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DEFINITIONS AND ACRONYMS

A Basis: At icast 99 percent of the population of values is expected to equal or
r.ceed the A basis mechanical property allowable, with a confidence
of 95 percent. (Reference 8)

B Basis: At least 90 percent of the population of values is expected to equal or
exceed the B basis mechanical property allowable, with a confidence
of 95 percent. (Reference 8)

FAA: Federal Aviation Administration
FAR: Federal Aviation Regulations

General Aviation: All civil aviation except scheduled air transport.
However, the NASA VGH General Aviation Program included two
small airplanes used in commuter airline operations. General
aviation airplanes may be of any certification category (e.g., normal,
utility, acrobatic, commuter, transport, etc.) or weight class (i.e.,
small or large airplane).

Part 23: Refers to Part 23 of the Federal Aviation Regulations (FAR)
[Reference 3]. This Part contains airworthiness certification
standards for normal, utility, acrobatic, and commuter category
airplanes.

» Normal, utility, and acrobatic category airplanes have a seating
configuration, excluding pilot seats, of nine or less, and have a
maximum certificated take-off weight of 12,500 lbs. or less.

* Normal category airplanes are intended for nonacrobatic
operation (refer to § 23.3 of Reference 9 for permitted
maneuvers).

» Utility category airplanes are designed for limited acrobatic
operations (refer to § 23.3 of Reference 9).

* Acrobatic category airplanes are designed for maneuvers without
restrictions, other than those shown to be necessary as a result of
required flight tests.

* The commuter category is limited to propeller-driven multiengine
airplanes having a seating configuration, excluding pilot seats, of
19 or less, and a maximum certificated take-off weight of 19,000
lbs. or less.

Large airplane: An airplane of more than 12,500 lbs. maximum certificated
takeoff weight.

Small airplane: An airplane of 12,500 lbs. or less, maximum certificated
takeoff weight.
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DEFINITIONS AND ACRONYMS, continued
Maximum weight: The highest weight at which compliance with the
applicable certification requirements (other than design landing
weight requirements) has been shown.
KU-FRL: The University of Kansas Flight Research Laboratory
KU-CRINC: The University of Kansas Center for Research, Inc.
NASA: National Aeronautics and Space Administration

V-G Velocity, normal acceleration (determined by a recorder installed in
an airplane).

VGH: Velocity, normal acceleration, pressure altitude (determined by a
recorder installed in an airplane).

Note: Part 1 of the FAR contains additional definitions and abbreviations.
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1. INTRODUCTION

1.1 Initiation of NASA Data Collection Program

In 1962, at the request of the Federal Aviation Administration (FAA), and
upon recommendation of the National Aeronautics and Space Administration
(NASA) Committee on Aircraft Operating Problems, the NASA V-G/VGH General
Aviation Program was established. The purpose of the program was to define the
gust and maaeuver loads, airspeed practices, and altitude usages of general
aviation airplanes and to provide a data bank of information for use by airplane
designers.

1.2 Recorder Types

The VGH recorder provides a time-history record of the indicated airspeed,
pressure altitude, and normal acceleration near the center of gravity of the
instrumented airplanes. The V-G recorder provides envelope-type information of
the maximum in-flight accelerations and their corresponding airspeeds. Only the
VGH data is presented in this report since the V-G data is not applicable to
airplane fatigue substantiation. A brief description of the NASA VGH recorder is
included in Appendix F.

1.3 Airplane Certification Categories and Types of Operations

FAA’s definitions of airplane categories (e.g., normal, utility, acrobatic,
commuter) and maximum weight ranges (i.e., small airplane, large airplane) are
listed on the page titled Definitions and Acronyms. From October 17, 1979, to
September 13, 1983, commuter category airplanes were type certificated to Special
Federal Aviation Regulation (SFAR) No. 41, and production was permitted until
October 17, 1991. These airplanes were generally derived from small airplane
designs that were certificated under Part 23. Amendment 23-34 (effective
February 17, 1987) expanded Part 23 to include additional requirements applicable
to certification of commuter category airplanes. Some commuter category airplanes
have been delivered as normal category small airplanes with executive seating for
nine or fewer passengers.

A further clarification of commuter operations may be in order. Small
multiengine airplanes, commuter category, and transport category airplanes are
being used in commuter airplane operations. FAA’s Aging Commuter Airplane
Program addresses multiengine airplanes having maximum weights greater than
6,000 lbs., with any seating capacity up to 60 passengers.

To obtain a representative sample of general aviation operations, eight
types of operations, as follows, were covered in the NASA data collection program:
twin-engine executive, single-engine executive, personal, instructional, commercial
survey, aerobatic, aerial application, and commuter airline. These operations are
described further in Appendix B.

Care was taken in selecting airplanes in a particular operation to insure

that the home bases were located throughout the continental United States. By
selectively taking the data from different geogt aphical locations, biasing of the data
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because of similar topography was eliminated. Generally, for each recorder
installation, an attempt was made to collect data over at least four seasons.

1.4 FAA Program

In 1973, FAA published Report No. AFS-120-73-2, "Fatigue Evaluation of
Wing and Associated Structure on Small Airplanes” (Reference 1). The flight load
spectra in that report was based on the VGH recorder data available at that time
from the NASA VGH General Aviation Program. The data was collected on 36
airplanes flying approximately 12,400 hours. Data collection continued until 1981,
at which time 42,155 hours of VGH data were accumulated on 105 airplanes.
NASA evaluated the data for 95 airplanes flying 35,286 hours and presented it in
tabular form in Reference 2. In 1984, the FAA Small Airplane Directorate
contracted with the University of Kansas Center for Research (KU-CRINC) to
process approximately 7,000 hours ¢f data that had not been reduced by NASA,
and to combine it with the data base published by NASA in Reference 2. The work
done by KU-CRINC was completed in July 1986, and the results published in
Reference 3.

The history of this program is diagrammed in Figure 1-1. NASA
involvement ended with the publication of Reference 4. This report contains
histograms which show the distribution of (and average) airspeed, altitude, and
flight duration of the individual airplanes in the NASA VGH General Aviation
Program. These aspects of this program will not be analvzed further by FAA, and
the reader is directed to Reference 4 for detailed information on airspeed, altitude,
and flight duration practices.

1.5 FAA/Industry Working Group

The Part 23 Airplane Fatigue Working Group was established in 1987, with
members from FAA and the small/commuter airplane industry. The initial task of
this Working Group is to assisi the Small Airplane Directorate in developing
updated fatigue substantiation guidance material with load spectra based on the
complete VGH General Aviation Data Base. The Working Group first met in
August 1987, to develop a plan to complete this task and to review Reference 5
which presented load spectra plots for the complete VGH General Aviation data
base (105 airplanes, 42,155 flight hours). The load spectra in Reference 5 were
grouped according to airplane operational usage (e.g., single-engine general usage)
and compared with the original load spectra in Reference 1. One of the Working
Group’s recommendations was that the Small Airplane Directorate proceed to
investigate the application of statistical analysis for determining and presenting
load spectra in probabalistic terms for each airplane operational usage group.

In accordance with the Working Group’s recommendation, the Small
Airplane Directorate performed an example statistical analysis of the positive
maneuver load spectra for the single-engine basic flight instruction group,
consisting of ten airplanes. This study was reported in Reference 6. The Working
Group met on February 15, 1990, to discuss the results of this study and to decide
the course for proceeding further. The discussion of the meeting and agreements
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FIGURE 1-1

FAA-NASA VGH GENERAL
AVIATION PROGRAM

Start Program - Mid 1962

|

NASA SP-270
May 1971

79,000 Hrs —

VG/VGH Data

4

NASA TM 84660
Sept. 1983

35,000 Hrs T~

VGH Data
(Reference 2)

!

—————— _l FAA AFS-120-73-2
May 1973
12,500 Hrs. VGH Data
(Reference 1)

NASA CR-132531
Statistical Analysis

VG/VGH Data
May 1974

FAA Contract with KU-CRINC
To Reduce 7000 Hrs
Additonal VGH Data

(Reference 3)

FAA ACE-111 Report
May 1987
Analysis of Load Spectra

NASA TM 89074
Flight Duration,
Airspeed, Altitude
Practices
August 1987
(Reference 4)

For All VGH Data
(Reference 5)

pr o e —1

FAA ACE-111 Report

Dec. 1988
Example Statistical Analysis
of Load Spectra
(Reference 6)

I
Y V

Continued on Figure 1-2
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reached are reported in Reference 7. Regarding the NASA VGH General Aviation
Data Base, the Working Group agreed that the determination of the fatigue load
spectra, which will be included in a report that will supersede Reference 1, will be
done by statistical analysis. Specifically, it was agreed that for the next phase of
this program, the load spectra for the operational usage groups shown in Table 1-1
will be determined for the mean plus 1 and the mean plus 2 standard deviations,
and for the 90% probability/95% confidence level. The latter corresponds to the
statistical definition of the "B basis" mechanical property strength allowable in
Reference 8. Considering that fatigue life prediction is not an exact science, the
Working Group selected the "B basis” rather than the more stringent "A basis”
(99% probability/95% confidence level). Refer to the List of Definitions for
definition of "A basis” and "B basis”". This agreement led to a contract with the
University of Kansas Center for Research, Inc., to complete the final phase of this
research effort; i.e., probabalistic load spectra development. The results of this
effort are presented in this report.

1.6 Future Work and Application of Results of This Report

The plan for continuing this work to produce a revised fatigue evaluation
report for Part 23 airplane certification is diagrammed in Figure 1-2. The effect on
airplan= fatigue life using the load spectra determined in this report, by statistical
analysis, needs to be studied using the method of analysis in Reference 1.

A scatter factor is applied to the life determined by analysis or test to
assure that an extremely low probability of failure will be realized during the
operational life of the airplanes produced to the type design. The scatter factor is
intended to account for service load variability, environmental effects, and fatigue
test result variability, which in turn is influenced by such factors as material
variability, detail design, quality of construction, loading sequence, etc. The service
load variability will be better accounted for by using the load spectra determined
by statistical analysis and possible reduction of the scatter factor will be studied.
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TABLE 1-1
OPERATIONAL USAGE GROUPS

Airplanes
(Spectra)
SINGLE ENGINE
1. General Usage
a. Basic Flight Instruction
(Severe Maneuver Spectra) 10
*
b. Business/Personal: Includes executive transport,
charter, cargo, pleasure, instruction,
fish spotting 23
*2. Special Usage: Pipeline patrol, forest fire patrol,
forest fire fighting 4
3. Aerial Application 28
4. Acrobatic 1
TWIN-ENGINE
5. General Usage: Business, charter, cargo,
commuter airlines, flight instruction,
check flights, ambulance, sales demonstration 10
*6. Special Usage: Pipeline patrol, forest fire fighting
lead plane 3
7. Business Jet, General Usage 2
SINGLE AND TWIN-ENGINE
8. Pressurized, General Usage 4
*Note: 1) Groups la and 1b will be combined for gust spectra.

2) Load spectra will be determined for groups 2 and 6 both

singly and combined.

1-56

Flight
Hours

5,470

5,956

3,631
7,904

117

10,522

1,281

1,986

2,662



FIGURE 1-2

FAA PART 23 FATIGUE PROGRAM
(CONTINUED FROM FIGURE 1-1)

REVISION OF REPORT FOR FATIGUE EVALUATION OF WING
AND ASSOCIATED STRUCTURE, AFS-120-73-2 REPORT

WORKING GROUP
MEETING, Feb. 15, 1990
ACE-111 Report
Jan.7, 1991
(Reference 7)

FAA CONTRACT WITH KU-CRINC
Statistical Analysis
of Load Spectra
March 1991 - Dec 1992

y

FATIGUE LIFE STUDY
Comparison of Original and New
Load Spectra and Scatter Factor Variation

Y
WORKING GROUP MEETING

Y
DRAFT OF REVISED WING FATIGUE

EVAULATION REPORT

Final Coordination of Report
with Working Group

PUBLICATION OF REVISED WING
FATIGUE EVALUATION REPORT
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2. DISCUSSION

2.1 Identification of Airplanes in Qperational Usage Groups

For purposes of performing statistical analysis, the operational usage groups
are as shown in Table 2-1. This grouping is essentially the same as shown in
Table 1-1 with minor changes and deletions as discussed in the next section. The
data was read from Reference 3. The physical characteristics of the individual
airplanes in each group are listed in the Tables in Appendix A. A description of
the airplane use, operator category, average operating altitude, and geographical
location of the airplanes’ home bases is contained in Appendix B. The
instrumented airplane’s home bases were located in various parts of the United
States, thus providing for operations over varied terrain and meteorological
conditions.

2.2 Rationale for Selection of Airplanes in Operational Usage Groups

a. Airplanes not included

Only airplanes covered by Part 23 of the FAR (Reference 9) were included.
The following large airplanes which have maximum weights ranging from 26,300
to 126,000 pounds, were not included: Twin-Engine Executive, No. 1; Commercial
Survey airplanes used in forest fire fighting, Nos. 19, 20, 21, 22, 23, and 24. There
are only two business jet airplanes, Nos. 2 and 2A; and only one aerobatic airplane,
No. 38. Statistical analysis was not performed on these airplanes. The
characteristics of these airplanes are listed in Tables A-9, A-10, and A-11.

b. Single-Engine Business/Personal Sub-group

(1) An overlay of the gust load spectra for airplanes in the Executive class and
the Personal class showed that the spectra cover approximately the same data
range. The same comparison was shown for the maneuver load spectra; therefore,
these classes were grouped together in the Business/Personal sub-group of the
Single-Engine General Usage Group.

(2) Inclusion of Fish Spotting Airplane (No. 28) in the Business/Personal sub-
group. This airplane is included in the Commercial Survey Group in References 2,
3 and 4. It is very similar (identical in maximum weight, horsepower, and
wingspan) to airplane No. 18 in the Instructional Group (Table A-1, Appendix A).
These airplanes are low-powered light airplanes in the personal/training class.

The gust and maneuver load spectra is the least severe of all the data. Except
for negative maneuver, the No. 28 spectra plots well below the spectra for the four
airplanes in the Single-Engine Commercial Survey Group. If the No. 28 spectra
were included in this group, it would greatly increase the dispersion of the data.
For determining final load spectra by statistical analysis, it would be best to

2-1




TABLE 2-1
IDENTIFICATION OF AIRPLANES IN OPERATIONAL USAGE GROUPS

SINGLE ENGINE
1. General Usage

a.  Basic Flight Instruction - 10 airplanes:
Appendix D*: All airplanes except No. 4A (twin-engine).

b.  Business/Personal - 24 airplanes:
Appendix B*: All airplanes (11) (Executive class).
Appendix C*: All airplanes (11) (Personal class).
Appendix E*: Airplane No. 28 only (personal/training type airplane
used in fish spotting).
Appendix I*: One float plane, No. 41.

2. Special Usage - 4 airplanes:
Appendix E*: Airplane 6A, 9B, 17! and 27 only.

3. Aerial Application - 25 airplanes:
Appendix F*: All those listed except No. 321; also for No. 33A2, do not use

negative maneuver data less than 3.7 x 10°3 frequency of exceedance.

TWIN-ENGINE

4. General Usage - 8 airplanes:
Appendix A*: Airplanes Nos. 4, 5, and 5! only
Appendix D*: Airplane No. 4A only
Appendix H*: Airplane Nos. 39 and 40
Ref. 11: Airplane 310-110 (Instruction operations)
Ref. 12 (pages D.23 to D.29): Airplane No. 255-203

5. Special Usage - 3 airplanes:
Appendix E*: Airplane Nos. 41, 25, and 26 only

SINGLE AND TWIN-ENGINE

6. Pressurized General Usage - 3 airplanes:
Appendix A*: Airplane Nos. 3 and 3! only
Appendix B*: Airplane No. 6 only

* Appendices in Reference 3
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minimize the dispersion of the data. Therefore, the No. 28 spectra is included in
the Single-Engine General Usage, Business/Personal sub-group.

(3) Inclusion of floatplane (No. 41) in the Business/Personal sub-group. This
airplane was operated by a fixed-base operator in personnel and cargo charter
(bush-type operations). The Single-Engine Executive sub-group includes personnel
and cargo charter operations by a fixed-base operator. An overlay of the No. 41
spectra on the Business/Personal sub-group spectra shows that No. 41 fits in well
in this sub-group.

c. Single-Engine Special Usage Group

There are only four single-engine airplanes in the Special Usage Group. Thexr
characteristics are listed in Table A-4, Appendix A. Airplane Nos. 6A and 17! were
used in pipeline patrol over level and mountainous terrain; 9B was used in
scouting for forest fires and transporting cargo and personnel in forest fire fighting
operations; No. 27 was used in forest fire fighting as lead plane for retardant
bombers. The lead planes check for excessive turbulence and mark the drop site.

d. Aerial Application Group

The characteristics of these airplanes are listed in Table A-5, Appendix A. The
airplanes in this group were used to disperse chemicals for control of herbs, pests,
and insects on farmlands. One was used to disperse chemicals for control of herbs
and insects on lakes and streams. Th~ data from several of the airplanes in
References 3 and 10 were not used for * e following reasons:

(1) Airplane 32! was an unusually severe operation treating very short fields.
This operation is considered to be unlike typical aerial application operations and,
therefore, is not used. The severity of this data is seen in Figures 8A and 9 in
Reference 5.

(2) The neagative maneuver load spectrum for airplane 33A2 diverges sharply
below 3.7 x 10" frequency of exceedance and, therefore, data below this value was
not used (page F.71 in Reference 3 and Figure 9 in Reference 5).

(3) Airplane 555-306 was an unusual and very severe operation in Australia.
Phosphate loads were salvoed on very short flights having a duration as little as
2.5 minutes. This was done in windy, gusty weather with no concern for drifting
dust. The load spectra for this airplane is plotted in Figures 8A and 9 in Reference
5, and also in Reference 10. Data was collected for only 51 flight hours. This
operation is considered to be unlike typical aerial application operations and,
therefore, was not used.

(4) The gust data for airplane 190-396 is suspect and was not used. It is

pletted in Figure 8A of Reference 5. It is believed that the acceleration trace was
underdamped, or the accelerometer was mounted on a non-rigid surface.
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e. Twin-Engine General Usage Group

The churacteristics of these airplanes are listed in Table A-6 of Appendix A.

(1) Piston engine powered airplanes 4, 5, and 5! are from the Twin-Engine
Executive Group in References 2 and 4. Airplanes 5 and 5! are the same type and
model. The superscript denotes different operators, operations, or geographical
areas.

(2) Airplanes 3 and 31 were included in the Twin-Engine General Usage
Group in Table 1-1 and in Reference 5. These airplanes have been deleted from
this group because their average pressure altitudes flown were 11,143 feet and
9,914 feet, respectively (as reported in Reference 2). These airplanes are included
in the Pressurized General Usage Group. The airplanes in the Twin-Engine
General Usage Group had an average pressure altitude flown below 5,000 feet,
except airplane No. 5, which was 7,400 feet.

(3) Airplanes 39 and 40 were used in commuter airline operations. Average
pressure altitudes were below 5,000 feet. Average flight durations were 17
minutes and 31 minnutes, respectively. Ninety-five percent of the flights were less
than one hour in duration (Reference 4).

(4) Airplane No. 310-110 (data in Reference 11) does not have a NASA
published designation and is the same model as No. 4A. These airplanes were
used in flight instruction, including instrument flying instruction.

(5) The data for airplane No. 255-203, which was used in executive
operations, was obtained from Reference 12. This airplane is the same type as
airplane No. 3.

f. Twin-Engine Special Usage Group

The characteristics of these airplanes are listed in Table A-7, Appendix A.
There are only three twin-engine small alrplanes in the Commercial Survey
category in References 2 and 4. Airplanes 4! and 25 were used in forest fire
fighting as lead planes for retardant bombers. The lead planes check for excessive
turbulence and mark the drop site. Airplane 26 was used for pipeline patrol over
level and mountainous terrain.

g. Pressurized General Usage Group

The characteristics of these airplanes are listed in Table A- 8 Appendix A.
There are only three airplanes in this group. Airplanes 3 and 3! are twin-engine
executive turboprops. Airplane No. 6 is a single (reciprocating) engine airplane.
Airplane 255-203 was included in this group in Table 1-1 and in Reference 5. This
airplane was deleted from this group because the average altitude flown is
estimated at 6,000 feet. This airplane is included in the Twin-Engine General
Usage Group. Average pressure altitudes flown are as follows:
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Airplane No. 3 11,143 feet
Airplane No. 3! 9,914 feet
Airplane No. 6 11,400 feet

2.3 Data Presentation

The data is plotted (and tabulated) as cumulative number of occurrences of
normal accelerations per nautical mile versus acceleration fraction for gusts and
for maneuvers. The acceleration fraction (a /a, ) is the recorded incremental
normal limit load factor (airplane limit load factor minus 1.0 g). The airplane limit
load factor was determined from the airplane manufacturer, or in some cases was
calculated from the appropriate certification regulation. Only accelerations equal
to or greater than + 0.4 g (measured from a 1.0 g base) were counted in the data
read by KU-CRINC. This was also generally the case for data read by NASA. An
exception to this rule was that normal acceleraticns for airplanes with maximum
weight greater than 13,000 pounds (read by NASA and reported in Reference 2)
were read to a threshold of + 0.3 g. Further exceptions to the NASA read data are
as follows: large airplanes Nos. 1, 11,12, 13, 21, and small airplane No. 28 (used
in fish spotting), normal acceleratlons were read to a threshold of + 0.2 g.

It has been common to present flight fatigue loads data as cumulative
frequency of exceedance curves with normal acceleration (n,), incremental normal
acceleration (n, - 1.0), or derived gust velocity (Uge) on the abscissa and
cumulative frequency per hour, or per thousand hours, etc., on the ordinate. In the
safe-life fatigue analysis method in Reference 1, the fa‘ugue load spectra are
presented as cumulative frequency of exceedance per nautical mile versus
acceleration fraction. This method of presentation is used in this report to
maintain consistency with the method of analysis in Reference 1 that has been in
use for many years, and because this method helps reduce the data spread
inherent in general aviation airplanes of various designs (see Appendix A) being
flown in varied operations by a variety of operators (see Appendix B). Reducing
the data collected on a particular airplane to occurrences per nautical mile flown,
rather than occurrences per hour, reduces the data spread due to the wide range of
operating speeds in a particular usage group. To illustrate, this spread is
approximately a factor of two for the airplanes in the Single-Engine General Usage
Group which have design cruise speeds (V) ranging from 87 to 165 knots.

The acceleration fraction, a_/a,  , relates the recorded gust accelerations to
the airplane’s limit gust load factor and relates the recorded maneuver
accelerations to the airplane’s limit maneuver load factor. When the acceleration
fraction is zero, the airplane is in 1.0 g flight. An acceleration fraction of 1.0 on a
gust exceedance plot indicates that limit gust load factor has been reached, and on
a maneuver exceedance plot indicates that limit maneuver load factor has been
reached. Expressing the recorded normal acceleration as an acceleration fraction
helps reduce the data spread for airplanes of differing design load factors.
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If the limit load factors were not available from the airplane manufacturer,
they were calculated by the equations in Section 23.341 of the FAR prior to
Amendment 23-7 (effective September 14, 1969). Those that were calculated are
noted in the tables in Appendix A. The pre-amendment 23-7 equation for the
incremental gust limit load factor is as follows:

AnLr = % (2.1)
where K = 1/2(W/S)¥4 for W/S>16 psf

K = 133-_267 ¢ wis>16pst

(W/S)3/4

WS = wing loading at maximum weight, Ib/ft2

A% = airplane design cruise speed (V,), knots EAS

m = win.g lift curve slope, Cy, per radian, corrected for aspect

ratio

A = wing aspect ratio

Notes:

1. 30: Nominal gust velocity in feet per second.

2. 498 = 1
Po(1.689)
2
: : 6A .
3. m may be determined approximately as per radian.

+

A gust acceleration fraction spectrum for a particular airplane in Appendix C may
be converted to a derived gust velocity spectrum by the following procedure:

1. Obtain the gust limit load factor (+ n,) from the airplane characteristics
tables in Appendix A.

2. Determine the incremental gust limit load factor () from:
App = Dg = 1.

3. Develop an incremental gust acceleration (a;) spectrum by multiplying
each gust acceleration fraction (a /a_ ) value by a ..

4. Determine derived gust velocity values from the above equation
rearranged:
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_ 498 a, (WIS)

Uge = = ft/sec, equivalent velocity (2.2)
KVm

It should be noted that the statistically derived gust acceleration fraction spectra
in Section 2.5 may not be accurately converted to derived gust velocity spectra
using the above procedure since they are determined from data collected on
airplanes of various wing loadings, wing aspect ratios, and design cruise speeds. If
it is desired to make such a conversion, the derived gust acceleration for each
airplane in a group of airplanes of interest would have to be determined by the
procedure described above, and then the representative spectra could be
determined using the statistical methods employed in this report.

It should be mentioned here that from Amendment 23-7 to the present time,
Part 23 of the FAR uses a revised gust load formula (see Section 23.341 of
Reference 9). The revised formula is considered to provide a more appropriate
basis for gust load calculation. The formula is essentially as stated above except as
follows: The gust alleviation factor (K) is calculated on the basis of a one-minus-
cosine gust shape and is a function of the airplane mass divided by the mass of a
cylinder of air about the wing, whereas K in equations 2.1 and 2.2 is based on a
ramp gust shape and is only a function of wing loading. Also, the wing lift curve
slope is replaced by the slope of the airplane normal force coefficient curve. The
work on the development of these gust load formulas is reported in Reference 13.
Gust load fundamentals and the history of the FAR gust load requirements are
also discussed in Reference 14.

2.4 Extrapolation of Exceedance Spectra

When normal acceleration data is recorded over many flights there will be a
large number of occurrences at low acceleration levels and very few occurrences at
high acceleration levels. This is illustrated in Figure 2-1. The number of
accelerometer counts (not cumulative) is indicated by each data point. It is
evident, from the number of counts, that there is great confidence in the upper part
of the spectra and the least confidence in the lowest part. Note that the ordinate
values are cumulative occurrences per nautical mile. There are no accelerometer
counts associated with the shaded data points; these points are the result of
cumulative data processing. In this case, the data for the positive mancuver
spectrum low frequency end of the curve is as follows:
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Incremental Number of Cumulative Accel. Cumulative

accel. range occurrences number of fraction occurrences
occurrences per nau.mi.
3.0 t0 3.1 1 1 1.089 2.468 x10°
2.9-3.0 0 1 1.054 2.468
28-29 0 1 1.018 2.468
27-28 0 1 0.982 2.468
26-27 0 1 0.946 2.468
2.5 -26 1 2 0911 4935
24-25 0 2 0.875 4.935

It is seen that when there are no occurrences, cumulative data points are plotted at
constant cumulative frequency until there is another occurrence. The next data
point when there is a non-zero count is plotted at a higher cumulative frequency.
The zero counts result in there being a number of cumulative data points that do
not fit the trend line of the majority of the data. Also it is expected that if
recording of flight data were continued, these high g data points would be plotted
at a lower cumulative frequency (because of the greater total distance flown) and
fall closer to the data trend line. In order that these cumulative repeat points with
zero counts would not unduly affect extrapolation of the data trend line, the curve
fit program was instructed to neglect any repeat points at high acceleration
fractions having the same value of cumulative frequency as the previous point.
This same problem was discussed in Reference 15 for gust exceedance curves and a
similar solution was employed.

2-8




.2

1

0.8

3
1]

OLLF

0.4

3
\

431
el
[
|
|
l

1
2 %
Y2
D56
bl
| Y

BN
L4
557

a /a
n

0.0
2-9

= i T 1e B I T
0 $ut - — A - L. S SR - [ U
o 2 I S 0 o P 1t e
o ot

& I S O N i 13 G et | | KA ] R e
& e o R S S g v 1 1 i e el Wit £ £ 1 o I I B Sl

Maneuver Spectrum
Basic Flight Instruction

|
i
T
SESVARER
e i
=
|
T
1
|
1
{

W/
4

Single Engine Airplane No. 12B

~0.4
ACCELERATION FRACTION,

-0.8

oo e 1 -

TR

0 D T i 0
o [ Q o Q
— ~ ~4 — ~t

ATIH TTVOLLAVN/SAINIYYAOI0 ff "WND ‘IDNVAIAIXT 40 AONANDEYL FALLVIANAD

10°

-1.2

10



2.5 Statistically Derived Exceedance Curves

The development of acceleration cumulative exceedance curves are the
principal goal of this work. For each of the operational usage groups shown in
Table 2-1, the following load spectra are presented: the weighted mean (based on
flight hours), the weighted mean plus one, two, and three standard deviations, and
the 90% probability/95% confidence level. Results are also presented for groups la
and 1b combined and groups 2 and 5 combined, for a total of nine statistical
groups. All results (plotted and tabular) are presented as cumulative number of
occurrences {(cumulative frequency of exceedance) of normal accelerations per
nautical mile versus acceleration fraction. Plotted results are also presented with
the original airplane data in Appendix D. The following is an overview of the
statistical analysis process (a more detailed explanation is given in Appendices D
and E):

1. Curve fit the original data for each of the airplanes identified in Table 2-1.
This produces a best fit equation for the cumulative frequency of exceedance
as a function of acceleration fraction. Plotted and tabulated results
obtained from the curve fit equations are presented with the original
airplane data in Appendix C. Results are also presented for airplanes not
included in the statistical analysis. These are denoted as non-statistical
airplanes.

2. For each operational usage group, compute the weighted mean and
weighted standard deviation as a function of acceleration fraction. These
statistics are calculated by passing a vertical cut through each of the curve
fits at a given acceleration fraction. To improve the estimate for the
standard deviation, a pooled standard deviation is used for all spectra
except the group 3 (Aerial Application) maneuver spectra.

3. Compute the 90% probability/95% confidence level (referred to as the
90/95% spectra). With the exception of group 3, a pooled standard deviation
is also used for this spectra. The use of a pooled standard deviation
minimizes potential uncertainties when dealing with small sample sizes
(e.g., groups 5 and 6, three airplanes; group 2, four airplanes) and results in
more consistent estimates for the 90/95% spectra within each operational
usage group.

4. Analyze the distribution of the original data. All of the above-mentioned
spectra are based on the assumption that the data is from a normal
population. To examine whether this assumption is reasonable, all of the
airplanes used for the statistical analysis are included in one group, and
histograms for the cumulative frequency of exceedance are generated by
passing a vertical cut through all of the airplane curve fits at a given
acceleration fraction. The validity of pooling the group variances is also
examined (Appendix E) using Bartlett’s Test of Variance Homogeneity
(Reference 16).
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3. CONCLUSIONS

3.1 Statistical Analysis

A general procedure has been presented for the development of
representative gust and maneuver normal acceleration cumulative exceedance
spectra for a group of airplanes having varying data collection times. The process
consists of curve fitting the individual airplane repeated loads data; computing the
mean weighted by flight time, weighted standard deviation, pooled standard
deviation, and 90% probability/95% confidence spectra; and analyzing the
distribution of the data. Curve fitting the individual airplane data was the most
difficult aspect of the process. A general least squares curve fit equation was
applied by trial and error to obtain the best fit for each airplane. This process
required a considerable amount of iteration for most airplanes. An improvement
would be a curve fit method that required no iteration. The methods used to
compute the 90% probability/95% confidence spectra also merit further study. It
was assumed that all of the data was from a normal population. The cumulative
frequency of exceedance histograms in Appendix E demonstrate that this is not the
case: the data does not follow a normal distribution.

3.2 General

Since the information and data presented are based on flight
measurements, it is prudent to continue to improve their statistical significance.
Such improvements can be obtained by using current technology instrumentation,
more airplanes added to the sample in a continuing program, and further analysis
of all available data.

The original NASA VGH program f~cused on normal (z-direction)
accelerations. A similar program is needed for fatigue of vertical acrodynamic
surfaces such as fins, rudders, winglets, and their supporting structures. A lateral
gust (y-direction), and corresponding maneuver loads program would be a valuable
supplement to the work presently completed.

3.3 Comparison of Normal Acceleration Exceedance Speectra

The following observations are made for the 90% probability/ 95%
confidence spectra, by visual comparison of overlays of the following figures:

a. Gust Specira

(1) Single-Engine General Usage, Fig. 2-6 (34 airplanes): There is
negligible difference when comparing this spectrum with the Basic Flight
Instruction, Fig.2-2 (10 airplanes), and Business/Personal, Fig. 2-4 (24 airplanes),
spectra. Fig. 2-6 contains all the data in Figs. 2-2 and 2-4.
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(2) The Single-Engine General Usage, Fig. 2-6 (34 airplanes), and the
Twin-Engine General Usage, Fig. 2-12 (8 airplanes), curves are very close, except
the Single-Engine curves are slightly less severe at acceleration fractions greater
than 0.4 and less than -0.2.

3) Special Usage: The spectrum, Fig. 2-16 (7 airplanes) combining both
Single-Engine, Fig. 2-8 (4 airplanes), and Twin-Engine, Fig. 2-14 (3 airplanes) is
very close to the individual spectra. It is recommended to use the combined
spectrum, Fig. 2-16, which includes all of the available small airplane Special
Usage data and, therefore should be more statistically significant.

(4) The combined Special Usage spectrum (Fig. 2-16) is more severe than
either the Single-Engine (Fig. 2-6) or the Twin-Engine General Usage spectrum
(Fig. 2-12). This is as expected since Special Usage operations are generally flown
at low altitudes where turbulence is greater.

(5) The Pressurized General Usage spectrum (Single and Twin-Engine
combined), Fig. 2-18, is very close to the Single Engine (Fig. 2-6) and Twin-Engine
General Usage spectra (Fig. 2-12). However, the mean curve is lower, reflecting
the higher altitude operations for prossurized airplanes. The pressurized
operations are only for 3 airplanes. It is expected that if more data were available,
the 90% probability/95% confidence curves would decrease in severity with a larger
sample size.

(6)  The Aerial Application spectrum, Fig. 2-10 (25 single-engine
airplanes), is nearly identical to the Single-Engine General Usage spectrum (Fig. 2-
6). Although these airplanes are operated at very low altitude, they are usually
flown early in the day when wind (and turbulence) is very low. The Aerial
Application spectrum also compares very closely with the Twin-Engine General
Usage spectrum (Fig. 2-12),

b. Maneuver Spectra

(1) The Single-Engine Basic Flight Instruction, Fig. 2-3 (10 airplanes),
spectrum is more severe than the Single-Engine Business/Personal, Fig. 2-5 (24
airpianes) spectrum. The positive mean spectrum is very much less severe for the
latter group and this indicates the wide variability in usage of Business/Personal
type airplanes.

(2) The Single-Engine General Usage spectrum, Fig. 2-7, (34 airplanes)
combines the data in the Basic Flight Instruction and Business/Personal sub-
groups (discussed in b(1) above) and lies between those two spectra. It appears to
be a close representation of the two sub-groups.
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3 The Single-Engine General Usage, Fig. 2-7 (34 airplanes), and the
Twin-Engine General Usage, Fig. 2-13 (8 airplanes), curves are very close
(although the means differ considerably).

(4) Special Usage: The spectrum, Fig. 2-17 (7 airplanes) combining both
Single-Engine, Fig. 2-9 (4 airplanes), and Twin-Engine, Fig. 2-15 (3 airplanes) is
very close to the individual spectra. It is recommended to use the combined
spectrum, Fig. 2-17, which includes all of the available small airplane Special
Usage data and, therefore should be more statistically significant.

The Special Usage (combined) spectrum, Fig. 2-17, is very close to the
Single-Engine General Usage spectrum, Fig. 2-7, except it is more severe for the
acceleration fraction range 0.1 to 0.6.

(5) The Pressurized General Usage spectrum (Single and Twin-Engine
combined), Fig. 2-19, is very close to the Single Engine (Fig. 2-7) and Twin-Engine
General Usage spectra (Fig. 2-13). However, the mean spectrum is lower,
reflecting the expectation of less maneuvering with higher altitude operations for
pressurized airplanes. The pressurized operations are only for 3 airplanes. It is
expected that if more data were available, the 90% probability/95% confidence
spectrum would decrease in severity with a larger sample size.

(6) The Aerial Application spectrum, Fig. 2-11 (25 single-engine
airplanes) is very much more severe than all of the other maneuver spectra. To
illustrate, it is about 200 times more severe than the Single-Engine General Usage
spectrum, Fig. 2-7, at an acceleration fraction of 0.4.

3.4 Anglytical Studies and Future Work

This is discussed in Section 1.6 (page 1-4). The effect (or confirmation of
regligible effect) on airplane fatigue life of the load spectra comparisons made
above should also be studied analytically.
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APPENDIX A:
AIRPLANE DESCRIPTIVE DATA

This appendix contains data describing the airplanes in the NASA VGH General
Aviation Program (Refs. 2 and 4). Airplane manufacturers’ model designations have
been purposely omitted. Each specific airplane type was assigned a number, and
different models of that type were assigned a letter designation after the number.
Types of airplane operations selected to represent general aviation usage are as
follows: twin-engine executive, single-engine executive, personal, instructional,
commercial survey, aerial application, aerobatic, commuter, and floatplane. When
there were two or more airplanes of the same type or model, a numerical superscript
was used to distinguish one from the other, thereby noting the 1 se of the same
airplane type and model in different operations and different geographical locations.
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APPENDIX B:

AIRPLANE IDENIFICATION--
NASA AND UNIVERSITY OF KANSAS

OPERATING ALTITUDES

OPERATING LOCATIONS

PRIMARY USE AND OPERATOR CATEGORY
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AIRPLANE IDENTIFICATION EQUIVALENTS

(Cross Index)

NASA LD. KU LD.
251-777

255-203

310-110

4! 310-117
6 210-140
6A 210-606
14 223-110
19 437-318
30 945-193
30A 945-634
31 190-410
321 782-722
33 781-395
33A2 781-792
34! 281-600
343 625-993
35 170-200
35! 170-217
352 170-864
38 753-049
41 252-772
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AIRPLANE IDENTIFICATION NUMBERS

1A. Single-Engine, Basic Flight Instructions (10 Airplanes)

Home Base Altitude,
NASA KU State Feet
12B NB 2,500
12B} IN 2,385
12B2 IL 2,170
14 223-110 IL 1,705
14A OH 2,380
15 TX 2,720
16 SC 1,505
17 CO 6,905
18 CA 2,000
181 CA 2,030

1B. Single-Engine, Business/Personal (24 Airplanes)

6 210-140 NY 13,085
7 MT 7,520
7A VA 4,765
7B NM 8,045
7C DC 4,555
7Cl NY 3,720
8 ID 7,345

Comments

Executive class
Executive class
Executive class
Executive class
Executive class
Executive class

Executive class

*From Table 11, Ref. 4. Average Pressure Altitude.
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Home State Altitude*,

NASA KU Base Feet Comments
8A wY 8,350 Executive class
8Al TX 5,000 Executive class
9 IN 4,540 Executive class
9A ID 7,395 Executive class
10 437-318 X 6,120 Personal class
10} VA 3,515 Personal class
10A CA 5,735 Personal class
11 CA 4,115 Personal class
12 FL 2,215 Personal class
121 FL 1,175 Personal class
122 FL 2,415 Personal class
128 SC 2,790 Personal class
12A FL 1,440 Porsonal class
13 SC 3,005 Personal class
131 uT 6,755 Personal class
28 VA 1,705 Fish spotting
41 252-772 WA 2,505 Floatplane

2. Single-Engine, Special Usage (4 Airplanes)

6A 210-606 wY 6,080 Pipeline patrol

9B OR 6,895 Forest fire patrol
and transport

“From Table 11, Ref. 4. Average Pressure Altitude.
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Home Base Altitude*,

NASA KU State Feet Comments
17! OK 1,150 Pipeline patrol
27 OR 5,060 Forest fire

lead plane

3. Aerial Application (25 Airplanes; all are single-engine.)

29 AL 165
29! TX 195
30 945-193 OR 840
30! NE 2,370
302 OR 665
30A 945-634 AZ 1,150
31 190-410 AZ 2,995
32 TX 85
322 TX 535
33 781-395 VA 490
33! TX 10
33A CA 150
33Al TX 85
33A2 781-792 CA 145
34 AZ 2,380
341 281-600 TX 1,295
342 FL 660

*From Table I1, Ref. 4. Average Pressure Altitude.
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Home Base Altitude*,

NASA KU State Feet

343 625-993 FL 195
35 170-200 MT 4,980
35! 170-217 TX 1,350
352 170-864 TX 3,770
36 TX 95
36A AZ 930
37 FL 170
37! TX 2,690

4. Twin-Engine, General Usage, (8 Airplanes)

4 W1 4,445
5 VA 4,695
51 CA 7,410
4A FL 2,010
955-203
310-110
39 CA 2,325
40 PA 4,280

5. Twin-Engine, Special Usage (3 Airplanes)

41 310-117 ID 6,910
25 NM 7,478
26 NE 2,870

Comments

Charter,
Check flights

Charter,
Check flights

Business/Pleasure

Flight instruction

Flight instruction
Commuter

Commuter

Forest fire
lead plane

Forest fire
lead plane

Pipeline patrol

*From Table I, Ref. 4. Average Pressure Altitude.
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Home Base Altitude*,
NASA KU State Feet

6. Pressurized, General-Usage (3 Airplanes)

3 KS 11,145
3! VA 9,915
6 210-140 NY 13,085

(11,400)

7. Twin-Engine, Executive Jet (3 Airplanes)

1 FL 24,535
2 251-777 IA 29,905
2A OH 23,215

8. Large Airplanes, Special Usage (6 Airplanes)

19 437-318 OR 4,950
19! AZ 5,165
20 OR 5,015
20! OR 5,368
21 OR 5,260
22 CA 2,960
23 ID 8,162
24 CA 2,905
241 CA 2,920
242 CA 2,835
243 CA 3,355
244 CA 2,855
245 CA 1,955

Comments

Twin, Turboprop
Twin, Turboprop

Single, Recip.

(Estimated, including
data reduced by KU.)

Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting
Forest fire fighting

Forest fire fighting

*From Table II, Ref. 4. Average Pressure Altitude.
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Home Base Altitude',
NASA KU State Feet Comments

9. Acrobatic Airplane
38 753-049 VA 1,660 Aerobatic flying

*From Table I1, Ref. 4. Average Pressure Altitude.
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PRIMARY USE AND OPERATOR CATEGORY
OF INSTRUMENTED AIRPLANES

(References 2 and 4)

Twin-engine executive:

Airplane type Operated by Primary use
1,2,2A,31 Companies Business flights
11,12,13,3 Airplane manufacturers Flight demecnstration; executive

transport; cargo carrier

4 and 5 Fixed-base operator Charter flights; transition to
heavier aircraft; instrument
flights; and check flights

51 Individual Ambulance; business; pleasure

Single~engine executive:

Airplane type Operated by Primary uc2
6,7C,7Cl,9 Individuals Business and pleasure flights
©,7A,78,8A Companies Business and cargo flights
1 . .
8,82 ,°a Fixed-base operator Charter flights for personnel and
cargo; instrument check flights;
transition to heavier aircraft
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Perxsonal:

Airplane type

10',108,12,12%,
122,123,12a,13,13]

10

11

Instructional:

Airplane type

128,15,16,17,
18,181

1281,128%,14, 14

4A

Commercial survey:

Airplane type

al,2s,27

o8B

23

19,197,20, 201,21,
22,24,24%, 242,243
244,245

en,177,26

Operated by

Flying club

Individual

Fixed-base operator

Operated by

Fixed-base operators

University

University

Operated by

Contracted for by U.S,.

Forest Service

Contracted for by U.S.

Forest Service

U.S. Forest Service

Contracted for by U.S.

Forest Service
Gas and oil pipeline
companies

Individual

B-11

Primary use

Pleasure, business, and
instructional flights

Pleasure and business flights

Pleasure, business, and
instructional flights

Primary use

Basic flight instruction

Basic flight instruction

Twin-engine basic and
advanced flight instruc-
tion; instrument
instruction

Primary usSe

Lead planes for retardant
tankers; check for
excessive turbulence; mark
drop site

Scout for forest fires;
transport cargo and
personn._l

Smoke jumper for fire
fighters; personnel and
cargo carrier

Drop retardant on forest
fires
Pipeline patrol over level

and mountainous terrain

Fish spotting for commercial
trawlers



Aerial application:

Airplane type

29,291, 30, 301

302, 30a,31,32,32',

322,33,337,33a,
33a', 3382, 34,34,

342,35,351,352, 36,

36a,37,37)

343

Aerobatic:

Airplane type

38

Commuter:

Airplane type

39,40

Float:

Airplane type

41

Operated by

Individuals and
companies

State

Cperated by

Fixed-base operator

Operated by

Commuter airlines

Operated by

Fixed-base operator

B-12

Primary use

Disperse chemicals for
control of herbs, pests,
and insects on farmlands

Disrerse chemicals for con-
trol of herbs and insects
on lakes and streamns

Primary use

Aerobatic iastruction and
practice

Primary use

Passenger flights; test and
check flights

Primary use

Personnel and cargo charter;
bush-type operations




APPENDIX C:
NORMAL ACCELERATION EXCEEDANCE CURVES

AND DATA TABLES
FOR INDIVIDUAL AIRPLANES
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33!
33A
33A!
33A2

4, Twin-Engine, General Usage

5

51

4A

39

40
255-203
310-110

EI.-E . S .Ill
4!

25
26

Tabulated Data Load Spectra Plots
C-105 C-106
C-107 C-108
C-109 C-110
C-111 C-112
C-113 C-114
C-115 C-116
C-117 C-118
C-119 C-120
C-121 C-122
C-123 C-124
C-125 C-126
C-127 C-128
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Figure C-11 Load Spectra for Airplane 6, Single-Engine, Business/Personal
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Figure C-12 Load Spectra for Airplane 7, Single-Engine, Business/Personal
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Figure C-40 Load Spectra for Airplane 291, Aerial Application
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Figure C-41 Load Spectra for Airplane 30, Aerial Application
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Figure C-42 Load Spectra for Airplane 30!, Aerial Application
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Figure C-43 Load Spectra for Airplane 30%, Aerial Application
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Figure C-44 Load Spectra for Airplane 30A, Aerial Application
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Figure C-45 Load Spectra for Airplane 31, Aerial Application
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Figure C-46 Load Spectra for Airplane 32, Aerial Application
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Figure C-50 Load Spectra for Airplane 33, Aerial Application
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Figure C-51 Lozd Spectra for Airplane 33A, Aerial Application
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Figure C-53 Load Spectra for Airplane 33A2, Aerial Application
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Figure C-54 Load Spectra for Airplane 34, Aerial Application
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Figure C-55 Load Spectra for Airplane 341, Aerial Application

GUST

MANEUVER

’Yn'! ™Y

l"vl!v T

i iil“
< — « o Lal
= = o = o o
o— —t p— oy —
SN [BOIINEN/SIOUILINIDC) "ON dANB[NUIN)
20UBpIXY JO Aouanboiy sAane[nwin))
T T T é
3 T -g
o N
o e
= i ,,o"/ 3
o SR
H )/—5
's',-ql"“ H
o_,..w—“ 5
>\4L..,_
] 3 SN
§ N b ‘Nu.
ol T
P of i
l N i
5 i : , i N
e (2 Ll o« (sl #‘ wn
) = p ; : ;
2 = 2 = 2 = =

OIN [BONNEN]/S9OUALINIDO) "ON 2ARB[OWN)
20uepaadxy JO Aouonboig sanemwn)

C-116

10

1.6

1.2

08

0.4 04

0.t

-1.2

-1.6

1.2

0.8

04

04

-0.8

-12

By

n

Acceleration Fraction, a /a

BF

fl

Acceleration Fraction, a /a




X620'6 - 87¢T = (N30

$0-IPLTT0 0080
$0-3709¢°0 0SL0
61010000 00L°0
18870000 0590
106L000°0 0090
£0+0700°0 0550
91L6¥00°0 005°0
e19v110°0 0sv'0 ¥£0£0000 0sr'o-
00605700 00v'0 LSTLOO00 00¥°0-
61TYTs00 0se0 9€8L100°0 0SE0"
SETLSOL0 00L'0 6009%00°0 00¢0
8985070 0sT0 TSLBTI00 0sT 0
16V166£°0 0070 9eIE1V00 0070
20uBPINXY Jo uopI8ly DUEPINXF Jo uopIvLf
£>uanbaryf apviowiny  UOIBINADY £ouanbagy 2ape{nuIn)  HOPEIINPI1Y
aapsod aapedau

YIANANVIA
L8T = SINOH [e10],

XPO$°L - 1p1°0- = (K30
(0091 >X>059'0) uopejodenixa 03y 3aIn)  (05H'0->X>006'(r) TOPE]
(x)3018¢5°1 - ,X6S1'9 - 87T 1~ = (K30 (x)3016LE'Y - ,XTYI'E - 66T~ = (H)Bo]
(0590 > X > 761°0) B1ep BUId L0 I 34D (Z61°0- > X > 05407 B18p [BUI3L40 3{j 2410

THIST = SIHIA [edIneN [810],

CHTERTTIETY | 1lg)

X898°6 - 68570 = (A)30[

(00F' 1 >X>05t'0 ) HopeIode.L)X3 1053 3410
(X)B0118E'9 - XIT1'Y - 0£T S = (K30
(0SH'0 > X > €70 ) ©%p (BU{31101 M)

LOY1000°0 05'0
99000°0 0or'o
Srev1000 0se0
904vS00°0 00€0
£809770°0 0sT0
2OUEPIARXT JO uopdRIy

fsuanbarg sApBIWN)  UOHBIIPIY

aapsod

[ Y€ duerday Joj ejeq pajeIngeL, 9s-D IqEL

X099°L, - 98¢0~ = (£)30]

(0St'0->¥>007 1-) uopsiodenxa 1o} iyam)
(0)30[91 €8 - X90p'0 + 668'9~ = (A)30]
(E€T'0- > X > QSp(-) E18p EwBiio 1y am)

x] = X 53y 9A103 30J :HLON

$0-3SE/Y0 0050
89110000 oS0
68670000 000"
6SL8000°0 050"
8190€00°0 00¢0"
11651070 €T

2JuRpaaIxy Jo uoposaq
£>uanbarg sapenuin)  UORRIAIDY

3Aps8au
LSno

C-117




Ay g
v/ ® ‘UOnJBL] UONBINY

80

0 0

140n

{

IR

fitigiig §

i

i

1 A7
e jeuiduQ

YIANANVIN

S[IIA] [EOTINEAL/S2OUSLINDDQ) "ON dATIRINUN)
0UBPIROXH JO Aouanboig sanenuun)

a1y,

e/ ‘e ‘uonoeL] UORRIARNY

v0 0 140n

T

_ H

80

\O-IL-..,__‘

-t
Al

114 94

:417q 1AV 7 T

sansusrasrasevionsenrtnysarsnsrnntiifisyes

LSD

uonedddy fely “.VE auerdaty J0j e1)oadg peoy 9s-) dandiy

)

01

il

‘ON 2ARR[NWND)

3OUBPIIOXH JO Aduanbarg sanenuny)

1Al [RONINEN]/S20USLINDIDO

a

C-118




XZ85'8 - 605°T = (£)8ny X9/8°11 - £69°1 = (K)3o; X196°01 - §60°T = (K30 X68L( - 001°0- = ()30}

(0091 >X>008°0) wopsjodenxatogyyasim) (0050~ >X>006'0-) topsjodenxaionyasiny (001 >X>009°0) uopeiodenxalojyyasmy)  (p0S0->X>(007 [-) VoREl0dRNX10j 1Y AN
(X)B0IC6E'T - (X156 - 9£9'1- = (K30 (X)3o10E°Z - ;XPL86 - 01677~ = (A8 (X)BO[8EH'T - ,X0EE'L - YRI'T- = (K30 (x)B0106S°S - ,X896°C - €26+ = (K30
(0080 >x> Nm_.ow w38p [BU3140 )} 344N (Z61°0- > X> 005 0-) B1ep [BU{B110 3}j 2AIR) (0090 >x> mmN.ow BIEP (U310 JY§ AIDD) (€EZ°0- > ¥ > 005'0") ¥18p B30 3}) 240D

Ix] = x 53y 2aan3 30} THLON

PO-310vP0 0080
LS1T0000 0SL'0
B16Z000°0 00L0
690L0000 0590
8191000 0090
680L£00°0 0550 PO-3LTTS O 0090
6LL0800°0 0060 Y0-4T61S°0 00§°0- 90L1000'0 0560
TIOLLI00 1,9 4] 6¥61000°0 osy'o- 612750000 0050 €101000°0 00§°0-
PL6ESEN0 000 0TL9000°0 00v'0- £P0S100°0 0st0 P1ST000°0 osy'o-
65617L0°0 0S¢0 12000 0se0- SLOTYO0'0 000 Y99000°0 00v'0-
£c0891°0 00¢0 8079000 00€°0- STILOTOO 0s¢0 9TCLIN0'0 05e'0-
S810¢0t°0 0sT0 16128100 (Al £966970'0 00€0 €6v1c000 00£°0-
0809590 007’0 6+08050°0 007°0" T6L6990°0 0sT0 1S60L10°0 0sT0-
dUBPIDXY JO uopdBLg 3uepaNX Jo uopesy 33uepaadxy jo aopovdy 2JuepINXY jo aopRlg
Kyuanbazy sapenny  uojIvIaPIY Louanbasy aAgeiauwiny  WONIBII[ANY f3uanbasj aape|nmn))  UOJIBIIEIV K>uanbasg sapenmn)  wofIvIPPVY
aapsod aapedou aapjsod aapesan
YTANINVIA LSNH
199 = sInOY [e10], G0LLS = SAVIA [8d|INBN [B10],

(b€ suejdury 1o ejeq pajeingeL, LS-O AIQEL

C-119



frig a1y

u u
v/ € uondei] ORIV B/ ® ‘UONORL] UODRIAINY

l 80 b0 0 v 80 cl- Al 80 0 0 ¥0- 80
01
::N::*:Z_::g—:J_:;::w«:;::ﬁ:J::_:: ==~:_-::—:=~_:J:_J::M:_._::__:-13&:: Q j:: HIF ___-m__: g_-—qq_j:z_:: i
=) 3 R S R G
q
0 \ ;
=1
ey 20 : shod
fou — =3 w k .» i
ORE \
<P )
o M q :
..... Z§ /
a 23 e
....... m. m.m ./ \
Oc i
£ S , }
- g ;
E N.E m g = % f
S /
oo 9 N
] £ Q )
- m, a Ay
In.n. —.Oﬁ m. m o
M o
)
.
i
114 9AI) - : . 14 AT
vieq feuwiduQ = i meqEndu) o ;
YIANANVIA LSO

uonedddy ey ‘€ suejday J0j ©1}dG peo§ LS§-) dundig

;01

01

nejnwind

NNEN/SIOULINID0 "ON 2ARB[WND)

20oUepPI0Xy JO Aduonbaoig 9A

A {ed

C-120




XSeT'S - €0L°0 = (Aol
(009'1 >¥>006'0) uopelodennxai0jyjamy)
(030797 + ,XEITT + X8YQL - ¥SL'E = ()30

(0060 >X>191°0) ®38p

P0-3468L6'0
081000°0
6L££000°0
LTr9000°0
y6£7100°0
681¥200°0
TRYLVO0'Q
0L9V6000
19988100
LEISLEOO
TITPLO0
L80SYPL0
TELLELTO
6756760
179SL18°0
LRYAYAS

QUBPIXF jo
£suanbasyg aapenu

[euidido 3y arm)

006'0
058°0
0080
0sL°0
00L0
0590
0090
0560
005°0
0sv'0
00v'0
0se0
000
0sT'0
0070
0¢c1°0

uoyIedy
Ny UopEIaPY

aapsod

09€ = SINOH [830],

Kruanbayg sapje[owny  UOIRIAAIDY

HIANANVIA

X991'p1 - 8LT '€ = (A8
(00S'0-> X>006'0-) uopeiodsyyxa10j1jj 2AdnD)
(x)301G68°0 + ,XVP6 P1 - Q0T'0 = (K)o
(6L1°0- > X >00S"(") BIRP [BUWB]JI0 I 3

99610000 0080
80£L0000 0s¥'0"
98¢8700°0 0ov'0-
9¢61600°0 0se'0-
PLOEVTO'O 00¢°0"
098€£50°0 0sT°0"
TSIBYO0'0 0020
AUEPINXY Jo uoliyeay

8SSEE = AT [ednNEN [BI0L

aanedau

Xg9¢°71 - 0S7°0 = (A)30;

(00t'1 >X>05¢0) uopejodesyxa.iof 3y ain)
(x)801991°¥ - XYRZ'OL - BILY = (£)80f
(0S€'0 > x> $61°() B1ep [6UjB{I0 34) aam))

§0-d4$911°0 005°0
S0-J8e8¥°0 0sv'0
Y0-46007°0 00t°0
PO-3SPER'0 05€0
L0000 00€0
PEOV100°0 070
69509000 000
2JURPINXY jo uopIely

Aduanbarg sape|nwin) CORBIIPNY

aapsod

s¢ aueidary Joj ejeq pajenge], 8s-J d1qel,

X08€01 - §T1°0 = (A)Bot

(0SY'0->X>007 1-) uopye|ode.1Xa 10§ 3 244N
(M3olrsT ¢ - X¥10'8 - S50t = ()80
(561°0- > X > 05p'0-) e1ep [ed}3j10 ) 3am )

Ix| = x 5313 3a1n3 J0§ :HLON

P0-3T8LT0 0S¥ 0
$0-4L968°0 00v'o-
€LLT0000 05€0°
C9€8000°0 00€0-
88152000 0sT0-
L868L00°0 00T0-
33EPINXY JO uwopdRLy

£>uanbaig aapenUN)  WOREININY

aapredan
1sno

C-121




Ty 411,

Y
B/ © ‘uonoel] UONEBIINY

u
e/ ®© ‘'UondeL] UODRIEIOY

Tl g0 +0 0 ¥o- 80 Tl Al g0 0 0 vo- 80 Tl
e»o_—
,._:_ M_ _,: _.—Z _. :_.—_ e ._::.: Y :_—4—_: 111} A:__‘___ ‘“ :.__ ¥ _._ _.__:_.“_: 4_____.“_ __._ :__d‘j 2_—“::*_:.:*“ L] | “ :J:: THET 11 2«;::»—:51:; _:m_:——::—:_s::ﬂ_:_—:_ “_:_
| ﬂ_
0l Sy 3
m 3
..... ] ,
080 b
50 i [
£ 3
) 5 m $
{ P
................ <P
® . /
A NI mu W N .“\
........ o 1 X
s 3+ /
btk g3 3 /
s 3 S« fr
........ ) N.Q m .“.vn..
23
0l E8
28
. &
g1 ] cOm
mgoamy —— f - g A
mequuiuy o foio i e e EUdLg o
S i * e ﬂ.w.ﬁ.,um —o.— JRA0H 1o (des Ml hned i
ATANINVIA 1S0D

uonedddy feuay ‘gg suedary 10§ vaydadg peory gs-D aandiy

)

0t

i)

01

NNEN]/SOOUILIMIDQ) “ON dAR[nUIN)

20URPIIOXH JO Kouanborg sAanemuwn)

A [ed

|

C-122




. s . .
Xp68'01 - L6L'S = (A)Bo] X62891 - €0L'y = (K)3o[ XGIL91 - Z1TE = (D30 XL50'8 - €20°0- = (K)8or
AOOO. 1>Xx VOn@.Ov uopjejoaenxa.iojijj3rin) AOOm.O. >X Voom.o.v noau_cn—gno._e njAan) AOQQ I>X> cnﬁdv g—aﬂ_eﬂahno._e yaam) Aoow.c‘ >X>00T a-v Sﬁu-on—gxuae yaAam)
(x)30181H°0 + ,XpE]'S - 7890 =(A)80] ()80IpL6'T + XppS 8T - 6161 = (K30 (X)3016L1°0 + ,XH9L 81 - 8YP'0- = (A)Bo] (x)30IS10°C - ,XTOL'E - 99t = (D)oy
(0560 >*>191'0 feep rewpdipiolyanm)  (6L1°0- > X > 005'(F) B8P [eujRL0 1Yy 34D (0S50 >X>S61'0) mep uBiio g aamy  (S610->X>005°0) BIEP [earHiIo 3y 3am)

Ixf = x 3y 24103 10] :LON

§0-36L0T°0 060'1
S0-468TL'0 000°1
PO-d45557°0 0560
PO-4CC98°0 0060
8€LT0000 0580
£808000°0 008°0
96777000 0SL0
TLELSOG'O 00L0
IYLLETOO 0590
SIY80E0°0 0090
LI0¥P90°0 0sS'0
1882671°0 0050 SO-HSP01°0 0550
LLV69TT 0 S 4] ¥¥61000°0 005°0- SO-3LETL0 00§°0 pO-41888°0 00§80~
1L6£T8E°C 00v'0 00021000 osy'o- P0-dE06v°0 0sy'o 8STTO000 ost'o-
81158650 0s€0 68£8$00°0 00’0~ T10£0000 00’0 S¢8C000°0 0o
ST6£898°0 00£'0 LSYTTIT00 050" 198¥100°0 0SE°0 9PLS100°0 0SE0-
0STEri’T 0sT0 LOELSS0'0 000" £988500°0 00€0 866V100°0 00¢°0"
1566ver'l 00C0 8C6E8FL0 0520 €£69810°0 050 PEGIPIN0 08T0-
09896091 0sto 0L996VT°0 00T°0- PeLYLYO'0 0070 7897500 0070
UBPINXT Jo uopIedy UBPIIXY JO aopIBL DUBPINXT jo gopawly UEPIWXY JO uopd8iy
£>uanbasj aspenEn) UORBIIRINY A>uanbasg sagenmung  UORBIIPIY fouanbaiy aapeinun) wopBININY Kouwanbalg sapeinmin))  UOJIBIININY
aapsod aanedau aapsod aapedau
YJIANANVIA 1sno
€79 = SINOH [e10], 6L8T9 = SAIA [8d1NEN [BI0],

(S€ dueldaly Joj Be( PIIBINGEL 6S-D 3qEL

C-123




Figure C-59 Load Spectra for Airplane 351, Aerial Application
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Figure C-60 Load Spectra vor Airplane 352, Aerial Application
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Figure C-67 Load Spectra for Airplane 5!, Twin-Engine, General Usage
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Figure C-68 Load Spectra for Airplane 4A, Twin-Engine, General Usage
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Figure C-74 Load Spectra for Airplane 25, Twin-Engine, Special Usage
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Figure C-75 Load Spectra for Airplane 26, Twin-Engine, Special Usage
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Figure C-81 Load Spectra for Airplane 1°, Twin-Engine, Executive Jet
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Figure C-84 Load Spectra for Airplane 19, Large Airplanes, Special Usage
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Figure C-88 Load Spectra for Airplane 21, Large Airplanes, Special Usage
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Figure C-90 Load Spectra for Airplane 23, Large Airplanes, Special Usage
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Figure C-92 Load Spectra for Airplane 241, Large Airplanes, Special Usage
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APPENDIX D:

STATISTICAL ANALYSIS




Load ctr

1A. Single-Engine, Basic Flight Instruction

1B. Single-Engine, Business/Personal

1A. and 1B. Single Engine, General Usage

2. Single-Engine, Special Usage

3. Aerial Application

4. Twin-Engine, General Usage

5. Twin-Engine, Special Usage

2. and 5. Single and Twin-Engine, Special Usage

6. Pressurized, General Usage

Statistical h nd E

D-2

D-11
D-13
D-15
D-17
D-19

D-21

Maneuver

D-4
D-6

D-8

D-10
D-12
D-14
D-16
D-18
D-20




(A 80

ER g

u

v0

u
®/ ® ‘UONDRL] UONBISIIIY

0

vo-

80 cl- 91-

¢

.

n
- fh

PRTS

-

5
51,9 o

.

2t alo &«W&P
23ads %66/06 A\ T..
- .>0ﬁ .ﬂwﬁm N+ ............. g .-_
AP [+ — - ~ - fEE N
uesw pAYSION ——— w L
eiep [eurduQ o i .

T

uondnsuy sty g diseq ‘ades() jeauarn) amdug-dduig endadg peoisng [-q 2ndiy

i)

L0

01

STl [ONNEN/SIDUILINIIQ) "ON dAlle[NWIND)

20uepa29xy jo Aouanbasg sanejnun)

D-3




A

4Ty,

80 Vo 0

THHIT «::::—__:::——2_:::_:_:—:_:_:_:_ 1 LILHA} nm__:__ LLALALERIEL) LARERRLIS _:_ (] __ THTITY

u
€/ E ‘UONIEL] UGHEBIPIY

14\ 80 (AN

en03ds %56/06
= WP PIS T - - - - B
RS S .>0mv.gm,—+| _ _ _ pesgonmomdoonscsososkecsaspecssinioon
ueow paydopm ——
eRpRUBHQ) o

uordnIsuy gy duseg

‘a3es() je4auan) aurdug-dduis

:84193dg peor JoAnauepy - 34ndiy

1

0t

01

01

J[IJA [BONINBN]/SIOUILINIIQ "ON 2AHR[RUIND
2ouBpaadxX Jo Aousanbol] sAanenuuny)




Iy

u
B/ ® ‘UONORL] UONRIIRIIY

[euosIag/ssauisng ades) [eoudn) auiduy-jduig :eaj0adg peory jsng ¢-q aandiy

z 9’1 A 80 0 0 v0- 80 T 91 A
o0’
-
3 (0
01
3 m-o_
...... .01
.......... 1 o
endads %56/06
AP PV T - Bde i b b e b g B b e S e d i oo -
APPIS [+ - - - - o0l
uraw PAY31OM —
weppWBUO o | T
T i it e ATt YAVER (TS PETP ety Sy A -2

A [BOUNEBN]/SDUILINIDQ "ON JANenun))

le[nun)

-
.
4

29uep32dxy Jo Aouanbasy 34

D-5




AT U U
B/ ® ‘UONORL] UOIRIAIIY

(4 80 v'0 0 14'S 80 rl

01

p-

T

01

...... £

o¢

¥

&
% ¥ O
1.
m\ 1 :
fi - ol
?. | ......... m
en2ads %66/06 b
AP PISTE e -
AP P [+ - - - - H o0l
ueaw poawydop ———
..... o B —— ﬂOﬂ

[euos.3j/ssauisng ‘ades() [ea3uds) auiduy-a[duis ‘eajdadg peoy Jaanduejy p-( andiy

20Uepa929xyH Jo Aduanboly sane[nuun)
D-6

S [BINNBNY/SAOUILINII0) "ON 2ATIB[NUIND)




My oy
€/ © ‘UONORL] UONEIS[2IOY

91 ¢ 80 v0 0 ¥

(]

N A
- nw“ m
3 £ g
e m £
bea s N A
- g
Dbt b gt R s b R s s B pRgey
= £ Qa
& 2
G 'c
- ¢
" ==
m <
e o 3 N-Oﬂ M\.v vOJ
W m
..................... 5 W«v
B et =R
" .0
A S0 SO SO O 0 O O S LN S0 SIS S - 28
= 200 =5
L6
B 2n93ds %¢6/06 . &
o AOPCUPIS TH - - .- B I T
P APP I+ - - - - : dEEg 01
URIW PAYSIOM
B eiep [puiduQ
fos s oo : ~Om

{(PAUIqWO)) [BUOSIIJ/sSauISng pue uodINIISUI 1yd1yg diseq)

ades() jeadudn awduy 33uiS :Ba3dadg peory jsnr) S-( dnsiy

D-7




80

Ty
B/ ® UONIRL] UONEIIANY

v0 0 v'o-

H
{
'
=

rrTTY

T

H

TITTTTT

T

1

T T

T

e1102ds 24,66/06
"AJD PIS 7+
"D PIS [+

urdw pawy3om

viep eutduQ

t:SL3—:2:.:1::L..~:_:.:::::_:—::“Z:m_:::: «..__:~m_::::wm::::_:«u _Z:—::_:: :_:::_:—:—“:_:::w:_::_::_:::_ :—:::—:—_::::

::qm_:: :_:::z__::::_m::::_

201

(PauIquo)) [BuosIag/ssauisng pue uondnasuy iydipg snsegqg)
ades() jesduary Juiduq-3(8ws :ea0adg proT Jaanauely 9-(f dndiyg

L0l

O[IAl [EONNEBN]/SIOUILINDIQ) "ON dAnE[OWIND)
20uepa90XH Jo Adudnboig oaneinun)

D-8




1y g
B/ B ‘UOHJBL] UOHEJI[FIOY

80 v'0 0 v0- 80 ol

o0DOacC

i ?\

ot

¥
-

..

"AJD IS (4

eiep euidug

AP [+ - - - - e
wesus paydiop, ——

ades) jewadg auidusf-3(BuiS :edj0adg peo Isnn [~ dandiyg

5Ol

il

01

01

M:

(1]

01

il

01

SN [eOTINBN]/SIDUILINDDQ) "ON dAnNBIWND)
20uepa0xy JO Aousnbaig sAanenwn)




aTly
B/ B ‘UONJBL] UONRIIIIIY
80 0 0 y0- 80 'l
THITTRTTEHTHTT _:::ﬂ;::::_ RRLLEELALS _—s.—.—_ ) g_ HETRTE
ra
Y
/ +
...... J
iy § et L
cippqoop
o o/
Q. P
[) Y 490
o) W\ ~I
g f
6 o¢ 0 \
0 te
o 1
.3 )
1 o 79
®: « O
° A
Ot
& H
S e
o i/®
Iy
..... b 4 .d
..... 8. y §
w0 £
oo T ]
enaxds ‘o "
1l %$6/06 o\ \ .
APPISTE - 3 4
S APPS[+ - - - - i
)
ueaw paydom ———— X /.
mepRUdu) o _ .
— ? L

adesq) [e1adg aurdu-3duiS :e11adg peoy Jaanduey §-q andig

o)

01

01

SN [eITNEN]/SIJUILNDIOO) "ON dAnE[AUIND)
J0UBPIIIXH Jo Kouanbolg sanenun))

D-10




ATy oy
B/ ® ‘UONDBL] UONEIS[IY

80 Vo 0 140 80
:

en03ds %56/06

AP PISTH oo

AP PIS [+ - - - - [

uROW pAYSIO ——

eeprumdug o

uonedddy [erdy autug-3(ulS :exjdadg peoryisny ¢-q andiy

NIl
(01
or
01
or

Nv

01

ST [BORNBN/SOUALINDDQ) "ON dANR[NUIND
25uepa2oxT JO Aouanbosy sanenun)

D-11




oy, oy
B/ B ‘UONOBL] UONEIIRIIY
Al g0 ¥0 0 14'a 80 Tl 91
AONY SR 3 1 |
[,
1t
%0 \..
of |
Y |
O .“ am\.)-'w ¥
Mo g
0 4 I
shed- Tt
C o \l“
L oot
i
$ig°
sgd-f
P WAL
O Rty 1
- Feeb FY S
>ndOo J0i0
.WMQM .u.
M ..O
oo BEe-
i
SO O i 4 o
enoods 956/06 d 3 11
.>0“v .ﬁﬂw N+ uuuuuuu B .: "rﬂ
APPE I+ - - - - K e
o pordiogm ——— -
eep puduQ o -

uopexddy [elay sudug-aduig :ea303dg peory JaAndurp O1-d 24n8ty

501
<01
oL
01
or

N-

01

S [BOTINEN/SIOUILINIDQ "ON] dANE[AWIND)
90UePa3IXH JO Aouanbarg sanenwnd

D-12




My
B/ ® ‘uoldely UONEBIIRIIY
91 Tl 80 $0 0 v0- 80 i 91
01
. . 9
P
..... i VAN
.......... Bifoial: o ; =L
0.d WNN [ .-m._\
O im Ny
4 01
o Q’O L4
L. 0\ y ’
0%k,
Vo A
i P ol
) ) Mow\m :
Q 4.
— o sk
e G R Foi s
w d kor,
L. 5 0 d 1
» N30 S
b 1,
u'm :l ~¢°—
J s
e00ds % 66/06 0 .
APPSTE - i
AP [+ - - ~ ~ o0l
ueaw powdom
-~ oo EuBLO o
T o 01

ages() [esaudn uBug-uiM ], seajdadg peoy isne yr-q 3anSig

20UePAIIXH JO Aoudnboig sane[nwin))
D-13

SN [ROTINBN/$S20UILMII) "ON dANR[NWND)




'IIIIIIII'J

e \ca ‘UONIOBL] UONBINIIIY
80 0 14'2 80 (4%
Nl
djé?jﬂéé:: T :::._.ﬂ.dﬂa%a:ggg
L
D rorffd \ ~\ ..... l
o ’
P ~.~N {500 M(4 2 Mud s h-Oﬁ
ERTRC GO
HRE ,
e P
Sy e 50
Y ?Oﬁ m. §
094 \ o v m £
ST o g
O "L N <
i°J \ .7 o) [4]
g I R g : »Mn m.O~ .m”_
e ) VX 88
d 2.0 of b Ea
: I A W 4 42 <
oo % Lo 8 m .aAu —
..... iz AA i nu-l:. ‘3 Nscﬁ m 0 D
N v S
Aa / o .. & ”
A = Mw
o v g
: O EE
' &
8 g9
202dS %66/06 . =
"AJp PIS T+
“A3p PIS [+ ool
weaw paydop ——
eep purdug
.......... e ~ ol

ades() [eJaudn) uIBUF-UuIM], :e1)d3dg peo JAnduely 71-q Mndiy




Tl 80

411

u u
v/ ® ‘UOIORL] UONBISRIIY

14Y 0 1A% 80 i

,h
Lo
V.
L7 4
£-
yie
o Ax 0.9900.90
£/ 2
At
ARy
]
9:i0 \L- q
\ e DY
VAL IS
L et
o 2.
Q B S5 ke -1
y
o _ifn uo
£id
© o FATIN )
P 3 Yol 4
> ﬂﬂ ‘\Nm fnY
SRR peif
N )
nw// 7,y o ON\.\—
: o ~u¥
X. T,
X 2
.-W ..‘
ends %66/06 sa, \m
ADPPBTE ------ ik 1
1 43 I
PP+ ~ - - - % 2
Ueaw pAFIIMN ———— ] .
eiepreudu) o N ’
W L]

ades() [eadg auidug-uim ], :eaadg peoisng ¢1-q sy

A [eONNEN/S0UILMIDIQ) "ON ANR[AUIND)
20UEp299x3 JO Aouanbaly sanenuun)

D-15




ATL
B/ ® ‘Uuondel UOURII[INY

Cl 80 v0 0 ¥0- 80 l-
gﬁéégééggééég._: .:____Edzdjgggq
L N - ;

\: y
TN . X hN \
=3 X g ] A
N [
\ ~ / [ \ /i
~ < oo\ N% V.
C e ... "
s i 0 o
: % i 5
3 Y oo \ 0 o p i
rw OA o N \ Fis
M ‘V’ LN \um
Wﬂuao.vl—::. ......... 6 W n.r
m-l c ni
AR [ s
AN .
o N f’ . ° 1 LT
‘s L4 7. M
AN i
& & 1
ﬂ, U 0\ ’
a & o ‘1.
NAEX) | &
o o]
o ]I
}
\. Iy
e023dS %66/06 fone
AP PSTE - v
APPE I+ - - — - :
ueaw paySiapm ;
ERpUBLO o :
; I
3 I 1 I b g M

ades) (e1adg sudug-um ], sexpdadg peoy JeAnduely pi-( dandif

N0

i)

01

ST [BOTINEN/SIOUALINIDQ “ON JANB[NUWIND
20uepa0xy Jo Aouanbalj sAane[nwin)

D-16




41y

u
2/ ® ‘UONOBL] UOIRIDAIIY

[4 91 [ 80 b0 0 $'0- 80- Tl 91 T
L. | /
- \ \l
m M 00.0. 3:1:533”: O
0 \K\..
0 AL i oobobg
o O o N \§ R
w2\ i, D M froi 28
o J 0 219 \l an
S s
8 N/A M a oo - w.\
...... 4 P g O, > ke
T ooﬁ/ [}
60 [+] o...0
wM& d h (o
T o P
- ‘ ﬂu nhu
".I Haﬂ ...-" ...
en33ds 9,66/06 A %ﬁu
APPISTE - uw
E: ADPPIS [+ - ~ - - £
UeawW payom
Buep EudLQ o

M ~udlb
bim Tel
i =)

o)

01

[N [EOTUNEN]/SIJUALINDIIC) "ON dAIIE[NTUN)
20UepIadX JO Asuanbasg sAneuIn

D-17




Cl

ATl u
B/ B ‘UONDBL] UOUBIS[IIY
80 70 0 vo- 80 (AN
TTTATITTITITR TITITITIT P ITTITI v vy T IoeTY __.ﬂggagggg T T YT T
" . %Eﬁﬁg _ ) ,. qaﬂ._.:?g_#_ﬂ._d
N [t
§\
0.9.0\ £
./V h\ ﬂn
......... PASEY E e iy Fadndoa
S /o o Nom.cnooo
B N dgooo I YA
Sa \ Q \Q A
T -0\ o Vg8 \m -
B .J/ N &% 0\‘\\41
°. :/oo/ ° 9000° [
- CAN o TSI A4
SN Vo ot 1K
b eenane Q Bl Q.M a £
- 7 Uy 9
= Y \um
e traen \ M\ °
g-ig-/4
o e
o il
13
Is
£
\ b
envads %56/06 \_,.
NP PISTH e %
PP - - - - i J
wow paydop 'S B
t .. 4
wepEudg o .
: ; 1

ades) epadg suiBug-um ], pue adurS :e0)3dg peoy JoAnduely 91-( NS

NIl

<01

ot

01

o1

N-

01

01

QTN [EOTINBN]/SIOUIINDI) “ON dAne[nUIn))
20uepa2dxy Jo Lousnbory sanenun)

D-18




471

u
B/ © ‘UOIORL] UONBIS[IdY

ades() [eaauar) pazunssaly duidug-uim I, pue ajduig :eagoadg peo isno L1-( damdig

80 v0 0 Y0 80 Cl-
::::;::::_ __gggéﬁgggg@ I __:5.3.3.3.___ ::\_:: SHB._.
..................................... ; 3 ..“ .\ i %
....... i 4 ‘
0 {oitioi e
\d s \ ~ ‘i
v % 9 . 4+
N Py
// Ve Foonn it
M ..\..ﬂ
o ¥ No /
) .w g

NN IO o e aﬂ/ﬂ i\w rie
A SOMDRAL SO ISt 2 ’ ﬁ \\

) I/ £, [

N R Btk
- e et S | s
‘!AF HM ‘ \n.
[N b ) '
' 1
- " m.
..L ...
enoxds %66/06  » ) _
WP P o d
‘AP PIS [+ - - - -
uRdW PAYTIOMN
i eep U)o
1 i

01

01

ST [€21INEN/S2OUILINIIQ "ON IATIB[NUIN.)
2ouEepa920xy JO Aousnbal,] sanenwind

D-19




7l

80

4Tt

1Y

:«,_::u::::J_::::

_::_:___::::

T __:::___::__:___ T

0

TTHIT

Hin

a
€/ ® ‘UONORI] UONEIIIIIY

14'% 80

l-

::_::_:—:::

v

endads %66/06
A PIS 7+

AP P [+ - - - -

ueaw pAy3apg ———

elep [EWBLQ

4]

vorrryy

ades() [esauan pazianssal durdu-uim I, pue 3j3uig

.

15113000

:e132dS peor Jaanauey §1-( 2Indig

010 ﬁ

01

o1

o1

Na

i)

01

o1

T TeONNEBN/SIOUILNIDN "ON ANe[NWIND)
20uepa’IXF JO Louanbary sanznum)

D-20




istical Meth nd Equation

This appendix contains a detailed explanation of the statistical analysis process. As men-
tioned in Section 2.5, the process involves four steps: (1) Curve fit the original data for cach of the
airplanes. (2) For each operational usage group, compute the weighted mean and weighted stan-
dard deviation; compute a pooled standard deviation by combining the group standard deviations:
and compute the mean plus one, two and three standard deviation spectra. (3) Compute the 904
probability/95% confidence spectra. (4) Analyze the distribution ot the original data. Steps |
through 3 are covered in this appendix; step 4 is covered in Appendix E.

1.  The Curve Fit Process

The objective of the curve fit process is *0 obtain for cach airplanc an equation for the
cumulative frequency of exceedance (a y -value) as a function of acceleration fraction {an x -
value). The first step is to determine the minimum and maximum values of the acceleration frac-
ton (x .. and x_. ) for the original data. This is done for each airplane. The original data for
cach airplane is then curve fitted using the general equation

logy = a0+a1x+a2x2+a3x3+a4logx (EQN

where the coefficients a,, through a, are determined using the method of least squares and

x = ix for negative acceleration fractions. The best curve fit for most airplanes is a special casc
of the general equation (i.¢., one or more of the coefficients are equal to zero, a; = 0 for

i = (...4). For each special case the curve fit and original data were plotted and inspected. This
process was applied by trial and error until: (1) the curve fit clearly followed the basic trend of the
original data, and (2) the deviation of the curve fit from the original data was minimal. The result-
ing curve fit equations for each airplane, including non-statistical airplanes, arc given in
Appendix C. Plotted and tabulated results obtained from the curve fit equations are also pre-
sented with the original airplane data.

As discussed in Section 2.4, for some cases extreme data points at the highest accelerations
produce a constant cumulative frequency of exceedance for several values of acceleration frac-
tion. This is seen, for example, in the data for airplane No. 17, page C-22. If more data were col-
lected, this peculiarity would either disappear or occur at a lowe- frequency. Therefore, to obtain
curve fits that were consistent with the trend for the bulk of the data, extreme data points that
resulted in a constant cumulative frequency of exceedance were excluded from the least squares
curve fit analysis.

In performing any statistical analysis it is always difficult to precisely extrapolate beyond
the limits of the original data. A direct application of the curve {it equation, beyond the limits
(Xmin and x,,, ) of the original airplane data, was found to be unsatisfactory duc to the tendency
of nonlinear tfunctions (EQ 1) to exhibit minimums. For many cases the predicted cumulative fre-
quency of exceedance was excessively high and clearly did not follow the trend of the data. To
alleviate this problem, a linear extrapolation was used for x > x_ . . Thus, two curve fits arc uscd
for all airplanes included in the statistical analysis: a curve fit for the original data and a curve fit
for extrapolation. The extrapolation curve fit equations are also given in Appendix C.
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2. Mean and Standard Deviation

For cach operational usage group the weighted mean and weighted standard deviation are
calculated as a function of acceleration fraction by passing a vertical cut through cach of the curve
fits. This produces a cumulative frequency of exceedance (v, ) for ecach airplane in the group. The
weighted statistics are then computed as

5

zn]{, G-y
- .v n

1 nti
Yo = 7 S
SO & ¥ -1 Q2

where Yiw is the weighted mean, S, is the weighted standard deviation, n is the number of air-
planes in the group, ¢, is the tlight hours for airplanc ¢, and T is the total flight hours of the group.
Weighted statistics were used to account for the large variation of tlight data hours collected on
the individual airplanes in cach group.

After the weighted standard deviation has been computed for cach operational usage group,
an improved estimate of the standard deviation (for groups with small sample sizes) can be com-
puted using a pooled variance approach:

52 = Z(n‘ -D S'z?"

T Y (- 1)

where S, is the weighted standard deviation for group 4, n; is the number of airplanes in group /.
and § o 18 the pooled standard deviation. As mentioned in Section 2.5, using a pooled standard
deviation minimizes the large uncertainties (and scatter) associated with small sample sizes (e.g..
groups 5 and 6 - three airplanes, group 2 - four airplanes) and results in more consistent estimates
for the 90/95% usage spectra. The pooled standard deviation approach was used for all spectra
except the group 3 (Aerial Application) maneuver spectra. This group was excluded since the
Acrial Application mancuver loads are substantially higher than maneuver loads for the other
groups. The rationale for pooling the group variances (with the exclusion of group 3) is examined
in Appendix E.

(1:Q 3)

3. nfiden E

In accordance with the Part 23 Airplane Fatigue Working Group's recommendation (see
Section 1.5) the confidence spectra for each statistical group were determined based on 90% prob-
ability with a 95% confidence level. Mathematically the 90/95% spectra can be expressed as

Voops = K+ 0 FEQMH

where g is the estimate of the population mean with 95% confidence and 6 corresponds to the
scatter tor 90% of the population. For all groups (except group 3, maneuver) the population
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standard deviation was assumed to be equal to the pooled standard deviation S . Based on this
assumption, for a population with a known standard deviation (6 = § » ) the 9‘05‘7( confidence
level for the population mean y is

. S
h=y,+1645-7 Q) S)
Jn

where Yw is the group weighted mean and n is the number of airplancs in the group. This equa-
tion is based on a normal distribution with 1.645 being the z-value corresponding to the 95%
cumulative probability level of the normal distribution. For the Aerial Application mancuver spec-
tra, the population standard deviation is assumed to be unknown. The 95% confidence level for p
with ¢ unknown is

W= yutitg,, - (EQ 6)

where t | is the t-value (for the Student’s t distribution) corresponding to a confidence interval
I - a. Thus, for a 95% confidence interval the f-value is #; 5, , - Corresponding equations for
the scatter factor 8 are given by

5 = 12820
where o =95 b for o known
c = ‘! 121—1 s, for © unknown
“/ xOAQS,n-l FEQ

where X(z)_gs‘n_ 1 is the Chi-square value for a 95% confidence interval and 1.282 is the 90% cumy-
lative probability level of the normal distribution. Equations (5) - (7) along with ¢-values and X°-
values can be found in any standard statistical text.
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Group Standard Deviations E-13
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Figure E-1 Normal Histogram: Negative Gust, All Statistical Aircraft
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Figure E-2 Logarithmic Histogram: Negative Gust, All Statistical Aircraft
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Figure E-3 Normal Histogram: Positive Gust, All Statistical Aircraft
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Figure E-4 Logarithmic Histogram: Positive Gust, All Statistical Aircraft
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Figure E-5 Normal Histogram: Negative Maneuver, All Statistical Aircraft
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Figure E-6 Logarithmic Histogram: Negative Maneuver, All Statistical Aircraft
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Figure E-7 Normal Histogram: Positive Maneuver, All Statistical Aircraft
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Figure E-8 Logarithmic Histogram: Positive Maneuver, All Statistical Aircraft
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Figure E-9 Logarithmic Histogram: Negative Maneuver, All Statistical Aircraft
Except Group 3
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Figure E-10 Logarithmic Histogram: Positive Maneuver, All Statistical Aircraft
Except Group 3
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Discussion

This appendix contains a detailed examination of the distribution of the data. As mentioned
in Section 2.5, all of the load spectra are based on the assumption that the data is from a normal
population. To examine whether this assnmption is valid, all of the airplanes used for the statisti-
cal analysis are included in one group, and histograms for the cumulative trequency of exceed-
ance distribution are generated by passing a vertical cut through all of the airplane curve fits at a
given acceleration fraction. The rationale of pooling the group variances is also examined using
Bartlett's Test of Variance Homogeneity (Reference 16).

For cach loading condition (positive gust, negative gust, positive mancuver. and negative
mancuver), histograms for the cumulative trequency of exceedance distribution are generated at
acceleration fractions of £0.2,£0.4,20.6. The resulting distributions are shown in Figs. E-]
through E-10. As demonstrated, the cumulative frequency of exceedance (at a given acceeleration
fraction) does not follow a normal distribution on a linear scale. But on a logarithmic scale, the
cumulative frequency of exceedance distribution appears to be reasonably normal for a large por-
tion of the data, especially for lower acceleration tractions. As would be expected, gust load distri-
butions are more normal than mancuver load distributions, especially when group 3 (Acrial
Application) is included in the maneuver distributions. Comparing Figs. E-6 and E-8 with Figs.
E-9 and E-10), the maneuver distributions arc generally more normal when the Acrial Application
group is not included. This would be expected since the Aerial Application mancuver loads are
substantially higher than maneuver loads for the other groups.

As mentioned in Section 2.5 and Appendix D, using a pooled standard deviation minimizes
the large uncertainties (and scatter) associated with small sample sizes (e.g., groups 5 and 6 -
three airplanes, group 2 - four airplanes) and results in more consistent estimates for the 90/95%
spectra. In order to use the technique of pooling the group standard deviations, it must first be
shown that all of the groups can reasonably be assumed to come from the same population. Based
on the logarithmic histograms, the assumption that all of the groups (with the exception of Acrial
Application, maneuver) are from a similar population seems reasonable. To examine the validity
of this assumption, the group weighted standard deviations S,; and the pooled standard deviation
S were plotted (Figs. E-11 through E-13). These figures turther confirm (at least intuitively) the
validity of pooling the standard deviations. Another way to ¢xamine the validity of pooling is to
cmploy Bartlett’s Test of Variance Homogeneity:

2
M = (ZV,-) lnsz—Zvilns‘.2 st = ZV‘T‘

zvi
1 1 1
C=1+ 3‘(2;.—,,.1,), (2 Vl - V‘)

EQ D

x> = M/C with (a-1)df

E-17




where v, = n,— | with n, being the number of airplanes in group /, 4 is the total number of
groups, and for a logarithmic scale s; = logS§,; , where S is the weighted standard deviation
for group i .

For each loading condition (positive gust, negative gust, positive mancuver, and negative
maneuver), Bartlett's test was performed at acceleration fractions of £0.2,£0.4 £0.6. For gust
loads all of the operational usage groups were combined (¢ = 7), and for maneuver loads the
Aerial Application group was excluded (a = 6). The resulting y2-values are given in Table E-1.
At the 5% level, critical x2-values for 5 and 6 degrees of freedom are 11.07 and 12.59, respec-
tively. Corresponding 1% x2-values are 15.09 and 16.81. With the exception of the gust results at
acceleration fractions of 0.2 , all of the results are acceptable at the 5% level. The —0.2 acccler-
ation fraction gust results are acceptable at the 1% level. Thus, it scems reasonable to pool the
variances.




APPENDIX F:
INSTRUMENTATION
DATA PRECISION
READING VGH OSCILLOGRAMS
DATA PROCESSING
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NOTE: Sections 1 and 2 of this Appendix were e cerpted or adapted from
References 2 and 4.

1 Instrumentation

Data were obtained from NASA VGH recorders described in Reference 17,
Briefly, these instruments record (on a time-history basis) the indicated airspeed of
the airplane, pressure altitude based on standard atmospheric conditions, and
normal acceleration measured near the airplane center of gravity. The
accelerometer was rigidly mounted within the airplane center of gravity range.

The recorder has three main components: a base containing the recording
elements, a drum containing the recording paper, and a remote accelerometer. The
recording base with the drum attached occupies a space about 8 in. high by 6 in.
wide by 12 in. long. Their combined weight is 17 Ib. The remote accelerometer is
about 2 in. high by 2 in. wide by 7 in. long and weighs 2 1/4 lb. A photograph of
the recorder is shown in Figure F-1.

Recorders used in the NASA VGH General Aviation Program were selected
for a particular installation according to the airspeed capabilities of the airplane to
be instrumented. These airplanes were instrumented with a 0 to 240 knot
recorder, a 0 to 350 knot recorder, or a 0 to 460 knot recorder. All recorders used
the same altitude range (-1000 ft up to infinity), and all except the aerobatic
installation (6g to -3g) used the same acceleration range (4g to -2g).

2 Data Precision

The reliability of the data is affected by instrument error, installation error,
and reading error. Total overall errors for the VGH recorder are discussed in
section I of Reference 18 and are estimated to be

a. Acceleration, g units: +.05
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b. Airspeed Error

Flight regime

Airspeed interval (with
corresponding maximum
error), knots

Takeoff/landing
Cruise
High speed

40 (£5.0)to 80 (+2.0)

80 (£2.0) to 180 (¢1.0)
180 (£1.0) to 240 (+£1.0)

Recorder

————

0 to 240 knots

Takeoff/landing
Cruise
High speed

60 (+7.0) to 120 (+3.0)
120 (£3.0) to 200 (+2.0)
200 (£2.0) to 350 (+1.0)

0 to 350 knots

Takeoff/landing
Cruise
High speed

100 (x7.0) to 150 (+4.0)
150 (+4.0) to 320 (£2.0)
320 (+2.0) to 450 (+1.0)

0 to 460 knots

c. Altitude Error

Pressure altitude, ft. . Maximum error, ft.
0 N +160 )
5000 +185
10000 +205
15000 *240
20000 +275
25000 +320
30000 +385

d. Reading Errors

Reading errors are believed to be small in terms of magnitudes of the
particular quantities read, inasmuch as each tabulation has been checked and

corrected for gross errors. The reading errors for acceleration, although small, may

affect the count of accelerations exceeding given values. Reading checks have

indicated that for individual records, the number of acceleration counts may have a

reliability of about +30 percent, except for the extreme values, which were
individually verified by detailed review of the time histories. Therefore, it is

believed that the reliability of the frequency of occurrence of the extreme values is

much better than +30 percent. Since reading errors tend to balance out as the
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sample size increases, the value of cumulative frequency per mile for the overall
distributions of gust and maneuver accelerations and of derived gust velocities are
estimated to be within +20 percent.

3 Reading VGH Oscillograms

Approximately 7,000 hours of oscillogram data was read by the University
of Kansas Center for Research (KU-CRINC) under contract to the FAA Small
Airplane Certification Directorate during the time period September 1984 to
August 1986. The rules and procedures for reading oscillograms were defined by
FAA in consultation with NASA personnel who managed the previous task of
reading the 35,286 hours of data reported in Reference 2. These instructions for
reading oscillograms are contained in Reference 19.

Figure F-2 shows sample VGH rzcords as reproduced from Reference 4.
Each acceleration reading was identified on the oscillograms as gust or maneuver.
This was done by visual inspection, gusts normally being high frequency spikes
that are narrow in width and closed at the bottom. In cases where it was difficult
to distinguish a gust acceleration from a maneuver acceleration, the airspeed and
altitude traces were studied to assist in this determination. Gust trace deflections
were of two types as follows:

1. Gust response that occurs when the airplane is initially at alu g
condition. These trace deflections were measured from the 1.0 g line.

2. Gust response that occurs while the airplane is undergoing a maneuver
acceleration. These trace deflections were measured from the maneuver
trace on which they occur (not from the 1.0 g line).

Maneuver trace deflections were of two types as follows:
1. Maneuver accelerations that originate from a 1.0 g condition.

2. Maneuver accelerations that do not originate from a 1.0 g condition or
do not return to the 1.0 g condition.

Both types were measured from the 1.0 g line, however, only the largest of a
group of maneuver trace deflections were reported, i.e., a group of deflections that
did not return to the 1.0 g line.

NOTE: A group of maneuver accelerations are those that occur between the
time the trace departs from the 1.0 g line and returns to the 1.0 g line.
Only the largest of these were reported (provided, of course, that it
exceeded the threshold value).

The threshold value for reading gust or maneuver accelerations was +0.4¢g

for the data read by KU-CRINC. Some of the data read by NASA used a lesser
threshold value of +0.3g or +0.2g as discussed in Section 2.3 of this report.
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Airspeed and altitude trace deflections were read at every minute (time)
mark, and also were read when the normal acceleration trace was read. A
digitizing tablet and cursor was employed to record all readings directly in the
computer used for data processing.

Landing impacts were not recorded.

Considerable effort was expended on quality control to ensure that the data
read from the oscillograms was accurate. The quality control procedures are
described in Reference 10, 11, 12, and 19. Every fifth flight was checked for
quality. For a typical 30-minute flight, not less than 10 sets of points were
checked for accuracy. A set included one point from each trace (altitude, velocity,
and acceleration) at the same X-coordinate. If a discrepancy was found, the flight
was reread. If one check on a roll failed (e.g. flight 5) and the next check also
failed (flight 10), the flights between those two check flights were analyzed. This
process was repeated as required until all flights were satisfactory. If two or three
such failure events occurred on a given oscillogram, the entire roll was reread.

4 Data Processing

Data processing procedures, quality control procedures, equipment list,
calibration charts and computer program listings are contained in References 10,
11, and 12.
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Figure F-1:

NASA VGH recorder.
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Figure F-2:

Sample VGH record from flight performed in instructional operations.
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