main component apparently found at a distance from
the main wreckage failed differently than in all the other accidents .
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El’Lnu na t - lou ci ’ -t me hi ex C ’] mi tc h r at-al  m t ’’i deiits w C I i i l , h  m t - l i m e b - lie t o m t a l  
—

ansi all ace i l e n t -  r at  ‘ti i v  1 i — i R  it - m ont . i t ’  I s ’ - a s ’] ‘ - i  0 - i  t i l l’ ‘ m ’ I I  I t

‘l’hi ii would st  1.1. leave sot Ii i i  tlmt ’in w I iii it  I ml a t i n t ]  n.J IFAI” tO ’” l en t  mat  s - t t  .

h u m  a~l~i t o i m ~ t h e  re~h m m~’t oi l  t t ~~ pt ’; m 1 ’ ti  t o  t o qui l t Un] i t ’ r u i t  ;t, ’rC ’t ; I t  t t m s - c r  :1 - m—

J ‘mu l ’t . n il tar reLine t i  0115 could 1.1 m m m c  1 ’  i’,~~p0~ ’ t o t  1” -i’ the ut- I I t ’ r a lt ’  -m a l ’t .

Thus ‘~~~‘ i m s  h~~n ‘ 1 ’ t h m m ’st ’ UC ’ ’
~~~ I i O i lt 5  shm , t~ h l  llt ’h ~ l I C - It, . oI l  t i m e  s - m i s ” ’ t -  ve t ;  s i

L im it ; projo’t . w i l . l m C i m t .  biat ;iui 1 t (‘lie ~ t t t t . i  s t - i c c .

Key hat a. l~~I i ’  l i m e  1O~ i IIL ’,Lm iCle ,h ;t, ’ - ’ i -tents I S  s t u m u n t ir i L i i  i i i  ‘l ’ t d i ’  I I~I —i ~ i mm ,

I i l — i i ll , l e t aj  ,l a 1 - j i m ’ a t ,at , t ’d- I ‘ I t  I ’, - I’ t i l t ’ It : ,  U t I r ’ I ‘ v t i i m t ,  C ’ i’ , i I J f l —

t i  t u n ’ ’ t t  ;d t. ’ i t ,hj l i e  t i m e  t t ~’ ’ j i j ~~i m ( . t ;  . ‘pin ’ ~
‘ m t  - - I t  ‘ot t t i m ’ s ’ m : m , : ‘an I h ,~ 1 ; 1 m u ]

F ’  m cm ’im t -ngt ’t ; ii:; oh r i ’  the I I - s t - t i c  t u n ~ier ‘ n- ot t  t he m’ - ‘0! 1 t lent: ‘i t - i - l ie t- me t i m - _ i

place ci’ t .Ims ’ ace  i - b o i l ” ‘ai m  oIl y be t ahist m i at; very app !’ -x t m a t e  I t i l t  t a t - i  ~ ‘ m I I ;

ci ’ (li t ’ I i lcd i i i  ci that I I  ‘to e C ’C M,h I ( .1  ‘no p.1 t i v t ’,t  a e;u i s : c l  1’, ‘ 1 ’  i i i  t b ’  a ’,’ I —

~lent ,t ; . Time h i  ghi per ’eum I a.~-:o 01 ’ “ ? “ iii L bmt ’ Lml rtttLLeIIC ’e t m ii h  I, ’ ne - , , j t i  1 - t m  ,l it

par t - I ‘ l i  l : t r , o t t - o c t  i ’  ( I t s ’ uuie ’r t ; tii mt - ,v ci ’ ( i i i  it t m t t t ’, ’ a u m t l , ’ l m t  . W i  I i  C ’S t l i ~ I I  L i  e l m s

itt th is ’ t i ’ ’ ~~~ C is ’ I t l  t i  t m ’ WOl’s ’ iin’ to t o l t , ’i i  u ’ ’ p r l - t ’- i in bmi ~t ImJ y - 1 11011 t~~m t  - t~~’ t I ’ I O L O
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— TABLE III- 11t . SUMMARY OF IFAF ACCIDENT NTSB FILE DATA
a . CONCURRENT CIRCU1V~ TANCES

—_____ —______ 
AIPCRAF’T 

—
~~~~~~~~~~~

BEECH CESSNA NAVI~~ PIPER PIPER
~~~~

- 210 PA— - PA— “0

I 

(~~~~)• (~~
) .  (~~~)* (~~~~~)* (~~~~

A~~CRAFr/PIL0r DATA: 
PERCENTAGE OF ACCIDENTS

012 aircraft have
’ 

y-os 9~ ~~~~~~~ ~~~~~~~~~% 73% 71~ 
-

operative autopilot? No C~Q 29 7 —

______ — 
? ~‘ ~ L ~‘7 20

Was thc pilot instrument- Yes 67 29 13 1’ “9
rated’~’ No 0 - I

WEATI-~~R CoNDITra~S AT TI-tE TflCtE 
~~~ PERCENTAGE OF ACCIDENTS

What were the 
~~~~ I

_ —
~~ 1~

- -
~li~ hlting conditi en.;~ Day 80 78 71 -

Twil ight  9 11 i t  7
Bri ght N igh t — — — — —

Dark Night it - ’ ii it

• Did ThhC exist? Yes 100 100 $o ‘ --7
No — — —

_____________________ _______ ______ 
9 — — j 1’? 

~~~
“

Wa s there turbulence? Yes 17 I
-
~ No io 22 - 9  2,5 , C?

“‘8 - ‘9 no - ‘9
_ _  

- ~~~~~~~~~~--- ---‘- - - - -
~~ ----~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -_ - -

Was there thunderstorm..? In in-,m -odiate
vici nity 9 ~~ 3 l I t

In thie
8 11 — 20

22 71 57
_________ ____________ ______ 

1 9 11 20 it

Was there prec ipitation? Yes ~0 89 7 1 ~O ~~ 71
No 18 — — 23 i i ,

22 11 29~~~~~ 57 Ic

- 
- Did icing occur? No ttO ~~~~ — 

3,5

______________________ __________________ 
oO 67 100 67 ‘-7

Was there lightning? Yes ~~ t C  7 0

* Number of acc i d, ’r it . : .
‘
~ Unknown icr one a ’ s ’idetit . E i t I m e r  ci’ t w o  - tor t  i f i  cat eCi pilot s could have l’eomm at

the controls at the t i m e  i t ’ one of’ the acc idents . One was in s t ru meut - r at et .  one
- 

- was not .
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TABLE III-11’i- . (Concluded)
b. STRUCTURAL FAILURE DATA

AIi~ ’RI ’~
BEECH CEOONA N,-’i\JOT-~ I’IPER I’II’ER

CO~TcX’1’ENT ~ 1O I ~~~~~
___________________________________ (~~~, l ) ’  ( 9) ~j  (7)* (~~~~~~ )

*
I ( ~~~~L

PERCENTAGE OF ACCIDENTS IN WHICH COMPONENT FAILED

Wi ng ioo~ I ~OO~~~[ 7~ ~~~~~ 

--

Aileron NOT TABULATEDI

Aft ~ iselage S t- - m 56 7 1 ~
itor?:.ontal Stabilizer So 78 66 71
Elevator 79 iao ~7
Vert ical Stabilizer 67 ‘~‘ 37 —

Rudder I1-~ 1~t 
~~~~ 

0

PERCENTAGE OF ACCIDENTS IN WHICH COMPONENT WAS LIKE LY FIRST SEPARAT ION

Wing t8 J 67 70 -:1
Aileron I~ 22 ~ 2,5

- :- I Aft Fuselage~ — — — —

Horizontal Stab lizer 2 it 
- 

—

Elev: tor i,,• ~‘

Vertical Stabilizer 11 — 10 —
Rudder 22 — — —

n one Idontifted il’ 2’ t, -
~; 10 it

* Number of Accidents

Oince wing failures — usually involving aopor:stion ‘at’ at te tm ~ t one wing —

occur  in nearly all these accidents , and siut ce aileron failures cannot usually
be distinguished as independent at  wing i’ai me , the f :mct  that  the t m i ]  omen wn. t ;

noted to have ~
‘t-- iot1 is net at’ ii:Lci ’oa t.

~ 
Forward of the stabilin- ’r attach p o i n t s

{ The Beech ~5 has a t ? vee ?? tail . 1’ :mIl l i r- ’- ;  of tim ’ -atab il inei ’  a rc lit :to2 i t t :

“ horizontal  s tabi lizer . ” Failures of the ruici’ v s :  rc :~re list ci t I L t S ’  e ie \  at -P . ‘

~ The Piper PA-2
1
~ and the  Piper PA-,5O have an a l L - m : m c v i i m 1t tai l . FaiJ :,rec of this

“stabilat-c’r ” are listed tinder “horizontal stabilizer.”

TR_ 1O~) ~‘I
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• Icing Ct-cul l be ruled out as a factor in at most ,
about ~0 percent of an aircraft ’s accidents.

• About 80 percent of each aircraft ’ s accidents
occurred in daylight .

On the other side of the i’oifl , these differences between a i rcraf t
appear noteworthy :

• More Beech 35, Cessna 210 and Navion aircraft were
indicated not to have an autopilot than were to have
one . In marked contrast, an autopilot was installed
on at least 70 percent of’ both Piper airi’raft .*

- - 
• Cessna 210 accidents involved a considerably higher

percentage of instrument rated pilots than those of
the other aircraft .

• Accidents of the Cessna 210 and , to a lesser extent ,
those of the Piper PA-3O show more evidence ci’

thunderstorm involvement than the accidents if the
other aircraft.

Table III—l 1-~b summarizes the st r u c t u r a l  f ai lu re  data f,tr the a.’ ’ i d e i i t s

of the 5 aircrat’t. The ~Th j e  - t i v e  of this sun’mmary Is no help id ent i fy

the failure me ’hanism by finding out where the initial failure occurs .

The first item is simply a tabulation of how often each component

failed in flight . This des ’ription bears some qualification . Structural

damage which occurred after the I nit lal h a l lure was not ‘i ’ in t e rest . Thus

components which had been struck by other components or were damaged by

other than aerodynamic overloads were not counted in this tabulation .
Hi gh speed impact and sometimes fire usually did extensive damage . Dis-

t inguishing between these failure types from the data in the files was
not always easy .

*Most of the acm ’ dents where the presence of an autopilot could not be

• established occurred after 1 )72 . At the start of 1 975, NTSB Form 6120.4
was changed; it no longer provided explicitly for an indication of
“Installed Flight Instruments ” which included the autopilot .

TR_ 1m i~~)_ 1 111—40
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Unfortunately, as indicated in the table, most accidents nv -lye

- I  multiple failures. Thus the tabulation ol’ in-fl ight failures Im es ii I

point stro ngly to any one component . It is not surprising that at least

one wing almost invariably fails, since the wings are the main load
carrying structure and the accidents usually terminate in gross over-

speed conditions . The data also show :

• That time horizontal tail surfaces are more likely to
fail than the vertical ones or the aft fuselage .

• That the aft fuselage failed more often -um the
Cessna 210 or the Navion t han on the other three
aircraft .

The other breakdow n in Table III-14b attempts to identify the ina tial

failure from the wreckage t rail , ba sed on the prc’posit I on that the part

that fails f i rs t  separates f i r s t . Parts foun d at the ups t ream end ci ’ t ime

trail or not at all after an extensive search were listed as likely i i  r a t

separations . Note that more than one component somet imes met these quali—

fications in an accident . Thus the column t-ct,tils tntiv I t o  greater than

100 percent .

The first—separat ion data point t - 5 ’ time wI n
~

’
~ 

a n t  • tm ’ a l ce sm ’m i’xt.m ’tit-

the elevator (or st a1 i  ~~~ as t ime l ikely i n i t - i a,L its lure P m  all f i ve

aircraft :

• Time wing  was ‘it; i’i ~~i i  I’C I I I ’ lily (0 per - c u t  ot i -h u e  -

ace I dent s of the Cessna ‘10 and t i me  P i _pci’ PA— ,
and PA—5O . This is sub sl-atttt - i ally more ~ i’t-en than
any i i ’ time o t he r  ‘emp - u i c u l t  S t’ i t .tod u t  tiIi ’t-t O  t i m ’ ’  - , i i ,~t u t  ~

• The elevator was cited sl.iutlmt ly more often titan
the wing for the Imee5 ’hm ~~ and the Nay I cii (~~~ 

ver su s
instances).

The wing dat a  is a iso m ’’ans  - hm ’re d 7’, ’t’m ’ cot: , ’ Ius  lye f r  ‘t : t ’a il ’ r m ’ : i , , ’n . ‘Ito

w i n g  shou id h i t t y t ’ : u  I ~~~ ‘1’ s t ir  i ’ i i ’ c — ui ’ - ‘ I  — t - ‘— W O  gIlt m m  I c  I -c: ¶ :s ’ a i i  e a t  i’ t” icO it .

Therefore the tail surfaces should t ravel shor ter  1 1 stances I meIm: t he I r

point of separation and are more likely to hot ’ i’’muid mit I tie up st r e tun  end

‘f time wreckage trail. They are also more lIkely I-- - m a ” m m u i m e ’ 5 ’ver c i

because they are smaller .
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As was done on the analysis of the ai ’c i a eu i t  b r ie fs , a b reakdown of the
circumstantial ev idence f’elt to be most directly related to the occurrence

• of the accidents was done for each aircraft. This breakdown had one more
dimension than the previous one . In the earlier breakdown, turbulence and

thunderst orm had been comb ined into one category as an indicat i on of atmos-

pheric disturbance . A separate breakdown for each did not appear warranted

in that analysis , because it was not clear i’r -m the briefs that both ci ii-

ditions would consistently be cited if there was distinct evi —ieni ’e of

both , e .g . ,  if a witness saw the aircraft crash in a thunderstorm and

he also reported violent wind gusting . Examination of the accident files

allowed such distinction . Since a thunderstorm may include many adv er se

effects other than turbulence (e.g., poor visual conditions due to rain

and dark clouds, or lightning which may strike an aircraft) thunilerstorms

and turbulence were counted sepa:9tely .

The resulting four-dimensional breakdowns are given in ‘f ab i e s  III-1~
through 1111-10 . It is d i f f i c u l t  to draw meaningful conclusions from ~h -se

tables; only the Beech i
” and t h e  P iper  PA_ , ’h4 had enough accidents to

j us t i fy  such f ine  b r m ik d c w m : a .  The it -t a -u -c P 1’toCS ’t l t  C C I  here ma i nly in the

hope that they w ill be useful to some future r u ’s e : , rc h tc r .

These tables also provide a compact summary of the combined influence

of the major pilot and atmospheric factors likely to contribute to the

occurrence of an in— flight  structural failure . With regard to the impor-

tance of’ these factors, note that the five tables reveal only one accident

that is thought to have occurred in VMC I n  the absence of turbulence and/or

thunderstorms . This accident occurred to a Piper PA-2~-i and is described in

the subsection dealing specifically with that aircraft.

Up to this point, pilot-proficiency has been quantified ouly I n  terms

of whether or not he was instrument rated . Other factors mi ght signifi-

caritly influence his ability to handle an aircraft in adverse conditions

such as are associated with IFAF accidents , e.g., how experienced he is ,

how familiar he is wi th  the a i rcraf t , how much time he actually has flown

on instruments . Total flying hours was tile best indicator ci’ pilot
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experience consistently given in the accident files . Figure III-~ com-

pares the total flying hours of the involved pilots for the five aircraft .

Piper F~.-24 pilots who had IFAF accidents appear to be substantially less

experienced than the pilots of the other aircraft. Since reliable data

on the distribution of experience for all pilots of these aircraft were

not found, it is not possible to determine whether this reflects dif-

ferences in the pilot populations for these aircraft, or a tendency of

low-time pilots to have more difficulty with a Piper PA-2~ than with the

other aircraft.

E . ADDITIONAL DATA ON SPECIFIC AIRCEAFr

1. Beeeh 35

The most common circumstance indicated in the Beech 35 accident s was
IMC. Eighty-six percent of the accidents for which statistics were tabu-

- I lated showed some definite evidence of IMC. Only three accidents seemed

to have occurred in VMC. Substantial turbulence was indicated in two of

the three. In one case there was roughly 30 mph winds gusting to about

70 mph; turbulence in the other case was associated with a nearby thunder-

storm.

The third accident was more of a mystery . It happened on a Beech

Aircraft Corporation test flight whose purpose was to check the operational

performance of a replacement turbo supercharger unit . The pilot was quite

experienced .* The only atmospheric condition not ruled out was turbulence;

ground winds were 15 kt gusting to 25 Itt .

The structural failure data previously summarized in Table III-1~ b did

not ëive any strong indications of the likely first failure in Beech 35
accidents . The examination of the wreckage details did reveal how the

a structure typically failed:

*1026 hr, 187 in type, Instrument rated with 113 hr on instruments, also
certificated as an instructor and glider pilot .
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• The wind usually failed just outboard the fuselage
attach points or in the center carry through struc-
ture . It often remained essentially intact after
ir separated .

• The stabilizer also tended to fail at the fuselage
attach point and to remain intact after it separated .
In a da i tion , it commonly exhibited another charac-
teristic failure pattern; in 56 percent of the
accidents the butt ribs of one or both stabilizers
were bent as ciich as ~~ at the i , ’main spar attach
point . In conjun~ction with this bent butt rib,
the stabili:er ’ s surface usually had a crease
rumalng from the main spar attach point to the
trailing edge of the stabilizer somewhere in the
vicin ity of the center rudde-,-o co~- hinge point ,
see Fir. III-5i.

a. Left stabiiiz~- r butt rib

Figure III-’ . Photographs of Typical Beech 5’- Stabilizer Failure
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There ‘ -as some -.‘uaas ’ern about possible pre—existing t3t r a - - tai r’asl wea5 ,1a~’a3 ,:

h r the ~tra i afit model 
~ 5 — the first of the Beech ys line . These a t i  r -

- 1 ’~L 1t -  h a d  SOHIC problems with the wing center carry thr s ’u~’, i a  strw’turc ( t;e e

F’ f e~’tion IV , Table IV-f, Beech AD n,5-I2~’—1 ) . This model was I I 1 V C  lye-i Ui

if of the IFAF accidents identified from the briefs . Files f~-r n in e  C i

t ItLaSO accidents were reviewed . There was no indi cation that t h e  C t 3 l i t - L ’l’

-ai ’ry hr -tt , -IC structure had a si Clii I’i cant influence on these a5 ’~- L1I ents -

Details of some of the I ndi vidual accident s are worth  1 iL ’t i f l ’ l . As

previously la~te-l , nC - n-fatal accidents were not represented in the final

I FAF stati sti o s .  These acc I dents were nonetheless carefully st-u,liei ~ui.t

compared ‘to see if the first hand accounts given by the p ’al-;ts nü a - : i a i

S ’L f: CSt a causal mechanism which might also apply to the fatal acc dents.

There were ~ non— Cat-al POe C ’h ) ~~ a~’~’ I dents 1’~-r which files were

re ‘ci v ’  - All t tree involved turbulenC e . ~~o were  somewhat s - - l a i r

One invelvet a Wake t rbwLel C ’e upset C’ 1 an instruniont —r at e l  and exps ’—

r ae aa ~’esi p. 1 1 - t  ( i  i t ’~ hr . a ’~’O i n  i yp e ;  - -aaJaac r .- al liCense) - The ups- i-

r r ’ aau  iL e , i  in l~-js oj  5 - oxi~ rol . The left wind suffered substaist - - al ituniq - :e

at uome po in t  between the turbulence encounter and subsequon i  re. - C l very .

The se5’ond happened t o an inexperienced (~‘7o hi’, c” in type\ non—

1uCr 5 ,u -u ent ra t -ed pilot., who encountered, atmospheric turbulenCe W illie

he was mak I iC 5 , a t urn i n , at wor st , intermittent IMC . in th e Jut Cr

- ‘use, thìe p al - -I  mentioned. ~oi nc’ into a spiral , which siq~5,’:est l_; that -  t h e

v.1 ~taial condit~ ons may have played a part in the upset . l’C ’t - II w i n ~’s

Were dwna a -ed in the re’~ I Vt ’V’~’ -

- I Tile third iio:i— fatal acci lt ’Il t  involved a dire5 ’t- turbulence ever I- t i- i

t i i~~s atepara t - - I a o t ’ one C ’ t ’ the rn~I1teva t el’s , ac co l - d i l ag  to I lie ~‘.i tel - The

a i ’ - ’raft subsequently bc C ’~~i~’ lt VF ’i’ i Cd and ap~la r e i a t  l y t-he ace i C le aìI Wtt~

nail-fatal only because of a combination of for tu i tous  c i  rC ’iu nsI t ulC -eaa :

th e  a .  rer a it  was CalL — Se t o the  :r~’wi1l ; the  p i  let - ‘ s attempt s at 1’e1 -
~ -v cry

3IC aW CC [ the  aircraft  S sI i a l e \ 4 h s a t . ;  tu id  the I mpa C’t was broken by trees and

cushioned by SfloW
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Some fatal acc -lent - s were also nut - ‘euiat-ed. in the Beech ~
- ‘

~ 
stat - cli ’ s,

t~ -r the reasons pre y I - -usly qiveii  a n  Tai le ill — - - t -  - I ’ I lieS-

- 
- CX C ’ludeCl 1C r  reas ’ aac  unrelated per se I c  t i i t~ tap e- - I I ’i c air C ’r a I t -  ! I V C ’ iVl ’- t ,

e .~ i ., p i lo t-  I n ’apa ’ I t-itt - I on - I c I n g  • absence ci proper - l a S t  i’unientation

‘II I CrC - is a t:ca ct’a.t ia: t re st -  u s  a hesS 5cC ’ . 1 C C ’ :  - 
- S a t  i t d  1 ca C i’s C’l 11,1 1 h t~ai h a

L ’a c t ors Wi lici l  st ay have gci~e i - iade ’ C ’ C ’u - u  h a .  I-lie ii ’ A_ i ’ t i c s ’ a d - c S C i  d O1~ lie

dl, i~ itt C . Ol -hie ’ F ~ ‘ \ c ±-  a C ’ , j  a e c i i le - , L  i’~ 
- 15’ SC ’ in a e a s -c - a ~~ 1 i ’ct~ au ’ t hey a - aa ~

he moi’e r o ta  I ed I o the Beech ‘~H

One ut  t a i c s - . ’ a c ’ I s e n I  ~, 1: t.;te~l u sa -i cr “Ot - cer  i n  Table 111— 13, .i , v - -l vs - ,l

au at i-era i t .  in a i a n — a  i rwC ,rtb1~ s ’ C ’ I I CI, I I .  I On:

“T h e  t ra  ~1I si ,~ CC ti ~~ C 01 t h e  ri~ t it r u i d cv s  a c i ’  11d b beet -

repu r e t  after l i l ly  I n~i been ,ituna~a el while movisi~i I-he
a i  r -r aft  uii t-o a la tu lg ar  - T h i s  rs’pa - r ia,i be en salad e
by stop drillilis i t h e  :i- -k~ , ri y e t  i i ~ re— eat C _ C ement-
plates al -nc t h e  tr:a - I a n~~ e , i ’ . C , i i i  apply - i i~~ t a i pe 1~~-

the c l i r t a C ’e of I-h e r a i t - l e i - C i s  a ’ . ’

This ac-cl C en t .  was cC in~ crest 1-c . ttuce ii - seems likely to have I av i v  c- a

as imbalance c-i ’ t he ruddci’ aai  - i ’ . b - eli a l a :  i l a b t i . I t i : C’C’ s t a y  c c c - - i t  h a  i - a t  I t ’ s ’ .

T h e  only CVI di ’a i ’e found .i ii t he file t h a t -  i a  i - l it - I sal I C~ t l  I - c  t’lutt i i ’  nt is

occurred was the lollow I ss ~’~ ( underl I n.ing ours)

“The aft SeC t- I C i i i  Cl i  I I l L ’ ñ~ ael tn - : e vi hi t h ì e  iC ’ l t  s i c - i t ’  ill . -i ’

and ruClderva t - - r still t i t .t t i I l l  W t ls l aid i -  al~’ii ~-: I h e

~‘ C i i t . C I’I 1 ne C~~l t u e  w r i ’ .~~ a s ’ di  c tr  h u t  i on  pat -li and tu 1’p1’~-\ I —

mately Ofle mile a en a c t~
’ t .lse :ia i  in  Wi’c , k:i1 ’ 0 - IuiSpes ’tiC’li

‘t’ tue SC ’par’ t I  Cd a~r eta o 1 ’ t h e lua ;ela~’~e S i l c W i ’ l cv a hence of
severe t c r c  - oa ,al I- -tiCS pr s . ei’ I- ‘at lure. T h e  r f i a t
s tal  I Ii :.aer and ru C u t e sa s  a cc htid -ae~sara ed i ’ r5 ’i a , I l i e  t i  ~

‘ -

l ’ucela a ’IC ’ . The separated c t - - u s c-f tb -se mai ls spar at ta5 ’h
f 1 t

~ 
Li i  -l show ed, evidence o C c~’v el’e i~pwarCi i c i  i l i i  i~~ itr a - - r

Ito failure - All separat ed areas of I i s ’ t p t t r s  vc -rC’ br i~:Iit
and clean w i th  t ic V I snai l CV I C I C I I C ’C 01’ I t O  ~i a a i ~ -

Three other exs’liiae-t ac-5’i~tents i nvolve-b I nst-niuneti t- pr -1 .1 ems . ‘i’hse

first was known to I nvolve a s ub — s t - a i a - l t t r i  Vacuum [1st r i — u I  ion co st  c i a

and loss s ’i’ at t i tude and. CtI  re, ’t I onal - -c- nec - lii  the C L I- se r two ‘i-saleS

the problem was not expl ici t ly  stated . Back~-iround .i. n1 ’ ’r~:t st a - - a ,  i n  i s - I l l

cases pot nt- s to the vacuum system . 11’ this  v er e t h e  p r C ’l -J  eat . ,  I haecc

‘aces could also have Involved, mal fwic t -  i ~i iI t i 1~ CY~’ ta . The 5’i ’ ’wnst,t siii lii i.
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evidence given by the Air Traffic Control records seems to support this

possibility . Erratic flying was observed prior to these accidents .

These excluded ac ’cidents raise the question of possible undetected
problems wi th  the instruments in the other Beech 35 accidents .

Details in two of the included accidents relate to the possibility

of instrument malt’unction . In both cases, rotational score marks were

found on the directional gyro rotor and in one case on the attitude

gyro rotor . No reference was made to the possible source of these

marks or how they might have occurred . In one case, however, the

pilot was observed on radar flying erratically in a manner which sug-

gests spiral divergence (s-turns) a number of minutes before the crash .

In the other case, the pilot was radar-observed in a turn for which no

instruction had been issued . However, he may have been avoiding the

“weather” in front of him Perhaps a more important factor in this

case was the pilot fatigue which was cited in the NTSB brief.

Three explanations for the score marks appear plausible:

• The rotors were scored on impact .

• The gyros tumbled in an extreme attitude and the
rotors were scored as a result.

• The score marks were evidence of a gyro malfunction .

Unfortunately the available data provide no clues t o  the answer. Three

other included accidents are of interest because

• Their reports included witnessed, events close t-o
the initiat i on of the accident sequence .

‘~ These events seemed to be related to instrument
and/or piloting problems other than those which
might be associateCi with turbulence or thunder-
storm -

Brief summaries of these three accidents are given below .

• Pilot was looking for \TFR landing at original destination
but area wis fogged in so he wanted to return te the near-
est- airport , He appeared to be preoccupied with soxr~
problem just prior to this. He was instructed to turn
left to 1300 heading and acknowledged . When observed

TR-1 Ot))-1 III-Y t
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on 190 0, he was asked if he was heading l~~0° . He s a i d
not yet and was told to turn  left to 110 0 . Immediately
he was observed on radar to make a tight ri ght turn .
He crashed on a 360° heading .

• A minute or two before crash, pilot was in a holding
pattern . He was requested to contact ground. approach
control on 13~-i- .1 M Hz (presumably a change in frequency
required) . Pilot ’s acknowledgement : “Ah , Rog , standby
a second , oh , I’ ve had my ~;yrcs tumble and I’ s, about tc-
lose this thing .”

• Witness observed aircraft fly overhead in direct ion of
intended route then make half to full circle and dive .
He reported not seeing lightning nor noting that the
aircraft flew through the overcast , but it was nidhit
with overcast sky over an unpopulated area.

The first two pilots were instrument rated with 1453 and, ~8~i total fly ir ~~
hours . The last pilot was not instrument rated and had only 52 total

flying hours .

These three accidents are exceptional in that they included witnesses

events close to the initiation of the accident sequence . One other acci-

dent which is similar in that respect is also of interest because it is

markedly different in another respect: :t almost C e r t aI n l y  was causeCi

by a turbulence upset . The important details were :

An inexperienced, pilot (i~~1 Cr, 25 in type , no instru-
ment rat ing or actual instrunaei t hours) reported in
hazy conditions and r eques ted  a DF steer . 1~ e1l ty
minutes later he reported that he was in a c-lu~~
and that it was “a li ttle tor a ulent ” and thai, he
was going to slow dow n and descend , lie was advised ,
to make a 1 800 turn and .1et out of i t .  He i’a~led
to acknowledge and slkr t . ly  thereafter  reported in
trouble..  .real turbulence . - .up and down tra Cts .., and
di f f i cu l ty  holding heading . Aga i n  a 1800 t isra . was
suggested . The last t h i n g  heard from the ai r - raft
was a voice sayi ng, “Hold her dow n ’. Hold her down Y’

a The turbulence was associated wi th  a t h i l l a I h r s t o r m
which produced rain and li~-I h t I I . a . il iii the v i c i nI ty

a of the crash.

These accounts suggest that most Beech-s 35 IFAF ace tents are the

result of loss of control , rather than d i r ec t  au ct -  over .lc -c -at -ts. This
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theory is supported by the statistical data — the high incidence of IMC
and non-instrument rated pilots. The accidents involving instrument
rated pilots show a higher incidence of thunderstorms and/or turb ulence .
The instrument rating may not prevent loss of control but only require

more severe environmental conditions to trigger i t .

2. Cessna 210

As with the Beech 35, the incidence of IMC in the Cessna 210 acu . ~dent s

is very substantial — some definite indication of it was present in all

the accident s tabulated. The 89 percent incidence of precipitation,
not iceably higher than for any of the other aircraft, also stands out
in Table III-114a. Per~-aps the more interesting statistics, however, were
the proportion of instrument rated pilots, which was so much higher than

for all the other aircraft, coupled with a higher thunderstorm involve-

merit, which was shared only by the Piper PA—30. The possible connection

between these two observations was previously noted — instrument rated

pilots can be expected to encounter thunderstorms more frequently than

non-instrument rated pilots.

Both the high thunderstorm incidence and low proportion of non-

instrument rated pilots suggest that loss ol’ control due only to IMC is

not a maj or causal mechanism. To examine this proposition , pilot expe-

rience and weather conditions for the ~l included accidents are summarized

in Table Ill-JO.

The accident s are listed in order of decreasing pilot total hours .

They exhibit a fairly consistent trend toward increasing severity of

weather conditions with increasing pilot experience. The third and the

last accidents are the only notable exceptions to this trend . The last

accident involved an inexperienced (student) pilot . He very well might

have had an IFAF accident in considerably less severe conditions .

The pilot in the third listed accident had a considerable number of

total hours . Some of his time was in a Cessna 182 of which he was part

owner; some was in a Bonanza owned by his employer . He claimed to the
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operator who checked him out the morni ng of the fatal flight to have
20-25 hr in a Cessna 210. It was strictly a VFR checkout with no dual

instrument instruction . The pilot crashed 10 minutes after takeoff on

a dark overcast night . This accident suggests control loss due only to

IMC . However, turbulence and icing cannot be ruled out. Precipitation

was also not ruled out, and its presence in all the other Cessna 210

accidents suggests the possibility that it may have an appreciable

influence on these accidents .

The seventh and eighth accidents in Table 111-20 also seemingly

suggest possible loss of control due only to IMC . It is possible that

the heavy rain indicated by the seventh accident could have been asso-

ciated with a thunderstorm . “Occasional heavy rain and possible

thunderstorm activity” were forecasted throughout the period from

approximately nine hours prior to three hours after the accident . How-
- 

, 
ever , there was no indication that the thunderstorm ever materialized.

The eighth accident may not even have been initiated in IMC . This

accident involved a turbo-charged airplane, topping the clouds by flying

at alt itudes from 18 ,500 ft to ~5,00O ft. The pilot turned back to his

destination to avoid apparent IFR landing conditions . At 25,000 ft he

last reported weather conditions improving in front of him . These other

details were noted in the accident report :

• A week or two prior to accident pilot had had his son
use oxygen on a flight in which he was forced to go
to 18 ,ooo ft to top the clouds . He did not use oxygen
and did not indicate how long his son did.

• I~.st know n oxygen system servicing was six months
earlier .

• Oxygen system capacity was 2 hr 50 mm for pilot plus
3 passengers (as there were).

• Pilot was apparently not well versed in need for and
use of oxygen system .

• Oxygen tank was found with one line connected , valve
open arid zero pressure.

T R— 1O) .
~

— 1 III— ’- -i-_~



The report contained excerpts on hypoxia t ’rolaa a bocklot which d ccu ss , -d

the subject . In these , it was indicated that at J:’,Occ ft a person had

two minutes “useful ~‘cnsc cusuess ” bef o re the absence ci’ sufficient

oxygen incapacitated him . It appears highly plausible that this acci-

dent could have been the result of hypoxia.

The excluded non-fatal accidents offer  further evidence that I’actors

other than IMC are more important in the Cessna 210 IFAF accidents. N-c

occurred in VMC and , in the other, v isual conditions were not reported.

None of the pi lots  were instrument rated.

Jne of the ~~C accide nts is especially relevant to t h e  in teres t - in 1 -

circumstances noted earlier about the fatal accidents:

• The aircraft  was turned upside dow n by clear air
turbulence about five miles from a line of thunder-
storms . Pilot lost ~O’D-4CO ft during the recovery .
Upper surfaces of both wings were extensively
damaged . Control system damage was indicated to
be substantial but was ~Iot described .

• Pilot was very experience t (t3 ,O~~ hr , ~ ,a-~o in type)
but not instrument r at  ed .

Another of these three ao’ I -teat s also a~volvcd a art ,lot - -c

4 upset :

• Pilot en a-’ud~ere~ st~cc 5:1 ,-, c r c a  of ncreasilig
i n t e n sit y  and reroute-I  he ‘ause i t  isflp otci’c a
“ safe  \TFR flight” to ~ac cc 1 ~ at I on wL -,~id ia-i- be
possible on that road c - SL-r l .iy th ,er ea i ’ter lie
encountered severe t a i r a - a L i e a .’e (updraft f- -lloi~ea
by tcio:drat ’t .)  whJ oh ‘auoe- .i h - rn t o  red—out and
the ai rcraf t  to p. t c l i  V cleat iy - lIe I’out o  :~~n :—
self in a d 0 bank atul I mmcdl  at eiy pulled power
redu~’in)-I speed from 1 c— h c5 mph to 1 o,:— 110  m p : a  -

- - He uot~ ced both w too were bent and he han d li ti,J,e
or no aileron ociatro l  - He used t h e  rudder t -

level the wings.

• The wing s and a I leron s sul ’i’cr e- l  ext n c v  o
the flight a - o a i t r - - l  system was o~ erati~~, ’ pr- p -n y -

• Pilot was exper.i e n - e l  ( , ~d’ a J l ’ , 0( l i t

.11 6 hr c I mulat ed but no a-u ua.1 a iist r ait aci:  ‘, ime

n ut. not instrui a :ei it  rat c -I ;  he dl .1 have a i’~nn -r  - ial
rat
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In neither of these accidents was it clear whether the damage was due

to direct turbulence overload or occurred during the recovery .

The third accident involved a considerably less experienced pilot

(1+oo hr , 200 in type; no instrument time or rating) who encountered
“severe turbulence and down drafts” which apparently wrinkled the skin

on the tops of both wings at the strut attachment point .

The circumstantial evidence from the reviewed files strongly suggests

that , for Cessna 210 IFAF accidents,

a • Turbulence is a decisive factor .

• Precipitation and/or INC are sam what less important,
though one and/or the other may - e a necessarl ~ondi
tion for a fatal accident .

• IFAF accidonts resulting from loss of control due to
IMC only is riot an important causal mechanism .

As the structural failure data in Table III-11+b indi cate, the

Cessna 210 tends to disintegrate in its IFAF accidents. A more detailed

examination of the failure data emphasize this point . In the case of

paired (right/left) components, i.e., w ngs, stabilizers and elevators,

the Table III-1~-~b data indicate in how many accidents either fails. In

the Cessna 210 accidents:

• Both wings failed in six of the nine accidents.

• Both stabilizers failed in seven of the nine accidents .

• Both elevators failed in six of the nine accidents.

Moreover , more often than not the failed components came apart in two or
more fragments which usually exhibited substantial deformation. There

did not appear to be any distinct failure pattern over all the accidents,

perhaps because of the extensive deformation and fragmentation of the

components . As noted in their descriptions, even the non-fatal accidents

generally involved fairly extensive damage .
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The concurrent circumstances in the seven Navion accidents inciat-~e a

hi gh proportion ( f ive ’) of non-instrument rated pilots w i t h  INC ia d l- ,wt oi

in every accident . Precipitation also was indicated i i i  f I v e  ~-f th e  ate - 1 -

dents and possibly wa.,, involved in the other L O L . Fa or of t I a e  f I v e

accident s of the non—in str ~~ient rated pilots indicated no t h i u a : a e r s o

involvement , and none of th ese showed any definite i n d I cat i on ~~~~ c a r L - u —

lence, In three of these four , the crash occurre~i well off : -la-c e • aiil

ground witnesses reported a similar peculiarity in the aircraft ’s behavior

prior to each.

In one instance a witness saw “the flash ing light and the plan e

ci rcling to the left ” , in “pretty heavy ” snow on a ~iark l1~~~I I l t.

ano ther  case a wi tness  reported b a n al 1 -, the aircraft  fl -n about f I v e

m aut -es pri or to the accident and “he sounded like he was t a a i ’ : : in g

In the third accident several witnesses heard the air- -raft wandering

around about 10 minutes pri or to the acc iden t;  one said it s ‘wa~ted in

trouble “like it was chang ing from one attitude ( s i c )  to another very

rap i cUy , ” then it  stabili  cod for about 10 minutes  then t agai 11 sou nded

“like it were doing aerobati -s t ” then l Ik e  ~i n  a d I v e .

The above descript i ons f I t  the  l - e h a a v i L -r of an a l  rcrai’t u t i c a , the pil~o

is having trouble ma I at a I n ing  contro l  - The fact t hat the a r 1~ti : :  all

crashed cons i derably of f  course  t ea ts to support t i a .  s p o a t t ; ib i U i  y - in

any case , excluding the remot e p o s s i b i l i t y  i ’ i l1st-r u~,ct .~ maii func i i on ill

all t hree cases , these accidents suggest some form ci ’ ‘~ -a a i ’ -c loss t u e

only to IMC .

The two ace cdelii s involving 1 r i s t r a u i a c a t a  rated p I L l  s, who w- ’ i ’ ’ i b i s )

the most experien ced ~~~~~~~~ hr and ddc ’+ lax ) of t h e  sev -caa a~’- ’hiel i t

pilots, were markedly different- . ho t - I t  i nvolved turht, ai~- a - -~’ . in d c  -ace

associated w i t h  a thunderstorm in w h i c h  the a ci ’  - r a f t  , -i ’ashed .

The main features of the 0)-rat ,’ a , i raj failure pt t t t  eras in the idiv - on

accidents were
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• A large number of downward wing failures (all -~f the
six left wing fa I lures on which a direction ul ’ fa i lure
was ind icated , an-I four of the six such right wing
failures).

• A high degree of disintegration, usually involv i ng
separation of the skin from the various :umpa aeat:.
This made it dii ’ficult to dis~ inguish structural
components much less to identify failure modes.

li. Piper PA-24

The structural failure characteristics of the Piper PA-c4 accidents

are discussed first because of their relevance to the discussion of the

accident circumstances. The failed component data in Table III~ 1lth show

some differences between the PA-24 and, the aircraft of other maufacturers .

With the exception of the wing , thie failure rates of its components are no

greater, and usually about 20 or more percent less, than those of the

other aircraft .* When its components separa~ed, the sections usually

remained relatively intact . The following fiilure pattern : were observed:

• With only one or two exceptions, the wing separated
outboard at roughly the flap—aileron junction , and
the failure usually occurred in the upward dir~ection
(21 of 23 wing failures in whi ch “up” or “down” was
indicated). The wing t ip  separated in at least half
of the cases . In a few instances , the portion ~n-
board of the initial separation separated near the
main landing gear well .

• Again, with an exception or two- , the stabilator
(all-mov.i ng tail) always failed near midspan , out-
board of the junction of the main and stub spars .
Unlike the wing, this failure was usually downward
(12  of 14 stabilator fai lures in wh -i ich di rection
mentioned) .

• With one exception , the vertical fin separated
essentially intact with the upper two-thirds, or
more, of the rudder attached to it.

*Differences between Beech ~~ and Piper PA-~lI2+ failed component rates
may simply reflect the dual role played by the Beech’s “vee” tail .
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- ~ Usually, t~~thi  ‘ci:gs a t I  or b ot h  s lab  I iot a - c t ’ s  :‘a iLe i . Aa i c  eros I

var  - at oi~ ~ii tui i  s a ncaa ~i marked i-ha ’ I act f aa r  ii rc lu-  aol fn at  an’ - ‘ I a -a  a

-4 of w i - a l - - Ia  oc c ur r e d  in 1 ~~‘2 - A single L no was tate only comuolte ti ~
— fat ~1

in each.

The stat - s tcc s  on the circuits  t naces  a t tend  a n~ t i e  PA— :1~ a ’ c  - cent s urL

ve ry  interesting. The hi tgh  ( t O  p er c e n t)  per~’et . l  ago of J Ma ’ - w I t  P c :.lv -ne

oef cai~ to  VMC ace a~ieaa t  . - s of cour se tact . a a o a s a a a l . The PA— 1’ also :1:, us

far t h e  lowest- ( i g  p e r - o : , t ~ p e r c ca :  a t o of - au a t r au : :o a , t  rated pt i- a: . I t t

t h e  I nci Ie iac - c -of a iv e r se  went-her -~-a1c I cans ot htei’ a u t o .  i~- • i - l i e  tn I s

t ics  d i f f e r  s a*s t a t u  ially from those of the other fo ~ r al n - i - tat ’ : t h e

PA— :1’ show s mar~ edly lcicen it e l I o t  c c -  of a ~e- cc  - h c a c a - c  LorIs

prec i :- i a  attica a loot ally of the

It shares  t ine th o r  caa:~-r - i i  f i ’ r e t ac e  Pros: t -h - ae - -ci - malc~~i ’aa - ’ : , r - - c-c

a . i-craft w i t i a  the PA—~ f .  bct- h ind ica t e th a t  a - c t  t~~n’ t a i n t  C acr ’caa

these ai rcraf t  had au top i lot s , - ‘cnp t a r c i  w i t  a - a n e r c e a a  a’ less for  a I t o

c a t t i e r  three a 1 rcraft  . In Can’t only two  of t h e  ate i d e a a t s  sea l ~~~ ely

o- ’curred to Piper a i r c ra ft  w i l  Lout aut opilots .

A: not ci. • t he  high 0cc 1 neat I txo lvet a-aert -  of non— I t  t a a r a a a - a - a t t  rai t c-I :ca.t

less experienced p 1 lot- s in  c1-cab nat I -ca t  w i t h  a h i g h ~: a - ’ ide a : - ’e of IC is

net cu acscaai l  - Two cases in wh I cc t a l e  pIl ot- was in ra~t a~ cct’,- r aca :  - I cat .1 c:t

with an Air T r a f fi c  Cc: .1 r-:.I f e a t  or ,) oit pr : or b-c I he acc : ~~~ t a re c c l  o —

vant to the connect -i  en -1’ lie two t a c t  -i’

• N ’ a :— i a t s t r t u a t o t , a  r an - u t pile: (1 i~: ar • 1a’ - a , pc~ w a s
on top of h igh ceer - -ast - at 11 ,-~Of ft Cl  t’a e e i a  m i t , i i  cc
pr ior  to c rus t  and w a t t : ’. ed t o  know where  li -ca as oht-
f i n d  i~rt-auts In t ia e ov~-c- -ast  . F L-a cop. r~ e-i If a n.
west of Mary cv I lIe - ~n a- ~a a i  aaake l ’a a i . s p~-s t - c i a  • Iae
said he wa s ‘ or ) - t - - - d I C t a  askea t hat ( -0  t t a t e  t o
Marvaav ile VaR at- 1 1 0  - - ~- ‘ IL , ’- at - a d to ‘e aa t or I ate

- I needle by t t :r : t in g  th e fna at a i a t lr  c og i- a t ’ I a -tcr  - 110
- - did, and ~a t l  1 needle centered at- Off and t h a t  t o

had a ‘ t e” m d i  cat can - lie was cli to lead C
magnetic and repc ci on thi s head ng - Ten ta d t in t  cc

pa- a - -r t-o ‘rash , he reported on C 00 a t t n  in ( : a e  clear -

He -r ats - at e - a at cC urn \~—fV -f M t a r ~ cvi  ~o -  -
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• Non-instrumented rated pilot (—180 hr, —.17 in type)
reported on top at 7,000 ft with cloud tops at
6 ,700 ft. He was close to destination but had, a
problem navigating . When asked his heading, he

- ‘ reported 170° after a long pause, but DF strobe
showed 290°. Air Traffic Control Specialist (ATCS)
advised him to head 1000 and report when on course.
When he did, ATCS “fixed” him at 280°. (ATCS also
mentioned suspecting pilot ’s uncertainty about his
position based on earlier radio contacts he had
overheard.) Before ATCS could advise course cor-
rection, pilot said he was starting down through
the overcast . He crashed within minutes .

Both these account s describe inexperienced non-instrument rated pilots

having diff icul ty navigatin in VMC . The added workload of maintaining the
aircraft flight path in IMC would certainly have increased their difficulty

several fold . In none of the other PA-24 accident s were there similar

indications of navi gating difficulties for more experienced and instrument

rated pilots.

Five accidents involved instrument rated pilots. One accident

happened near a thunderstorm . Turbulence and IMC were also indicated .

The other four accidents did not involve thunderstorms and turbulence

was not definitely indicated in any of them . However, they all involved

other interes t ing’ details.

In one of these, either of two certificated pilots could have been

at the controls . One had 7, 00-u hr, including 200 in type, but was not
instrument rated; the other had 321 hir, only 7 in type , and an instrument

rating . The aircraft had operative dual controls .

The owner (non-instrument rated) of the aircraft was demonstrating

the autopilot (Mitchefl Altimatic II) to the other pilot . This auto-

pilot had malfunctioned on previous occasions :

• Three and a half months prior to the accident the
autopilot altitude hold un it was repaired~. The
altitude sensing unit was found defective and
replaced . The autopilot was flit:iit checked at
thi s time .
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• A month and a half before the accident, a pilot
reported that he had, the autopilot engaged (either
on climb out or in level flight) and he turned his
attention to a chart and seconds later found him-
self at a 1~5O left bank, heading 900 off the course
set into the autopilot . Once the original course
was re-established the autopilot was re-engaged and
“performed satisfactorily” on the rest of the trip .

• The next day a pilot noted that: the autopilot
would not respond to a manual change in the altitude
indication and pilot could not overpower the auto-
pilot to descend with altibude hold engaged. If
altitude hold was engaged with other than the indi-
cated altitude dialed in, the a~.rplane would “change
attitude abruptly,” in the direction appropriate to
the commanded altitude change.

This accident file also included the following details:

• Visual conditions were not definitely established.,
but were more likely VMC .

• It appeared that neither pitch nor roll servos were
not engaged at impact.

• Newspaper account mentions a student pilot who saw
an aircraft in the area “climbing when it made an
abrupt level maneuver and appeared to stall.”

• All three landing gears were down but flaps were up.

• Structural damage included typical outboard separa-
tions of the left wing and both stabilators. The
vertical fin also separated with the upper half of
the rudder attached after being struck by the
separated wing section .

Another of the accidents of instrument rated pilots bears sc

similarity to this one. It is the only ?A-2~i- fatal accident whi

definitely occurred in VMC . An experienced pilot (7,~ 95 hr, in
unknown, instrument rated with 200 hr of simulated and 110 hr oi

instrument time, with commercial and instructor ratings ) was in

craft but was identified as definitely not a crew member . The

a friend (J+J~8 hr, 20 in type, instrument rated with ~4-0 hr of sii
and 26 hr of actual instrument time). The purpose of the fligh

Th-1099-1 111-65
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the passenger to familiarize himself with the operation of a “portable

dilutor demand oxygen system.”

The possibly relevant details are

• The aircraft had the same model autopilot as in the
“two-pilot” accident.

• The autopilot was off at impact.

• The oxygen valves were in the off position.

• The aircraft was in the landing configuration.

• Witnesses observed the aircraft flying very low and
fast, descending as if to land when it dove into the
ground . One heard an aircraft occupant yelling
something.

• Apparently only the stabilators were damaged . Both
were folded when just outboard the main spar/stub
spar junction. The left outboard stabilator
separated.

The structural damage indicated above was unusual in that it was the only

included accident in which neither wing failed . As indicated in

Table III-14b , the wing was the most likely first separation in 70 percent

of PA-21i. accidents compared with only k3 percent for the stabilator .

The report on this accident noted that operating instructions for the

autopilot warned “Never disengage the pitch servo without having a firm
grip on the control wheel .“

It cannot be definitely established in either of these cases that the

autopilot was definitely a factor . However , the usual explanation for an

IFAF accident does not appear appropriate . In both cases there were two
experienced pilots on board and the weather conditions were not bad . One

was definitely VMC and the other was probably VMC.

The other two accidents involving instrument rated pilots differed

from the two just described in two key points:

• There was a mitigating circumstance — name ly, IMC .

TR-1099-1 111-66
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• One aircraft had a different autopilot (Piper auto-
control); whether the other had an autopilot is
unknown .

Both aircraft were flown by very experienced pilots .

The pilot of the aircraft with the autopilot (7,000 hr, 12~ in type,

150 hr on actual instruments, commercial and instructor ratings) was

being observed on radar when he was instructed to turn right for identi-

fication arid then left 3600. The pilot reported these maneuvers as they

were being observed . Radar observer saw him initiate a left turn and,

after turning through about 70°, to gradually disappear, suggesting a

let down from (,000 ft to a lower alti tude .~~

The pilot in the other accident had 3,300+ hr and there was a con-

siderably less experienced pilot onboard . NotI’ing is known of the event.s

immediately preceding the accident .

The most interesting feature of these two accidents is in the nature

of the structural damage. The unusual characteristics iii the former

i nstance included these:

• The stabilators separated at the torque tube at tachment .
f i t t ings.  The right one also separated outboard fail  I

down and s eparat i ng up.

• The vertical fin separated with the upper two-thirds
portion of the rudder attached. The rudder cjnt.rol
horn and lower portion ci ’ the rudder were found
attached to the fuselage hy the cables . Both ears
of the lower rudder hinge had failed at the contrL l
horn . (The rudder horn assemb ly was the only
component sent to Washingt on , D.C. f~r exami nat i on.)

In the latter case , these atypical characterist ics  were noted:

• The right atabilator separated intact  at the torque
tube attachment f i t t ing .  The upper skin inboard of
the leading edge bays dished downward between t h e
r ibs . The upper skin was creased spanwise .

*Details of the flight suggest the pos s ib i l i t y  that the a i rcr a i ’t could
hav e run out of fuel.
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• The left stabilator inboard leading edge was displaced
upward .

• The vertical fin with the rudder attached was twisted
and bent, and folded aft.

The underlined portions in the above damage descriptions describe the
gross characteristics of the damage in one of the excluded accidents .

That accident was witnessed by a Cessna 172 pilot and his passengers —

who were friends of the accident pilot . They had taken off earlier and.

were now being passed by the faster PA-24 on their way to have dinner

together . They described what they saw as follows:

• The Cessna pilot said the aircraft “ ...passed us about
500 ft to our right and 50 ft above us. I would guess
his speed at approximately 160 mph. While I was watch-
ing him, I noticed a vibration or side to side movement
set up in his vertical fin . Almost immediately it gave
several side to side movements , broke loose and flew
clear of the aircraft . I am positive about the early
vibration or apparent vibration as I thought at first
it was a trick of the light . After flying straight for
a few seconds, the plane fell away into a slight right
hand spiral descent , made approximately five or six
complete turns and crashed . The first part to become
detached was the fin and rudder assembly .” He also
reported flying “at 2,500 ft” at the time “in excellent
flying weather w ith very little turbulence and perfect
visibility .”

• The passenger said the other aircraft “ ...passed us at
about 150 mph , our Cessna at that time was indicating
110 mph. When the Comanche was in front and to the
right of our plane 500 to 700 ft away.. .1 saw the
rudder and vertical fin floping right then left and
then it cane off going to the right, the tail then
came up and the plane went into a 100 right bank a
few seconds later the left part of the stabilator
came off. The plane then went into a right spiral,
made about five turns and crashed . The weather at
that time was clear , very little wind and the turbu-
lence was slight .”

He later reported that he had told the PA -24 pilot his
altitude was 2,500 ft indicated . “On reply, to the
best of my knowledge” after carefully thinking about
it (the PA-24 pilot) reported that he was at 4,500 ft
indicated . Diving from 4,500 ft to 2,500 ft the air-
speed, as I originally estimated to be 180 mph (in
above witness report he said i~o), could have been
considerably higher than 180 mph . How much I dc not know .
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The descriptions of the accident strongly suggest that t h e  ver~ cal

fin and rudder failed due to flutter. It is not knowii exactly how fast

the aircraft was actually going when the f in  came off . 11’ the pilot had.

been descending rapidly from 2,000 ft above the other aircraft, the e~t~-

mates of his airspeed might be considerably low . There is also the

possibility that there was a pre-existing structural deficiency .

One such possibility is mentioned in the accident f i l e . A year

earlier , just before the pilot bought the aircraft , the following

repairs were accomplished during its annual inspection :

• A new rL ght stabilator tip rib and fiberglass tip were
installed using original attachment methods . A dent
the size of a 5/32 in. diameter rivet countersink dimpl e ,
12- 18 in .  inboard from the t i p  on the ri ght stabilator
leading edge , was filled and the spot was painted when
the new t i p  was . Stabilator balance was considered but
it was decided due to the very small amount of W O i I d I L

added there would he little change in the balance of
the control surface. The damage was termed “hangar
damage. ”

• The nose gear inner and outer strut housing was replaced
because of damage to the nose gear turning limit stops
due to overturning the nose gear . “The rudder control
system is connected d.i re ’ti y t o  the i~o~ e ~car by cables
and control rods . • .any time the nose gear turn I :ig stopc
are exceeded a load is imposed on the rudder control
stops . Thi s load could cause damage to the rudder ‘on-
trol system .” The system was checked and no damage wa~
found . “This overturning damage could only he do~ Ic by
moving the aircraft with tug or tractor

Several pages ci’ detailed description of the structural d~ U 1IR I~~O are

contained in the report . Some key details are

• The vertical fin separated ,Iust above front and roar
spar attachment bolts w i t h  upper tw o— t h i rds  of the
rudder attached by upper two hi Ilges . The’ l owo t’ t h in i
of the rudder remained attached to  the air cra i ’t. by
the right rudder cable .

• The left stabilator separated —~~ in. outboard from
the torque tube attachment p~ I I t  , W i  th’t port i 1 I~~ 1’

right stabilator skin and rear spar attached . The
stabilator was bent up ~ -~C° near mi I I I;p aI l  and again
~~~~ outboard of this point .
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• The right stabilator had the above mentioned portion
torn out the inboard end of the trim tab, whi ch was
still attached by the two outboard hinges, was bent
4~° up 4o in. in from outboard end , then ~~5O0 down
—11 in. further inboard .

• The fuselage skixi was severely buckled and ripped
just forward of the empennage .

Damaged tail section parts were sent to NTSB Washington office for detailed
analysis. Hardness measurements were in norma]. range for f in  forward and
rear spar cross sections , and rudder horn and rudder lower attach bracket.

The accident file also includes the following (accident happened on

October 10 , 197 1):

• Piper Service Bulletin No. 362 , issued August 14, 1 977 ,
which states “Piper Aircraft Corporation is investigat-
ing the effects of improper maintenance and/or un-
authorized repai r procedures with respect to possible
deterioration of the margin of safety when applied to
flutter characteristics of the horizontal and vertical
tail surfaces.”

“In order to prov ide additional margin and in the
interest of safety, Piper has reduced the never exceed
speed VN~’ to 203 mph C.A .S. for the PA-24-250 and
PA-24-260 aircraft .”

• Piper Service Bulletin No. 5bdA , issued October t , 1 972,
wh ich states “Further investigation in the areas des-
cribed in Piper Service Bulletin No. ~o2, dated
August ~~~ 1) 72  has show n that installing rudder
balanced. weights on PA-24-180, PA-24-270 and PA-24-260
models will prevent possible adverse airplane vibration
effects, thus providing a greater margin of safety at
higher speeds. For thi s reason we strongly urge the
installation of these balance weights .”

“Unt i l  more information becomes available, the present
VNF~ 

speeds — 202 mph C.A .S. for the PA-24-180 and
20.5 mph C.A .S . for the PA-24-2’ () and PA-24-260 — will
be retained..”

• Airworthiness Direct ive (2-22- ’~ which re-placards V
~E

on PA-24 models and V~ç~ and V~~ on the PA-24-~Th0 and
-2h~

), as summarized in Section IV, Table IV-2.
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One other accident with damage characteristics very similar tL t i :  s

one was excluded icr a variety ci ’ other extenuating c r c L d n s L u i c es .

One ci’ the three non-fatal Piper PA-. ~ accident s of which  the 1’iles

were reviewed also shows damage s i m i l a r  to the apparent f lutter case .

In that accident ,

• The pi lot (:1 0 hr. I n type , I1~~fl— listrument ruto I and
no :n st rwnent  tizne l .la~med he encountered pre ’tp :tatiLn
area , and was execut i ng 1~ O° turn when he encountere i
severe turbulence that “turned him past the vertical

~ 05 t on • “ lie I st I ~ 0O— . 000 ft before regaini ng control

• Prior to upset , pil ot was in contact w i t h  approach
control . He said he was approaching p r e c i p i t a t io n
and wanted to know how heavy I t was . Radar di  LI not
show ~~~~~~~~ . Seven minutes later radar co n tact  was
lost. Pilot acknowledged (this message apparently).

• Invest gatcr noted that there was no ment i on of turbu-
lence on the tape ci’ the radio commun i cat i ons .

The vertical i’m was bro K en  (It i t s attachment pc ntn , with only ho

feiring attached ; the rudder skin was bent half way up; therc ~ere 110

cracks . The other damage included:

• Wi n~: tops wrinkled by compress i on loads

• Stab : lat r leading edge sk : IIS t~~a ~iow n from III i cpu i n
cut.

Another ci’ the non—fatal acc deI: tc  involved a I urhu lon o upset . in

that case the p1 lot (
~ hr • 1 11 h. type, instrument rated w th ‘~~ total

hours of simulated time ~ 
I~~ a c ~:I I : :a~ 1 rwnen t I I me) entert’i O I L  n.j  u~ i i

was making 1~ 0
0 turn when he en cu i lt .er t ’ .i severe turhu.leiice . lie lust

control and entered a spi ral at “excessive speed . ‘ A1’ter r ocovery he

descended to VFR .onI i 1 i ons . The w ag panels ‘ sustained ma ,ior damage .“

The third non—fatal accident would have been excluded on the grounds

of pilot incapacitat i on~ the pilot had struck h :s head pr cr to takeoff.

It appears t hat a ma~jority t the Piper PA-,~. accidents occur when a

non-instrument rated pilot encounters IMO . However , a i’ew of the acci-

-
~ dents do not f i t  this mold , nor can they he accounted for by weather
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conditions . Two of these accidents in particular suggest other causal

mechanisms , namely, autopilot malfunction and flutter of the vertical
f in. Others that do not fit the mold bear some similarities to one or

both of these accidents.

These apparently atypical accidents must be considered in light of

the fact that :

• At least 73 percent of the involved PA-21i aircraft had
auto pilots , a far higher proportion than for the other
three single-engine aircraft.

• Thirty-seven percent of the accidents involved failure
of the vertical fin, most of these in a manner similar
to the “flutt er ” accident .

Wh ile aut opilot malfun ct ions and vert ical f in fl utter might be respons ible
for some PA-24 accidents, any est~mate of the relative percentages at this

time would be sheer speculation.

~~~. Pi;er pA-30

The summary of concurrent circumstances in Table III-14a shows the

following key features for the PA-30:

• Like the PA-24, most of t he involve d aircraft had an
autopilot .

• No incidence of definite VMC and a high proportion of
non-instrument rated pilots.

• A hi gh incidence of thunderstorm involvement, like the
Cessna 210.

The high involvement of non-instrument rated pilots was somewhat of a

surprise . One might expect a relatively high perce ntage of instrume nt
ratings among pilots of a twin-engine aircraft.

The matrix of atmospheric conditions in Table 111-19 show that there

were two accidents in which there was neither turbulence nor thunderstorms.

Both of these occurred to non-instrument rated pilots flying in IMC. There

were also two accidents involving instrument rated pilots. One occurred

near a thunderstorm and turbulence was indicated ; the other occurred in

heavy rain which might have been associated with a thunderstorm.
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The non-fatal accidents give s imi lar  evidence of the relat i n s i : ip

between instrument rating , INC and IFAF acc idents .  All j i lv iv e c  ~urbu-

lence and.

• Three involved instrument rated pilots in iNC . In
only one instance was there loss of control , in
extreme turbulence.

• One involved a non-instrument rated pilot in  VMC .
There was flu loss of control .

Overall , the PA-30 IFAF accidents  seem typical c i ’ the ma 1 orIty ci ’

those of the other a i rcraf t .

The structural failure data summarized i n  Table I I 1 - 1 14h show the w i n g

to be most l ike ly  component t o  have failed first:

• At least une of t h e  PA-j o winds failed i n  all cases .

• The wing was cited as a component likely t o  have
separated f i r s t  in  ~ (7 1 percent ) 01’ the accidents;
the aileron , the only other component so Lteiit  i f
was only cited in 2 (2 ’~ percent) of the accidents .

The wing failure characteristics are markedly similar to those ci’ the

PA-2I~:

• Both wing s fai led in  s i x  ci ’ the seven a.’cident~~.

• The w i n g ( s )  i’ai  led upwards in ~ix of the seven a~’c i d e i i t s .

• The wing always failed cuthea ‘t~~ ci ’ he engine . Typ ical  iy
a ro Ighly s i x — f o o t  sec t i m  . from the wing t i p t o  the
t railing—edge fl ap-a ile ron  ,i :u ~c ion . ce}aI’a ~ ed .

This is very interesting because the PA-jO is basically a sI n g l e - e n g in e

~~ —2~ w i th  “ . . .the ciw i cus changes necessary to adapt a s t igit ’ — ezig  ne

des ign  to twin conl ’i gu r a t i cn , and the attendant structural strengthening

dictated by a higher gross weig ht and speed range” (Ref. ~~~ The plan -

form of the two aircraft , in fact , appears to he i dentical except for the

obvious differences related to engine placement (Re f .  A . ) ) .

The stabilator failed in 71 percent ci the PA-~O accidents. It l i d

not seem to exh ibi  t any regular failure mode. However • the non-fatal

accidents also give some indicat i ons that the stah ’:Iat r could be a

critical component in PA-30 in-flight breakups :
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• Three of the four accidents involved gust-induced
loads with no loss of control . Two resulted in
damage to only the stabilator and one resulted in
damage to only the wings.

• The fourth accident involved loss of control from
severe turbulence with damage to both the stabilator
and the wings . The aircraft entered a vertical dive
and the airspeed exceeded 2~O mph. To recover from
the dive, the pilot required the assistance of a
passenger to pull back on the yoke.

The difficulty in recovering from the vertical dive may have been due to

damage to the stabilator prior to the pullout . Likewise, some of the

fatal accidents ~~~ have resulted from damage to the stabilator which
then led to loss of control and separation of the wings.

Further evidence of a common structural weakness or other significant

design detail was sought in the aircraft serial numbers . If all the

involved aircraft were members of a distinct PA-30 subgroup, then charac-

teristics peculiar to that subgroup might be significant . The production

history of the Twin Commanche is given in Table 111-21 .

As the table indicates, in 1 970 the PA-30 was superseded by the Bt-39

whi ch was essentially a PA-30 with counter-rotating (C/R) propellers. The

entire line was discontinued in 1 972 after a flood at the factory destroyed

the dies used in its manufacture.

The serial numbers for all 13 PA-30s for which files were received

were checked against the table. These numbers all belong to PA-30s

produced prior to 1968; in fact , with one exception the aircraft came

off the line prior to early 1966 . The PA-39 d R  Twin Commanche, whose
statistics ‘were kept separately from those of the PA-30, did not have
any in-flight-airframe failure (1FAF) accidents included in the count

in the 1966-1975 period . A detailed structural history of the PA-30

could not be obtained, so the serial numbers in Table 111-21 cannot be

correlated with structural changes.
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TABLE 111-21

PIPER PA-50 PRODUCTION HISTORY

MODEL YEAR 
_ _ _ _ _ _  

DES IGN HISTORY 
______

A 1963 1~~1i~~ Basic :illy a twin eng ine version ci’ the
196k 1t ,~~_ 1~~’~’ Pi per PA—: -. C c*nmanche, wi th ot r n ct or J
1965 628—90 1 modific :ttiono ro~u roh to -~cccini: cJ ~ t~

the eng ine re rcn 1’igu r~tion and the h i c h i c r
perform tu ’c chornot ~r. ~ t 1 ‘

~~ m i  grm.:

~.~~icl:t . A ~‘cro  ion v i  ‘~h co Pr en g inc  ~ms
fi lit to’s~ ‘ i n  e-~r 1.~- 1 9n’ (never  put i n t o
pro i

B 1~)~~ ~)O . ~ 1~~2’ C~ ticn tl ~ eid 0 ce-it , o x t r  ciib~~.
1 ~~ ‘ 1 ~i ‘ — 1  ~~~ nd c’-’c • ~~~~~ H U’ e ~~p ’nt ‘ins in—

1 Oni~ 1 n~O— 17 . ~ic’ to t  cc op’ i cs ; tcriio—chiorgn h \re r: on .
wi h ct :n~ - .rJ wing ‘ ip t : : s ,
cO:~~ro1  in i L ) .

C 1969 1 7145_ ,000 Cabin refinements.

(PA~ -‘9) 1970 1—~~ md Major design modi fi cation (along w i th
1-8~ cha n ge of model desi gnat ion) :  revci nJ

turbo— of direc tion of the stc~ rbc:trd eng t I l e
charged shaft provided counter - r ot : i t  ing pr opel~I or : .

197 1 8~— i~~:
1972

Also of considerable interest  is t h e  fact  that C/R a r . ’raft d i d  not

have any IFAF accidents . The unbalanced a rflcw over the ai rfraine due

to the PA-~O’ s asymmetric power plant confi g u r a t ion  cos’ prcm c o t  its

handling qualities . The adverse characteristics in c l ud e d  these :

• Aircraft would roll inverted when stalled at climb
power setting , because one wing stalled before the
other .

• An abrupt increase i n  trim rudder was required with
decreasing speed .
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A c -~ r1ing tu Ref. , the use of c/R propellers “improved f l ight  ~h ara c—
teristic~ ~n all fli ght condjtion~ ~1ue to bal~nted ai r f low over earth s~~eie

of the ai r~raft .“ These kinds of harsh ni : quali t ies ‘Ii fferences ~oul’1
reaso nably be expected to be i mportant i n  the IFAF accidents of interest,
i n  l i ght of their apparent associatiun w i t h  IMC and the attendant likeli-

hood that the accident sequence involved loss of control n a hi gh worklowl

situation . Unfortunately, the limited exposure of’ the PA-~ , in the r ler~arie

surveyed (b en not provide a strong enoi.~ h foundation for making the

assertion that tFie c/R configuration is less susceptible to this kind

of’ accident .

The PA-~O IFAF accidents do not indicate any major differences from

the typical pattern — non-instrument rated p~lot s ria’/ irc~ tr c i~le it~ IMC

oniy, with more experienced and/or inntrwnent rated c :1c °~ li’r’Le~~j  ~.‘ ~•ave
problems in  I ~C i f  thorn arc other  adverse t o a d :  t

I

TB-i 099-1 III-~E



- --

SECTION IV

DISCUSSION OF POTENTIALLY CONTRIBUTING FACTORS IN
GENERAL AVIATION IFAF ACC~~~ENTS

A. G~~ERAL D I C~~8I~~

The previous section has presented statistical data on IFAF acci-

dents for general aviation aircraft. Those data show si gnif icant  var i i-

tions in accident rates among the various aircraft. The objective of

this section is to explore the many factors which potentially could

account for the differences or might be significant in f~ture aircraft.

While the analyses presented here provide some useful insights, none of

the factors considered can positively be correlated with the IFAF accident

statistics. This is due to a number of problems which are discussed be Low .

The factors of interest regarding IFAF accidents can be divided in t o

four broad categories:

• Aircraft utilization

• Pilot proficiency

• Structural characteristics

• Handling qualities.

Each of these categories is discussed in the following paragraphs.

Aircraft utilization is an inrportant factor because it rcf ~ cc L c the

relative exposure to adverse weather conditions. Aircraft used prim :ir.ily

for training and short-distance V’FR flights could be expected to have

lower IFAF accident rates because of lower exposure to adverse weather

conditions. This is reflected in the IFAF accident data by the low acci-

dent rate for the single-engine, fixed-gear group of aircraft. These

aircraft have a much higher utilization for inst ruct ion (~O percent ) tha n

either of the other 2 groups (3 and 14 percent) .

Pilot proficiency would also seem to be an important factor in that

many IFAF accidents are apparently the result of loss of con t ro l  in ThIC

and/or turbulence. This can lead to excessive airspeed or structural

loads during the recovery. Overspeed problems are :tn ii yr.ed in duboection P.
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Low pilot proficiency suggests higher IFAF accident rates for trainer-

type aircraft but this is apparently more than offset by the lower exposure

to adverse weather conditions. Furthermore, many training flights involve

an instructor in the airplane so even if the pilot has low proficiency, the

instructor ’s presumably high proficiency should help prevent accidents.

The effects of pilot proficiency may be the explanation for the lower

accident rate for twin-engine aircraft than for single-engine, retractable-

gear aircraft. Twin engine aircraft show substantially more utilization in

“Other” category (see table). A large portion of this usage presumably

reflects passenger-carrying service, such as air taxi. In addition, the

business usage of these aircraft is more likely to involve full time pilots

in the service of the larger companies who can afford these aircraft. Thus

the bulk of twin-engine hours are likely to be flown by professional company

pilots who should be much better qualified than the average general aviation

pilot.

Structural differences between aircraft are potentially an important

factor. Some aircraft are simply structurally stronger than other air-

craft because of either a deliberate design philosophy or the accuracy

limitations in the structural design process. Some aircraft may have

a structural design deficiency which was undetected in the certification

process but which could become the objective of an Airworthiness t~irec-

tive (AD ’, e.g., a flutter problem in a corner of the aircraft flight

envelope. Finally, some designs impose stricter maintenance standards

to maintain the structural integrity, such as strict mass balancing require-

ments to prevent control surface flutter.

Clearly the above features can significantly affect the susceptibility

of a particular aircraft to an IFAF. The problem we face is a paucity

of hard data to support solid recommendations. Under what conditions

would Aircraft X have a structural failure and not Aircraft Y? Even if

that data were available, there is still the problem of determining the

conditions at the time of an IFAF . General aviation aircraft do not carry

flight recorders and most IFAF accidents leave no survivors to report the

cir cumstances.
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There are , however , a few sourL’-’ 5 1’ re I evant- dai a on rue I nra I

characteristi cs and these are exnmin& ’d l ater in t h is  se ct  i o n .  ~‘uboe , ’t h i t  1’
reviews possibly relevant ADs and poss ib le  cerr~’l a t  ions  w i t h  fli .‘ioc i t - n l

dat a from Sec tion  I I I .  Subsect- ion C oxtun i nes I it ’ ‘err o ’ I it ion i t t  wet n

the accident  dat  a and speed marg ins  (di f l ’e r o i  ‘os he wo ’t ’fl I ‘
~‘ ~ cal ru ~

speed and  d e s i g n  L L mH speeds’i .

The t’it iol category ci potent ia l ly  ‘~ f l t . F I  h u t in p t ’: ’ ta t ’s  is I in ’  a i r —

c r o ,i ’t handling quail  t ies . Handling quolit 1 :;  ~‘on in f luence  the  IFA F

accident rates in several way s . They can

• Affec t the probability of the p i I at. Ian l u g  con t ro l

• Affe c t the o i rc r : t t ’t, r e spon se  after lass at ’ cc i i i  rai

• Affec t  the pass i hi l i t y  of the p i l l  at .  i u : i l v e r t o n t  i v
overstressing the aix ~~lane .

• Affect  the ov o ’ra i l loads and load d i s t r i b u t i on l o t ’
to p ilot control act . i~~ns and turbulence .

A number of important huuid l  I ng qua Ii ty charac ter  i t i c s  are ii:; I od in

Table TV— i . ~~rpical values of these pa ramete r s  for gen ’ral a v i a !  I cut

a i rera ft. and add it ~ onal 1 is cuss i on c:i ii be i ’,t u i u l  d i i i  R~’ I ’ . -

~l l inc e  these handling qu:t l  I t. ,v c l c ir ac  t o r i  sties could li ve imp ou ’  t a u t

effects on IFAFs , it Is desi rahie to c u’o’ e I ite I loese p a r a m e t e r .  w i t h

the ace i dent iota . There are , howeve r , ceve ra 1 prob l ems  wh i di mak e

t h i s  Imprac tica l .  The most ser i cits problem is  t h e  gener a 1 uu i :  Va i In—

h i  li l y of reliable da t a  on the  handlin g ui:tl it 
~ 
p~ ~

. r n ’  t . - ’rc . Tit -  ‘cc p a r a—

meters a re seld~ n measured and even ii ’ measur e d  t h e  h a t . a  ar e u s ua l ly

manufac ture r  p r opr i e t ary .

Since a. direct correlat i on w i t h  the o c c i d e n t  l a t a  was in ip r act .  i ao l

the only recourse was an analytical i n v e s t  i ga l  ion  01’ s,me of ’ t h t ’ p t  ~~

t i ally more important ; parameters . These ann  1 y o c S  ar ’  leo or  i bed i i i  it

last ~ subsect ions of this  so’t.Ion . th ibs ec t .  i o n  P l ’ r ’ s o ’ u o i  - - t o  a u n t  ]v s is

of -over speed tendencies . Key ai rcraf t  parameter whi ch a t ’t ’c ’t  t o  op al

i ncreas es duo I. a pi tch i n g eve r or In a Op i I’ a I . ;e - r -  i let; t If ’ c i

Subsection E is a d i scu ss  ion of sp i  r : tL st o h iii ¶ . I rev -w r  1 ’  a c i

the problem of sp i r a l  d ivergence w i t h  ci i nexper c- 0 p h  1 H in
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TABLE TV-i . IMPORTANT HANDLING QUALITY CHARACTERISTICS

HANDLING QUALITX CHARACThS.ISTICS 
— 

PuThl’1TIAL ~ ‘Ft~CTS R~iLEVANT TO IFAFs

Overspeed tendency Large speed increases due to pitching
over or in a spiral dive make it easier
to exceed the design speed limits.

Spiral stability Poor spiral stability makes it easier
to ente~’ a spiral dive .

Control system dynamics Control system lags (pilot force to
surface deflection) can cause PIOs (pilot
induced oscillations) and make it easy to
inadvertently overstress the airplane .

Stick force per g Low maneuvering control force gradients
make it easy to inadvertently overstress
the airplane.

Stick force per knot Poor speed stability makes it easier
to develop large speed errors.

Short period damping and fre- Poor short period characteristics can
quency lead to PlO, overcoritrol , or loss of

control.

Dut ch roll damping and fre- Poor dutch roll characteristics can
quency cause large tail loads; pilot may

not be able to damp the oscillations.

Power effects on longitudinal Large trim changes can cause loss of
and lateral/directional trim control, imprecise control due to trim

forces , or excessive pilot workload
(which can contribute to loss of control).

Gear and flap effects on trim Imprecise control or excessive workload.

Trim system features Poor features (e.g.,  low sensitivity, bad
locat ion, lack of lateral or directional
trim ) can cause excessive workload.

Control system friction Excessive friction can cause PlO and
make it diff icult to trim the airplane
(which increases workload).

Control power Inadequate control p~~er to regniate
against turbulence disturbances can
cause loss of control.

Stall characteristics Poor stall characteristics can cause
loss of control or spin ( e .g . ,  inadvert-
ent stall in severe turbulence).
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separate out the effects of possible structural deficiencies . This was

attempted in the review of the NTSB accident files for the in-depth
analysis of IFAF accidents ( Section I r I -D ’I . However , the data in  the

files was never sufficient too preclude all such possible deficiencies.

C. COBBELATION OF SPEED MARGINS WITH IFAF
ACC IDENT DATA

One factor which could be s ignif ican t in IFAF accidents is the speed

margins with  which  the aircraft  is normally operated. This subsection

describes an unsuccessful attempt to find a correlation between speed

marg ins  and IFAF accidents. Data were obtained for five retractable-gear,

si ngle-engine aircraft  that span the accident rate range for this group .

The aircraft  were: Mooney M20; Beech 55, 3(~ Cessna 2 10; Piper PA_ . ’t o~ and

Beech 55. The key parameters were:

• Never exceed speed, V~j

• Maximum structural cruising speed , VNO

• Design maneuvering speed, VA
- 

I • Maximum recommended cruising speed (generally
at 77 percent power), VCR

Since these speeds can vary substantially for different models of
the same aircraft , data were obtained for s ine different models . How-
ever , the accident rates are generally not available for individual
models so in the subsequent plots , Fig. IV- 5, the speed margins for
specific models are plotted against the IFAF accident rate for all models

of that aircraft. An exception is the Beech ~e dat a for which  accident
rates for four specific models were computed: ~~~~~° , G35 , H~~~, and V55A .
The H55 was the f irst  model after a major structural revision , see Sub-
section Ill-C for details.

The margins between cruise speed and VNE, VN~ , and VA seem to have

little correlation with the IFAF accident rates . With respect to the

V~~ margins , the PA-224 data are di f f icul t  to Interpret Since AD 7~- ’ . -”
cha nged ~~~~ Us ing the original values (prior to the AD) does not seem

*~~.U 1qe speed based on ‘
.~~~ percent power , all others are for 7~o per-

cent power.
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2.0 - Symbol Aircraft
O 0 Mooney M20

Beech 33 .36

I s -  
(~~ , A33 ;~~ ,C33 ;O , 36)

,
~~ A Cessna 210

0 Piper PA-24
(O ,-l80;c~3,-250;cE,-260)

- 
Beech 35

(O , 35 ;~~ , 635 ; c ~ , H35; &o, V35A )
u
4 ‘

~!~~ 
Flagg ed data based on placards set
by AD No. 72-22-5 with unaltered

- 
rudd er and st abi lator

A

o -% I
30 50 ‘70

V,~~ VCN(CAS, mph )

2,0

O O

0 ~ 0

A 
-

0 
20 40 -50 -30 ~~

V~~’ .V~,,(CAS , mPh ) VA -Vc R ( CAS , mph )

Figure IV-2. Accident Rates vs. Airspeed Margins
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right since structurally VNE should have been smal ler . Using the AD

values is also ~1uestionab le since the pilots were unaware of the real

aircraft l imits  for a lmost seven of the ten years covered in the IFAF

accident analysis. While speed margins may possibly be an impor tant

factor in IFAF, the data are too confounded by other factors t o  clearly

show any effects .

D. ANALYSIS OF 0VERSPE~~ TENDENC IES

It has been suggested that  one sign i f icant  dif ference among the various

general aviation aircraft is the rate at which airspeed increases if the

pilo t allow s the nose to drop or gets into a spiral . Higher performance

ai rcraf t  have less drag and supposedly gain speed more rapidly . Therefore,

w i t h  these aircraft i t  may be easier to inadvertently exceed the red-l ine
and thus cause a structural failure. As shown below the cleaner airplane

will  gain more speed if the pilot lets the nose drop . Conversely, in a

spi ral d ive , drag effects  on the speed increase are negligible . The latter

poi nt may be s igni f icant  in that many TFAF accidents seem to  involve a
lateral loss of control.

To analyze the speed buildup if the pilot lets the nose drop, it was

necessary to develop a consistent procedure for estimating an aircraft’ s
lift/drag characteristics. The procedure which was adopted was based on

a cc*nparison with the data in Refs . 6 - 8. The procedure uses the follow-
ing approximations:

• Parabolic drag polar, CD = CD0 + (C~ /i~eA)

• Oswald ’s eff iciency factor , e , equals 0. 7”

• Overall propulsive efficiency equals 0.8

With these approximations the parasitic drag coeff icient , CD0, was com-

j puted from the performance data (maximum sea level speed at maximum T.O .
wei ght ) given In Ref .  9

*This value is much less than that normally used ( roughly 0.8) because we
are dealing with trimmed lift/drag characteristics. Exact value is not-
critical because of the relatively low induced drag in the speed range
of interest here.
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These lift/drag characteristics were then used in a trajectory pro-

gram to compute the maximum speed increase due to a pitch upset. The

aircraft was initially trimmed in level f l ight  at the maximum cruising
speed (75 percent power) listed in Ref. 9 . Then the a i rcraf t  was p i t o h o d

15 deg nose down and this attitude was held for 8 sec. At the end of
8 sec, a constant 5 g recovery was initiated until  the airspeed roa1 ’lic i

a peak.

The calculations were made for 5 a i rcraf t  and the resufl s art - o~~.-

marized in Table IV-3 ( the table includes t-w~ related par ameters , ‘X ,

and ‘t , which will  be described shortly) .  Cons ider ing  the wide r S u I~~s - of

per f5-’rmanct~ of  these aircraf t , the dif fe rences in sp-ood inor o- i so  Lr~-

supr i s ing ly  smail. Examination of the t ime h i s t o r i e s  oi iowcd the f o l l o w -

i ng:

• The flight path angle , y ,  very quickly (wi thin  1-2 see)
reached a value of approximately —1~ deg (same as p it ch
disturbance).

• Longitudinal acceleration was that due to gravity com-
ponent , g7, and decreased only slightly over 8 soc .

• Once recovery was initiated, additional speed increase
was small , less than 1 kt .

Additional runs were made in which the recovery was delayed. These

clearly showed that all aircraft  initially accelerate ~t. the same rate

TABLE IV-~

C~ V1PARISON OF SPE~2) BUILDUP CHARACTERISTICS

BEECH CESSNA PA CESSNA CESSNA
________________ 

V35B 
— 

210 21~~26O 177 1’~O

Maximum speed
increase ( fr om 31.~ 30. 2 30.8 :~8.Ot”- -~~.-”tory pro-
gra. ), 1~ AS

~v/Ae, kt/deg — 8.~~i — 7.7~ 
— 7.~~7 — 5 .O~ —

Time constant , 
~5.9 

;‘ .7 .1 1’~.1 11 .1
‘r, sec
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and exponentially approach a constant airspeed condition . Thus, the dif-

ference between aircraft is not the initial acceleration but the steady-
state condition ( if  the pitch angle is held).

An approximate relationship between the pitch input and the steady-
state airspeed is given by (see Appendix A for derivation):

~os w 1
.—v’~O 

/ ,—
‘ — ~~~~~~~ 1 i _ i—C D ~~v ’ — v ) +

~~~
— . _ ~~~ 1 _ 1 1 ) _ ~~ •~__•~~, l) — v -w ° q05 c1~, ~reA

where

qo Init ial dynamic pressure

w/s Wing loading

v V5/V0, steady-state to ini t ial
airspeed ratio

This equation is based on:

• Small angle approximation .

• Neglect of density gradient effects.

• Assumption that thrust is inversely proportional to
airspeed .*

The above approximation agrees very well with the results from the 
- 

-

trajectory program. The pitch/airspeed relationship is quite linear

even for large airspeed changes . Consequently, a simpler linear approxi-

mation is:

LW ~~~ w / 2
— V0 3 0 D 4~~~~_ (_ _~~~~~~

_

AG W ° q~~~\C j~ 
aeA

Values of this derivative , . \V/~~ , for t h e  “ a i rcraft are also listed
in Table IV-3 . Here we see a much wide r variation among the various

i t  aircraft.  The higher performance aircraft have a much higher airspeed-

to—pitch sensitivity. The value for a Beech Bonanza is 2.~ times that

for a Cessna i~-~o.

*This derives from the assumption of constant- thrust horsepower , a
common approximation for a constant speed propeller and piston engine ,
e.g., Ref. 14~~•
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The sens i t iv i ty ,  AV/~ e, can also be related to the  o~~~or - n tia l  ti:~-

constant for the speed incr ease , r .  For an exponenti ii v - kr at ion the

in i t i a l  acceleration u~ t steady—state change -~re r ated ~- : :

AV -

Since the initial acceleration is approximately —g t~? , the time const ant -

is given by:

l A y

g AG

LW
= —~~ — for AV/2~a4 in kt/deg

AG

Values of the time constant are also listed in Table IV-~~.

Even the shortest time constant ( 1 1 . 1  sec for Cessna i ’~o) is 2 r o a t - . ’r

than the 8 sec duration of the pitch down used in the t r a j ect o r y  i~ro2r:es .

This explains the small differences between aircraft obtained fr om the

trajectory program . Over the duration of the maneuver , the accele rat

does not change greatly and all aircraft initially accelerate at the

same rate.

The results of this analysis can be summarized ciu ite b r ief l~ . iii

performance (low drag) aircraf t-  are more sensitive t o  pi tch cri-c~~s . Wh i l o

all aircraft initially accelerate at the same rate , the higher pert ’oioi-iscc

aircraft will maintain this acceleration longer . A sustained pitch orror

will cause a much larger speed increase for a high performance aircraft .

• A similar analysis was done for a sp iral dive . The spiral s tabili ty
of a particular aircraft was not considered, instead, the analysis con -

- - sidered only the speed and flight path changes as functions of banlc ~~~~~~
The subject of sp iral stability is treated separately in the next sub—

- 

J 
section .

The following assumptions were made :

• The spiral divergence is slow enough so that accelera-
tion terms can be neglected , i . ° . ,

TR- 1 099- 1 IV- 1~
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L Cç~ = ‘li’ cos ~
T D  = W sin y

where L = l i f t
T = thrust
D = drag

= bank ang le

= f l ight path angle

• There are no long itudinal control inputs , i .e.,
lift and drag coefficients are constant

• Thrus t is inversely proportional to equivalent
airspeed

• Maneuver start s fr om y = = 0

From these as sumptions one can find the equivalent airspeed and
flight path angle as functions of the bank angle achieved during the
spiral dive . The two simultaneous equations are~’

V 
= 

fcos 7
V0 ~~cos cD

/ T \  V0 / V \ 2
sin y = I— I  — — I —

v \v0
/ T \

= ini t ial  thrust/weight ratio, inverse
\ w  /o of the initial lift/drag ratio

Plots of these functions are given in Fig. IV-3 for rather extreme
variations in thrust/weight ratio. Note that the speed increase is

nearly independent of the aircraft drag characteristics. Conversely,
the flight path angle is nearly proportional to the thrust/weight ratio.

The steeper fl ight paths for a hi gher drag (higher T/W) airplane were
initially a surprising result but in hindsight are easily explained.

Since for a given bank angle the airspeed change is nearly independent

of the drag characteristics, the higher drag aircraft will have a larger
drag increase. The larger drag increase can only be balanced by a
steeper descent angle.
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L SP~~AL STABILITY

The [F’~~’ I t t  ~~~ st h ’  rn - t i ~y 1’ t b - -se 1 -  h- is a r -  the r e su lt  of

less el c i i ’- x’ ~~I . ~iiay of In- a - ’ i d ~- - i t  s v-- on— nst rum -i . t —rated r

I o w — t  ime p i lo t s p c i ’ - t t i i i p ~ i n  ‘t d’. ‘p l r t! st :thiL i v ,  or the Lack of i~
is p r o l t a b  ty a k~ -y ( ‘ L C r i t d o t  - i n  ii  - 

~~ P - (ia iu or i cy  of loss of control .

This suh,a~ ’ t ton bri e t v rt -v -v. ; the t v - t  t b !  t’ ~-xne r  1ii i ~- i i t  i I data on the
problems of n on — i :~ rwn ’:nl — r a t  c l  pt l o t •; n e r d  lag in P’!C. It a lso  di

cusses the i mt r t mi con cept  of -
~~ 

- r ont  p r — t l  s t  - h  i ll  t .y wh I ch c m i i - be

very d l  (‘fe r a l  ~‘ia ’tn  t I t -  i t  ibl I i  t y  ‘1 t b -  i ’l :t s sit ’ spiral mode.

The problems of n o n -in s t r i imei t - ro t e i  pilots try ing to operate in

114C were ohser-.- ’ I  in two fi i e i i t -  t e s t  pr~~~r uns . One program was con—

Juctod for t - li- ~ F’i~~ by the Cornell Aeronautical Laboratory , see Ref .  
~~~~~

The aircraft w .  - t ~leei ’I i Del oti- Lir Model A- -
~~. Twenty—six  non—ins t rument -

rat -e l p ilots r i e w ir t l ’r 5 mal ted IMC . One task s imulated i nadvertent

penetra tion of ThIC . The I iLot was supposed to maintain heading and

alt i tude wh I i ’  r esporail  n~ to  r e l luest s  from the ground to take bearings

on sever - i - i i  r r c r - n t  VOR ’ ; . This simulated the pilot t s being lost and
- 

- 
a Flight d e r v i c ’  , ; t - - t i , c ;  try i~~ to establish his position . On perform-

ing tjii ;- t- -tsl c . n ine  of t t w e n t y — s i x  pilots lost control . “~~~~~ was

ohsorv -J tha t 1 li-  nos~ ~-r-aLas in ant cause of poor performance was the

unttw -’L r’;

~

’is cf many of t } i - ~ pilots of the slowly diverg ing bank angle
wh i le t h~y arc c c c ; n -  ~l w i t h  ot her cockpit duties .”

The test s : t l s ~ included a second ~~C t s k which was simply t o make

a 130 icdr ‘e turn . ~ ‘r I - It I ;  t ask ‘1 dI ;t ’en at ’ the t w e n t y — s ix  pilots

cxc~’odc~i safe -p c- i t i~ ~i .ini t

The other fl I ~ I i f .  ; r - ~c rau;1 W -~~~~~~’ ” ,ji 1 ct e I 1  by NAS A , Sec Ref .  11 • The

ai r c ra f t  was a Mecni ’y  M 0 which was operated both with the wing leveler

on and off .  Two n en - i n s t,r um e nt - rat e l  p ilot -s were used. Initial attempts

to make a 180 Icgr ” ’ t u r n  under LMC r e su l ted  in loss of  control wi th  both

the wing leveler on an d off .  An other  t.a,;k was cross-country navi gat ion .

Wi th the w tig teveier 1’f nei I her p 1 1  ct 1 o i l  cen t  r c  I hut their performance

- - was very poor. dr ess  f l i ght . pat - h I I t V  I - i t i o n s , bo th vert , I cal ly and hon c on t  a I I y

resulted and p11 I - st  1 mat- ion  1 h i  a p a it lot ; w it very poor. Perf -rm ;inc ’

w i t - h  I- l ie w i n g  -v c l e r  cia w i t s  g rea t  ly  i mproved .
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These two experiments clearly demonstrate d the ser ious problem
which results when a non-instrument-rated Dilot gets into ThIC . A

key problem is the “apparent” spiral instability of many general - v i i-

tiori aircraft. An excellent discussion of this subject and example

data are presented in Ref . id . That report explains how an a i r -r a f t

may have an apparent spiral ins tabi l i ty although the spiral mode is

actually stable . There urn two reasons . The f i rs t  is the lack of l i i - -

eral and directional trim devices. The second i t  control sy stem fr ic-

tion which prevents the control surfaces from centering. The prcb] em

is compoundcd by lateral and directional trim changes with airspeed.

These cause asymmetric roll behavior , e .g . ,  ai rcraft may diver~ie in a

left turn but not a right one.

The importance of spiral s t ab i l i ty  is supported by I- l ie O A F data

for the Mooney M20. That aircraft  had no IFAF accident-s in over 6 mi llion
hours of flying. The unique feature ct’ that aircraft. is it s wing l eve l-c ,

which has been standard equipment Since 1 00°. The wing l eveler provides

an extremely high level of apparent spiral stability.

F’rcm the above we conclude that:

• ~pparent spiral stability may be an important f :  to t-  or
in IFAF accidents .

• The distinction between apparent spiral stability mu d
the spiral mode time constant is critically important
for general aviation aircraft.

7. E1~~~~TS OF L~~ GITUDfl~AL C~~TR0L SYST~~4 DYNA~~ CS

A generic study of long itudinal control  for general avial  out  a i rcraf t

was performed. The objective was t o  determine the conditions whi ’li migh t

cause problems in load factor control. Such problems could cans ’ thr p il et

to inadvertently overstress the airplane, part i cular ly d u r i n g  recovery l’rem

an upset. No problems which migh t exist on current- a i rcr a f t  were found but

a potential problem for future designs was identified.

The analysis began w i th the forum~iation of a act of baseline lynn-

mics  which should be typical of s i n g l e — e n g i n e , h igh-per f o rmanc e nir’r aft

(details of t h e  model are given in Appendix B~ . The nat- li mode l included
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the short period (angle of attack and pitch rate) and elevator surface

degrees of freedom. For the baseline case, the stick-fixed short-period

mode had a frequency of 14.71 m d/sec and a damping ratio of 0.79. Stick

free, the short-period mode was overdantped with roots at 1.01 and 3.71

sec 1 . The elevator surface mode had a frequency of 63 rad/sec wi th  a

damping ratio of O.n: . The force gradient was 114 .14 lb/g.
- 

A general comparison ol’ s t ick—free and st ick-fixed dynamics show s
the following :

• The short—period mode may be significantly different
in the two cases.

• Stick-free there are two additional poles (usually it
quadratic pair) which represent the elevator surface
mode.

• Numerator zeros are the same for control de flection
(stick-fixed case) and control force (stick-fre e
case) inputs.

Because of the last point, the analysis concentrated on poi~entially poor

pole locations. Furthermore, the current FAR Part :~3 regulations on short-

period damping and stick force per g effectively restrict the short-period

poles for both s t ick free and stick fixed. The refore , the remainder of

the analysis was devoted to investigating conditions which could cause

undesirable locations of the elevator surface poles.

In the baseline case the surface poles are at much too hi gh a f re-

quency (66 rad/sec) to be of concern . Reasonable modif ica t ions  to the

hinge moment characteristics which would reduce the frequency to a trouble -

some level were sought . It was found that the stick force per g require-

ment effectively prevents this. From the basic equations of motion, it

is shown in Appendix B that the product of the four poles (.~ short period
and 2 surface mode ) mus t ‘be equal to :

(Zd4 — ~*i,’~~
’I F5

gGI~
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where

l” ,~/ u t  * ~t 1(’k l u - n’ per ~.i,

Z~~, ~~ tart i at derivat ives ef v -rI I en 1 na’ I r d iout
wi t.h respec I I nag Ic of a t t a c k  ari d t ’ 1ev I -

defter t- l out

M~~, 14, ~ Partial den vat I ‘a c t ’ l it ‘Ii :t ’ ’e I ‘r i  —

t-ion with respect to angle st i t  I : i ck

:tuud elevator leflect; I n

g Acceleration ha ’ t o griuv i ty

G Elevat or gearing , rat 10 ct ’ st i c’tc fore ’
to hinge moment
Moment ot’ n e rt  lit ot’ rat evat-or and con-
trol system abou t ebev: tt c h i  age I inc

~~r the baseline ~~~nml es the 
above a ‘ p u t t  1 o .‘~s , ‘00 ( ci i i n e c )  . Mcv I rig

the surface mode poles t-o low enough t’requueuu ’y t c be tr tu b ] en ~u ut ‘ won 1 1

require some very large and inipract- I cal chuuigcs

The other possibility is to ovox’tbuutp the  n i u r u ’:t - ’ ’  mo le aid h av e  c i i ’

relat i vely low— frequ en cy pol e and the o t t - e r  Very 1 u•
~
’ ’  . Tb is can to

done by aerodynanu .1 cml l~v it i i  tau t ’ I ng t h e  e l~ v: tsr to a i gui i t ’ i ’ :  i t t  I v  re lui ‘ s

the hinge moment den vat i yes (~ i’~-~ 
, , , &‘ti d ) :uid add i ng it bobwt ’i g ht

to ma inta in a re as outab Ic i: I i oh fore,’ per . t~ ie ct- t i e r re qut I red ‘tu’uugo

Is t o 1n~’ reuse the damping 1 nut , Ct~ Tlt~ to in’ 1 I rue caste I rue I ittl , ’1 out

the aerodynamic compc’neutt e .~ t b  I a I - u -  i vu t i ye , bitt- t n ’  r’’ in at i t o  a situ—

porten t. due to t’r l et, l out in  I I i ’  ‘o u u t r e  I system . Re I ’ ’ c - t i c ’ 1 ‘ oxuun m ost
flight- te n ~ tat a anti l’ountt t-h :tt - fri ct~ ion i t t ’ r eiL: :e i Ct 1- ’ 1 c t’ ; i c t i  l v  1 d I. l i i i ’::

I - lu ’ ‘a t itu s ted  :n’rod ~’nu t uui I ’  couutp5 u i ’nt . ;‘5 t s ’ u e u t t -  l y  , a 1st u’c~’ i i i ’ i’ s ’s - i s  - in

I a not unren ii a t- i

A new set of’ ttywunfcs Wits cc~nptu t- ’t w i l l - (tie t’ol .1 ow u ru g s ’ trii ru 1 _ ’, ’:: ‘r i:i

the baseline case:

• A . :  I i~~’re:u:n’ in 
~~~

F • A roughly : 1 re tire 1- 1 or; in 1’lt~ . C h ,  ~~~~ 
unit

• Ad ~ti ti on 1’ a lb bobwe I glut .

For t h I s t ’ :tSt ’ , t h e  s t - i  ck—t’ret’ abo rt pi c l o d  h:ts a t’re lla’ur ’y ol ’ . i~ c - i - i ”

;t, ’ ’  with a damping rutt - I - of 0. t~~ . The a nr t ’:t ’e tac t ’  reel - t ar t ’ t t  ‘ ‘ •

and ‘n1i et ’~~~ . The t’or ’e grail i eat- 1 it 1 0 1 b ‘g.
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The surface pole at 5.33 is low enough that it could cause pilot
control problems. Unfortunately, there is not much data on aircraft

dynamics of this type . The only known data source is Ref. lii . That

report investigated the effects of control system lags on the flying

qualities of fighter aircraft. F~cperiinental evaluations were made in

the variable-stability T-33.

Obviously there are serious problems in applying that data to the

situation of interest here. The dynamics were evaluated for a fighter

mission by two highly experienced pilots. While comparisons on an abso-

lute basis are certainly questionable, the pilot rating trends with con-

trol system lag should be pertinent. Furthermore, one of the evaluat ion
criteria was the ability to control load factor.

Of the many configurations tested in Ref. i l~, two series are the most

applicable (Configurations 1D, 1E, iF, 1G , and 6C, 6D, 6E, 6F). Each
series involved variations in a first-order flight control system (F~S)

lag with all other F’CS lags above 60 rad/sec. Key dynamic parameters

for these configurations and our hy-pothetical example are given below:

FCS (Dsp ~~ i/ r 8-~ I,A~
Configuration Pole ( Sec~~~) ( rad/ sec) 

— 

(sec~~) (kt)

General Aviation Example 3.5 0.63 - “ .5 150

1D , 1E, iF, JG 0.5 ~~~~~~~~~~~ 2.2 0.69 1.25 250

6c, 6D, 6E , 6F O.8— .”~~ 3. ’~ 0.67 fl~14 350

The 6 series is an excellent match for our example except Con the higher

airspeed. The only significant effect of the higher airspeed is a higher

sensit ivi ty of load factor to pitch attitude.

• The pilot ratings for these t~o series are shown in Fig. IV-14. The

ratings for both series are very similar with a substantial degradation

as the FCS pole is reduced. The main pilot problems were a tendency to

pilot-induced oscillations (Plo) and a tendency to overshoot the desired

load factor. The aircraft was OK for gentle maneuvers, but difficulties

arose if aggressive maneuvering was attempted.
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These results seem to be directly applicable to general aviation .
Routine flying involves only rather gradual load factor control, so a —

low-frequency surface mode might not present any serious problems .
During an emergency, such as recovery from an upset or collision avoid-

ance, the pilot may attempt much more rapid maneuvers. A large-ampli-

tude PlO or load factor overshoot could overstress the aircraft. In

assessing the potential seriousness of the problem, one must consider
the relative inexperience of many general aviation pilots and their pos-
sible mental state during such an emergency.

The importance of control system lags was also seen in the analysis

of Ref. 15. That report used the equivalent system concept to fit the

pilot rating data from Ref. i 1 . The equivalent system pitch rate/stick

force response was modeled as:

q 
— 

K(s +

F5 

— 

s2 +2~w s + w
2

The equivalent system parameters were determined by a frequency response
matching with the test configurations.

When a good match could be obtained (most of the test configurations)

there was a strong correlation between the pilot ratings and the equiva-

lent system parameters . Of particular sign ificance here is the sens it ivity
to time delay, ‘r. A delay of only 0.1 sec produced a rating decrement of

nearly 2 points. Modest control system ioop can clearly have a signifi-

cant effects on longitudinal control. problems.

In conclusion, there does appear to be the potential for a serious
problem. To our knowledge this type of control system dynamics has never
happened in a general aviation aircraft , but manufacturers are making more

use of devices like bobweights and downsprings to get the desired stick

force characteristics. A manufacturer might choose to use these devices
and aerodyn amically balance the elevator . This could lead to the type of
dynamics considered in the above example . There is nothing in the current
regulations to prohibit it or to require additional structural strength
to protect against higher load factors .
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SECTION V

GUST LOADS

This  section deals wi th  structural leads due to gusts , I’- u- 1~ Itt l-r gi-

and small aircraft , As background l r it ’5 r’m- tt ion , he f i r s t  sub - s t  ‘ i  l i t  rcv

E’A}~ requirement s for beth discrete and c5 - al  inuous gusts. lu ’ - r& - tus r i.’ l t -  -

familiar with these requtrement s can sk ip  d ir e rt ~ y t Juhnt ’ct 111 B. T h a t

subsection reviews some of the problems , di fft cu~ t ion , - t i n t  ~‘ s - u 1 s ’ s -u ’ a s  ~ -

coal nuous gust er i t  t’r - i . The ; i s ’x t  subsect ion d . ‘asses; stud c- til l’ s t o  - I a -

relat ive importance ci’ the Ct’i’CL ’t a ci ’ the two gust ch:sx’- ,- ’t or ’  :-. : t t  l e n i n  ~-n

des iguu st rength .  The its t su b sse , - ‘. cu t  p rese nt  a s t i r  s—d o ~‘t 1 st udy - - : ‘ n i t -  u

the problems encountered in t h e  s t u n  i y s  1 a ci’ ccitt nut -un gus s I  - -n i,

A. FAR

dust loads requirements are c o n t a i n e d  in F’2R F - i r t  ‘
~~ 1’ u - ‘ii ’; .1 ‘ii u’c u’ - tl”

and i n FAR Part- 2~ for large aircraft . These FAR’ s de ftuis - - -  I~ m~ t l o u i s :

“which the ai rplan e structure must be able I support . . .~~ ‘ i t - - i t t . ~1 -t  r ~un,s I - i i
permanent d ef ormati on. ” Discrete gust limit I - ad re .1ir u’ ’ms-ss ~ a -ire sim - sr 1 .v

de fined for b eth larg e and sm’i I l  a i r c r - r f i . In add t I -ti . i ’s -u ’ - .u’go - i i  cc

cons i derat ion  of  ‘‘ t lit’ dyn axn I c respenin’s’ ot ’ t,he n i  rp 1 tine i . ..  1 urht r t aco ’’ is

also  requ ired , and t s form is d e t a i le d  in a recent - tddt -sid ;tr i t - u  u ”

D isc re te gust- requ i r ements  wi l l  be con si der ed t’i rsk , The d. - a i g ’ n  ~iis.’u’ s -’ e

vert ical  gust must be assumed t o  have the following sltsupe .

Ude 2 n s \  -Wg = ~~~~~~~~ (i — cc~s 
~~~~~~~~~~ 

(t- ’

where

Ude = Derived e~iuivalent (design
’i gust veloc i ty

s = Distance penetrated into gust

= Mean geometric chord of wing

“In the absence of a more rational a na ly s is , ” t b  I a gir s i m us t  he :15 sum’ -d ¶

produce load factors given by:
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~gUde

Vea
- 1 — 1~98(w/s ) V-2)

where Ude and ‘
~~ are as previously defined and

o,88~= 
~~~ ~~~~ 

= Gust alleviation factor

2(W/S)= = Airplane mass ratio

p = Density of air (slugs/cu ft)

W/s = W ing loading (ps f )

g = acceleration due to gravity (ft/sec2)

Ve Airplane equivalent speed (kt)

a = Slope of the airplane normal force coefficient
curve CNA per radian if the gust loads are
applied to the wing s and horizontal tail sur-
faces simultaneously by a rational method. The
wing lift curve slope CLa per radian may be used
when the gust load is applied to the wings only
and the horizontal tail gust loads are treated
as a separate condi t ion.

For large aircraft the derived gust velocity is specified for ~ aircraft

design speeds:

V B Desi gn speed for maximum gust i n t e n s i t y

V~ Design cruising speed

VD Design dive speed

These design speeds are selected by the manufacturer, subject to cer ta in
constraints imposed by FAR Part 27. These constraint s are discussed in
Sectio n V I .  The derived gust velocities are l is ted in Table V - i .  The same

gust shape and magnitudes are used for small aircraft except there is  no V B
design speed .

Between desi gn speeds the limit load factor is assumed t o  vary l inearl y
with airspeed . The result is a V-n envelope ef the limit - load factors for

vertical gusts , as illustrated for large aircraft by Fig. V -i . Together

wit-h a similar “maneuvering envelope,”-thls diagram defines the vertical

TR- 1 099-1 V-: 
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TABLE V-i

DESIGN DISCRET E GUST VEL0CIT~~ S

DES IGN GUST VELOC rrYa
DESIGN (f’ps, EAS )
S PEED

h ~ 20,000 ft h = “0, 000 ft

VB 66

V0 53 25

25 12.”~

9’Between 20,000 ft and ‘- -0 , 000 ft . gust velo-
city varies linearly with altitude .

3 - Load factor
due to design —
gust for : V8 — — 

I

— — —
o -‘ VE- -4’ “ — — —

C - — — —
U — — I — -
0 - — — — V0_ ,, - —

U.. ~~~~~~~~~ — — - I

— — 
V8 V~ VD

0
-J

0 —
- Equivalent

Ai rspeed

L~ Gust Envelope

Figure V-i . Generic V-n Gus’ D i : t gr s i m
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limit loads for which the airplane must be designed. simila r load require-

unent s are imposed for d scret-e u n s y m m e t ri c a l  v e r t i c a l  gu st.s and for d is c re t t ’

la t eral gus ts .

For large aircraft, design criteria for vertical and i t i t e r a l  c~ — n I i u iu o u s

gusts are defined by FAR Par t 2~ . The desi gner is given (lit ’ choice ci’ us i ng:

— • Design envelope analysis, or

• ~‘1ission analysis and suppleme n t ary design  envelope
analysis.

In hot-h the desi gn envelope analysis  and the supplementary design envelope

analysis, power spectral techniques are used to Ost  ablish values of A , wh it -h

is the rat-ic saf runs incremental load to runs gust- v o l c o i t y .  The gust power—

spe ,’t rstl density is given by:

= 
o~~L 1 + (‘ ,- U .  ~~~~~~~ 

- (v- n
~ [i ~ (1. ~~

C)Lp~t - ’
~ i 1 h

where

= power—spectral  densi ty (rt  ‘sec)’ ’r;td/ft

= rms gust ve icci t-y

= reduced frequeu-rcy , rntd ft

L = ~~~~~~~~ ft

The l i m i t  loads; ire eht a l li e d  by mult ipl y ing i-he A values by the velocities ,

lJ~3, lis ted in Tab le V— . A~ in t h e discret e gust case , the limi t load s ar c’

then used to def ine  a design gust load enve lope for speeds up to VD .

l”cr the mission analysis , the expected aircraft- ut-ilizat i on  is  di v ided

into a number ot’ miss ion segments. Vor each segment- , power-spectral tech-

ni ques are used tt ’ rcsmpu t e values et’ A and N0 (rate ci’ upward axis ci’oss iuiga ’t

These ~ju auiti  t i es  are then used t o  comnut e exeeedsu~ ’c rates as functions of

load level , sts ’i’1 ’rding to :

TR- 1o~0~1
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N(~ x) ~j  N~ {p 1 exp ( 
~~

) + p2 exp (— 
~~ :~ )J 

(v-fl

where

fractior~ of t ime in the i-th segment

net load or stress minus 1 g f l i ght value

F1, P5 probabilit ies of encountering ;ion-s torm and
storm turbulence

b1, b2 rms values of 0gust for non-storm and storm
turbulence

TABLE V-~

DESIGN CONTINUOUS GUST VE LOCI TI ES

U~ (fps , TAS )a

DESIGN METHOD SPEED
h~~~30,000 ft h = 8 0 ,000 f t

Design envelope VB 112.2 ~9.6
analysis 

V0 85 50

17

Supplementary des ign VB 79.2
envelope analysis 

60

_____________________ _______ — 

30 12 .5

aBetween 30,000 and 80,000 ft , U~ varies linearly withaltitude . -

The values of P1, F2, b1, and b2 given in FAR Part 2~~, pr opo sed ~- n p e - n 2 ~ x 2 .
are copied in Figure V-2. The design limit loads are those for wh ch the

I -

exceedance rate is 2 x 10 ‘/hr.

To fully appreciate some of the discussions in the next two subsec-

tions, one needs to understand the derivation of Eq. (V_ l- ” . First- , it is

assumed that each patch of turbulence caui be adequately modeled as a nor-

mally-distributed random process with a standard deviat i on , °g’ il is gust

TR- 1 099-1 V-’~
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.00001 .0001 001 .01 .1 I 10

P1 and P2

0
0T~~~~~~~~~~~~~~ 8 1 0 I2

b1 and b2 ( f t /sec )

Figure V-2 . Continuous Gust Statistical Parameters

intensity (og) is a random variable with a probability density function,

P(Og). Then for any one flight segment the exceedance rate is given by:

N(~ x) = f N(L~xtO g) P(Og) dog (V 5)

where

N(~ x lo g) = exceedance rate for ~x when the
gust in tensi ty  is

TR-1099-1 v-6
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For a liaear system excited by a normally-distributed random process,

the exceedance rate is:

N(~ x lag) = N0 exp (
~

) 2~ (v- 6)

where

A O g = °x

N0 = upward axis crossing rate = (1/2it)(o~/o~
) =

radius of gyration, in Hz, of ~ x power
spectral density about zero frequency.

For the turbulence probability density function it is assumed that there

are two kinds of turbulence, nonstorm and storm. The probabilities of

encountering each are P1 and F2, respectively (probability of no turbulence

is 1 — P1 
— p2). Given that turbulence has been encountered, the intensity,

is assumed to have a normal distribution with a rms value of b1 or b - .

Thus, the probability density function for turbulence intensity can be w r i t t e n

as: 

p (og) = exp 1 (
~~~2

J 
+ exp H ~ 

(
~ J~ 

(v-7)

The final design equatic-n, Eq. V_24 above, is obtained by:

1) Conthining Eqs. V-5, -6, and -

ii) Using the definite integral

f~exp ( 2  - = ~~~ e~~~~ (v-8)

iii) Weighting the exceedance rates for each mission
segment by the fraction of’ time spent in the seg-
ment ~nd summing over all segments.

B. REVIEW OP CONTINUOUS GUST CRITERIA

The addition of continuous gust loads criteria is certainly a signifi-

cant step in aircraft design. While it- is important to consider continuous

TR- 1099- 1 V-7
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gus t efl’e;- ts; , there arc poteuutia I problems and d i f f i cu l t  i ’ s  in appl y i ng the

current criteria. These art’ discussed be low .

1 .  Pilot Control Behavior

The cu ed s of’ sin automat c c;’ti tr~ - 1 sy st  em s ir e  re i s i t  ly e  ly t any I e in—

c lude in an auisciys is ; beeaus;e the ssy: ;t em behavior i s ;  c o m p l e t e l y  predict -able
auid eass i ly modeled, ii  lot con I u’e 1 behavior ean a I so sub:; t s i s i t  I s i l l y  affect-

the 1 t -’ids , as; i S demouistrated by the (w e  examples in t,lie next subsect ion.

- ‘ While m ode Is ;  for a human pilot- are q U i t e  well  develoi-ed , t h e  x ’ appl I tau t ion

to a spec i f i  c s i t u :i t  ion is often not si st  r i  i ght .fo ’w :i rd process;. The pr ~h I cu Ss ;

are especially s er iou s ;  for fl ight in severe turbulence as p i lo t -  mode ling dat - si

sir e not available . The current inab - I it y to ;ic’curatel.y predict - the effects

of likely pilot control behavior is a s e r ious  l i m i t - n t - i o n  i n  ti n ’ s i u t s i l y s i  s ci ’

con tinuou s gust loads.

2. Nonlinearities

Si gn i f.i cant nonlinear it i or can -
~ tutu , - I ’rcm several sources , i nclud i tug the

basic  aerodynazn i c char acter is ;  I I ‘s; I ~1
’ I ii;’ su I r cr af t-  and various r si  t t ’/pct r i t  ion

limit s in the fli ght- con t rd sys ;t  em . l’ewer— spect  ral  ana lys i s  te chn i  qu - ;;

ar e not mathem-it- i call y va l id  i ’or ’l non i tu iesi r system. Some ot he r , more cost  ly,
aulal y si s ;  proci -’dure mu st he used.

An approximate  t - eeh n i  ~ u u t ’ commeul in St ’ I’Vo at u a 1 ~ a; is work i s ;  t o ’  mode l. si

n o n l i n e a r  element- by i t s .; random— input - dt ’seu’  lb ing f u n c t ion . S ince  a iit ’ :;i ’r i b —

luig fuu-tct io n I s d i r e c t l y  dependent on t h e  rms am p L i t u d e  of ’ the inpu t- I o a

nonlinearity, any aircraft- r e rp t  t t i  sa’ parameter bee -mess a f u t i c t -  i t ’ l l  ci ’ t lie rms

gust level. In t t russ; of (lit ’ e a r l i e r  e lu s i t  i ons , t - h i ~ means ; A s i s a l  s t u d

be functions ci’ °g rat-her than 
-
~ tn i ;  t s n i t s.; . -\s ; a resu lt , Eq. V— 14 is; u lo 1 et;~~t - 1’

appropr I sit e  f~ r a miss; ion set a 1 ys s  i s ;  and ext ’ei~d a u i e t ’ ri t t’5 would be t.’eun pu sd

by numerically e v a l u a t i n g  the  in t e g r a l  of ~~~~ V— ’~~. T h i s ~ would Ru ’ , - s i t  ly

i nt -r ests;’’ the c l I n t  of’ a mi ssicul s i u ; s i  l y s i  s; . I t  won lii i t t ’  nec t ’s s s s i rv  t o  ev : i l u a t  e

- - A and N0 l’~ u’ severa l , ra t - l i t ’ r I han era’, v-~ i t i  es -i ’ t t g aunt I hen d - t h e  i i t t  egrst—

tion of ~~. V - ’ .

The approach I I  - he U s S ’ t i  in a des; i ~ t t i -two I~ p 
- ans i  I yr i s ;  i ii I ens — s i t - ‘ I r .

The I ;uo r -m -n tat  des; i gn load i s ;  I lie pl ’t -d i i t ’t e t ’ A sis al a spec ii ’ i -I gu s st

TE— 1 (1 ) 1 ) _
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~
,. The key question is what °g t l~ use in t -omput u ig A. liii -

sit etit ot’ LII lS u’eqUirtnuleutt was probab ly 1 c des i gul for a tc ’-ìd ci ’ ;sc v ’ -r- ~ I

rt asidard deviations in severe tu rbu l ence .  Ii’ the design nu b;; ~- u1c e le t  i - s i -

s I ty is der i c t  ed as cg~ and l i i i ’ des ign  bc sti .I is “ S a dst r d  icy I at 1 l s~ , l i t  -

des i gn 1 ~‘nd l’ot’ t lie Li near case is ; ‘A e ~~ A c for = ~~~~~~ ‘ i t i u t s ;  j u t

the linear  cus s;; it Is cut 1 ;lt ’~’es;ss;u’y t.o specif y t h t ’ ~~~~~~~~ 
) l ’ l t i i l ’t . i- -u’ a

sion I n~.’sir r y n  t cu;; ~~i and musl  be m t ’ 1 11 ’ ; i- - il .

The des cr .1 b I rig fuuic I- iciul 5 ipp i ’  si t -h is ; 1 t ue wsiv 1’ c~ ‘p 1 ~~ s lIP 111 - ci t - - s n

‘ i t ’ ui onL iu ica rit les s . Wit i i. e t l u t -u ’e su ’e some d .I f l ’ i c u I t  i ; - s S  in i t s ;  appl i c s t t  :01 .

t i e  g u ’ e ut  c r1  e, ’ui1 - e r u i  I l i n t -  i t  i s ;  s i t u  s t p p r o x i m su l - ; ’ ss ol; iI iou;. I-hu t Ilt -u’ m - u - c ,

I t  is gesit ’rs ii ly di  i’l’i cult t~ s i s s s e s s s  i; ss s i o ~- 1 u u ’ s l o y  old 1 ’  del i t -n  I s i c  i i

ressu t~~ ul ’ t ’ c o ;umei ’v s i t  VO or u s ; c o u s s e i ’ v - u t  i ve . ds a lt o i ’ u n i t ,  i v ; ’ i n j l r t - i ’ l t  S ,; I 0

515; ;’ si t I me dcu u :su I , ,~~~k ’;i t t  Csi r I -~~ ~; I unu i s i t  1.

A Meet t Car Ic s in~ lat - len cou 1st In c lud e an :ii ’ 1 ’U t ’ — t  I t ’ model 1 all K!, -~~ 
-

ssys; i em n o nt in ear i t icr. The exct - ’e d si u a -e  l ’ S i I t ’ ss , i(. \~ l i ~g~ . coU ld he :u;t ’ : l s s l i u - e l

fu r’ vsi r’ ion s;  I cad and rms; gus; t I eve Is ; . The r t ’ d :i ta ~
- ‘ii I si I he it be a s s l tl

d ; rt ’ , ’I ly hi the integration of lsk1. V— ’ ’. The only insa -cui rs a- i ’ s  w o u l d  be

th os ;e  sissoc  l a t e s t  wi. t hi th e t ’ i u ’i i  t o  run l e u u g t  h r .

Wit i Ic the t’tcuit e Car Lo appi’osiclu unay be t-heort ’t I l’a I Ly i t  I l’ l t ’ I ye ,

vei’y cos ;t  ly. Ve r y long runs sir e  i’e~j u i  red t -  
~-~

‘I u’e i nb I ; ’ 1 he t s i i t ’  I lit I on

e x ce c ’ds iu i ee rat t ’ss st rsc i 1 ’ s i t  cii w ;  (ii th i t ;  dl ’ s; ign l 1 ’ s i i ~s; . M ’ ,le l ; s  w inch  : I - ~’l u r s u I  i - t V

r e f l e c t  5; t - ruuo l u u ’s u  I mode s i s u l  unst esidy sic u’o-I~~s ;s i ,m ; e ;‘ t ’i ’i c i  s ‘cli i d be I ’ \t i’eult- ’ I y

c o m p l e x .  -\ lscrge number ot’ runs; could he r ’ p u  u ’ed t-e ‘cv’’u l i t  u u e i ’i ’ s s s - i r y

comb i utsit i ons  ot ’ we iglit . , e. g. , :; lie1a i , s i lt I i- u I - , r tu us ~ u ii ;  I I -v t -I e t c . Th is

cos t  cou ld  ;‘si i ly be proh ibi t i ye oven w i t h si t a l i t ’; ;  c- . ’m i t

‘Inc sihcve di ssOllsS s’,lc’l  w sl s ;  j i l t  ( ‘Sk i l l t o  50 ‘L I l t  ‘si t i - lit ’ ss l ’r IOU ; di  u i  c u l l  ; e s s

w h i c h  c a l l  r e s u l t  ii ’ I-here ‘i re s s i g u i f i t ’ s i ’ i t -  s ;y sstem ;io ’ u I . i ; , - : I u ’ j I ICS . t ’ t i t ’~~i i t ’r —

no ;’, ’ , t,heu’e Is; to - - L t s s i r — c i u t  s;o hit lO u t t o  I t ’ pu’ obl ’ ‘t;as , I- cr it - s’s u’e i , ; s n ,

st  s; imp l ii ’ i t ’d ex :im p I; N’~~’ 
I em w is ; - i - u . i  i v . ’-ed as ~ 

i ; ’ t t i ’ thi s ; prt -,k’- t  . flu-

r er u l t - s ;  , it resc’. u t . ; ’d I l l  St i t l ’ne ~. ’ t  l o u t  I) , dcunotus l-r .-it - e L i t - t i t . h-.’ 11 , - .s c r ibiti ~ t’tu - uc t i~~’t

s i t i s i l y l ;  i s ;  c ii i  be t u t u  e I naccuu’sil e stud u i - i s o ;u s ; e r v s i t - i v c . Tii ; ’ s i - i - i y s s  i s s  i t t - i ,  h~ a—

cvci’, I c- id  t o  si p ro t ’eds i t ’e w i t  i ci; ~ ,us ;  u - c I s i t ly e  ly e s l S  i ly ~lo le ‘5 ; ;  - ne I tie ii ’,’t’Ss; t V

t’ ~r 0 ; t  h e r  ~1 n  - rib lag Vu i -t - i o n or M o ; i t  - C a r l - ’

Tl~— 1 0’~’~~i V~ °’
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3. Turbulence Model

Whatever the analysis procedure, the results are only valid if the turbu-

lence model adequately reflects the characteristics of real turbulence. Les-
pite a great deal of research on the subject, there are still serious qu-sr-

tions as to a good turbulence model, There is a fundamental question of the

validity of modeling turbulence as a normally-distributed random process.

Some researchers have proposed models which are not normally-distr ibuted but

we are not aware of any loads calculations done with these models.

Among the advocates of normally-distributed turbulence, there is debate

as to the proper value for the turbulence scale length, L. Appendix G of FAR

Par t 25 specifies a value of 2300 ft. Ref. i6 suggests a value of 8oo f t .
Variations in scale length of th is  magnitude can substantially al ter the corn-

puted gust loads, as will be shown in the next subsection.

Another subject of debate is the probability density funct ion for gust

intensity, °g• Reference 17 recommends the same form as Eq. V-7 but recom-

mends considerably different values for the parameters (F1, F2, b1, and b2)

than specified in Appendix G of FAR Part 75. The effects  of these parameter

differences are clearly seen in the generalized exceedance curves of Fig. V-~ .

Reference i8 recommends even a different form (a Rayleigh distrjbutic’ri) for
the probability density function.

The above abbreviated discussion has highlig hted some of the key uncertain-

ties in the modeling of atmospheric turbulence . These uncertaint ies  detract

from the value of continuous-gust analys is  p rocedures but should not prevent

their utilization . The real message is that more research is clearly required

to better define a turbulence model for loads analysis.

C. CO~~ARI SON OF DI SCRETE AND CONTINUOUS GUST REQUIREMENTS

One common method of comparing discrete and cont inuous gust requirements

is to compare the incremental load factor requirements. The incremental load

factor for a discrete gust was given in Eq. V-2 . That equation can also be

- - 
written as:
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ap0 % /~~~i3 VT t1de Kg

where 

(v_ q)

0o = Sea level dens i ty  ef air

o =

VT = True airspeed

In a desi gn envelope analysis , the i ncremental load factor for cont i nuous
turbulence can be written as:

~~cont 
= A U0

a P S V
T~~~~

= 
2W (v — i e’)

where

= GustS alleviation factor for continuous
- 

turbulence

The ratio of the two load s is then:

‘~~dis  ~~ _____= x ( v - l i ’ )

When this ratio is greater than 1 , the discrete gust requirements are more

severe; whe n i t  is less than 1 , the continuous gust requirements are more
severe .

In examining this ra t io  it 1st conven icu it  to separate i t -  i n to  the t w o  f-ic-

tor s indicated above. Aircraft- parameters affect only the first fact ci’ ,

lcg/Kç, and the second factor reflects the FAR gust c r i t e r i a .  As not ed e su ’ li e ’r ,

Kg depends only on the airplane mass ratio , ~~ 
If the continuous gust- arialy-

sis assumes 1 degree-of-freedom (heave response only ’) as is done for the d Im-

crete gust, the alleviation factor, K~, is a function of 
~g and the normal im ’~’d

turbulence scale length, L/c . The n the f stu - t c r , Kg/ N ,- -, ca n be p l o t t e d  as si

function of th ese two par ameters , as i n Fig. V- ha.

TR-1 099-u V-12 
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Below 20,000 ft, the second factor , Ude/~.
/
~ 

lie, is only a function °~~
‘

altitude . Above 20 , 000 ft , there is also some difference between the
value for VB and that for V

~ 
and VD. These variations are shown in

Fig. V_ hl’b*. The plots of Fig. V-~ will also be used below to compare

the discrete and continuous gust requirements, and to explore how the
comparison is affected by various par ameters. 

I 

-

1 • Altitude Effects

Altitude affects the An~ is/L~u.nco~~ ratio in two offsetting ways.
Increasing altitude increases the mass par ameter , ~

1g’ which reduces

Kg/Kq~ ( see Fig. VJ4- a) . At the same time iJãe//~~Uo increases (see
Fig. V-kb). The second effect is usually the stronger one so the net

effect is generally increasing Ll
~
ndis/Ancont with increasing altitude.

This can be demonstrated with the data from Ref. 19. That report has

similar loads dat a for seven general aviation aircraft. The types of air-

craft analyzed are listed below:

Airplane Gr oss Weight (lb)

I 2,950 Single-Engine, Four-Seat, Fixed-Gear

II 5,600 Twin-Engine, Four-Seat

III 1O ,~400 Twin-Turboprop, Light-Transport
IV 10,300 Twin-Turboprop, Light-Transport

V 12 ,560 Twin-Turboprop, Commuter

VI 12,800 Twin-Jet, Light Executive Transport

VII i8 ,65o Twin-Jet , Business Transport

The variations of~~nd~ S/i~ncOflt with altitude for these seven airplanes

are shown in Fig. V-5. Except for a slight decline f rom 20,000 to 30,000 f t ,
the ratio generally increases with altitude. The relative importance of the

*The breaks in th e curves at 20,000 arid 30,000 ft are due to variations
of tJ de and Ua which start at those altitudes.
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Figure V-5. Sample Effect-s  of Alt I tude

discrete gust requirements is greatest sit- ‘S, COO ft  and above roughly
1~0,O00 f t .

2. Wing Loading Effects

Wing loading varies substantially between small, general-suv i sit ion  air-

craft and large commercial t ransports .  Wing loadi ng also has an i mport  s i n t

effect on the relative import ance of discrete and cont- i nuoum gu s t - s t .  The - -

mass par ameter , ~
1g’ is proportional to wing loading; therefore , i n c r e a s i n g

wing loadi ng decreases Kg/K~ (F ig .  V- h a)  and decreases \n d I S / ’~st ~~~~l

This is confirme d by the seven airplane data fr om Ref.  i t . A plot of

the r a t -j o , ~ ndis/ ’~ ncont ,  versus wing loading is shown in Fig. \-‘ - . T h i s

TR-1099-1 V-i’~

-
~~~~ - - ------. --- — 

- - -k-- -
~~ ~~~ ~~~~~~~~~~ .f!5=I~; — 

~~~ - —



~ II~~T~ =~J- - ~~~~~~~ JTIII IIIi IIiI’i~

- o
/ u~)

.~~~ /
/I,,. I
I

-
- .

tc)
I

2° ’  I
4- I

4- /
..— .~-. ii- 0 I

0~~~~~0 0  /
N N

~~~~ / 0
I

SI I 141
~~~O 0 0  /

I
II4 O D ~~’ I In

/
I~ O o ~ d l ’

N

/ ‘ Q ~~~ 0~iN I  O il (%1 N1 N N —C . . •
~~

— =

c~i

~~ 0
I 

~
—%

0 U’) Q
N 

- -

4 U03 
~~~ / !P U

TR- 1 099-1 v-i6

- ==
~

-
~~~~

- .m: .~~.=== .—=s~~~~~ ~~~~~~~~~~~~~ 
-
- ‘ _

~~~~‘. 
- ________



~ 
_ _ _  _ _  

_ _ _

clearly .th- ~W s how J .~ s~-r , - t e  gu ss t  L- td : • ‘ -nd ‘ be iu~ u a -  -r i t i c- 1  I

and c. i t t  ~nu u. s gumt ~ t o  ic t e nt t a  h’ ~- r i t i c a l t r h ~i~n.

w ag I- ~ du .~~~

1-~~gure v—6 also den - ’ u m t r u ~ es flR - - I 1 ’ t- ~ - t  S 1 - ‘ n - - u - s - t r L:, - ’ - - r .  1 1 :  S1

- LI be i s cu s u m e d  :su1 st~~ i nL i t  L y .

3. Effects of Turbulence Scale Length

L~~bulence scale, ~, h:ts an mport n s I e f I~ - :  u t e - - . ‘ .1 U .  ~ u t

L-
~

t J s t .  lu i cr o s-is  I - , decre -tm , - s- N,- wit i -h i su -rt- - tm e s K~ . N. 1.  ~t .  V— . ~) ai~ :

~~~~ ~~~~~~~~~~ . The e1’I~~ct  can i i  so be seen F g. V— by c uu~- tu’ 1~ I 110

two i e g r e e — L’ -f re e doss .  1- t - s s u l ts f- r L = ‘- -2 - i~ d 2’-uc- ft

i t  is esseat  l a t  t ren ’ -nn  t’ t h - it - t  I -trger L I - - -r - - n s e r  t h e  re I -

importance of the dL scr ete  gust -n~y because i t  g i -nc r - t - l v  r ’ - i s~ s the -

m ucus gust loads. A larger L c. un ~en t r a t e s  more f he gust  s -‘wt ~r -o

lower f r e j u e n - i es  where there is less eI’fe -t  n t  I n -  1 -  ~t s s — th~- air - r t t

has more of a t en d en cy  t o  be - we - I t ’d w~ t -h t h e  ~~ 1z ~~ s. Fh~t s~, the c1 - m erv —

ive appr oach would be t o  use nhe smal lest value cf L wh i ch is c o n s -’ I s t e n t

w i t h  the research on atmospheric t u r h u t l o - : c e .

R efe rence i6 di sc’usses ~no prch le :~ s - sn ~ u n c t -r ~ ~ os in r~- ing 0 a-ni

turbulence scale l”stgt -a frmm mcasturemt ::t a of i t  m - : : l 1 ~- r i c  ar t - a l  - - n -~- . As

rt oted ear l ier , t h i s  r e fe r e n c e  suggest s a sc  e 1~- s s g~ 5 - -f  ~~~ t~ wt e FAi R

Par t 2 ’- , A p p i - u s I I X  G specsf:es 2’-CO f t .  C -snp ut  ~-d g su . s l  1 t d s t  w . 11 v - s ’ , cu t - -

st an t  ial ly depend i ng on wt s  ich value is used,  w - -
~~ 

- - i - : n i -i r n - u - ---

vative to use the smaller value , sit  j o n a s . u sa  ~1 -udd i t j os - sul re.se rI!. s :tu l s. rc

precisely define an appropriate value.

4. Effects of Pitch Rotation

In the earlier discussion of continuous gu st loads ( e .g , ,  F :~~. v- - 1 ’ ),

it was assumed that the airLraft was free only t o  heave. \ s -~- i t n - r , - t -t d in u’

haps more r at iona l, approach is to assume the s i l  r c r s i f s .  can b o t h  pt  1-h . u s ~a

heave, i.e., 2 degrees of freedom (D0F’). E pua t i oui V - i c  a p p l i e s  t ’ -r h I L

s i tuat ions, but with 2 DOF the a l levia t ion  f a c to r , N . .  b e - a m e s  a c sns . ’le x

func tion  of many parameters bes ides  ‘tg and L,’~~.
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at - fe  r e u n - ’ - 1 - includes a r resp c u d i  uig c - mi t iu ‘us; gust to -id calculatIons;

for  t ’~ - tu 1 ~uid 2 DOF . I’be e l fe c t  a on t lie rat s , 20 k1 S S/ ”~h 1 c -us t are stl ; a wr i

in Fig. V— . These r esu lt s  i sud s omi t o s i gni 1.1 c a Ut  ly reduced cent i suL~u : s — g u n t
load st when t h1 - :~~~i r1 - r a f I  I s f r e e  t - p i tch I i t t  a I in- r e l a t i ve  w i ud . As shown

F. g. V— , t i e  i t  i c t  of t h e  t w 1  11 e1’ ds it  a t h o u t  the mt - s i t s  siu sur e f i t

sipI’t - :irs ; t o  be direct - y rt- i:tt ed t 1 - t l i e  v a ria l  l o ut  of at - i t  I c  margin for t ho

d s  f f 1 -r I - s i t i s  r~- r i f S . T h i s  is , of n urste • t o  be expected si uice at  sit to marg in

iS I 51 p r imary  dto erm iuu suy - : u t l s e r — v - t : s i n g t t ’m -idesu ,’y.

s t .  w e v t - r , - u l e  :nst . s t him Vt iv a tu t  I oust sib1 ut I ry i ng t c go se u - si I i ze t lit ’se
- stu I t  s or ;  t t i e  t - l f ’  - - a - - t ~ p i t  -h r 1 - I s i t  i- - s s .  The 2 DOF con t inuous—gus t  I and

as- i  I c u l i t  cu t s  r 1- s - ~ r t t d  in Re I’ . 1 - )  were d1 - ss e us i s  g the farunu 1 si t ’ Ir on -~e 1.  2C

Ih1 --se ~~
- 

~U i t  n- - u s a  gu ore gu~s t grad i eat e tie a t  a~ i . e . , t h e  gust t cnn in the

p i t c h  I -~~u : t t  i t s  is mere ly Mv W g . The I ms -lust sass of gust gradient t e rms  c a t s

st g uisfs c ari t l y s U I t - a t  the result

Reference 21 r e , - , : w; e ads - s - r 1  x ~m at lug grad lent effects by us I uig 1st 1 1-rn

I S a M~~ ) ~ ~r 1 S lit ’ pitch e lusit lot s . T h e  gradient effect (the

term ) is a s g n i f l c s i n t because  i t  causes the : t i r c r s t f t  t o  i n i ti a l l y  p i t  als  i i i

t he  d i r e c t  t o s s  t o  u s o r e s i s e  t he  I su ds . Sample c su l c u l a t  i on s  far a l i g ht ai r-
plane ( t  - he di  acustsed :;h r t  ly~ ah1 ’wed a 1 —~~~ - I u l a r e suse  in t h e  desi gn I o :td

f - t o t - - u- w s s i -s ‘h o  sib -vt ’ ~ u’ - uJ s e n t  t e rm was added. A chang e of t h i s  magn i tude

would e a s s e s s t  1 a l ly  ~- l i m i n s u t  e ar  reverse the 1— 2 PCF d i  f f er e u uc e s .  In fact

~t u the w -  examples pre sen ted  he l w , t I t o  .‘ PCF’ loads are great  or than th o a c

f1 -r 1 DCF.

5. Effects of Pilot Control

Pj ss - rt ’t t - am id ec u it i s suou s ;  gust  lo:ii~ were - :u ioul:u ted fat’ tv. examples —

a ;s:s; u i i . gt-uio rutl tV l i t  i on  ai rplane stu d a j umbo jet transport . The ca l  on I a —

I s a r i s  W1~t , ’ 1 - ne f, -r various as swuup t  -ns sum t o  t h e  p i l o t  ‘ 5 can t  ra’l behavior .

Tht~ ob j ect  ,ves  we r e t

• I - ~Vt ’ at a - the e tie at  a out  a s  rc i- s i l t  lead s of likely
var — - i t  - - -- s in p i l o t  - , -at ro 1 heh :iv icr

• C- -snj ’ ir e t h e  de sIgn  1 a ida r t ; su I t  Lu g f ront  the d i  scret -e
UkI _ - o~~t t I Z o U S  gus t-s.

De ta i l s  ct t tie cal cu 1 at so u ls tre g Vt ~tt li t A pp e:t 1 ix C . but - same fesi t U u a - ss S}Iou Id

be m u , - I •d un r~-
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• Gust gradient terms were included in the equat ions
of motion

• For each condition the t ransfer  funct ion  for load
fac t o r/ v e r t i c a l  gust ve loc i ty  was computed

• l\fl~ j~ was the peak load factor when the t rans fe r
function was excited by the d i sor et ,  gust of
o t .  V- i.

• Design envelope analysis was used for c~ nt inueus
gusts (for computational convenience the Dryden
fo rm of the gust power-spectral density vast used
instead of the V On Karman f rtn of is~q V-i).

The f i r s t  example was a Boeing 7L~7. Aircraft  dat - i, for h a d ; c. $ at

~, CCC f t  were o b t a in e d  from ~ef . 22 .  F ive  c~~n t r o l  s i t u a t i o n s  were s t u di a d :

• EJevator f ixed

• Elevator used ta constrain pi tch atti tude (e 0)

• Manual feedback of pitch attitude tc elevator

• Manual feedback (pure ga in )  of cockpit load fac to r
to elevatcr

- 

! • Manual feedback of integral of cockpit load factor
to elevator

The second s i t u a t i o n  is a lI m I t ing case which is nearly id o n U a ni  t o  U - c

1 DOF analysis discussed e a r lI e r .  The main d i f f e rence  is that wa e x p l i c i s l y

accoun ted for the elevator l~~ft- ne dod U balance the pitching m-am s :e ;U s . The

last 3 cases were selected t-0 include l ike ly pilot c on t r o l  feedbacks.

The resul t ing des ga load s s -ire sa ssu n - r i z e d  in Table V-~~. There - i r k -

several interesting aspects of these results. First is the re l-uil ve l y

small variation c-f the discrete  gust loads w i t h  control a c t i v i t y .  T h i s  Is;

because the discrete gust has such a short- - wave lengt h , t h e  a i r c r a f t  has

l i t t le t ime to p i tch  or respond to pilot inputs .

For the continuous-gu sts there is a much greater variation. This is

because most of the continuous-gust power is at frequencies below the s151 -rt

period or manual cont ro l  fr equencies. Therefore , ms.~nual cont ro l  can sigmuil ’i-

- 
- cantly affect the m s  response. Note that manual contro l of load f a c t s -

actually increases the respoulse. This is basically a poor feedback for

manual control and ma nly reduces t h e  sh o rt -p e r i o d  clamp i ng . A st :ihilit ~

augmentation system which would n o t  have the human p i l o t  l i r n i t s i t  l o t u s  c - u i

obviously do much hatter.
I
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TABLE V-5. LOAD FACTORS FOR 7!~7 EXAMPLE

CONDITION 
~~“dis ~~ cont

Elevator fixed 1 .12  1 .51 0.86

e = 0 ~~~ 1.l tf (1.91

8 ‘~~~b~ feedback 1.15 1.32 C .87

nz —’~.-b e feedback 1.21 i .83 c.66

nz / s  ~~~~~ 
feedback i . i ~ 2.03 0.5 7

Note: Design gust velocities for V~ we re used.

We also note that the discrete-gust  load s are always less than those

for the continuous gusts. This is apparently due largely to the very hi gh

wing loading (ii6 lb/ft 2 ) for this  example . As discussed earlier , increas-

ing wing loading tends to make Lsndis/Ancont less.

One final point or~ Table V-3 is worth noting. The 1 DOF (e = a) loads

are less than the 2 DOF (elevator f ixed)  loads . This result is attributed

to the gust gradient ef fects  mentioned earlier.

The second example was for a typical single-engine general aviation air-

plane. The aircraft dynamic model was the same one used to investigate longi .-

tudinal control system dyn amics (Section IV-F and Appendix B). The flight

condition was 150 kt lAS at 7000 ft. Because of the reversible control

system, a st ick free condition was analyzed in addition tu the five condi-

tions used in the 7147 example.

The results are shown in Table V-li- . The load variations with cnrutr c- l

activity follow the same general trends as for the 7147 example, relatively

small variations for the discrete gust and substantial variations for con-

tinuous guSts. This is again due to the differences in the frequency content

of the two gust models. We also see the same adverse effect of manual control

of load factor for the continuous-gust case.
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TABLIl V-~i - I OdD FAC ’V hO 1(1 l~ sil - INI - h,-\ I IV TAT I ON E X A M I  Ii-

O \ u l  - -

(S ON ! IT I ON \n d I s ; - \ut ~~ ,~1 ~ 
d - -

\ u i ~- , ‘ i i i

~1t ta’k free - ..‘I - - ‘ .. ‘.1 1

01 1 1- k fixed ‘
~~ 1 . 1 - . 7 ’

V = - - ‘~~~1’ ’  1 . b 1 . m l

ii U’. toe ih si -k . 1  - . - I . 1

n- /sm ~~~~~ f o e d b su c k  ~.01 ~~~~

IL, —
~~~ 1’~ feedb ack ~~. 1~ ~~~~ 

1 1 . -

N - t o :  Do; si~t i  g u s ;t .  v-[o c it es I t - n  V~ w i -  i a - I .

The re IsV V’ I uip ’rt s i tu - c ‘f I l u e  d i m - u ’ -- t - um a m i d  t- - u t i  j i f l io l l s ;  ~u u s t t  I ~- il , s n-

reversed rr - u s t h a t  for  I t , - ‘/0 . T h i s ;  is; - i t  I n  i b u t e d  I -  I h u e  l o w  w i  ui g l o u d  I ~

( i  i~ . i b~ tI~~) Oar t iii ex;~~up Le . it - I~ u r t s r  s u t h s t - m i t  IsV i ’st t lie im p o r t  s mut - I I ’,- -~~~ a

-f wing loading o~t ln~ ss/~~~cotmt .~

The t’xp I j u n O -  i o n  fo r  I he m i n i m u m  I - - O s in t l u -  1 DOt- ’ ( i t  i~~~ a - i i i  i t 1 , - mu I a

ag a i n  the gus; t g r i t  st -nt- . Tht i a W s L s s  y in  I ’ l l  by r i - s  I I g  h i t ’ s i  I ‘ k — t i  x l  - - m i —

I iuu u ous — gi is t -  - s i t  c u l m i t l o u t  wi I i i  1- lu ’ ~‘~u t s t  - t’r 1 l e u u t  1, - r u in s  r u m s v t .  ‘ l i t  i s i t w ’ - r ’  1

t in 1, -s it i s  i i ’  f r  in 1 - ‘t i t  t ‘ 1 .~~~~~~. l i t ”  st unt ’ c t m s i m u g o  w ‘ til l  i - v t - u ie t - t  I i ~~ 
lb  I -

el i, ’ - I  ou i  I hi’ 1 DOF ’ cci i i i t - l i t  ( , \ m u ~
_ - t u  = 1 . b’ -~~ . ‘1’hUs~ , w i  t b  t i i ’  - ( 1mt s I ~~

- -i ~- m u t

- r u n rem ‘ved I I t’ ;~‘ I t  t i c b , ’:~~ 1 woi _i I i  h , I t ’ s ; ;  I hua .ui I i t  1 D V I ’  I - - i i  -

D .  AN EXAMPLE OF Th EE EFFECT S OF SYSTEM NONLIN EARITY ON MTBSIOi N
ANALY StS cALCULATIoN~;

;I y s ; t , em i ta t i l  t o u r  I I. i t ’s; ~~ “‘ b u i l t ’ I - h u e  V t r o t  I i ’  l i - I  I - u i  - I ’ I i t t - I- Alt m i s s ;  I cn

s u et l ys; b s t  l i m i t 1 -ni i~~f i i  s -s t hsisa’ ui ‘it l.~ . v~ b i .  ‘l i i” ~~~
-

- -to em i s ;  i~: : ;  : 1  1

I h u t -  t h e  s i t  r ’ n ’ s i t ’ t -  r , ’ ; b ’rl s ’ - p s i r .- i u i i ’ i  c r ; s  s i r , ’ i i , ’ 1, ’ml ti t i u -r i t ua l by — V i~~t t— i h i i t  ‘ ‘ 1

random pr~ 1 0 5 5, 5 .  ‘l’liu ;; t i n ’  s; i np 0’ cx  pr ‘ 5 : 5  ‘t i , i- 1 . ( — i - , it r - ‘n,! i i  I - t i n

, ‘xi ’o, ’d u m u , ” ’ r u ’ , N (A x Iu~~ , i s  mm - i  s i p p l  0- t i ’  I ’ ’ .

4
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The purpose of t h i s  subset -I - ion is ; to ;i;;s;CS;5 the i -Of t-cl a ~i’ a system

n o n L i n e a r i t y  on miss ion  analysis cal c u l - i t  ions f r  a r e a l i s t i c  example . ‘I~ --
methods of ana l ysis sure  examiuted . ‘liii first approach uses t h e  random-input

desc r i b i n g  f u n c t i o n  t echn ique  to approximate the nonline arity as an effec-

t i ve  gst -n which varies; w i t - h  rats gust v e lo c i t y  (og ’i . l ower spectral tech—

niques are then supplied to the line ;u’ized sysmt eun t o  o s u l c u l s i t e  A and N 0 as

f u n c t i o n s  of °g• These sir ’.’ used l i t  Eq. V — i ’  I~~ ipp r t  - x i  smi te  the cond i t i ona l

t ’ xct eds uuuc e ’ rates; , wh i ch in tur n are used to evaluate overal l exceedance

rat-es by numerically i ntegrat i ng Eq. V— ’ .

Tisi se cond i tiona l  exc eedaut ce rates are compared w i t - h  measurements t ake n

in a t ime domain  a I mulat . ion . The M o n t e  Carlo s i u i a l ysi s treats the n o n l i n e a r i ty

exsuc t ly; its sut -c ur :ut -y depends t u l  l y oil t h e  length of the a i m ula ti o n .  The

Monte Carlo r e s u l t s ;  su’e also u - t um er i c si l Ty integral-ed so that overall exceedance

r s t t e s  cart be compared.

The rest- of t h i  a subsect ion  summarizes t h e  example analys i s  Essen t ia l

detai l s; are documented in Appen dix  D

1. Ex~~p1e ~~oblem

The prob l om selected fo r  study is 1- t ue  anal y s i s  of t h e  I sit i -r n  I t a t  1 loads

for ui a i r c r a f t  w i t - h  a l imi t -ed -au tho r i ty yaw damper. T h i s  is si ust ’fuil example

since the yaw damper i ’ : I t t  g rea tly  reduce the t a i l  loads and t .h ore fc-’re t h e

damper l i m i t i n g  may have substant ial  e f fec t .  Reference ‘
~~ r e p o r ts  a 00 per-

cent reduct i on in I s i t  crs i 1 gust d e s i g n  load;; due I~’ t he L— i i’l l yaw damper.

Such iii e f f e c t -  i s  t ie i t -her uiew nor uncommon among large jet  a i r c r a f t  - In-

cres ised l a t e ra l  I cad I t - v t - is ; due I ’ - yaw damper a s i t -u r ; i t  I on in t urbulence osiused

St s;e r i t ’uS problem f~ r a f i r s t  gene ra t ion  swept- w i n g  bomber in the  early s i x t i e s

( k ef .  o14 ) .  Thus the example problem is b o t h  real is t ic  and of practi~-;i 1 u- ’ut cern .

The p r i n c i p a l  object ive of t h i s  ana lys i s  i s  t i ’  det ermine the exceedance

rates of l i m i t levi-i t , a i l  l o sn i a .  I t -  i s  at. these l os ud  levels t h a t  t h e  accuracy

of si d e s cr i b i n g  funct ion ;u u i a ly s i s  i s  of gr o: i I - t -s t concern . Ac cur at -e mesusuro—

ment of these very low rates  in t h e  t ime domain r e q u i re s  rather long 1 ime

h i s t o r i e s .  T1 r , ’du, -u , - t h e  cost of these computsit- i ons ,  I-he mcdi 1 used in t i n -

s t u t s i l y s ; i s was kept . as s i m p le su m p o s s i b le  w it h o u t -  ssicr i f i t ’ lu g  any of t h e

TR— 1 ( 5 ’ ) O— I V—I’’

-- - - - -
~~~~

-
~~~~~~~~~

,
~~ ‘

- ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — 



!i1~~~ ~~~~~~~~~ _ : : ~~~
-- -

~ ___ _ _ __ _ _

t~5 5 0 t i t  Oil elements  of I ho yaw t isunp u r b r l i l t u u m . The k’ -y ft -sit iii - ’ -: ; el t h i s ;

model sire :

• Roll not I u t is ; i gait i’ ti

• Only ;i e r cdyt i s tmi c  I - r i- :; tad uni mu t i t — duo t~ l i i , -
v e r t  l e s t  1 1 s t  1 1 sure liii - luded

• ;5 t cua l  s i r - i l  Iiii ’CIe s3 I n -  u -  I i n c lu d e d .

• Y s-uw damper u t s ; e s ;  p ar t - g;t ri tt ’, ’dht ; t e ’k -1 ’ y is i -s it t - .

• Unsteady l i l t  i - f l u - - i s  - i ris s i l t p r i - x i m s i t  ‘-V by f i r s s t
order  l s t ~ ( t h u s  a l  l w s s eX ai - t  c ; t I c u I - s I  i o u j  1’ - Lx i : ;
t - r ’ :; :s i u’ig u s i t - t ’ f i - r  t s i  11 1, - cl

• Gust- spec I -ru ss  i s  i i i  -d t ’ l t ’d si: ; w i t i  I c  t i l l Si ’ p s i - s a t -ti
t hrough f i r s ;  I 1’rd - r f I I t ’  -

TI—ic r e s u l t  ing  rnt ’ ,icl h iss l w -  , I t ’ u~r ’- t - , ; - ‘I ’ t r t - ’’d -muu.—- , s i I ’ ’ v’ ’ l t a - i ’ y - u m m u l  ‘,‘ - w— —

y ie l d iu i g  equa tions  of stat ion wIu, - s s t - s- a - Ima t iou - u i s ;  o u t l y  ft urt  Ii - r i - n  ( i u s c l u - i  i ’sg

one far  the gust f i l t e r ),  Mt - m t c  l~ p ur suact t ’r v s i  lue s  ‘~ ‘ re ~t’i i - i t e i  I t ’  c r  v 
- 
it

a good m a t - c i t  t o  the  dutch r h  eh ;ur s i . -t  ‘‘r i  s t i e s  g i v t - s s  i n  H ef .  00 for I Ii t ~
sit- l j u ) , 000 ft  and Mach (m .~i . A1 ; i s  t -yp i csi I t i  Isirge ,~~t ’t a ir c r a f t , l i i i ’  i n - t u g—

- ‘ me rit -ed 7)U 7 e x hib i t s  very low du tch  r - I L  dsuap i rig s i t  h i gh s l u t -e l i  s cud si i t i I

As shown for t I i i  s example in  F i g .  V — t’ , ~
- l ’:sur , — ‘0 11 ; ’ y iw il’ i s m ss t t r hcc’p

:;uhs; t sL u t t i-ally i st cn i ’susm e s  t he  dsun p ing of I -h i  a mode. Thu I s~; reduce: ; m s  n - i l l ,

load s by nearly si f;i~-t oi- of’ i s n ’ t ’. Thu s , - i  t i - i m n n ” u ’  amil sa ri l v  hi -t O t Psi. : a

poten t  i s i i i y large t ’ ffe c I  on I-he t - i ~~l ic - sd : ;  i s ;  t h i s ;  -

Though in er t - i sil losids ; have a t  ia- i -m i t ’xp I c i t  l y  l u s t - it it - ti i n  1 1 : 1 : ;  ; s- I t I

t i - ic I t ’t il at i a i c t u r s i i  L ’sci is; g ou i t -r si I ly w e l l  s i p l m r -x  m a t  ci 1’ he , r  l~s 

component- . In t h is  s imple  example , in  f s i c l  - s s m  r uc tu ra  1 stud iou’ tl v s s 155 is

1 osids sure exact ly  proport lan a i  . T h i s  is; ,t t m m i s t r - t t  i ’d i n  A t t i ’ -n i i x  P - w l s  I a -

ai  s;o provides a d e t a i le d  d e f i  i s i t  i on  of t h e  m dc l

2. Describing Function Analysis

The i mpos t l i o n  of si rudder L i m i t c s u u t  r t ’ , l u u - -  the t - f i -c~ ’t iv ,

yaw damper ioop closure shown in F ig .  V— 7 .  Whenever t i lt ’ r’iiddt ’r ,it~f t a t  1. mu

commanded by yaw r at  e excee ds ;  t ht - ;iu t i n  ‘ n i t  y l i m i t  • t h e  d - i u i ; c ~t ’r , In ft” - -

- - p e r i t  Os s at l e s s ; ;  t h a n  t - i t t  f ul l  y s t w — r : i t  c - I  - -ra i l - u’ g - u  m m .  The - O f - - t  ‘0 5 is
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9 Open Loop Roots : 

-

(9.93 ) [.o35 , i.o} iw

(rod
X Closed Loop Roots : ~sec

(9.40) [.292 , l.03J - -5

-.~~~

o~(l/sec )

Figure V-7. Yaw Damper Loop Closure Effect

limiting over the course of time in turbulence cam be linearized in terms

of an “average” yaw-rate-to-rudder-gain. When normalized by the actual sys-

tern gain, this “effective gain” takes on a value between 1 , corresponding
to damper operation with no limit, and 0, corresponding to unaugmented opera-
tion. Within these limits, the value depends on the characteristics of the

patch of turbulence traversed and of the system response, and on the authority
limit.

Transfer functions for the limited authority system can be calculated ,

based on closure of the damper loop with the effective gain. The r e su l t i ng

characteristic root locations for this closure lie on the locus between the

open- and the c1osed-loop roots shown in Fig. V..?. With the “effec tive ”
transfer functions thus defined, values of A and N0 for the load on the
vertical tail can be calculated for the given value of effective gain using

— standard analysis techniques.

One way of specifying the effective gain of a nonlinear element in t h i s

situation is tc- replace it with its random input describing function (Ref. ‘r ’ t .

The value of this function is chosen to minimize the variance of the difference

between the outputs of the nonlinearity and its linear approximation. This

value is a function of the probability dens i ty of the input t o  the n on l i n e a r i t y .
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In the yaw damper example, t h is ;  i nput , as well  as all other r - s ~ - sac

variables, is assumed t be a normally-distributed random van h le , l i ke
the lateral gust velocity which is the system input. Then, the describ ing

function approach quantizes the effective gain as a function only of the

damper authority and the runs level of the i nput Lo the nonl inear i ty.

The calculation procedure which w-us used cii’ be summarized as l’s 1 h w ~s :

• Assume an e f fec t ive  yaw damper gain

• Wi th this gain , compute various closed-loop
transfer functions for a lateral gust input

• Compute N0 and A for the tail load

• Compute the ratio , ( rms input to limiter)/
(rms gust velocity)

• Use th is  ra t io  and the effective gain to compute
those combinat ions of ems gust and rudder limit
which would produce that ef fec t ive  ga in .

Figure v-8 gives A and ‘~k as a funct ion of rms gust velocity for a

damper author i ty limit of 3.6 deg, which  is approximately equivalent- ~~
the 7i~7 l imi t .  As Fig. V-9 shows , for t h i s  damper au thor i ty ,  it -  1-ak, ’:; gust

velocities somewhat greater than 2~ f t/ s ec  rms t o  change the  value of t h e s t -

two par ameters substantis -üly. On the other end of the scale , us the gust

velocity increases , A and N0 approach asymptotic values co r r eap o nd i  m u g  I

unaugmented operation. These asymptotic values differ greatly from t hose

for the unlimited yaw damper — by factors  of , rough ly, ~
‘ and 0.5,  respcc-

t ively.

- 
- 

Based on the assumption that the tail land (Ft~ is norm ally d i s t r i b ut e d ,

it s  exceedance rates for a given runs gust velocity are analyt ical ly ii t-’f’incd

as functions of A and N0 by k11. V-to , ju s t  as for a l inea r  system. In t h i s

case, however, A and N0 are functions of OVg•

The f i nal step in this  ana lys i s  is to use these cond i t iona l  ext’et-d su ; - - ’-

rates to compute overall exceedance r a t e s .  T h i s  i s  done by numeri - s u l ly

integrat ing Eq. V— ’ . For a full—scale mis;:; ion sins ul ysis , I-li is Out egm’ sit - an

is done for each miss ion segment. The result:; are then combim s”d i t - i t - 1 - the

final exceedance rat-es per Eq. V—u. ~‘or I - h i s  examp le , t h e  m i s s  ion  p r o f i l e

has been reduced to a sing le ~ l gh 1 condit  l o u t  f- -c si m r l ’ i i e i ly.
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Figure v—8. Variations of Describing Function Analysis
Par ameters with Gust Velocity

for 
~Rlimit 

= 5.6 deg

The gust velocit y distribution of interest in this case is the one
implicitly specified in the FAR mission analysis design criteria (Eq. V-7).

At the ~-~o,000 ft altitude of the example , the FAR gust distribution para-
meters P

~
, P2, b1 and b2 take on the values 0.00?, 0.0001 1 , 5.0 ft/sec

and 9.36 ft/sec, respectively. This completes the definition of the terms

in Eq.. V-5.

Before presenting the results of that integr ation, it is instructive

to try to predict the outcome. To do this consider the case of no yaw

damper limit. Overall exceedance rates for this linear system can be com-

puted using Eq. V-5, just as for the nonlinear case; of course, the compu-

tation is simpler since A and N0 are constant. Figure V-9 shows the varia-

tion of the integrand, dN/dOvg~ 
and its component factors, N(FtlOvg~ and
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P (O V g) with Ovg~ for  Ft = I~6,’i 11 lb. This value of t ;til I -id , is the

design l imi t  b i d  w i th  no damper l i m i t , based on t iut - miss ion  analysis
design cr i t e r i a  of 2 x 10 exceedances per hour (‘- .‘~h x 10 / sec) .

Figure V-- i shows that  the integrand has a well-defin ed peak. lt~-~~w

the peak , the iuutegrand drops rapid Ly bta - siu se the decrease i u u  l u t e  condi-
tional exceedan ce rate for Ft quickl y t ’utps ices the i n ’r e s t : s e d  pr t  hsih lily

of encounter ing the lower gust levels. Above the peak the de1-rcsising gust

velocity probability dominates.

The “critical” value of gust ve l L’L’i t - y sit which dN/dOvg 
1:; max i ml un can

be closely approximated :inst ~yuicail y. Time s implify i ng approximation is t h s t t

over the range 11 interest ,

P(°vg) ~~

i . e . ,  th st

p 1 _ ( 1/ 2 ) (ov Wb i )
~ c~ ~~~ e 1 / 2 ) vg~

b
~~

)

b1 
h ,

D i f f e r e n t i a t i n g  the l inear  system int egrand w i t h  respect t o  ~
1v w it h the

non-storm turbulence term omit ted  yields

F

N(Ftkfg)P(Ovg) N ( F t~ Ovg~ 
~~~~~~~~~~~~~~~~~~ 

— _L tiv gj

Thus the rms gu:to velocity,  wh1 ch max imizes  t h e  integr an d is g s v eu i  by

OV g
=

t j This gives a c ri  t i c s t i  gust v e l o c i t y  at ’ ~~~.: f t 1 see 1, ’r t h e  pt -ak shown in

Fig. V—9 . This  valu e l i e s  close t ~~- the center ot tin - interval from ;.C Vt , sec

to ~O ft/sec for wh i ch the i ntegrand has s gnifi~-s i u ut value.

The purpose - ‘V the  above is  dt ’mnom u s t . r a t  t ’ t hat  t h e  cr i t  ‘ : i l  gust r t m u ~-

is easily predict -ed and is roughly . 0~~i0 1’t , aet ’ V u this example. ~~j~~t

levels outside this range do not sub stutnt tally chang e the  design load over-

all exceedance rate .
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Refer r ing  back to F I g .  V-8 indica te s  fli t- only as gust vtil - - I  ty au mrn - u -hes
the high end of the 20~1~0 f t/ sec range Ac the values cf A and i~~ begin ~o
depar t appreciably from their no-limit levels. -‘I t 240 f t/ sec rms , ~ has

increased from 548 to ~83 lb ft sec and N0 has decreased from Ci~~~
to O. l~i l~ sec~~ . These changes tend to offset each other in the calcul- it i t t

of the conditional exceedance rate.  However , near and above the u n l i m i t t -d
damper design l imit t a i l  load , N(Ft~cvg) is much more sensitive U - changes

in A, and the net effect at ~0 ft/sec m s  is a iS percent increa:~ in

~i(F~ Iavg) over the unlimited damper value of O .O~ 6o sec 1
. Thus, tar a

3.6 deg rudder limit, a small incr ease in the overall rate of exceedance

of ~6,~~i i  lb is predicted.

A much larger increase would be predicted if the limit were halved to

i.8 deg. Gust velocity scales directly with authority limi t st ar g i v e m u

values of A and N0. Thus, to apply the Fig. V-~ curves to the i.8 deg

limit, the abscissa gust velocites in Fig. V-S are halved. Gust ve lo cit i e s

of 20 to Ii.0 ft/sec rms then correspond to values of A and N0 substant i ally

different from those for the unlimi ted damper. At these values sire

657 lb-sec/ft and 0.575 sec
1 respectively , yielding more than a slui’ t - t-fold

increase in the condi t ional  exceedance ra te  at this  o over the value f1rVg
the unlimited yaw damper. This limi t was therefore also analyzed, sins -c Ii ,,~

system was not very nonlinear sLt the higher limit, over the tail force  r s u m m g t -

of interest- .

The Eq. V-S integrand for the i.8 deg limit is included in Fig. V_ st ~o

demonstrate h-sw well it scales relative to the unlimited damper i ; u t c g r a ’ :~I .

N~ t e  the virtual~ coincidence cf the peak values. Thus the in~-restse in

N (Ftl O v ) provides a gcod estimate of the incres-ise in oversill cxccec l : t ;mce

rate for this limit.

Figure V-10 gives the overall exceedance rates as a fu su - t - ion of I s i l l  io s-,si .

for the yaw dar1mper with no authority limit and with the ~.6 deg and 1.8 dig
limits. The exceedance rate curve for the unaugmented system is als~’ included

in Fig. V-IC , providing an upper bow-id for damper limiting effects. The

figure verifis-: the predicted increases in the rate of exceedance of  - ‘ ui - ,’- lI l b s

for the tw 1 finite—limit c u: ;t u m . and ind icates ñirthcr diverge-moe at these curve:
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from the unlimited damper curve w i t h  Increas Usmg t a i l  - t d .  T h i s  d Iv er -

gence is also p red ic t  able as - , fus ct lo t :  of b’vg w h i c h , as ‘:- --ted , I- r’ a: -

direc t ly  as the square root at’ tail  load. In t erms of m I s s i o n  irm ~ I y ’ i s

design l imi t  t ai l  load , Fig. V _ m O  show s that :

• Damper limi t sag  can h - ye si very large ef fec t  on flt~- d e s ig ’ .
l imit  load l~ vel , as in d ie s i t e d  by the gap ho sc~-~- m: t im e
“damper—off”  and “ ma - — i  imi t 5m g ” curves. This  I sm , of c a l-se ,
the result of (lie mnar ainal ly  st ab l e  d o t - - Is  r:-1l - h - t ra -~ t n
t i c s  of the uriau gmemst i -d a i t - s-i ’af t .

• At ap p r ox  in s - 5 ’ el y the limit used on the ~~~ t }s~ rs- ic a s -ue g l  1 —
g ib le ir lorea:—: in llna t I-sad . However , halv is .g t h i s  I l m i :
i ts5 -reases linoi t load i~~ 20 percent .

Details of the d e s c r i b i n g  f tnct ion analysis  are p r - w i - l e d  i n  d ppcs ’ d i N  I~.

3. Time Domain Si~~lation

F - sr the t me —d c-m r su i n  s i rnu lat  l o s s . s c u m exist in g  d ig ital o ’m 5soitt s i ’  S’I C 1’ On

w - ~s m o d i f i cd .  The m o d i f i e d  p rogram P r o V i - - i ~-S the Inc re :msscmses at  t b,-

m a — m i  L i s l e s i r  sy s s e m n to rsissdcsn t u rb u le ss ce . T u e  is i- sigrst m produces t im e  1: i s a ry

plots of selected var I siblec - -~i -i mnes±sures b5 -th th e  probabil  I y d iet  r hu’ Ion

and exceedance rates of the tail la-id. Ta ma tch the gust velocit y distri-

butional and spectral charsict’~s-ris tics re sult -ed by the mt~ssIom : analysis, a

normal distribution of zero mean -und unit var i ance is  p seud o-r-m-sds m l y :-ismnp l~ d

and the result is app rcp ri at e lv  scaled fa t-  a given rms level -mmml fillet -ed .

The simulation t h a n  amoum i s s t o  ci l-I~-n 5 . e C u r l  - m s : my : is in  wh i ch the t s -it I

I o t A  ¶~ treated as a r s u s m d — -s n p r coL-s.c U n  a i i ’h w 5~Ish 
‘
~~. m a- - sum’ s ex - -e, i - t i - - ’

r - m~ e~- m . -4 run length — -1’ 30- ml m si e- ,c -s -a 5 s i  at  1 -A Ic r s  v i d ’  Si r,- - ,s -’ u-dslc

t rs u d t off between the - -eU c-i ’ i- -p ’s l u g  t he cs nni l - t m I - i t  s i m m d  I I  :- ur - -y - f ’ - l s~
measurement-s.  Based ~n the as suimupt l o s t  I h- ut -ii i cist f iv-: cx- s -~-cisa - ‘-s -n t

needed f 1 r r easonable accuracy , t h i s  t - ime d u r at i o n  ii i~-~ .; eel Ism t a l. b i t  f

s’x s -t - - e ds u tOe ra tes  as low as s .  cOi -
~~~: ~~~~ if lie exc, ’ed- u t u s ’s~ I i - p - sr : v

negati ve values of ta i l  load sr ’ 
~~~ 

I a s .  F o r  t~~c I s  sc -u ’  ‘to limn I t~ sig c- use .

th is  rat e occurs sit roughly tb-a 5c leve l  of F t fat S -i s sy givs -- . o~~,- . 1’ ~~ 5 O s t

the reg ion of accur acy to the ~ level would r i - u  - r s -ugssl y si I Inca Ia

run l c s : g t l m , or 1~ hours (see iIi S u s i i d L X  ill , Fig. i- _ I t ) .
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Ar tep th~ s~ sir’ of cash ru - , 1 ~ seccssds - f ”  se t t l i ng  t ime ” was al~ - wi

t o  psiOs bets-re t h e  i n i m  1- it ion - f c ut - l i n e  data  reduct iom : . This s et t l i n g  t i m e

is the e - s -s i ivuclent  of about S to ~ time c-iasstants sit dutch roll damping u - a ’ tos

of 0.2 to s . 5 .  S i r t e ~ the m ai’i-iIe ss -~ time hi story alway s began with - i patets

f a-ow amp litude gust ve loci t ie s~~, th Is i s i t e r v a l  was s u f f I c i e n t  to  in sure

that the oysters , had reached SI sady state pri~
- -r to ‘.hc ‘ask I ng :f data. Besides

the accumulation f probability dis tr lbu m I -  mm and exceedance data , w h i c h

were kept at r- ugha y ( .2~ o irsm t ’:rv - s ls -1 t a i l  ix ad . the progrscsmms kept track

of the minimum n u b  the max i mum ta i l  f ar c e  and caiami iistsd the f i r s t  f-our

moments of the distrIbution - tb ut the expected mean of zero.

Since ~he data gcsmc-rated for a giv~-n rma gust velo’i ‘y - tad siu~ In r I ty

limit can re~~ i1y be scaled to apply tc - another combinatic ’ s ~f gust v~:ics-i ty

and -outnority limit with the same ratIo , an m s  gust velocity of 1 ft/sec

was arbitrsur i iy ohosess as the input for all l ’ics :te C-crlo runs. Pu ss were

then made at -iuth -an i IT limits corresponding to describing function ef f e o l  i v--

gains (kDF) - - f t.8, G . f ~ scab s.2. A run Wa.; also made with unlimited d soms l- er

authority to validate the simulation. The v i l ldat ion  data and -other key

program det ail s sure presented in -5tppend ix D.

Figure V -li compares sample time histories of tail lead , yaw rate and

gust velocity f s  r’ the unlimited yaw damper with a cc-rrespcndim ig segment from

• the run at kDF = °.6. The identical gust velociry traces provide a time

reference for comparison of the system responses. The segment chosen for

comparison features a very turbulent patch sandwiched between two lulls.

It was selected to demonstrate the effects of the damper authority limit.

For the 1 ft/sec rms gust input, the damper limi t t o  produce an effective

gain of 0.6 corresponds exactly to a yaw rite of 0.CC-t04 rad/sec, as indicated

in Fig. V-llb . Comparison of the traces shows that:

• Dur ing the lulls , when yaw rate remains w i th in  the au thor i t y -
limit band for an extended period of t ime , differences in t h e
tail force traces are negligible

* The runs for different authority limits used the identical gust time
history .
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• During the turbulence pa t c h  Wa I ek~ i s  mna rrsed by large
rapid changes in gust veloci’y, the yaw i - - c - -  f re- juer~t l y
exceeds the l i u n i t e d  da mper au tho r i ty  pr bu sing very
sub s t a n t i a l  increases  in tai l  load.

C o n d i t i on a l  exce edance  rates f r  the F I g .  7 - l i b  C isC s~~ e r 5 - s , r - - ~ wlt m-

those computed us ing  the A aci d M0 values stete r u sc l ned by desc r I b I n g  fun d 

analysis in Fig.  V- 12 These results clescr y sc.cw that desc r ib ing  ±‘ua -:- t iorm

analysis can substantial ly underest imate the exceedance rates for large t a i l

load s whes m damper -n -c r - a t  lOt ~ become s hi ghly s asa. - l l n c ar . -io re-s ver , n e g l e c t i n g

the iscot ar:d least - icsurate M m s n t e  Carlo bat a po l at  at 2~ OO lb , the analytIcal !

enpir  ic - a l  d i f f e ren c e  appears to be diverging wi th  incr e5~sing Ic- -ad. Ussfisr ’u-

nately , the dat si is t -s- - limi t ed t: ~~~~w a f i rm conclusion on t h i s  po in t .

Similar cond i tion a l  exceedance mute plots C- r the twc other non-linear

cases run (k DF o. -~ and C .2 )  are In cluded  in iinp endix D along wi th  tail

load probability distribut Ions ; ±‘er each run. These c-:mditiomal exceed-nra-c

r a t e  data were used to compute over sil i e X t  :dance rates for comparison w i t h

those d e t e r m i n e d  by descr ib ing fut 5” I s  - anal ysis. As in that ap ur : -unc h , t h i s

computation is  based on Eq. V- . In the I-t aste Carlo case, however, the value

of N(FtIGv g) is not anal y t ica l ly  expressible . Ins t ead  th i s  value is inter-

polated -iIre-:-tly from the tabulated simulation results. Impor tamm ’. details

relat ing to  this o5 rnputat ion and other aspects of the Monte Carlo analysis

are g Ive n in Appendix D.

Overall exceedance rates thus de termined  -crc- ~‘I-
~mlu-ared w i th the d e s c r ib in g

function results in Fig. V-i S . This comparison indicates that :

• For the 3.6 deg damper limit , d e s c r i b i n g  funct ion  analys is
adequately predicts  l imit  load exceedance rates.  However ,
linear analysis of the damper with no authority limit does
almost as well because the effect of the non-linearity is
not important at the design limit load. At increasing tail
loads describing function analysis become s more unconservative ,
though the d fferences are rather small.

• Hal ving the authori ty  limit to i .8  deg substant ia l ly  decreases
the accuracy of the desc ribing function analysts.  The Monte
Carlo results indicate a 27% increase in the limi t load from
the value for the unlimited yaw damper , compared with  the 20%
increase previously noted for describing function analysis.

-
- The Monte Carlo data also indicates that the latter approach

underest imates ~xceedance rates for hi , 000 to 80,000 lb by
roughly a factor of 2.
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Camnp slrisan c-f Monte Carlo and Ji’ scn-ibing i~ i s l I ’~ I on  s ox c e e h a n c u -  r a t e s  I t’

t h:st. gu st leve l will si i l l  i i i o i c : i t - s o  t b -  v - s i  i c l i t .y of the  do s 5 - r i b i s ;g  l u s H  l o s s

si u t a l ys i s ;  but , the s.- culnp sir i s on must  t n c .liud - a i t t  : t d  r ’ s - l ge -~--f ‘- t b - - mb - I t S  i l i

desi gn limi t l a s i d .

~
. . Discussion

The ei’I’sos’ I ci’ a s nmple, and isot uncssminoii . i’c~5 i t  i .  1 :sv s  Sm so s ss S C S i  I ns.-- ~si- s t y
cii mi s s ion  analys i s  calculat 1053 s I ’ design l im i t  I a - t d s  h sis  h o e - u  exs t - t i l S lOb

f5’u - a resi l I ot .  i c a ir craft .  des ign problem. ~:mmudi ’utt I s m ut ic:s5 ’r lb  i 5mg l~t t55t ~ 5

:us s s k y:; i s  a techn ique ceusuns.’:m iii scs.’rvo- 5 i s i s -_ l ys  5 5 ’ .s-~5 - i’ i~, — W s i s s  u s c t s -d t o  sip I r- s-: —

mate the effect al the sc u i i  isi s s t r  so I e s r , en t  . Tb 5’ s t l  lows d i  ri - ct  e rr-c \r~ r

- -f lie sI am t bsnr d power s e ct r a l  t ee l s : i  I duo s used f-si h-it- s r  sy . s - c:;s s imist 1 :  -

however t lie cc~ put s i t - ic ’tis must -  ho rs.’psosi s ccl fat var  oslo ‘sn:. as - s v~ la’ 15

l a v e t s ,  t 0  d e f in e  v-tr i sit Ions at’ A :im td N~ w.th gus~ l evel .

Throug h cotuipstr i son with results obt -i I ned Cu’ su a ins- sS t S - i  i l l  .5 1 unu l ‘ i t  I~~t mt

of the nonlinear system , i t  W a t t  s l s e w m :  t l ts il , ft -r li t ’ es-s:srm tple si s st- m s Ic-: ,

itO mtcr  lb I rig fund ton approach sosi d s U- u;i-lsu’u ’ 5 ¶ I m u st 1 so he ire- luo icy e I ‘c

.io m d s .  For SOn iC levels sal ’ nonline scr i t - ,y .  1.1 m a y  pu a --v Id e  si c . - l i s t  i

umic -omis erv -il lv i ’ cot  imate at’ des ; gn 1 imi  t icssid . The bas ic  preb 1 ot t Is s li: ’

- h I ng i’ut se  t. I o t t  s sui s ii ys is s 5 i 5 5  onl y : t p i r - x  1 111 :1 Sm e Iii - I c  - ib~ si n a ‘s5 - s - s m m :1 1

d : st r ib u t e d  random pi ’cs.- s.’so.  ~ ithi t i  I l s o t  s.~~issI rs u i s s t  H~e h s o s 4 -r ; I ’ m s ~ 1 ’s; ’ ms. -S I, ’li

ap p r a - i c h  doe s a gccsd job . However , is s } u a w : m  by  t h e  i m u l - u S  l~ - sm . ‘ i t -  les isi. ;

i n  1- h i s  case were not we LI rs ’t r i ’ s c m s m  sod lay a s m ~ rsuua I ci : I a bu t  I ou t  - m ’ c~m i . ’ ‘.

l eve l s  a t  w h i c h  system h s~l u: i vms ’u’ V i:: h ig h l y - s~~sul lu s t - -u’.

it W e U t s i  be diff icu lt t. i-x t rs u l u s ’ I - t m s o  t h is t’~- ,s i t I s  i c  o H m ~-r  ~~ i -
~~~

- s t  5 ’’ . S

I nv - l v i  iig , 1’. a’ cx sunp le , s l i t ’ I t -re  ill - I S  md -r m u l l  - i ~ 
It s’ u5 - t i~ ti ns ’ ‘ i i ’  S ‘m i s  ss . i l l I Is

o t h e r  hand , the routine use of a Sm S ills.’ d s m ~~i i 1 i 3 011111 1 i o n  to s.’s i : m b l l . s t i

des i gn l imi t I c - i d o  in every ~~Ii l:st .emi s i v e l v l m t C  ~;yss k soni u t o u l i  i so - sr I l e o  I s ;

lis t su ti at I r s i - t  lye alt e r - e m t  Vt ’ . A ti nt so C - t r i o  si ’m - il y s ; i st i sit -lu c- ta - -v cm

s i c ;  i’x ceeds-iuii’ec ; ol’ di ’~ i gn los isls s w5 -uiI ~I hc very L ’ s St  ly, s ’spi s’I si I l y t~- -m I

ii rcraft which require t he I n c  l u n  con o f  st- rucl u r s i l mcci i’s.
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A simpler approach was adopted in the design of the L-1O1 i (Ref. 23):

“The loads with yaw damper operative included
a 5 percent increase to account for the slight
degradation in yaw damper effectiveness at the - 

-

limit load level due to saturation. This is a I I
nonlinear effect and cannot , of course , be
accounted for directly in the power spectral
analysis. The percentage used was determined
from analog computer simulations in which an
appropriate continuous turbulence gust time
history was used as an input, at several
intensitites , and the airplane representation
included the limiting rudder hinge moment .”

Unfortunately, the reference doesn ’t detail the complexity of’ the simulation

or the procedur e used to estimate the design load increase from a few “appro—

priate” turbulence time histories.

The key to this  approach lies in the selection of the appropriate gust
intensities. As was shown for the example, the gust velocity which causes

the greatest increment to the overall exceedance rate is easily determined

for the linear system. It was also demonstrated that nonlinear effects do

not change this critics-l gust velocity drastically; it is largely determined

by the gust probabil i ty d i s t r i b u t i o n  and the load level of in te res t .  The

analysis also suggests a simple way of using this fact to minimize the costs

of nonlinear analysis.

As noted , a cr itical gust level can be identified from the conventional

linear a nalysis  results .  A de sc ’r lb in g  funct ion analysis for that gust level

will indicate if the  nonlinear e f fec t s  are s igni f i can t . If they are , a Monte

Carlo simulation can be run sit the crit- I cat gust level to determine the

adequa cy of the descr ibing f’u u i c t i o n  analysis.  The concept of a crit ical

gust level is important because of the drastic cost increase in going from

linear analysis to desc r ibi ng fun ct ion anal ysis t o Monte Carlo simulation.

This concept provides :1 method for determining when either of the cheaper

methods (linear m r  descr ibing funct ion analy sisl  is  adequate .

As i ndicated in Refs .  23 and I~~, determinat ion of design loads by mission

analysis  requires a great deal of computational effort. The presence of

sign i f ican t  n o n l i ne a r i t i e s , F owever , can greatly complicate the loads analy-

sis, substant ially increasing their cost. This example study has explored
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- :ms mne ci’ Sm lie o iffi c ul l  I son involved in such an s u u i s i l y n  1 s , ex:im i l i i  u i g  I be I l’ ss l s. —

ot’fci between two like ly s i p p r a s i c l u s o  cm to Sm he p r h  I ai m s s i -b -f i t-- r i  mu ~ a l’s s u  - 5h I - -

- compromise between the twa. r1~here are , most cert suiuil y, ct lit-’ a ~~i- s. --1 ~ I ems t o

be overcome before a general ssoiut I c i t  t a t h e  p1-ala-I -em at ’ I so I sib I u u g floss I I sms. -s i ri —

-

- 

ties in mission a na l y s is  i - sun be i’5Crniu l st t -ed .
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SECTION VI

TURBUL~ ICE i~~isATICV AIRSPEED

The previous section r”vi:s-scj  and exs smine -i s tru - .’t m r - sl gus t - i sa a . t

reqsct rements. Whether or not those loads are i’~ - -msli-t .t 1st t mrbul5’st -.’a

depends on many interactive elements , Ii - t c sltm-Jis j 5a the ba cs s5 r -r -~ft gust

sensitivity, handling_quali t i:s , stability tmms d o ssstr:i :i:.r- t ‘t- ’rtstlcS .

and pilot responses . A key factor in many of these elements is the - I.r-

speed at which the turbulence is penetrated . This 5-3-5-t ion examines the

relationship between the turbulence pen o t r s st l on  a ir sp~’eds (V 1p) used, by

current jet transports and the Fedcr:-1 Aviation Regulsitions which pro-

vide the design and operational ro-sptsl r ers m c s -t~s —s hiss h must be met by thec-’

aircraft . The purpose of this examination is t: - -i - -st ermine  ‘,~lmsit m i g ht

be done to better define turbulence penetration r-a-s ssir-.ssmm-:nts .

The f i rs t  subsection details the reliovaust F~F r -o smui r cuncms ts . This

is followed by a review of current desi gn nd :-D-:rstional practice ‘5-sith

regard to VTP. Subsection C dI scusses m sh-s i’- ct . s’ .s I siv- ’Ive i in ‘he se e- --

tion of V~’p and new :spprna:hso~; t o  -.he select I on  p r o c - en s .  The f I n a l  stub-

section suamarizes the preses st s i t u i a n  lost ass f fsr . s scss c sugge .;t i ast s I ’ r

possible improvements.

A. FAR RE~U~~~1~~~TS

To begin with , the regulations do not defitn -~ t mri -sml e nce lscsss -tr .m . on

airspeed , explicitly. FAR Part :1° , Ai ra- n -r t h i n ts -s s  cli t andssrd ,t , T r - i s . ;ps i”-

Category Aircraft , requires only that , as part nb the “Airnl-ss :s I-] i t~I st

Manual. . ,  furnished wi th  each a i rc ra f t”  (~~2 7 . 1 - 8 1) ,

“(a) Information and instructionS ...mum at be fur—
n ished , together with recommended procedures for

(8) Operation in turbulence for turbine  pow-s-rH
airplanes (including recommended turbulenc e pc tu-~tr:m-

tion airspeeds, flight p e cu l i a r i ties , and .sjseci- ml

control instruction ) . ”

These procedures must be approved by the FAA . Thi  - is the onl y oxpl is it

reference to VTP found in the regulations. However . u , t  noted in Seci~~. ss V
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the regulations do define VB, the design speed for maximum gust inten-
sity, in specify ing the design gust V-n envelope i’cir large aircraft .

As its definitio n implies , 
~B 

is the airspeed at which the airplane
is required to withstand the greatest discrete or continuous gust veloc—
i ty.  Note that th is  does not necessarily correspond to the highest load

t s m e t n r  which may sec-sir at a combination of higher airspeed and lower
design gust velocit y, e .g . ,  VC. In addition , load factor is not uniquely
related to structural sti-enRtit; load distribut i on may result in greater

stresses in critical str esis at lower values of load fac t or . Wha t cam be

sau d is simply that the airpl ane is not re qu ired to be strong enough to
withstand the maximum design ou st velocity at a speed greater than VB,
without detrimental st ruc t smrs ml  deformation .

Thus it would seem reasonable to expect that VB structural require-
ments apply to the recommended airspoed for turbulence penetration. In
effect , this would mean that VTP must be chosen less than or equal to

the selected V~ to provide side5jusmte structural  strength. On the other

hs m nc t , the same cons iciera t-ions which Lit stsut~ tb-s lower limits on VB also

have relevance for VTP. The v s s r i c t s t s  regulatory constraints on VB selec—

t in t s  are reviewed s- -si t , with i-’15-t . VI— 1 P r a v i d i m m s i  example V—n diagrams
to illustrate key psints.~

The minimum v scls ie  of VB is set by ‘ - .~~~ (d)(1):

“( I ) V~ may not be less than th~ speed determined
by the interesoet on of t h e  l i ne  x - ep r - s s - - s i t - i n f  the maxi—
mum pos i t ive  l i f t  CNm sux and tl~t line representing the
rough a i r  gust veloc i ty Oil t i m -  gus t V-n diagra m , or

wh iche ver i s  l - s s , where
(i) flg is the p o s it i v e  airnisurie Rust load factor

due to j~ m st , -it speed yr ( i m s  a e - - -rda m t e e  w i t h  ~~~ AL 1),
and at the p rt i cu lar  we tch t -  - nde r can - ’ iderat ion ; and

(ii) V51 is the sta l ling speed w i t h  the flaps
retracted at the part icsmlssr weight under considersut ion .”

The lower l i m i t  established by the i m s t e r ; e c t i o n  of the 
~N1i’~~ 

(sts ull ) line

s mn ~l the  VB desi gn ioi cs t load f - u - ’t ~i’ line is m t  - - m i tel to provide a positive

sm all mn~r~ in for gust ve loc i t i e s  less than t i m s i , of the VB design gust.

*Other sample V-n diagrams are provided in - - p p e s i d i x  F .
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However , the CNm. .x a nd VB gust lines may not i a t - -r e - ct . Ma ch :s- -

be r effects  cats cause a re I i  ‘ m s i - ~ in CNms x as -p-- in ~r- - - ses.

phenomenon t~~ ic-~lly c-c -lire at higher - -l c- it u d e s  S show n in to - - x-~s-~ ~e

~~~~ JisLgratss-s of Fir , VI—~ , 
i- t ’t teul sri’s 1 d ~

The second VB limit , / T - T
5 1,  provides  sun -mit ts -mo tive when t~m-s -

section of the 0N50- si and VB f i S t  lines does not exist or i s  - -5 yes- :; s i a N

speeds . some ap p r e - i - ut ion f~ r t h i s  second lim it cats be achieved by ~-~ -s-

s ten si- ~ the case  els ~r-s there s’ no 24-m c }t ec ’ fc - - to on ~~~~~~ 
Then lIe

second 
~B 

limit woul I be defined by the lot r:-~-~ti0n of the  
~Nt~- .x line ’

end loa l f- stor e j i - L i  to ng . see Fi-- , VI- . It is i n t e s t i n e  to no-t~

that in the oxssnsple V-n J i m m s r Lmms- of Fir . VT-i , VB i-s actu -~ ly n-~t at tls~

second l imit . /~~~Vs1 ,

As3umes C Nm ox S
independent of airspeed

L 7 VB GUS t
3 T

~~~V6 Gust

(5 I , - “

C) ~~~~~~~~~~~~~~~~~ I I
LI- 

~~~~~~~~~~~~~~-~ 
— ‘ U

- 
- o L. ’ 2nd I st

o I r ’ ~ I IV B 1 v 8 vc
CN Limit Limit

0 - ---- -
~~ 

- - -  -
~ 
- - -- —

I 
--

Equivalent Ai rspeed

Figure VI—~ - Illustration of VB Lo-ecr Limit s

Upper l imits on VB - i re imposed indirectly via explicit restrictions

on t he choice  of V~ . -me well  -~s by the structural em r-ngth rosmii ra~a- mr~m

resu l t ing  f rom that -h o h-- - . The selection of V~. its based im is inly on thc

-one ideration of spor t iona l  requ t retnents for n - r f o r m s s - m m m e ec000 msm y . Tim- -

need to be compet h- lye may d ic tat e  t h i s select i -a.

For CNmax i n v a r i a n t  wi th  speed , n = (V/V3 1 )
’.
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b) Limiting— k0~
. .6

Figure V - i l .  Sample Monte Car l -; simula t i on
Time H I s to r i e s

TR- 1099-1 V-5.i - -
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The explicit restrictions on are given in t 2 U3 3 5 ( a ) :

“ (1) The minimum value of VC must be sufficiently
grosut er  than 51B to provide for inadvertent speed increases
likely to oc - - -m r  as a result of severe sutmosp heric turbu-
lence.

( 2 )  In the absence of a rat ional  investi gation
substa n t ia t ing  the Use of other value s , Vc may not be
less than VB + 1m~ knots . However , it need not exceed
the maximum speed in level flight at maximum continu-
ous power for the corresponding altitude .

(~~
) At altitude s where VD is limited by Mach num-

ber , 51C may be limited to a selected Mach number. ”

Because V~ is essentially predetermined by other requirements , these

restr ict ions on minimum VC may consti tute upper limits on VB . The
basic intent of t h e e —  limits is to provide a morg in large en ough to

prevent t he airplane from inadver tent ly reaching speeds at which severe

turbulence would ca u se stru -ot-i r-mi overload. The limits are not ve~~

restrictive .

At hi gher a l t i tini -e s where VC is limited by compressibility effects
r- t f tor  thor  -st ruc tural  cons id- -r - st i ons , there is no provision for a mar—

gin . In fa-t , the l’cst paragraph of the VB definition , ~~~ 335(d),

s ta tes tha t :

‘( ~~~~ ) \~~ need not be ~reot er  than v~• ”

imply ing tha t ir ’i t i -  Mach-limited reg ion VB could exceed SrC. At lower
-d ti~ suJe - s t l sC b~ kt n st r in re~ ui red by - -- -- .~~ h ( a )  generally leaves an
ample r e -g e  from w~s i s i - s V5 nay be ~eleetcd , see Fig. VI—i

Mssxir ss -.urms l imits can also be indirectly imposed on V5 by the structural

i~~mJ: r-- i mi r- ornen ts of Part 2t . As previously indicated, the design gust

velocities for VB r- - always greater than for VC. Consequently, there is
some value of VB less than VC for which  the vertical gust load require-

r n - s a t e  for VB exceed those for Vc. Selection of this value of VB may

r i  l s i i r - ~ ~ms~~r--st ced -I-i: gn structural strength which could mean an unaccept-
able increase in weight. Simi lar VB loads requirements are imposed for

discrete uns~~r imetr ics~l ver t i c -u l  gusts (~~ o.35 i ) and for lateral gusts

(f25.~~-9). These m-ty also place upper limits ctn VB to s mv~ ld adding more

etc- natural materi- il.
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B. CtJBR~~T DESIGN AND 0P~~ATIGNAL PRACTICE

- - Prior to about 19u~- , the - -m pi l su s is  i_ ms select ing turbulence  t esteS

t ion  airspeed wsm S on maisst l it ;i isg lor e ~t--:e d si rh-st -s r - I - ~5 h --s to stir s - —

‘ -t ea l  limits - This was cons t e nt  -sith the n- sx - fos’ms ss e sc-e -se-:1 t : i I lties of

p rev iou s g-on -o~~~ti~ t- r-iston— oss - inc  t r - t s - ;a -~r t S , s-:ito l- e sl ot - h - sac -  t~ r i st t ~~n

made It -oir~-- d i f f i cult to cx- ed. st ru ctu r a l  h r - it as r - ; s -  - s i n  (Ref .  -

i lcxe - --r , concern ct i u s-s d by the ups- -t s  -s rq-- -r i ot s - -- -.i by f i r s t tes s e r ’ s t ion

jet trots p ort s  shift--i  tNt etsp h- ut is t. v~- l  s mm . - tIsS - A r  -i s -r oi J en.

s1csoci ted w ith low speeds (R-sfs . )Q _ 
~ )
~ 

Fo1 the moot art . s~Ni.s

essailsasis is sti ll r~- f i ;ct e d  in current  or oot  i- c -: . At the los- s silt ltsideo .

~TP 
generally -sxs’ce~lc the n i m m i n m o s  Pp prescribed NI: the 1-etcoistion . it

:iti ~lscr Oltittl iCS VTP is set to a CO ls St im ms t Moot : t sssrmhe r , the s-r i sssssr ’: -1 -etor—

tsinscst of which is the peak of the buffe t c u r - c .  see - f e . -I -  - Th is

- : peak ~~~~~ st about the same Ma ch number ‘u t-s :- - - - m is a: of ss - s: we I gi: t-

and b i d  factor . Be-titles providing the maximum load factor  sss- rg i s s t o

buffet  onset , this choice provides a r- - -msosssbl- - bal-mnce hetw-e ss highs s it— I

low speed mr s l’g is;s . It appears that m a s s u f s m c t u r - --r s  get t e r - t h y me-st Part

structural loss-~i requirements for VB at VTP at both si t: - u m s I loss - t i t s tde .

Table I T T_ i  l is ts  turbulet soe p s-m se tr - m t i om :  a ir s o - -ede for  common U . f . j e t

transports.  The t~~ ical VTP s ic  en lisJsi~- t e i  slll’Cpoed in the vi -tissit 1; St

280 K1AS at lower altitudes , chan g ing to a Mac is  niisssber close to’ f - o ~O -it-

hi gher al t i tudes.  Th e a  sursb- r mr ( 280 Kb/Id and .80 ii) seer- - sage-c- tm ’ -J

as :mpproprirste for sic-st jet t i r s - s t o p o r t s in Ref it . 2~ and JO , ho’tis of w h i t e N

were published in 19m -U No exp l si tvmt io sm , says for the S ismsi]: r h~-: of s’p es ’-;—

tional requirements, was found as a basis for thsti s selccti- -ss.

The preference C r  an alt it st I-e-independcnt VTP Is epe r ic-n al ly ms lo t s -

v t - t e d :  it is easier for the p ilot to r1 -rssems sb- r. Trims ssissg - - ste- - i is it

c ut — a n d — t r y  pro eos in still air; i ts  fl m -t - mts t on in tsmr ti - t l-os - - - f ar t  is- -i~

complic-stes this adjustment (Ref .  ~1 ) .  C~ser-;l - i s s5: manuals g -sm- i’ lb m~ mr m- 

l u s t- chas ing air-speed (R et ’s . ~~~~ , 
“-~~~ , ~t). The delay involv-:d in 1 -c-;-

ing up a r- - f - r ’nce airspeed can decrease the a~- c m t r s m - y  to which It can be

e st a b l t s h -d .  In addition tho r --  i s  an st o r e  -m s - c - s chance for -‘ it s 1

tabular or graphical look-up .
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T1-.BLE VI- 1

T~JRBtJLENCE PFIM EIR- T101-J SPEEDS OF
C0~CvI0N U. d .  lET TRANs3 PORTi 0

~

J VI~T~
AIRP~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ MTP~~~~~~

Boeing 707 -80 0.90

Boeing I JOB 280 0.80

Boeing 77 f80 0.80

Boeing ~97 280 0.70

Boeing 7i~s7 - $c- 90 O .9J-O.87

- - Con-ca i~ r 880 -60 0.80-0. 8b

Douglas DC-8 I f9Qb 080b

Douglas OC-9-i0  26~ , 30 I 0.78

Douglas DC-9- 0 I 0.79

Douglas DC-10 ~~~ 90 O.3o-O .8~

Lockheed L-l0 11 I ~ f00 L o.do_0.BL

aSpeeds listed were ex t rac ted  from esonuf ac—
tur er ’ s or specific  a i r l ine ’ s manuals . Tm-to
values for DC-9-l0 came from two different
sources . In gen-r al, ~TP may \-° tP~/ with model,

var ian t .  Approved sdtorn — m t i  yes may abc- a
exist fs:r a given sm i r p i : i m s o

~ rhis s ingle “rough air gust speed” was
0 / i - red as al t-orssnt iv-e  to a t s ihuJs t -~~h we
and altit:sde-dcsp--msd-cs:t- “VB ” whose value s se e r - -
less titan or -s-lu s h to the forisses- at all ret’ 1~-
en ce wei ghts and altitudes:.

cdchedubed. from 2~ e KL\~ at sea level , l inearly
increasing by 1.5 KIAS per 10 00 ft to 300 KIAS
mt 30,000 ft  where  the Mach limit becomes

dominant .
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- t~any factors should be cons idered in the selection of VTP. Some of

these factors ten -i to l imi t  VTP on the low side and others tend to limit

it on the high side . Selection of VTP is often then a compromise among

these various consi -ler sst ion s . Factors which tend to put lower bounds on

VTP are discu ssed below .

• VTP must provide reasonable airspeed and angle—of-
attack margins from both stall and low speed buffet.

• It is desirable to have VTP high enough so the air-
plane is operatiog on the front side of the drag
curve. When on the back side , any attempts to regu-
late altitude will cause a divergence if the throt—
tles are left fixed. Since throttle manipulations
in severe turbulence are discouraged , it is desirable
to have the air-plane on the front side .

• Aircraft responses tend to become sluggish as speed
is decreased. Reducing speed ri-du tses the frequencies
of the short period , roll , and dutch roll modes .

• Reduc ing speed increases the size of control inputs
required to bsslsmn—: e the gust dis turbances . For
example , ~~~ is proportional to speed squared but I~~
is linear wi th  speed. Therefore , the amount of
elevator to balance the i-itching moment from a unit
vertical gust is inversely proportion-al to speed.

The above consider - -t i ons  tend t -: push VTP up. The factors which pro-

vide upper bounds on VTP are discussed next .

• VTP must provide reason able marg ins from the maxi-
mum design speed - snd from high speed buffet.

• Increasing speed gener ally in creases the loads caus ed
by a specified gust . This increases the probability
of a structural failure and degrades the ride quali-
ties of the airplane .

• Increasing Mach number can cause several adverse
changes in the airplane handling spi-shities , e.g.,
an unstable spiral mode or a longitudinal tuck
mode.
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The best co~tspr omise among these con i i  I ci- its’ cons he r- ct loris is ~‘t- -m

very di f f icul t  t-~ es t ablish . One re - m o or e  is the i m m - s l s i h i t y  t s~ -ret :tp

uni fo~~ cost ~~nction for trading off the d iffe rent f ac tor s- . An initial

step in this d i r ec tion  was taken by Ref .

The appr oach us ed in t h a t  s-oport  was to - l - i I i t:e s ev er sm l  - e s - s t  s -a n t . :

mssaxi :nsun and  n s i m s i : m t s i t s e  st i r s rseed , :nrsx imtiut n posit  lye s i ts _ I  t se gre t -  ly e  load : —

send huff  t . Power sp s ’r t r s m  I analys i~s techn i due s were m r s -  I t o  cot it s:  a

t he  p s-ob sdh- l i t -y  s~f ex -eeding tny of the constraints. The -al -* eis ee Is cm :,

‘- c - re rep - -s t -es for - ;ssr i  it lons in the t r im t lt i t : sde  scu d — ir si - - - - 1 . ~~L ut st - s : s

t em i -h - s c ion s - p - r e - -t;r:stion sp ed 5eas then selected on t i e - - N- ~ s 1 - at sot m u s s -  mt

probotb ii i t y  of cotm s st r--min t exceedaue , mi - eri ch t lt i l  re Ic , s er teo w n i t t

Fi g .  V I — - -  . For t i me  re-suits shown , smirpis m i s d ym msi m i cc w et -- mi g mmt-m mt e i m c i

a net cc gain p i t ch  angle t ’-cdhstcl c  which  p r o v i d ed  s~e p lsu i o d L - m s e t - t  a t  i a

of 0.7 s e c  sell f ligh t  s’andi t ions  un ah i—u - e d , S h e e l  - t ing “ to a:e” st tt - i I mi d -

control .

This concept s-npears to have considerable merit . i t - a - : - v e l - . i-he eX -i sm p 5

computations were based on some important s imp h i f i - s e s  ens:

• No cons idera t ion  was g iv en  a the r isC t vc ri. :m:
stSS oc iated with exceed I t ig  I N c  dl f f -  a- - m d  c~ - e s s ’ I-a - A sd
boundrrr ie s .

• Anal sis w s s cesfit sed to the three icng i t s t d i t s s e J
degre es of freedom. Inclusion of the -‘m c n - s t - r -  Inst
boundaries  sess oci  ~ted w i t h  t h e  irst a s m i — d i r e - ’: Lon sJ
tx -c-s could —i -id c -us -icr-sUit - corn:] cxi ty ho the

~ omputrr tions .

• The structural boundary was defined by a sing le
limit load factor . By ‘c’tttrast . i - s  the L- 1O 1 1
st~~mct urrs l  analys i s  ex c e od a im-es’ c s t r v es  for vert ic-al
s~t t n  t o  were calculated for 0 loa d lu ant i t -  es
(sh e s ir i s  , bending moments , I o r - t h e i s m at -d i
a i r f r ame  loc at i o n s )  (Re f . i5) .

• Ri gid body - m l  ryl- m m - - - i ~rns m t m s i c s r  we re  t t c s ’d.

• The control law Use-i to repre m - m sl pilot I spmttss tests
overly simp l i f ie d .
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50 Derived optimum
turbu lence penetration

speed at each
~~ alt i tude

4 0-

~~ 3 0 -  ~~~~~~~

cr 2 0 - 000

(

~~~~~~~.00005

200 300 400

Equivalent Airspeed , knots
W/S = 90 lbs/ft 2

Figure VI-1-~. Probability Criterion Contours for Severe
Turbulence , (a~ 50 ft/ see),  Loose Pi t ch

Control , and 10 percent Static Marg in
( extracted from Ref .  3~~) —

A comprehensive analysis including the above considerations does not ,

howeve r , appear to be warranted , considering the complexity of such

an analysis and in light of the imprecision w i th  which key factors

such as constraint boundary weighting could be set.

Figure VI—1~ merits further consideration since it illustrates

another inrportant aspect of t h e  VTp def ini t ion — namely, the effects

of altitude on constraint margins . Of particular interest is the rap id

increase in constraint exceedance probability with altitude above roughly

d0,000 ft at the opt imum airspeed . This -orr e~spon h s to t h e  Iecre:ising

load factor margins indicated from the bu ffet bound er i-es , as shown earlier

in Fig. VI-.~~.
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Reference 52 recommends limiting turbulence penetra t ion a l t i tude to

provide an incremental margin of 0.3 g. Similar advice given elsewhe re

(Refs. 29, 53, and. ~i~) is less precise about how much margin to provide .
- -

_ 

From the typical buffet boundaries shown in Fig. VI-~, it appears that

a margin of about 0.5 g would probably be reasonable . Much larger mar-

gins could require an undesirably large change in altitude when opera-

ting in a high weight condition.

In any analytical evaluation of turbulence penetration , an import-

ant problem is how to realistically account for likely p ilot control

actions. One solut ion proposed by the Air Force as part of its struc-

tural loads specifications (Ref. lt~) is to provide for the possibility

of us ing flight simulat ion to determine the effects  of control inputs

on structural loads when encountering extreme turbulence. A comprehen-

sive simulation of this type would require a six-degree-of—freedom

coupled nonlinear aircraft model with appropriate structural modes inclu-

ded. Load distribution calculations would not have to be made in real

time . By recording data on the aircraft  state (control deflections ,
angles of attack and sideslip, airspeed, etc.), load distribution calcu-

lations could be made off-line .

Such a simulation would obviously be a substantial  undertaking, but

it would provide tn ohj - -s-t iv e means of assessing structural  loads in

severe turbulence , includi ng the ef fec ts  of vehicle dynamics s aid p ilot

control act i ons . The s imu la t ion  could als o be used to refine turbulence

penetration procedures and evaluate variations in turbulence penetrat ion

airspeed.

D. St~~4&~~ R~4AB~~

Selection of VTP involves the consideration of many f-eclors . One

- 

- of the key considerations is the ability of the -l ir l s l- e rsm - t o -st .rsm-tsiral ly

withstand severe gust loads. While the most severe desi gn gus t  requ i re—

nients of Part 25 are imposed at VB, the re~~rlsttie-ns do not impose an

e~~lic it relationship between VB and VTP. It app ears  that  manuf acturers

generally elect to meet the VB gust load requirements at the ~rer tt er  of

VB or VTP. It would seem prudent to make this a re iu r rs-m nt in the r -gu-

lations .
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Other factors in the selection of VTP include the airplane handling
qualities and. margins from both stall and buffet . The current state of

the art does not justify quantitative criteria for these factors. Perhaps

the best that can reasonably be done is to require that these factors be

carefully considered. On the other hand, use of a manned simulation to

verify the choice of VTP has much appeal. Since such a simulation is a

substantial undertaking, it is not clear if it can reasonably be made a

requirement . The idea does, however, merit t”u.rther consideration.

The concept of a maximum turbulence penetration altitude shoul d also

be considered. Increasing altitude can substantially reduce niargins* and
increase the probability of exceeding airplane constraints. Definition

of a maximum turbulence penetration altitude (as a function of weight )

could be helpful to the pilot. Of course, the dec ision whether or not
to descend when turbulence is anticipated would still be the pilot ’s.
He would. have to consider many factors including the possibility that

the turbulence is worse at lower altitudes. The maximum turbulen ce perie-

tration altitude would merely be a guide.

*For example , Fig. VI-3 Illustra tes the reduction in buffe t margins
with increasing altitu de .
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SECTION VII

StM~A.RY

A signif icant port ion of th is project was spent on the analysis of

data on accidents which involved aircraft structural failures in-flight .

In reading this summary one should remember that the IFAF/in-flight air-

frame failure) statistics cited here do not include all recorded in-flight

structural failures. Accidents were excluded for a number of reasons —

the most common of which was a pre-existing structural def ic iency . This

includes fatigue damage and missing, improper, loose, damaged, or worn
parts. Accidents involv ing aircraft which wer e not airworthy or were in
violation of existing FAA regulations were outside the scope of the

progr am .

The summary presented below is organized under several topics because

of the number of dist inct , but closely related , subjects covered in this

report .

AIR CARRIER IFAF ACCIDENTS

• Although there are many turbulence accidents resulting in
injuries to passengers or crew , there are few accidents
involving fatalities or serious damage to the aircraft .

• There were only two IFAF accidents during the 10 year surv ey
period, 1966-1975.

• One accident was probably the direct result of an extremely
seve re gust . -

• The other was probably a structural overload in an attempted
recovery from an upset induced by thunderstorm turbulence.

DAT& FROM GENERAL AVIATION ACCIDENT BRIEFS

• 1F.F accidents account for about ~ per cent of the fatal
general av5 atiorx accidents with an average IFAF rate of
0. 1 per 1O~ flight hours.

• Seventy percent of the IFAF accidents involved pilots
who were not instrument rated .
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• Visibility was a major factor in the fatal IFAF accidents —

prob able IMC was nine t imes more frequent than probable VMC .

• Atmospheric turbulence was less of a factor  in fatal acci-
dents; the number of cases of turbulence or thunderstorm
activity was only 10 aercent  greater than the number where
there was no indicati~n of turbulence.

• Most IFAF accidents would appear to result from loss of
control rather than direct, gust-induced overloads.

• The IFAF accident rate of twin engine aircraft is slightly
Less than for single engine aircraft.

• Wi thin the single engine category, retractable gear aircraft
have a much greater IFAF accident rat e (possibly a factor of
10) than fixed gear aircraft ; this difference appear s to be
primarily a function of aircraft  utilization.

• Within each of the three groups (single engine, fixed gear;
single engine, retractable gear~ twin engine ) there is still
a wide spr ead in IFA F accident r at es for specific aircraft —

from zero to several times the group average.

• In several cases these differences are statistically signif i-
cant , some with a likelihood of less t-h-tn 0. 1 percent to have
occurred by chance.

DATA FROM REV~~W OF SELECTED ACC~~ENT FILES

• Statistics were compiled for 1 3  fatal accident s, involving

~s d i fferent  aircraft .

• For all five aircraft, the incidencc of prob able IMC was
very high (over 80 percent of the 1~~3 accidents) .

• For all air craft, the incidence of precipitation was high
(nearly 6o percent of the 103 acc idents) .

• The possibility of icing could only be eliminated in about
t~0 percent of the accidents.

• For the four a i rc raft  wi th  high accident rates for their
group, only 13-30 percen t of the oilots were instrument
rated; for the Cessna p 10 , which had an accident rate
slightly less than the group average, 07 percent of the
pilots were instrument rated.
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• Accidents of the Cessna 210 and, t o a lesser extent , those
of the PA-30 show more evidence of thunderstorm involvement
than accident s for the other three aircraft .

• At least one wing failed in flight in all but 2 of the 103 F
accidents .

• From the data on the component which was the most likely
to have separat ed fr om the air craft first :
— For the Cessna 210, the PA-24, and the PA-30, the

wing was cited in 70 percent of the accidents —

substantially more often than any other component .

— For the Beech 35, the ruddevator was cited slightly
more often than the wing .

— For the Navion, the elevator was cited slightly more
often than the wing , three versus two instances .

• Pilots involved in PA-24 accidents were generally less
experienced ( fewer flying hours) than pilot s of the other
four aircraft .

• Information from the Beech 35 accident files suggests that
most of these accidents were due to loss of control in
IMC rather than direct gust overloads .

• Most Cessna 210 IFAF accident s appear to result from :
direct gust overloads; or loss of control in IMC and
turbulence . The data are insufficient to distinguish
b etween these two probable causes .

• Most Navion accidents appear to result from loss of control
in IMC rather than direct gust overloads .

• Most Piper PA-24 accidents seem to fit the Beech 35 and
Navion pattern — loss of control in INC . There is ,
how ever , the definite possibility that some accidents
were due to autopilot malfunctions or flutter of the
vertical fin; but their relative importance cannot be
estimated .

• PA-3O accidents seem to fit the typical pattern of mainly
due to loss of control in IMC , although there is some
evidence that thunderstorms were more of a factor than
f or the Beech 35, Navion, or PA-24.
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CONTRIBUTING FACTORS IN GEN~~ AL AVIATION IFAF ACCIDENTS

• There was insufficient data on the handling quality
charac te r i s t ics  of spec i f ic  a i r c ra f t  t .~ attempt a
correlation b e t w e en  handling qu a l ity  paraneters  and
IFAF accident rates.

• No correla~ . ons were found between accident rates and
marcics  between cruise and design limit speeds .

• All aircraft accelerate at approximately the sane rate
if the pilot lets the nose drop; however , high-performance
aircraft  maintain the accelerat i on longer . Equil ibr ium
speed increase varies by more than 2 : 1 for d i f ferent
sin~ le engine aircra ’t.

• Speed increase in a spiral dive depends primarily on
bank angle; aircraft characteristics have only secondary
e f f e c t s .

• In a spiral live , hi gh performance (higher L/D) aircraft
reach smaller descent angles at the same bank angle .

• Apparent spiral s tabi l i ty is probably a s ignif icant  factor
in IFAF accidents.

• There can he sicnif i - ant  -d i f fe rences  between  apparent
spiral s t a b i U t y  and the t ime con stant of the classical
spiral mode (di i ereco co ar- - explained in subsection IlV-~~ .

• W i t h i n  curr ent  re~ alations it is possible t o  build an
aircraft  w i t h  -ontrol  system lags large enoug h to cause
problems in loac factor control , although no known cases
actually ex i st .

GUST I~~ DS

• For aircraft  w i t h  hi gh wing lL-a .t~n~
-
~, proposed continuousgust criteria p r - -tu e hi L0~er desi gn load factors ;  for low

wing loading , the exi st i n g  discrete gust cri teria produce
higher loads .

• Proposed - - r i t e r i a  for cont i nuous gust loads do not account
for  e f f ec t s  of pilot control inputs which  -an substantially
alter the loads .

• For the discrete ~ust cri teria the effects of varying pitch
- - response characterist ics  or con t ro l  act iv i ty  are rather

minor; the effects  are much greater for the continuous
gust -r i t o ? r - a .
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• No validated mode l e xi s i s for pL l o t  c c n t r L -i hehav i~-r in
severe t u r b ule nc e ;  i~ :e range of likely pilot ~-o~0 rd
behavior , b -ised on our current knowledge , procbc L-es sub-
stantially different continuous gust loads .

• There is still substantial doubt as to the appropriate
numerical values (and even the form) for a statistical
model of continuous turbulence.

• With a lower value for gust scale length, as recommended
by some researchers , the loads due to continuous gusts
would be substanttafly increased .

EFFECTS OF NONLINEARITY ON CONT INUOUS GUST LOkDS

• The example problem demonstrated that author i ty  l imits of
an augmentation system can substant tally increase design
loads .

• A linearized analysis using the describing function approach
can underestimate the design limit load .

• A relatively simple procedure has been developed to determine
if a completely linear or descr ib ing function analysis is
adequat e , or if a Monte Carl-. ’ simulation is  necessary .

TURBUI~~~CE P~~~~TRAT ION AIRS PE~~

• Curi- -ct r egu la t  ions do not r equi  re the a b i l i t y  t o  wi ths tand
VB gust loads at the  turbulence p e n e t r a t io n  a i r speed .

• A maximum turbulence p enet ra t ion  a l t i tude  mic :ln be advisable
to provide adequate buf fe t  marg ins .

• A manned simulation could be valuable i n  the select-ion ~-f
turbulence pene t r a t ion  a irspeeJ  and in t h e  let orm~ nation
of gust- i nduced loads includ n~t the ef f ec t s  of t l ie pilot ’ s
control inputs .
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APPENDDC A

OVERSPE~ ) ANALYSIS

LIlT/DMa !STDU~T~S

Reliable estimates of the lift/drag characteristics are not generally

available for many general aviation aircraft. To evaluate overspeed ten-

derid es of various airplanes ~t was necessary to develop a procedure for

• estimating the lift/drag characteristics from commonly available data.

The first assumption was classic drag polar, i.e.,

CL2
CD = CD0 ÷ — (A-i)

From the data of Ref. A-i and A.-: it was found that Oswald ’s efficiency

factor, e, w~is roughly 0.~ when dealing with trim (zero pitching moment )

conditions . This value was then used for all aircraft.

The parasitic drag coefficient, CD0, was est imated from performance
data. An overall propulsion efficiency, Tlp , of 0.8 was assumed (based

on data in Refs . A— i to A—~ ), i.e.,

= DV = CD qVS (A-c)

The flight condition used for each aircraft was maximum sea level speed

at max imum take-off weight, according to Ref. A— fl.

The pert inent performance data and estimated CDo are summarized in
Table A -i. Also listed are the cruise conditions (75 percent power) which

were used as the initial conditions in the trajectory calculations.

• The only other parameter required for the trajectory calculations

was the lift curve slope , Cia, for trimmed conditions. A constant

value of 1~/rad was used. This parameter has very little effect on the

speed increase. It only affects the Initial flight path t rans ient when
the nose is lowered, i.e., the aircraft quickly returns to 1 g flight
but with increas ing airspeed due to the negative flight path angle.
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TABLE A-i . PERFORMANCE DATA

BEECH V35B CESSNA 210 PA2~~~60~CESSNA ~~~~CESSNA 150
Maximum sea level

speed (kt) 1 8 2 1T ~4 1~~9 135 lOG
Maximum take-off
weight (ib ) 3400 3800 3200 - 2500 1600

Wing area (f t 2) 175 178 i7 1~ 157
Engine

horsepower (hp)  ~~ 300 260 180 100

Wing aspect
ratio 6.~ 7.66 7.28 7.3 1 6.81

Estimated CD0 O.O 17~ 0.02 1 3 0.0203 0.0276 0.0345

Cru ise
altitude (ft ) 6~ O0 7500 6300 8000 7000

Cru ise equ ivalent
airspeed (kt) i60 i L ~6 i~ 7 110 92

EQUA~TX~Z(S OF ~~~~~~ ~ci~ PITCHOV~~

Trajectory calculations were made for the speed increase which would

result if the pilot pitched the aircraft nose down. The calculations

assumed the aircraft start ed in level , 1 g flight. Then the aircraft

pitched instantaneously through an angle A~ and this attitude was held

until  t 1. At t1 recovery is in it iated by instantaneously incre asing
the load factor to n and holding that load factor until airspeed starts

to decrease.

The basic equations of motion were:

— sin
7)

v =4 ( .~=~~~~~cos v)

= V sin~ ’

= 
1~~ v2

TR-1099-1 A-2

~



-~ - • - - - -
~ •--. -~~~~- -=—- ~

•-- - ••
~~~~~~~~~~

-

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2
D = ~ S ( CD~ +

L = ~ SCL

Thrust variations with airspeed were modeled by assuming constant power,
i.e.,

T 
T0’10

V

where subscript o refers to initial conditions. Prior to recovery, lif t

is computed by:

CL CL0 + C~~~&

Eu = — 7

W
CL0 =

q0S

During the recovery (t ~‘ ti ), the lift is computed by:

nWCL qS

STUDY STATE EQUATI~~S

If the pitch perturbation , ~8, is held constant . the airspeed tends

to approach a steady state condition . The steady-state airspeed can be

found fran the above equations by the following steps:

• Set~~~and~~~toO

• Make small angle approximation for y

The resulting equations are (subscript a refers to steady state condi-

tions):
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• T—D
78 =

r 2
• Toy0 ~3S I C~~
= wv~ 

— r 1
CDO +

• L ~8
SCLs

CL8 = C~~ + C~~L~~ CL0 + C~~ (~~e —

flljminating CL8 and y~ 
from the above 3 equations gives:

1 i’ T0V0 ~s
5 w

-Ae = — I CL — — I — — + — C~~ + — —

C~~ ~ ° ~s~ / WV5 W ~5S i~ A

Substttuting the initial conditions

WCL0 =

- I  CL~~\
= q0S~ C~3 + 

~teA/

gives:

~os /~~s v0\ w Ii I _-AG = -~-- CD~~~~- - r) + ~~~~
[
~~~~\i 

- -qs

1 I~o V0

Further simplications are hindere d by the ...xtu re of equivalent (L/ ~o)
and true (V3/V0) airspeeds. This can, be eliminated by making either of the

following assumptions:

~~ Thrust is really inversel y pr oportional to equiva lent airspeed

~~ Density va r iation s are negligible
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Either assumption produces the result:

J —A G C~0 (v
’
~ 

— v~~) + ~L ( i  — v—2)

+ ~~~~~~~ — v
_1
)1

where v = ratio of steady state to initial airspeed

(equivalent airspeeds for assumption ~~
or true airspeeds for assumption (~~)

The above pitch/airspeed relationship is quite linear even for rather

large airspeed change s, so a simpler linear approximation is quite adequate.

This simplification uses :

Vk = ( v 0 +~~~~\k l l  + k .~
!_

‘4, 
V0 / V0

The final result is therefore :

A V [  q05 W 1 2  1
r 13CD3 -~~~~~

. + — v!_. -

SP~~AL DIVE E~UATICt~S

The purpose of this analysis was to determine the speed increase in

a spiral dive . By considering the independent variable to be bank angle

rather than t ime , - the analysis can be made without regard to spiral sta-

bility considerations. The analysis assumes the aircraft starts in

straight, level flight (p = = 0) and. bank angle slowly increases. It

bank angle increases slowly, acceleration terms can be neglected and the

basic lift/drag equations are:

L cos q, = W coS l

T— D  ~~ W sin y
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To compute the speed and flight path changes , sane assumptions about
the longitudinal control and thrust variations must be made. It was

assumed that no longitudinal control changes are made, i.e., lift and

drag coeff icients are constant.

L = L0v 2 = Wv 2

D = D0v 2 = T0v 2

v = ratio of present to initial
equivalent airspeed

Thrust was assumed to vary inversely with equivalent airspeed.

Substituting the above into the basic lift/drag equations gives:

v~~ cos p = cos l

—1 p
.
~~ - (v — v- ) = sin 7

For a given thrust/weight ratio, the above can be solved numerically for

the airspeed ratio, v , and flight path angle as functions of bank angle.
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Art~nvfl B

AJML!’SIB 0? L~~~1TUD~~AL Oc~ TROL
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BASZLUI! CASE

This analysis examines the longitudinal dynamics of a typical general
aviation aircraft with a reversible control system. For the frequency

range of concern here, variations in airspeed can be neglected. This

leaves the classic short period equations plus an elevator equation.

The resulting equations of motion, shown in Table B-i , were take n almost
directly from Ref. B-i .

To provide a specific example, a cruise of’ 170 kt lAS at 7000 ft was
selected as reasonable for the higher performance single-engine aircraft.

Numerical values for an aircraft roughly similar to a Beech Bonanza, Cessna

210, or Mooney M20 were estimated. These values are indicated in Table B-i

under the heading “Baseli ne Case.”

The baseline dynamics consist of 14 poles . Two real roots from an

overdamped short period mode and a complex pair, the elevator mode. The

elevator mode is clearly at too high a frequency (63.3 rad/s~~) to have
any significant effects on manual control.

Differences between stick-fixed and stick-free dynamics were consid-

ered. The former is equivalent to treating elevator deflection as the

input , while the latter is equivalent to treat ing st ick force as the input .

The differences are only in the transfer funCtion’ poles . not the zeros.

T~te stick-fixed character
istic equation is the classic short period one.

A~p s~~~ _ ( M ~~~ 4 M q + Z w)s M~~~ + Z wMq (B-i)

• - 

For the baseline case th is is a nat ural frequency of i~.7 1 rad/sec and a
damping ratio of 0.79.

That the numerator zeros are the same for control deflection and con-

trol force is easily demonstrated. From the equations of motion we find:

- 

2. = rt5~~~ (B-i)
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TABLE B-i. L(~ GI’rUD~~(AL DYNAMICS

a. Equations of Motion

s — —1 ‘~~se 
- 

a. 
- 
0 

-

— — ‘~4e q 0 F5

• 
( (u 0H~ — H&s [I~s — U0H~ [I~s

2 

~e

b. Symbols

F~ St ick force , positive for push
H Hinge mc*nent, positive for tending to trailing edge down

He Mass mc*nent of elevator about hinge , positive for tail heavy
H~ 1{e + t Hs
Hs Mass moment of stick about its pivot, positive for tending to

go forward

H~ ~H/~ X where X = a., &, q, 
~e’ or e~e

‘e Moment of inertia of elevator about hinge

‘e ‘e + r I 5
I~ Ie + H eLh r I s

• I~ Moment of inertia of stick about its pivot

~~ 
Control stick length

L~ Distance from aircraft e .g. to elevator hinge , positive aft
M\ Partial derivative of’ pitch acceleration with respect to X, where

X = a, &, ci, or 
~‘e

q Pitch rate, positive nose up

r Control gearing, 9s/~e
U0 True airspeed
Zw Partial derivative of vertical acceleration with respect to

vertical velocity
Z
~e 

i/Uo times partial derivative of vertical acceleration with respect
t0~~~

a Angle of attack

~e 
Elevator deflection, positive for trailing edge down

Os Stick rotation angle, positive for forward motion

(continued)
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TABLE B-i . (Continued) I -

c. Numerical Values

p A 1 4~TR_~ UN ITS BASELflIE CASE MOD IFIED DYNAMICS
________________ —— .t -t~~~~ Lr ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

He slug-ft 0. 0140 0.OL,

slug-ft 0. 0140 0.i~~.

slug-ft 
- 

0 0.311

ft-lb/rad .—~oo
H~ ft-lb-.sec/rad 

- —~1 —

Hq ft-lb-sec/rad. —
~~~~ —8

~~e ft-lb /rad —1 CX) —251

1k~e ft-ih-~~’~ r d  —. ~~
- —80

~lu~-ft 0.
I~
!• ~ iu~~_ t _.t ~~~~~~

~J -~ -ft ~.9 
0,9

~lu:-ft 0 0

I L  2

Lb It 15
—2

Ma. ~‘e~- —1 : .~~ —12 .5

- 

— 1 . 5 —1.5

Mq — - ._.
~~

r - — 
~~~~~~~~~~~ ~~~~ - .

U0 f t/ sec H 281
Z~ —..~S — ‘.6

~ec
1 

~~~~~ 
—0. 7

d. Transfer Functions

EL~2~~~T BASELINE CAS E MODIFIED DYNAMICS*

A 0.z(i.614)(~ .7i)[.62, (~~.3} 0.3(3.3~ )(2614)[.63, 3.148]

N~
Z — 1 . 5 7 (— i 7 .9 ) ( 2 0 .14) — 1 . 5 7 ( — 15 .9 ) ( 2 0 . 1 4 )

* Abbreviations : (~) for s 
~; {~~~~

, 
~~~~ 

for s’- + +

TR-1099- 1 B-~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -



--•--—• — __
-T-- — — - —•--- --- — •- —••• —~

- -tI. ) — - ‘ ~~~~~~~~~~~~~~~~ —I’—,— — ~~~~~~~~~~~~~~~~~~~~~-

~~

- —F - - -. 
~~~~~~~ 

- -

The pitch rate/stick force tr:~n~ f~ r f i~ ”~i:m ctn be written as:

q N;~e 
r;3 /~~-,

q/F5 
~~~T q 

~~~

N?~e= r2 ..

NF

Clearly the q/
~e 

and q/F5 zeros are identical. This al:o holds for angle

of attack and load factor. Furthermore, the zeros are independent of the

elevator characteristics (hinge moment derivative s and inert ias) .

Since the control system characteristics do not effect t ransfer  funct ion
zeros, we only have to worry about possible effects on the poles. In the

past, analyses of stick-free dynamics often concentrated on the destabi-

• lizing effects on the short period mode. This is not ~ -icern here as

FAR Part 23 requires the short period to be heavily da’zped both stick-free

and stick-fixed. The problem thus reduces to determinir~ if the elevator

mode poles can he such as to cause pilot control difficult ies. Current

regulations do not cover that situation.

M~~IF~~D DYNAMICS

When considering potential locations for the stick-free poles, an

important constraint must be observed. This constraint can be derived

from the load factor/stick force transfer function . Load factor is given

by*:

U0
nz = — ( a  — q)

Therefore:

nz 
- ~0 —

F

~~~~~~~

g

~~~ 

A

* n~ is defined pos itive down to be consistent with Fs being positive for
a push.
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The dc value of this transfer function is the steady-state g ’ s per lb.
Invert ing this to put it in the more common form of stick force per g
gives:

_ _ _ _ _ _  

1
k~~~~~~ 1dC 

UO [ 8 N ~~ P4~ J
g I A \

~~~~~~N~~~)

From Table B-i it can be seen that :

(N~3 )5 0  = rg 5 (M~Z~~ —

= p

where F = product of the 4 poles

Combining the above gives the constraint :

r2~ (Z~~~e Mrj1Z~e) (“~\
gI~ \n z /dc

For the baseline case, P 214,500 (rad/sec )14. Airworthiness and

practical considerations prevent a drastic reduction in P and a drastic
reduction would be necessary to get the elevator poles from 63 rad/sec
to the point where they could be troublesome . The only remaining possi~
bi].&ty is to have the elevator mode overdantped with one pole at relatively
low frequency and the other very large .

Examinat ion of the equations of mot ion indicated this could be accan-
pUshed only if the hinge moment derivatives , ~a and H~, were significantly
reduced. This is possible if the elevator were more closely balanced
aerodynamically however, it would be neces;~ary to add a bobweight to main-

tain a reasonable stick force per g. Therefore the following changes to

the baseline case were made.
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Ii
• Ha., H&, Hq, and 

~~e 
were reduced by roughly a factor of 5

• A 5 lb bobweight was added

One final change to get a lower frequency elevator pole was to increase

the hinge moment derivat ive , H
~e~ 

from —23 to —80 ft-lb-sec/rad. The base-

line value included only the aerodynamic damping. Control system friction

could substantially increase that value.

The net result of these changes (see Table B-i) was :

• Short period frequency of 3.48 rad/sec with damping ratio
of 0.63

• Real elevator mode poles at 5.33 and 2614 sec 1

• Force gradient of 10 lb per g

This demonstrates that it is possible to have a low frequency pole due to

the control system dynamics.

REFERENCE FOR APPENDIX B

B-i. Greenberg, Harry, and Leonard Sternf ield, A Theoretical Investi-
gatiori of Longitudinal Stability of Airplanes with Free Con-
trols Including Effect of Friction in Control System, NACA 

-

ARE No. 14B01, Feb. 1 97414. 
—

* A 5 lb bobweight i~ equivalent to a stick mass unbalance of
Ha = 525/g = 0.31 slug—ft.
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APP~~DU C

I7flCTB OP W*1!UAL C~~TROL C~ DIS~~~ TE
11W COP~~~JG.J$ GiST Lt~ D6

J~~~O JE TRAI!BPCIC

A Boeing 7147 was selected for analysis as an opposite extreme to
the general aviation example . Aircraft data were taken from Ref. C-i .
Flight condition number 7 (Mach 0.8 at 20,000 ft) was picked as a reason-
able cruise condition . The equations of motion and numerical values are

given in Table C-i.

Unsteady aerodynamic effects were approximated by applying Kussner~s
fu nction to all the gust terms . This resulted in the addition of an
unsteady lift transfer function of:

O.565u~ (s + O.23w~)
= 

(s + O.13cj~~)( s + Wa)

where

crc. =

For the discrete gust calculations, the gust shape of FAR Part 23 and
25 was used, i.e.,

Wg = ~~~ (~ cos 

* coat)
The peak load factors were computed using an existing time response pro-

gram. For continuous gusts, the Dryden gust spectral form was used for
computational convenience (an existing computer program could evaluate

rms responses for a Dry-den form but not ~ von Karman form).

2 ~~ 
+ 3(wLw/Uø) 2

wg(w) ~wg 
~j0 fi +

where L~ 1750 ft.

TR-1099- 1 C-i
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TABLE C-i. DYNAIV~ C MODEL FOR 7147 EXAMPLE

a . Equat ions of Motion

[s(i z ~) zw 
_uosl w [Z~ — 

~~~ S— 2 , ~~

[ —M~,s—M~, s ( s_ M q )j  e 
= 

[M~~ (~~~
_ M

~)
s_M

~ ~g

nz = -~— ( w — U 0e)

nz~ = flz —

b. Numerical Values

Uo 8,0 Vt/sec 
~
1q = —O .t’6~ 8ec

1

z~ = 0.011414 M~ = —0.000212 ft~~

Zw = —0.6214 sec 1 M~ = — 0 .0O i ’5~ 1t~~ sec~~
Z
~e 

= —32.7 ft/sec2 -rad M~ = 
_
~

t.O8 sec

= 86 ft = 7.~~i ft

For each control situat ion , the Itpproprlate n~ /wg transfer function
was computed. For the case of zero attitude change , this is ~i coupling
numerator/numerator ratio:

n~. ~
- 

- 
(n z\ 

N~g~~

The 3 manual control cases are described below .

For the pitch feedback case, an examination of the ~~~~ t r an sf e r

function indicated the desire for a pilot le~~ near the short period

frequency. This lead is required to produce a K/s charact~’ristic in

the likely crossover region. The pilot model which wn~ use! was :
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The poles and zeros at ±8 rad/sec are to approximate a time delay of

0.5 sec which is the appropriate value when the pilot is generating lead.

The open-loop Bode plot is shown in Fig. C-i. A crossover frequency

of 1.7 rad/sec was selected because it provides a 45 deg phase margin

and 6 dB gain margin. This is a pilot gain, K8, of —5 dB or 0.56 sec.

The closed-loop short-period mode has a damping ratio of 0.21 and a
natural frequency of 1. 142 rad/sec.

For load factor feedback, it is clear that lead equalization is not
required as flzp/~e 

is flat out to the short-period frequency. Because

of uncertainties as to an appropriate model for manual control of load
factor, two different types were considered. One was no equalization

and the other was integral (or lag) equalization. The two pilot models

were :

( ( S  
1) 2

Ypn =~~~~

~fn js — 12\
2

s ~a + 12/

The poles and zeros at ±12 rad/sec are to approximate a time delay c~f  i/~
sec which is the appropriate value when the pilot is not generaUng lead.

The open-loop Bode plot for the straight gaLn feedback is shown in

Fig. C-2. A gain, K~ , of _149 d.B or 0.00355 rad/g was selected to provide

a 6 dB gain margin . This also provide s a 53 deg phase margin and a

over frequency of 1.5 5 rad/sec. The closed—loop short-period mode has a

damping ratio of O.i8 and a natural frequency of 1 .80 rad/sec.

The open-loop Bode plot for the integral feedback is shown in Fig. C-’~.
A gain, KJ~, of —60 dB or 1O~~ rad/g-sec was selected to provide a 145 deg

phase margin. This also provides a 7 dB gain margin and a crossover fre-
quency of 0.62 rad/sec. The closed-loop short-period mode has a damp ing
ratio of 0.21 and a natural frequency of 0.95 rad/sec.
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This example represents a representative single-engine general avia-
tion airplane. The selected flight condition is 150 kt lAS at 7,000 ft.

The aircraft d~’namics are identical to the “Basel ine Case ” of Appen-
dix B.

The procedure for establishing the pilot models was very similar to

that described above for the 7147 example. For the pitch feedback case,
a pilot lead at 3.71 rad/sec was used to cancel the short-period root at
that frequency. The complete pilot model was:

/s_ 8 \ 2
— Ke (s + 3.71) 1~5~~ 8/

As with the 7147, the poles and zeros at ±8 rad./sec are to approximate a - 1
time delay of 0.5 sec.

The open-loop Bode plot for this case is shown in Fig. C-14. A gain

of 35.14 dB or 59.1 ib-sec/rad was selected to provide a gain margin of
6 dB, a phase margin of 35 deg, and a crossover frequency of 1.5 rad/sec.
The closed-loop short-period mode had a damping ratio of 0.32 and a fre-

quency of 1.95 rad/sec.

For load factor feedback, the same pilot model forms as for the 7147

were used:

~~~

~Pn =

~fn /s — i2\ 
2

5 
~s + 12/

The open-loop Bode for the gain feedback is shown in Fig. C-5. A gain

of 28. dB or 25.1 lb/g was selected to provide a gain margin of . dB, a
phase margin of 60 deg, and a crossover frequency of 2 rad/sec . The

closed-loop short -period mode had a damping ratio of 0.21 and a frequency

S 
of 3,1 red/sec.
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The open-loop Bode for the integral feedback is shown in Fig. C-~ .

A gain of 23 dB or 114.1 lb/g-sec was selected to provide a gain margin F

of 6 dB, a phase margin of 32 deg, and a crossover frequency of o.8~ r~d/
see. The closed-loop short-period mo~Ie had a damping ratio of 0. 2~ and

a frequency of 1.1 rad/sec .

REFERENC E FOR APPEND IX C

C— i. Heffley, Robert, K., and Wayne F. Jewell , Aircraft Handling ~u~li-
ties Data, NASA CR- 1- . ~., Dec. 197:- .
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• APP~r~DDC D

ANALYSIS OF ~ JST flWUCED TAIL L~~DS FOR AIRCRAFT WITH A
L~C~ED A1YI’HORITY YAW DA~~ER

ANALYSIS MODEL

The model for the t’~il loads analysis is completely defined by Fig. f~-i .

The model parameter values were selected to provide a good match to the

Dutch roll characteristics of a Boeing 7~-~7, as defined in Ref. D-1 for a -
•

more canpiex three degree-of-freedc~n model.

For simplicity, only the aerodynamic load, Ft, was analyzed. The

structural load, Ft5, in this case can be approximated as:

Ft5 = Ft — mtat

where:

= mass of the tail

at = inertial lateral acceleratior. of the tail c.g. (~~r c.p.).

The acceleration at is the sum of the aircraft c.g. lateral acceleration

and the relative acceleration of the tail with respect to the aircraft

e.g.:

Ft .

at = -
~- — 2 t r

Making a direct substitution frcin the equations of motion for r and expressing

Iz as mk~, where k~ is the aircraft radius of gyration, yield ’:

-
- 

mt £2
Ft — mtat = Ft [i 

— — 
(1 + ._

~~ 

)
Thus for this example, Ft is exactly proportional to the structural load;
inclusion of inertial load effects would only reduce the load by a small

fraction .
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Si~~ Conventions

v~~~~~~~~~~~~~~~~~~~~~~~vg
t

Eq~~tions (in Laplace Transform notation)

- !~~t + F~8R - 

Fttt
Ft - ¶ 8 + 1  

sr -

Vg 2tr
— — 8R = KRr 

~~
. 
8Rlimit

0
Fts~ = —r + ,v ( )  = 

~~~~~~ Vg
g it ~w’__ +

Symbols

Ft = aerodynamic force on tail

F~, F8 = derivatives of Ft with respect to sides lip and rudder
deflection

= aircraft yaw moment of inertia

KR = yaw damper gain

= distance from aircraft c.g. to c.p. of tail

m = aircraft mass

r = yaw rate

(cont inued on following page)

Figure fl-i. Definition of Model
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s Laplace t ransform operator

v = lateral inertial velocity

lateral gust velocily

V = true airspeed

= e.g. sideslip angle (v/V)

• = t ail sid esl ip angle

= rudder deflection

~Rlimit 
= rudder authority limit

0Vg = root mean sc~uare of lateral gust velocity

time constant for aerodynamic lag in force buildup

~~Vg 
= power spectral density of

= angular frequency

= break frequency of 
~Vg

Parameter Values

V 750 ft/sec

m ~0,O0O slugs

~.~ 14149 X i0~ sLug-ft
2

= 1Ofl.~ ft

F
~ 

= ~~~~~~~~ \ 1O~ ib/rad

= : . 5(-’05 X 1 ~~ sec~~
0.1 sec

KR 1.0 aec

• ~‘Rljmjt 
= ~.6 deg(nc~ inal)
= 0.142857 rad/sec

Figure D-i. Concluded
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DESCBIBI2!G PUNCTIc~ A1(&LYSIS

The describing function analysis begins with the determination of a
linear gain to approximate the non-linear element. This gain (kDF) is,
in general, a function of the characteristics of the input to the non-
linearity as well as those of the non-linear element itself. For a ran-

dc~n input , !tDF can be chosen to minimize the expected value of the mean

square error between the non-linearity ’s output and its linear approxima-.

tion. Based on the definition and the assumption that both input and

output are ergodic random processes, the random input describing function

for a simple, isolated non-linearity is derived in Ref. D-2 as:

x f(x) p(x) dx
k =DF 

f~~~x
2 p (x)d.x

where

x is the input to the non-linear element,

p(x) Is its probability density,

f(x) is the output of the non-linear element.

Reference D-2 goes on to evaluate this expression for a simple limiter ~it.h

unit slope and limits of ±a. The result is

= erf( ~ (D- 1~

The describing function analysis of the yaw damper example proceeds

from this relationship, based on the assumption that the rudder deflec-

t ion , as well as all other response variables, are well-represented as
normally-distributed random variables, as they would actually be in the

linear case. Expressing kDF in terms of the rudder deflection , reflected
- 

. back to the limiter input , and the authority limit gives

8Rlimjt
kDF = erf

( )
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Thua th~ relationshi p between -wt-lia r 1 ty limit LII.! t~te 1 ’acri bing f I l t l ’ t  i o n

gai n can t hen be exy r ’a  at ’d i a i t  ly • i i i  terms of t h e  system i tiput 0

as:

/~ ‘‘~, \ kg 
= 

DI

~“R i jmjt \~~~~ S J C L  
%~

‘ erf 1
(kDF)

where (0vg/~~,R
)cL 

is the rms response r n ic for the cloaed-lo~p system.

Unfortunately , this expression c an n ot  be solved for kpr, given i t  kn own

~Rijniit’ 
S t a c o  the closed—loop r ’spc~1at ’ ra t i o  depends an k DF. The so i t i—

t ion for a given 0Vg ~~ ~‘Ri imit 
can Lonl~v be obt :i I n’d by iterative e V i l  t i l l—

t -ion for various values of kpp . The tlrst. step in each case i~ t o  (~n pIIt
the system transfer functions with the yaw damper loop—closed. With the
n o n — l i n e a r i t y rep l : tce t by t a  !escr ib i n g t’t u i c t  i ~n ~a it , the model e i t i i i —

tions can be expressed in matrix form is:

r s + 1 —
~~~ 

0 0 —F~ ~~~~ 
0

0 1 —1 P~, V 0 
~~, —i/v

0 1 0 = 0 v
mV g

— 0 0 0 r 0Iz
0 0 0 —K RkDF. 1 0

Resulting lit eriLt expressions and correspond in~ numerical evaluations for

key transfer function s are gi ven in Fig. b-..

From the t ransfe r functions of Fi ,~. D— .’ for t~iven kDF, rrt s ~ni st-

velocity responses i 5 i in  now be calculated using the standard formula:

= •~/ f °  ~~ (~i ‘ )  
‘ 

~~~~~~~ 
( 1

These responses can , in turn he use~1 to ~‘.~n1\~t~’ other basic parameters ,

e.g., Gv/8Rlimit~ 
OFt /OFt. Important p : i r t m e t . ’r s for t h e  \‘aW d~utiper

analys is are suimnarized In Tab Ic D— 1 as it function ot kDF.
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Three of the parameters in Table D-1 are needed for the definition

of the s tat is t ical properties of the tail force. A, or OFt/Gvg and

Ovg/~Rlimit 
are explicitly listed; N0, defined as (1/2 ir)(a

~
.
t/oF~

), corn-

pletes the threesome. A and N0 are plotted vs. Ovg/bRlimjt in Fig. D-3,
along with the corresponding describing ftnction gain, Based on the

assumed Gaussian properties of Ft, its distribution and exceedance rates
are defined as:

P(Ft < it) = 

~~~~~A 0Vg 

e ~~1/2) ~~Ovg)
2 
~~

and

N(Ft )Ovg) 
=

respectively, w ith A and N0 defined by Fig. D-15 for given values of

and 
~R1imjt• 

These conditional statistics are compared with the time

domain simulation counterparts in the next section , at selected values

of kDF.

Overall mission analysis exceedance rates may now be computed by

numerically integrating Eq. V-5 us ing the conditional exceed.ance rates

defined above. The straightforward computation scheme is shown in

Fig. D-11-. Table D-2 provides a sample output of the digitally-mechanized

calculations . The integration interval used was 0.7 ft/sec.

TD~ DG1A~D~ SD~JI1ITI~~

The digital t ime domain simulation used a fixed-interval Runge-Kut.ta

integration scheme to calculate time functions using the equations shown

in Fig. 0-5. The gust velocity for Vg, a normal distribution, was sampled.

The resulting “wh ite noise ” was scaled and filtered to match the spectral

characteristics of the gust model. The technique is detailed in Fig. D-6.
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I Initialize Computation Parameters :
I 

P1, b 1, P , b - ,, t~o,,,
I an d 8R .  

g
L limit

[ Enter Ft 
1

~

3
____________ Increment °

~~~~~ 1
I

Evaluate O vg ’~R~ j~ j~
and Interpolate A and N0
using data of Fig . D-~

Calculate Integrand , ANT]
from Eq. V- ’~ J

I~~~
d to previous sum

-

~~

Figure D— I-~. Overall Exceedance Rate Integration Scheme
For Describing Function Analysis
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TABLE D-2. SAI’IPLE CALCULATION OF OVERALL EXCEEDAN CE RI~rE
FOR DESCRIBING FUI’JCTION ANALYS.1 S

51~ P2. ~2 . 04)7 ,3 . , .0001 I, Q .36j

IRUDD ER L i M IT  (t ’ RLIM) IN ruI:GREES: 1.81

INTEGR~~~ION INTEM)i4L (I’S) ANt’ ~ R 1NT NO. ~~~~~~~~ . a .

[ F~ - .
. , -11 lb

~V g ~f t . ’seeI  N( 1/sec )

3 .10001W ~0 1 0.  “ 0301 ~00
0 . 7 2 ) 0 , .. t O t  0..- - - - - ~ ) +
0 . 3 - ) O ~) , I  4 0 1  0 ,  O S ’ $ 0 0
3 .401)00 )  tO t o.  c - , . ’ C ’ r a
0.~~~0 ) ~~~+ , 1  0 - 3 0 0 ’ — -~
0 • -, )00 I1 + 0 1 0 .  ~. 1 s . ’
0 . 1  - - 1 ,5 , 0 4 3 )  7 .  5~)71-~ 1~
0 . ,~0.) - ) , : : t ) > 1 O . 7, l O s , ’,L - : ‘~
0 • ~~) ) . 1 ) 5 . 0 1 0 .  1 . 1 1 0 — 2 4
0. 10 00)” +37 O . . 0 1 O 3 )~ - 2 1
0.l t: ’ ,’.. 102 i . . ) 1 - ~1 l ,  18
3.  t _ ’ 000 -+ 02  3 . 1  -~ - t ’ Io ’  - 1 6
0. 1 1  . +07  .,. ‘ ii. . 0-. - 1 5
0. ) - I .3, 0t ~ ’- ,.. .. 0 . .  1 4 - ~ 13
0 . ) s 0 i 7,~~~37 0. 15071 . E—1 2
0 . i~~~ O t .)7  Q . ) ” ~~~I~ - i t
0. 1 ’ ’)~a)0 ) 2  0.’~~ s1 ~),

- -l 1
0. iN .)” )- .0,.’ O ... - 47E .—10
o • i ~0 ,0’l - ‘ ( 2  0 . — t  3 ’ s  10
00~~~0~~~~02 0. ;33n ;E-09

7 0.4le~. l.. 09
2. 720 - ’ r . 0:  l’ . E ’ : 3 l . -. E - 0 9
0 • ~ 30O0E t0 0. 477 ~~ -013
3.2400’- ~~a’ o .:i’:, - , , ,:
0 .2  5~33~L +32 0.3 30/,i -Ot3
0.. -a)3- +C’ . 0.4- ’32 1F 313
0.. -5)0- 01. t02
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0 . 3 5 , 0 0 1  402  0. :.~~~~
‘ -07
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0 . 7  ‘ , ) ‘ - ) , 4011 I). . ‘)1 7 --3 7
O . 7 . ” O L . O .  0 . i . ’O01~ 0 ’.

~~~~ -00 - ’E ‘5 ’  0 ,70)U .1. 7
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0 .4 ’ 0 0 ~. ,o : ‘ . 1 4 ’ ”  - O s ’

0. 4 - I~~~
) , - ,  

~~5i C L— 0 7
. ) •  4 ,‘ ,s ~ - - 0. I s i
0 . 4 ,  .53. ‘ - -2 .~‘.l ~ .4l. 07
0 . 4 . 0 0 . ) , ‘ — - 2 0 . 1  ‘~~4s , t - 37
11. 4 0 ’ ’  ‘‘ ‘2 - . 1 7 - 5  i 07
0.4 — , ’, 402 -- .~~: - . .- 4 -—0 ’

t - 5 , .’ ~
- .1.Jr - 3 ’

3 .1 . 0 - I C ’  0 . 1  - 4  -
-

0 .  - ‘~~~~ - ~0$ 1 . 1  - . 1 - . ’
0 . 5 1  - +0 ‘ . l  ‘ 71 -4 -0
0. ‘07 - ‘ . I - -  ‘ 4 ’  - ‘ 

-

0 • ~.
‘ - “ s - 4 -  ~5) - -

•0:’ ‘ . ‘ -b 5)~~
-~ . .; ‘ .

~~‘.. r •o :  ‘ . : -1i 1 -,  .‘ -

o - 
- - -  oo N • - - :  11. - ~~: ‘ -F - ‘ 

I)

S ) . ) O L + - 7 ~. L .~~ . ‘ .

0. e.. ’ ,)OO) p0.’ ‘‘~ I - - I  - ‘ — -

I 0001- 4 , ) .’ 7 . 1  1) -
, ). ,4, .’~~~oF + i . ’ 0.  I S - 07
0. ’. ’ -  ‘‘ t o . ‘ ‘ . 1
3 . .’ - -  ‘ - . 0 . 1  . ‘

TR- 1099-1 D-f l

- 

~~~~~~~~~~~~~~~~~~~~~~~~ 
- 1. ,- ‘

5-’
~~~ ~~~~~~~~~~~~~~~~~ ‘ - -  .—



~~

‘=

~~~~~~~~

-S — - - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘

~~~~~~~~~~

5- ’

~~~~~~~~i~~~~~~~~~~I ~~~~~~~~~~~~~~

‘ ‘ S 5 -

~~~~~~~~

,’S ,5-

~~~~

5-5-

State Equationo

= (1/i) 
~~~~ 

+ 
~~~~~~~~~ 

— Ft )

= (1/mV)F~ 
— r

= —(2 t/I~
’)F t

Auxiliary Equations

= ~-- — (tt/V)r — (1/V)vg

= KRr 
~ ~~limit

Figure D-5. Time Domain Simulation Equations

Generatinn of Random Variable
Uniformly Distributed from - 

-

0 to 1 (based on suggestions
of Knuth as interpreted in Ref .  D-5)

____.u I[1111__
[Generation of Normally-Distributed
I zero-mean, unit variance
I Random Variable, z( t )
I (Trapezoidal Method, Ahrens,

:is interpreted in Ref. D_ !~) -

- ~~z ( t  + ~t)

Filtering and Scaling:
vg(t +At ) = A vg(t) + Bz(t +~~ t )

where
A =

B = avg~~~ — A ~

Figure D-6. Gust Velocity Generation Technique for
Time Domain Simulation
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An integration in terv :t J  of 0.01 sec was used tIl the simulation runs .

This interval provided sui ’I’ tc ient  accuracy for the  example - rr:;lyoi: .

The inclusion of high-frequency law-damped structural modes would have

required the use of ~ smaller interval , i r :ere:Lsif lg  the ca s t s  ci’ sinai—

lation, whi ch ;ire roughly lsrcp.’rt I en- ; ! t the 11;vet ’o l ’ t ’ the 5 1 - ‘ s ’ 1 ’ ~~~~ - 1.

interval .

The yaw damper with no authority limit (kDF = 1) was run first. to ’

validate the sim u l a l  101;. Cumulat ive  ta i l  t ’orcy s t a ti s t ics  Wer e cnI~ ’ut

every five minutes as a check cr1 s imulat ion oper ations and also’ as i i ;

indication of the degree to w h i c h  the results represented thet r ;isytnptati.’

values. Probability d i s t r ibu tion  and excee t :ulce r at -es  for s~~v e r a 1  tail

f or ce levels are plotted ~‘c-r:iis run t ime in Fig . D-7 . Comparison w i t h

the linear analysis results S~~1, ’ W 1 1  for rs’ ‘, ‘rc”ee a Fig. D— 7 ~c:I~ Os

satisfactory progress toward t h e  preoi i cted. values . The defr  cc or :l~’~’i ;r- ;~’y

decreases with increu s s~ ta i l  1,,’-sd , .e. • w ‘h he lever frt - 1’.1s ’ 1 1 L ’V

occurrence, as expect ed.

Overall (~ O minutes) Si-at isti co :tr- ’ c~~li’;~I’ed with the tht’oreti cal

results in Figs . D—~ and ~~~ Figure D—~ show s that the tail load is

indeed norma lly dis t r ibuted .  The , 1:st .;i m - i t c } i  the theore t ica l  curv e

extremely well. Likewise . Fig. D— ~
) show;; :t very ~oed match at ’ the exceed—

4 ance rates at least to rates :is low :10 0. ~X~~/-7ec w i t h :

• accuracy to within ‘0 ~‘er~’er1t . and ~:en~’rally better t hen
10 percent

• close :lgreemerlt between  ± Ft excoedances . —

Below 0. 0O’~/sec t .ho’ number ci ’ ‘xceed.:i nees 1 tao small to provide an

accurate estimate of the rates .

With the s imulation s-eli dat  col • t .h i r ty  n l i I lu t . e runs were then made :lt

rudder authority l i m i t s  corresponding to d e s cr i b i n g  fu n .:’tion ~ti1ns of

0.8, 0.6 and 0. ~ . The re sul t ing st ;tt i st ics  ar e cc~npared w i t h  t h e

ponding describing function predi ctions III Figs . D —10 through fl— Ps

1~ r convenience the s imulat runs were  made for 0Vg 
1 i t  SC’ S

but the results can he scaled for other gist lt-’vels . For :t fixed VIl lue

of the describing funct ion gain , k DF. t h e  t e i l  icad is pi’ep.’ri cm i i  t a

the gus t level , i .e.,
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Reference Level (Nr~ f )
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C I 1 0
c i.% :0/b
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o @ 1  

0 0
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0 ~

0 0 o
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6 I I 0
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.035 - 085

a 0 0t 0  0 0 olo 0 In 0 t33
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0 I C 0
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.0035 - .015 - 
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Moments :
v1 ~.337 2 

/

= .2858 x l0~
1/3 = .9817 x I0~
v4 = 2522 X1 0 12: 3.09 v
0 F,~~~P~~~ 534 .6 tb

Ft mox 19 09 lb P”
Ft min = - 2117 1b

I f t / se c

No Limiting

Probabi l ity Distribution -

Pr edicted by Describing f
Fun ction Analy s is :

= 548.23 
. 

.

-2000 - ‘~uO -1000 -500 0 500 1000 1500 2000
F,( Ib )

Figure D-8. Probability Distr ibut ion for k.DF = 1.
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:3 ~~~ lb
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/0
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a- = 59 1.7 lb

Ft mox = 2552 lb

Ft min -2650 -lb

‘ I 
~~~~ 

= 1 ff/sec 0

0
8Rlimit = .001384 rod 

0

0

Pro bability Distributiun .

Predicted by Describing
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U-602.37 lb

.

.

.

0
•

0

I ,
2500 1250 0 1250 2500
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Moment s : /
v1 : .4428 1b /0
112 z .4366 x l(,

6 lb 2 

/

113 :— . l727 x io~ lb
3 / 0

714 : . 7322 x 012 lb4: 3.84 ~: / 
~ 0

660.8 lb /0
0

I0
Ft mox 

: 2880 lb

Ft min ~~2794 Ib

1 f f /sec
8Rlirnet = .001040 rod -

Prob abilit y Distribution .

Predicted by Descr ibing . 9’
Function Anal ysis :

a_
~, 677. 23 lb /‘

.

-

.

. 
&

0
’

0/
0/

0/

0/

0/  
-

0

-2500 -1250 0 
• - 

2S0 2500

~ 
( l b )

Figure D-12. Probability Distribution for kDF = 0.6
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Monte Carlo Simulation
Exceedonces of :
0 Negative F~ Levels
o Positive Ft Levels
+ Average for ± F~ Levels
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0.l 
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~ \~ 

N ( F t ) . N oe 2
~~~tI
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Moments : 0/
V~ = 6642 lb ~.JV2 .8iJ~ I x tO~ lb2 7
1/3 =-.1946 x 1 08 lb 3 /
1/4 2314 x O’3 1b4:3.55 v~ /

O Ff : : 898.4 lb

F~ 3610 lb 0~
7’

Ft min ~~3266 lb

0/
a-vg _ Ut / s e c  0/
8Rlj m t 

: .0004767 rod /I 0

Probabi lit y C;istrib-jtion
Predicted by Des crib ing

- Function Anal ysis  : 
.

= 993 .49 lb

•

0

-4000 ~~300O ~~~~~~~~~~~ -1000 o 000 2000 3000 4000

P~~ lb

Figure D-11-~. Probability Distribution for kDF 0.~~.
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aF~ 
= avg ~~~~~~

Since kDF is a function of ~R 1imj t/ °vg~ 
the scaling equation can be

written as:

°Ft 
= (~

Riimit
0Vg \ 0Vg

Thus Fig. D-10 and D- 11 apply for all combinations of EIRljmit/avg 0.00 1~~8L1

rad--sec/ft it the abscissas are relabeled as Ft/Ovg ( lb-sec/ f t ) .

This scaling was used in the calculation of the overall exceedance rates.
Equation V.-5 was numerically integrated jus t  as in the describing function
analysis. In this case , howeve r , the conditional exceedance rates N ( F t I a vg )
were interpolated directly from the time domain simulation data. The ccxnputa-

t ion scheme is show n in Fig. D-16.

The calculation is somewhat more involved than that for the describing

function analysis. This is due ~iot just to the double interpolation

requirement, but also to the limited data on which it is based. The data

shortage is , 01’ course , a practical problem which must be traded-off
against the costs of running the simulation . In this case , conditional

exceedance rate data had been generated only for three values of aVg/

~R1imit’ 
with a fourth set provided by the linear analysis for the no-

limiting case. The simulation data were also limited in accuracy by the - -

30 minute run length as noted earlier. —

To obtain acceptable accuracy on the overall result, two parameter trans-

formations were used to make the data more linear . Cross plots of the Jata

showed it was more linear wi th  kDF than with avg/~R 1imj t . Since the t rans-

formation of 0vg/~Rlimjt 
to kDF could be quite precisely defined from ; &

series of inexpensive describing function calculattons , kDF was selected

as the interpolation parameter. The othe r transformation was to inter—

polate the logarithm of N(FtIcvg) rather than N(Ft)Cvg). The previous da t a

plot s show that a logarithmic interpolation should be much more accurate as

N(Ftkvg) varies over several orders of magnitude.

Table D— 3 show s a sample computer output for the overall exce~;iance

rate computation based on simulat ion resul ts .
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Initialize Computation Parameters
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g
limit

Enter Ft

-I-
J aVg 

= 0.

Increment °vg 1
E~raluate ovg/~Rljmit 

and Ft/avg
Interpolate corresponding value

OtkDF

Do a s-dimensional linear
interpolat ion for

in N(Ft!avg) = f(kDF, Ft/avg)
I -

Add to previous sum

N = N + e~~ 
N ( F t I o vg )

-1

-~ Figure D-16. Overall Exceedance Rate Computation Scheme for
Time Domain Analys is
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