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APPLICATIONS OF POWER SPECTRAL ANALYSIS METHODS TO

MANEUVER LOADS OBTAINED ON JET FIGHTER

AIRPLANES DURING SERVICE OPERATIONS I

By John P. Mayer and Harold A. Hamer

SUMMARY

Power spectral densities of normal load factor haw_ been obtained

for two service operational training flights of a Republic F-84G air-

plane and three service operational training flights of a North American

F-86A airplane in order to indicate the load-factor frequency content

and possible uses of power spectral methods in analyzing maneuver load

data.

It was determined that the maneuvering load-factor time histories

appeared to be described by a truncated normal distribution.

The power spectral densities obtained were relatively level at fre-

quencies below 0.03 cycle per second and varied inversely with approxi-

mately the cube of the frequency at the higher frequencies. In general,

the frequency content was very low above 0.2 cycle per second.

The load-factor peak distributions were estimated fairly well from

the spectrum analysis. In addition, peak load data obtained during

service operations of fighter-type airplanes with flight time totaling

about 24,000 hours were exsmined and appeared to agree reasonably well

with the type of equations obtained from spectrum peak-load distributions.

INTRODUCTION

With a view toward providing information for the appraisal of the

design requirements of future airplanes, the National Advisory Committee

for Aeronautics with the cooperation of the U. S. Air Force and the

Bureau of Aeronautics, Department of the Navy, has been conducting a

statistical study of the pilot input, the airplane motions, and the

iSupersedes NACA Research Memorandum L56JI5 by John P. Mayer

and Harold A. Hamer, 1957.
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loads imposed on a numberof fighter-type ai_lanes during military
service operations. The data obtained thus _ar are summarizedin
reference i.

The statistical treatment of the maneuw_rloads has been limited
to the peak values of the loads and the frequency of occurrence. In
the analysis of other loads associated with _uchrandomfactors as gusts_
buffeting, or rthuwayroughness (for example, refs. 2 to 5), the applica-
tion of power spectral analysis methods has _roved valuable, especially
since a n_ber of useful theoretical relatioilships such as the input-
output relations and the frequency of occ_rr._nce of peak loads have been
established for stationary randomprocesses. Suchmethods of analysis,
however, have not been applied to maneuverloads. A single maneuver is
clearly not a randomprocess since it is associated with pilot intent.
Nevertheless, maneuvering of a general nature (other than specific
missions) over a long period of time or a co!lection of a great many
maneuversmay acquire someof the characteri_tics of a randomprocess.
Therefore, it was believed that someof the _'elationships from the theo-
ries of spectral analysis might be used as a guide in analyzing the
_n_uver load data.

With this in mind, the normal load fact_rs obtained in several
flights of two jet fighter airplanes flown ill regular squadron operations
w_re analyzed by using power spectral method_. The data analyzed were
obtained during the investigations reported _n reference i and they are
a portion of the results summarizedin reference i.

It is the purpose of this paper to prescnt the power spectra obtained
in order to showthe frequency content of no]_al load factor in service
operations and to determine wh_ther other inl ormation obtainable from
spectral analysis methods (such as the frequency of occurrence of peak
loads) could be obtained from the maneuveric ad spectrum.

Power spectral densities at frequencies up to i cycle per second
_re presented for two operational flights of a Republic F-84G airplane
_d for three operational flights of a North American F-86A airplane.
_e l_ak loads derived from these spectra ar_ comparedwith the actual
peak loads. In addition_ peak-load data fror_ other service airplanes
are examinedand comparedwith the results oJ' spectrum analysis.

SYMBOLS

constant used in spectrum equation

frequency, cps
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fB

fn

f0

"break" frequency, cps

frequency of occurrence of normal load factor

average number of normal load factor crossings per second

of the zero axis with positive slope,

0 f2¢(f)An
fo 2 = (ref. 4)

fo )An

fp total number of positive normal-load-factor peaks per second,

0 f4_(f)zkn d.f

fp2 = (ref. 4)

/0 _ f2¢(f)_n df

m

N

n

n(t)

nL

2m

An L

Zxn

_n"

An o

P(Y)

total number of observations

total number of positive peaks exceeding a given value

normal load factor, g units

time history of normal load factor

service limit normal load factor

incremental normal load factor (n - l)

incremental service limit normal load factor (nL - l)

mean incremental normal load factor

filtered value of incremental normal load factor; at time

2_ t'' = 0.9Ant_At - 22_ t + 0.92rot+At

value of An at point of truncation

probability that a given value y will be exceeded

t,
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PN(Y)

P1

T

TH

t

At

_(f-o)

(l

probability that a given value y will be exceeded based on

a normal probability distribution

probability of exceeding a given load-factor peak for load

factors greater than i

total flight time

maneuverimg flight time

time_ sec

time reading interval; sec

proportion of area of normal curve represented by data in a

trtmcated distribution

Dirac delta function at f = 0

mean of parent distribution from w]ich truncated distribution

is derived

root-mean-square value of fm_
_0 _

d2 = S(£m - _)2 = ¢(f)ZSn df
m

power spectral density of incremental normal load factor (An);

ttlg'_cp s, ¢(f )Z_ = lim n(t (ref 2)T-_ J_

b-

!

,_(f)an"

X2

x2
.05

power spectral density of An"

statistical reliability parameter

criticsl statistical reliability p_rameter

AIRPLAneS

The airplanes for which data were obtai:led were service models of

the Republic F-84C and the North American F-36A. Both are low-wing
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jet-propelled fighter-type airplanes, the F-86A having a swept wing and

empennage. The F-86A was equipped with an adjustable stabilizer and a

hydraulically boosted elevator.

The power spectra presented herein were obtained from flights made

with external fuel tanks for the F-84G and without external fuel tanks

for the F-86A. Except for the addition of sideslip and angle-of-attack

booms, neither the external appearance nor the weight and balance of the

airplanes was altered by the addition of the NACA instrumentation.

Three-view drawings of the airplanes are presented in figure I.

INSTRUMENTATION AND TESTS

The data were measured by standard NACA photographically recording

instruments. In order to relieve the pilot of any recording-instrument

switching procedure and thus to assist in obtaining normal operation,

a pressure switch was employed to operate the recording instruments auto-

matically at take-off.

Normal load factors (normal to the longitudinal reference) were

measured by an NACA air-dsmped recording accelerometer. The measuring

elemeI_ was damped to about 0.65 of critical damping and the natural

frequency was about 20 cycles per second. The accelerometer was located

near the airplane center of gravity in such a way that the effects of

angular velocities and angular accelerations were negligible.

A standard two-cell pressure recorder connected to the airplane

service system was used to measure the pressure altitude and indicated

airspeed. The service systems were of the usual total-pressure-tube and

flush static-pressure-orifice type. No corrections were made to the

measurements for position error associated with the location of the

static orifices.

The flights were performed by service pilots during regular squadron

operational training. Data were recorded continuously throughout a

flight and were recorded only during those flights in which the mission

was scheduled to include a large number of maneuvers. Although not

requestedj most of the maneuvers were performed in relatively smooth air.

No attempt was made to specify the type or severity of maneuvers. Although

the pilots were aware of the instrumentation_ it was stressed that this

was not to restrict their normal handling of the airplane since they would

not be personally identified with the test results.

The flights for which power spectra were obtained were selected since

they contained most of the tactical maneuvers that are within the capa-

bilities of the individual airplanes. A summary of the operations and
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flight conditions for these flights is prese1_ed in the following table

and includes the actual amounts of time from which the spectra were

obtained. Distributions of the percentage oJ' time (used for spectra)

spent in various altitude and airspeed range_ for two combined flights

of the F-84G and three combined flights of tl_ F-86A are shown in fig-

ures 2 and 3, respectively.

Airplane Flight Pilot Mission

Average Aver_ e
pressure

weight, ialtitu(e ,
ib

ft

i A Acrobatics and

dive-bombing

Republic 16,000
F-84_

2 B Acrobatics,

dive-bombing,

and ground

gunnery

1 C Acrobatics

North American

F-86A 2 C Acrobatics 13,060

5 D Dogfighting

METHODS OF ANALYSIS

Average

indicated

airspeed,
knots

ii,00( 290

14,15( 298

Ave rag e

Mach

number

0.55

.58

Time for which

spectrum was

!obtained, sec

3,9o0

2,777

1,876

1,825

1,052

Power Spectral Densil,ies

In the present paper use will be made oi' some of the concepts from

the theories and methods of power spectral _Lalysis. The methods used

in the present paper are described in refere_ces 2 and 3.

The methods described in reference 2 were used in determining the

power-spectral densities of the normal-load-_actor data. The records

were read at 0.5-second intervals for each flight and 40 estimates of

the power at frequencies up to i cycle per s_cond were obtained by using

digital computing methods. In order to impr(,ve the accuracy of the com-

puted spectra, the spectra were first obtaincd of an altered (filtered)

t_me history of load factor given by the equ_Zion

Z_" = 0.9 Z__At - 2 z%nt + ('.9 Z_+At (I) .
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This is essentially a high-pass filter which retains some information

at zero frequency. This particular expression was used since it was

found to make the spectrum of An" relatively constant over the fre-

quency range. The spectrum of An" was then converted to the spectrum

of An by the equation

®(f)An" (2)

(1.8 cos 2_f At - 2)

In addition to the spectra computed from the records read at

0.5-second intervals, spectra were also computed from the data taken

at 2-second intervals and at lO-second intervals in order to provide

more detail on estimates of power at the lower frequencies. The spec-

tra computed for 2-second intervals were computed for each flight at

frequencies up to 1/4 cycle per second. The spectra computed for

lO-second intervals were computed for the combined individual flights

for each airplane at frequencies up to 1/20 cycle per second. The data

at lO-second intervals were not filtered by using equation (i) since

the spectrum was relatively level.

Ordinarily spectra are obtained of quantities which fluctuate about

some mean value. Maneuver load time histories, on the other hand, fluc-

tuate about I g but generally only in the positive direction.

The power spectra__idensities of the incremental maneuvering load

with a nonzero mean (2m) would include a Dirac delta function at the

origin with an area (_)2.

°

 (f)Anl: + ®(f)An (3)

The power spectra presented in this paper have the mean taken

out and are equal to the last term ¢(f)An in equation (3).

Load-Factor Counts

Threshold counts.- The probability curves for the normal-load-

factor data were determined by a process which minimized the level-

flight portions of the record. In this method counts were made at a

given threshold every time the record crossed the given threshold and

exceeded one-half of the increment to the next threshold. In this paper

threshold values of 0.Sg were used. For example, counts were made at

2g if the load-factor record crossed 2g while increasing and then

increased beyond 2.25g or if the record crossed 2g while decreasing

and decreased beyond 1.7_g. This method is illustrated in figure
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(method 3). In using this method all small f_uctuations in the load

factor less than !0.25g are eliminated.

Peak counts.- Two methods of obtaining _Ljor peak distributions

were used in this paper and are illustrated i_l figure 4. In the first

method (method i) peaks were counted with a t]ireshold of 0.25Zku or

0.25g whichever was greater; that is, the load factor must decrease

more than one-quarter of the value of the pea]i-load-factor increment

fin before and after the peak. For values of _n below i (2g), how-

ever, a threshold of 0.25g was used in which J.he load factor had to

decrease 0.25g before and after the peak. Th(_ second method (method 2)

was method B of reference i. In both methods peaks of less than 0.25g

were not counted. Peaks obtained by using met hod 2 were counted manu-

ally. Those obtained by using method i were counted automatically from

the time histories with a digital computer.

RESULTS AND DISCUSSION

Spectrum for F-84G Airp]ane

In figure 5 the power spectrum of normal load factor is shown for

flight i for the F-84G airplane. Results are shown for the four quar-

ters of the flight, of which each part consisted of about 900 seconds

of flight. The root-mean-square value _ and the mean _ for each

part are shown in the figure.

The power sRectral densities for each of the four parts appear to

be very similar and decrease approximately with f-3

The total spectrum for flight i of the F-34G airplane is shown in

figure 6. Also included is the spectrum of the data taken at 2-second

intervals to provide more detail at the lower Trequencies. In addition,

the statistical 95-percent confidence bands as3ociated with the spectrum

are shown. For simplicity, the confidence banls shown were obtained

for a faired curve rather than for each indivilual point. The value of

¢(f)zku at zero frequency shown has little statistical reliability

and is shown only as a matter of interest.

The confidence bands shown in figure 6 ar,_ representative of those

obtained for all the spectra presented in this paper. Therefore, con-

fidence bands for the other spectra will not b_ given.

The s_ectrum obtained with _t = 2 second_ provides more detail

at the lowest frequencies and generally agrees with the spectrum obtained

with _t = 1/2 second except at the highest frequencies. At the highest
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frequencies for the 2-second data (i.e., 1/4 cps) the spectrum is not

expected to be accurate since the power at higher frequencies is included
in the spectrum obtained. Therefore the values for the 2-second data

are not shown at the higher frequencies.

Effect of level flight on spectrum.- The effect of the presence in

the time history of long intervals at i g or level flight on the spec-

trum is shown in figure 7. The results shown are for about 900 seconds

from flight 2. The record was examined and approximately 530 seconds

of flight near i g were deleted. The resulting record was then analyzed

with one maneuver connected to the end of the previous one. The results

are presented as the power spectral densities divided by the mean square

_2 of the respective parts. The value of _2 of the original time his-

tory was 0.398 and the value of _2 for the all-maneuvering time history

(original less level flight) was 0.929. It may be seen from figure 7 that

above 0.025 cycle per second the spectra are directly proportional to the

mean square or

TM

(4)

where %_4 refers to the maneuvering flight time and T

flight time. In addition,

°'2_ M _vl

to the total

(7)

In general, the effect of level flight on the spectrum is to change the

level of the spectrum.

Spectra for flights I a_.d 2.- In figure 8 the spectra for the com-

plete flights I and 2 are given. In each case the power has been divided

by the mean square for the particular flight. The power spectral den-

sities are seen to be quite similar for the two flights. At the higher

frequencies (above O.i eps) the two curves have the same shape but are

of different magnitudes.

In figure 9, flights i and 2 have been combined and, in addition,

the power spectral densities obtained for the combined flights I and 2

at lO-second intervals have been included. The lO-second data have been

corrected for "folding" based on the spectra obtained from the i/2-second

and 2-second data. When the lO-second data are included_ a peak appears

at about 0.025 cycle per second which corresponds to the average number

of maneuvers per second during the two flights_ which is roughly 0.024
(86 maneuvers per hour).
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Spectra for F-86A Airplane

The power spectral densities for three op,_rational flights of the
F-86A airplane are shownin figure i0. The re:_ults are ratioed to the
meansquare values of the incremental load factor. The spectra for
these three operational flights also appear to be similar.

The power spectral densities for the comb_nedflights i, 2, and 3
for the F-86 airplane are shownin figure ii. Included in this figure
are the data obtained at lO-second intervals. As was the ease for the
F-84G airplane, there appears to be an indication of a peak in the spec-
trum at approximately 0.02 cycle per second. .kgain this value corre-
sponds to the average numberof maneuversper _econdin flights i, 2,
and 3 of about 0.022 (79 maneuversper hour).

L
i
5
5
7

Comparison of Spectra for F-84G and F-86A Airplanes

In figure 12 are shown the normalized power spectral densities for

three combined flights for the F-86A airplane ind two combined flights

of the F-84G airplane. The same curves are shown on a linear scale in

figure 13.

The power spectral densities for the two _irplanes in squadron

operations are very much alike (fig. 12); however, there appears to be

some increase in power at the highest frequencies (i cps) for the

F-86 airplane as compared with the F-84G airplane. It is believed that

this increase is caused by a lightly damped longitudinal oscillation

which was present in the F-86 airplane. The effect of this is probably

present at frequencies between 0.4 and i cycl_ per second. In figure 12

the power spectral densities are shown to be _elatively constant at fre-

quencies below 0.05 cycle per second. The po_er is very low above

0.2 cycle per second. (See fig. 13.)

Analytical Representation of Maneuver Load Spectrum

The spectra of figure 12 appear to be of the type given by the

formula for the simple spectrum:

 (o)m
 (f)m = (6)

1+ (f/fB)a

where fB is the 'break" frequency. In figure 14 the total spectra for
the F-8/_ and F-86A airplanes (shown in fig. __2) were averaged according

to the flight time for each airplane and are compared with equation (6).

In this case a was found to be 2.6 and fB was 0.031 cycle per second.
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This equation appears to fit the data above a frequency of 0.005 cycle
per second. Also shownin the figure as a matter of interest is the
approximate phugoid frequency range which is between 0.008 and 0.025 cycle
per second. As previously noted, the average numberof maneuversper sec-
ond was 0.022 and 0.024 per second for these airplanes (79-86 per hour).

Probability Distributions

Threshold distributions.- The frequency distribution of threshold

counts of normal load factor for the combined three flights of the

F-86A airplane is shown in figure 15 and table I. In examining the

frequency distributions, it was noted that the distributions looked

much like normal distributions if only the positive or only the nega-

tive distributions were examined. For example, in figure i_, normal-

distribution curves are shown for both the positive and the negative

distributions. These curves may be described as truncated normal dis-

tributions above and below An = O. (See ref. 6 for a discussion of

truncated distributions.) Since the distributions are essentially one

sided, the measured value of the threshold counts at An = 0 must be

adjusted. Therefore, in figure i_ it may be noted that the zero value

for the positive side is given as two times the number of zero threshold

values having a positive slope, and, in a similar manner, the zero value

for the negative side is given as two times the number of zero threshold

values having a negative slope. In table I the threshold counts labeled 0

are the zero values having positive slope and those labeled (-)0 are the

zero values having negative slope.

The probability of exceeding a given incremental normal load

factor L_Utr for a truncated normal distribution is

__iz2i
e 2 dZ (7)

P(zI:_'ntr ) =  (1)#ii jm tr_ I

for Z_ntr >= 0

where

Antr = An - ano

and

_atr -
Z __
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The normal-load-factor data are truncated at Lku = 0 and the mean

of the parent distribution is assumed to be at _q = O. Therefore_

= 0.50

=0

and

iLku'2f,
I

p(m) = z e =
0.5,j /

u An/_

Since it is sometimes convenient to examine data on normal proba-

bility graph paper, the quantity _({)P(An) of a truncated normal dis-

tribution can be plotted and the results will :'all in a straight line

on normal probability paper.

The probability distributions of threshold counts of normal load

factor for flights i and 2 of the F-84G airpla]le and flights i, 2, and 3

of the F-86A airplane are shown on a normal pr4_ability scale in fig-

ures io and 17. The data are shown for the individual flights as well

as for the combined flights for each airplane. The value _(_)P(Z_n)

is plotted against an. In each case_ the zer,) value used was two times

the number of zero thresholds having a positive slope. The threshold

counts for each airplane are given in table I. The points shown in

figures 16 and 17 are plotted at i/4g less tha:l the threshold values

used (i.e., i plotted at 0.75, 1.5 plotted at-.25, and so forth) since

the thresholds were based on bands _i/4g about the threshold values.

In figures i0 and 17 it may be seen that _he truncated normal dis-

tributions appear to fit the data. In additio] to the plots on the

normal probability scale the x2(Chi-square) s_atistical test was made

for each flight and the combined flights. (Se_ ref. 7, for example.)

The results of these tests as shown in the fig_es are well within the

95-percent level of significance and indicate ;hat the maneuvering loads

of the operational flights presented in this p_per can be considered as

truncated normal distributions.

Although similar analysis could be made off the negative maneuvering

load factors, the data sample sizes used were lot sufficient for any

reliable analysis to be made.

Peak-load distribution.- The peak-load-factor frequency distribu-

tions obtained for the combined flights of eacm of the airplanes are

given in table I. Two peak distributions are !_iven: the total peak

distribution and the major peak distribution. The total peak distribu-

tion includes all peaks obtainable from the ti:ne histories of normal

L

i

5
5
7
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load factor. Since the load factors were calculated to O.O01g, the

threshold for the total distribution is O.O01g, which is less than the

reading accuracy of about O.Olg. A count was made of all the peaks by

using a threshold value of O.Olg for the F-84G airplane and it was found

that the difference between the frequencies counted by using the two

thresholds was almost entirely included in the 0 to 0.25g range. There-

fore, the values beyond 0.25g are probably not affected to any extent

by the threshold used. In addition, since the records were read at

0.5-second intervals the minor peaks at high frequencies were also fil-

tered out; however, these are not believed to be of any importance in
these flights.

In figures 18 and 19 the major peak cumulative frequency distribu-

tions are shown plotted against (2ku)2 for the F-84G and F-86A airplanes.

Also plotted in figures 18 and 19 are the threshold frequency distribu-

tions. From equation (8) it may be seen that the threshold frequencies

should plot as a straight line when plotted against (2ku)2 on semilog

paper if the distribution is a truncated normal distribution. Also it

may be seen from figures 18 and 19 that the major peak cumulative dis-

tribution plots approximately as a straight line against (Zku)2 above
Zku = 1.

Calculated peak-load distributions.- In reference 4 an expression

for the probability of exceeding a given peak is given for a Gaussian

random process. Although the maneuvering load data of this paper can-

not be considered a Gaussian random process, the results of figures 16

and 17 indicate that the positive maneuver loads can be considered as a

truncated or "half" normal distribution. Therefore, it was believed

that perhaps the peak probability expression given in reference 4 might

be used as a guide in calculating the peak distributions obtained in

the present tests.

If the maneuvering loads were Gaussian in character the probability

that a peak load will exceed a given value can be given, as in refer-
ence 4, as

+ E (9)

where

and

K 2 = KI

fo/fp
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and where the normal probability distribution PN(y) is

iI2m _2

= " d np ZXn e (io)

where i = i or 2.

The total number of positive peaks excee,_ing a given value is

N : fpTMP(An) (ii)

For large values of 2m equation (9) approac!_es

fp

(12)

and for the asymptotic case the number of pea_ loads exceeding a given

value approaches

2 (13)
N = fOTMe - _\-'_-J

Since much of the flight time is spent ia nonmaneuvering or near-

level flight, the maneuvering flight time rather than the total flight

time is used in equations (Ii) and (13). In order to determine the

maneuvering flight time, the percentage of tctal flight time spent above

a given load factor was determined. These times are shown in figure 20

for the F-84G airplane and in figure 21 for the F-86A airplane. The

distribution of the time spent in various losd-factor intervals is given

in table II. Since in the threshold counts snd in the peak counts the

minimum load-factor variation was 0.25g, it was assumed that the maneu-

vering flight time was the portion spent above 2m = 0.25g. It can be

seen in figures 20 and 21 that about 52 percent of the total flight
time could be considered maneuvering flight time for both the F-84G air-

plane and the F-86A airplane in these particular flights.

The peak-load data for the F-84G airplare are shown in figure 22

and the peak-load data for the F-86A airplan_ are shown in figure 23.

Two peak-load distributions are shown - the total peak distribution

and the ms,jor peak distribution. The major leaks shown in figures 22

and 23 were counted by both method i and method 2 of figure 4; however,

only the results from method i are shown. Tle results from method 2

were ahnost the same as those from method i.

b-

!
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The peak-load distributions as given by equations (ii) and (13)

are also shown in figures 22 and 23. The value of the root-mean-square

load factor _ used was that obtained from the threshold analysis of

figures i0 and 17. The value of fO/fp obtained from the integration

of the spectrums was 0.184 for the F-84G airplane and 0.135 for the

F-86A airplane. The value of fo was 0.076 for the F-84G airplane and

0.081 for the F-80A airplane.

It may be seen in figures 22 and 23 that both the total peak count

and the major peak count are approximately estimated by equations (ii)

and (13), respectively. The agreement seems somewhat better for the

F-86A airplane than for the F-84G airplane.

Although the total peak count is of interest, it is the major peak

distribution which is of most value. For example, in fatigue analysis,

it is believed that the major peak distribution would more accurately

describe the life history of loads than would the total peak distributions.

Major peak-load distribution in service operations.- In order to

compare the results from the spectrum analysis with more complete flight

data from regular service operations the major load-factor peaks obtained

in the service operations of references i and 8 to ii are shown in fig-

ures 24 to 26. The airplanes for which information is presented in

figures 24 to 26 are

Republic F-84E and G

North American F-86A, E, and F

North American T-28A

North American B-45A

North American AJ-I

Lockheed F-80A, B, and C

Lockheed F-94B

Lockheed TV-I

Lockheed P2V-3

Lockheed P2V-4

Grumman FSF-2

Grumman F9F-2B

McDonnell F2H-2

Douglas AD-4

All data in these figures were obtained during training operations unless

otherwise stated. The data represent about 24,000 hours for fighter-t_e

airplanes and about 2,000 hours for bomber-type airplanes. In order to

prepare figure 24 the total number of load-factor peaks exceeding a given

load factor N were plotted against the parameter ifkn/fknL)2 for each

airplane. A straight line was then fitted to the data above a value of

(fkn/_nL)2 of about 0.2, and the straight line extrapolated to the value

N = NO' at zero-load-factor increment. The ratio N/N 0' of the number

of load-factor peaks exceeding a given load factor to the extrapolated

value of exceeding a value of Zkn/_n L = O, is plotted for each airplane

in figure 24. The solid symbols in figure 24 represent less than i0 points

and are considered less representative of the peak distributions than the

other points. Also shown in figure 24 are the number of hours of flight

represented by the data and the value of No'/T , the extrapolated value

of the number of peaks to exceed i g per hour.
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For large values of load factor the peak distribution is given in

the form of equation (13):

_! 2
, 2,, _ 1 (14)N/N = e

where

N0' = foT-_ (15)

and

f _ (16)
NO/T = O_T

When plotted on semilog paper as in figure 24. equation (14) is a

straight line with the slope ___L_. The valu,_s of the root mean square
2q 2

for the data shown vary between 0.25 and 0.33_ The average value of

in figure 24 is 0.284 and it appears that the straight line fits most of

the data fairly well above io((Z_n/_qL)2 = 0.I)806) at least up to the

limit load factor. Of course, the value of ,_ is to some extent a func-

tion of the mission of the airplane and it is possible that, for a spe-

cific mission, considerably different values than those shown in figure 24

could be obtained. For example, in figure 24, the training data for the

F-84E and G airplanes were obtained in Korean operations in which the

airplane was used mostly in air-to-ground missions. The value of the

root mean square for these data appears to be considerably lower than

that for the other airplanes. (This effect w)uld also be apparent if the

true service limit load factor was lower than that assumed (7.33) in fig-

use 24.) Most of the other training data sho_n in figure 24 for the

other airplanes were obtained in training whi]h included many types of

missions.

It may be noted from equation (16) that, if it can be assumed that

fo is about 0.08 and does not change, the percent of maneuvering flight

time can be determined from the values of NO/T given in figure 24.

T fo (o.o8)(360))
(17)

From the values of N0_T in figure 24 and fcom equation (17) it was

determined that approximately 2 to 8 percent )f the total flight time

was spent in maneuvering in the Air Force training operations, about
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2 to 6 percent was spent in maneuvering in combat operations in Korea,

and between 7 and 24 percent in the NACA tests in operational training.

The value of 52-percent maneuvering-flight time obtained for the five

flights of figures 20 and 21 are applicable to just those particular

flights which were more active than the average. This percentage is

obviously a function of the airplane mission and would be higher for

gunnery or dive bombing training than for other operations.

In addition to the data available from Air Force operations there

are data obtained with V-G recorders from U. S. Navy operations. (See

ref. ii.) These data are presented in figure 25 as plots of the time

to exceed 1 g in maneuvers tO ' to the time to exceed a given load

factor t. Since, in V-G records a true frequency count cannot be

obtained at low load factors, the data were used only where the count

appeared to be approaching the true frequency. The times to exceed a

given load factor were plotted against (g_n/£nL) 2 and a straight line

was fitted to the data and extrapolated to zero-load-factor increment

and then the ratio of this extrapolated zero time tO ' to the time to

exceed a given load factor was plotted in figure 25. It may be seen

that

to' __N (18)

= NO,

The straight line shown in figure 25 is that obtained from figure 24

with a value of e = 0.284. The black symbols represent points which

consist of less than i0 peaks. The line appears to fit the data fairly

well for most of the airplanes shown.

In figure 26, data obtained from references I0 and ii are shown

for several large airplanes. Also shown is the line obtained from the

data for the fighter-type airplanes of figures 24 and 25. It may be

seen that the data for the AJ-I and P2V-4 airplanes are close to the

line; however, the data from the B-45 and P2V-3 airplanes appear to have

a higher root-mean-square value than that of the line shown. It is evi-
dent that the line shown would probably not be a good estimation of the

loads to be encountered in airplanes which are primarily nonmaneuvering

airplanes such as large bombers, but would be of more use in more maneu-

verable airplanes. In addition,, it is not believed that the results for

other low-limit load-factor airpl_nes would necessarily indicate more

severe use (as indicated for the B-45 and P2V-3 airplanes) than the line

shown. It is believed that for any large bomber the type of mission

would have a large effect on the slope of the line.

Other methods of treating load-factor peak distributions.- From the

spectrum analysis it was indicated that the major peak-load distribution

could be given by equation (13) above lo and this is also indicated
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from figures 24 and 25. It can be seen that below la, however, the

peak-load distribution is not well represented by equation (13). One

way of accounting for the peaks at low load factors is to assume that

the major peak distribution is made up of two peak distributions having

different values of _. If such is the case the probability of exceeding

a load-factor peak greater than 1 g can be g:ven as

T1 e 2 k _i ] T_2,: 2\ (;2) (19)
h = fitM = + TM

where

T I maneuvering time associated with _i

T2 maneuvering time associated with _2

For the data of figure 24,

_l = o.284

_2 = O. i00

TI/T = T2/T = o.5o

In figure 27 the data of figure 24 are shown with the probabilities

given by equation (19). The probability givc_n by equation (19) is

almost identical to the "Standard Probability Curve for Maneuvers" given

in reference i. It may be seen that the data are represented fairly

well by equation (19).

In figures 22 and 25 it might be noted that, although the major

peaks were approximated by equation (13), th( curve from the equation

which represented the total peak count appea_'s to be similar in shape

to the major peak count. Therefore the major peak count could be approxi-

mated by an equation similar to equation (9).

The number of load-factor peaks exceedir_g a given load factor

divided by the number of load-factor peaks e) ceeding i g from equa-

tion (9) is

N P

NO PO - PI = (I +

(20)

t--
u_

I
_q
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When N/N 0 is plotted against it is approximately linear

1p (at least for the
above 2o and has a zero intercept of about _ 0

present case of fo/fp/ = 0.160). Therefore, if the total number__of

major peaks above a given load factor are plotted against (2_u/2_ULI2

and a straight line fitted to the data, the slope of the line will

approximately determine the root-mean-square value o. Taking into

account that the straight-line extrapolation of equation (20) will have

a zero intercept of ½P0 or _N 0 the experimental data such as those

in figure 24 can be compared with equation (20) if it is plotted as

N/2No'. In this form N/N 0 = P/P0 = P1 which is the probability of

exceeding a given load factor for load factors greater than 1 g. In

figure 27 the data are compared with equation (20) in this manner and

it is in fairly good agreement.

Thus, any of the three equations (13), (19), and (20) can be used

to approximate the major peak-load probability curve. Probably equa-

tion (13) is the simplest if the shape of the curve below lo is unim-

portant. If the low load factors are important, for instance in some

fatigue applications, equation (19) or (20) would be more desirable.

In addition, probably none of these equations are valid much above the

limit load factor since inadvertent maneuvers may affect the curves

mostly at high load factors. (See refs. I and 12.)

CONCLUSIONS

The results of the power spectral analysis of the maneuvering load

data indicate that spectral methods appear to have some promise in the

statistical treatment of maneuver loads data. It is admittedly an

almost empirical use of these methods; however, it is an attempt to

describe more completely the complex process of maneuvering loads on

airplanes other than by simple peak counts. In addition, it should be

pointed out that the flights for whick the spectra were obtained were

training flights of a general nature in which several different missions

were simulated and that the results for an airplane flying one specific

mission could be much different. From the present analysis the following
conclusions have been reached.

i. The maneuver-load-factor time histories of the five operational

flights examined could be described by a truncated normal distribution.

2. The power spectral densities obtained were relatively constant

at frequencies below 0.03 cycle per second and varied inversely with

approximately the cube of the frequency at the higher frequencies up to

i cycle per second. Above a frequency of 0.005 cycle per second the

spectrum could be approximated by a simple spectrum equation.
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3. The frequency content above 0.2 cyclc_per second (5-second
period) was very low.

4. The load-factor peak distributions w_re estimated fairly well
from the spectral analysis.

5. Peak-load data from about 24,000 ho_'s of service operations
of fighter-type airplanes appeared to agree _'easonablywell below the
limit load factor with the type of equations obtained from spectrum
analysis.

Langley Aeronautical Laboratory,
National Advisory Committeefor Aeronau-_ics,

Langley Field, Va., October 2, 1956.

!
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TABLE II.- FREQUENCY DISTRIBUTION OF TIME SPENT IN

VARIOUS NORMAL-LOAD-FACTOR INTERVALS

n

-0.2 to -0.001

0 to .499

•5 to •599

.6 to .699

•7 to •799

•8 to •899

•9 to .999

1.0 to 1.099

i.i to 1.199

1.2 to 1.299

1.3 to 1.399

1.4 to 1.499

1.5 to 1.999

2.0 to 2.499

2.5 to 2. 999

3-0 to 3. 499

3.5 to 3.999

4.0 to 4. 499

4.5 to 4. 999

5.0 to 5. 499

5-5 to 5. 999

6.0 to 0.499

6.5 to 6. 999

7.0 to 7- 499

Time_ sec

F-84G F-86A

Flights 1 and 2 Flights i, 2, and 3

i

63.5

51.5

83

124.5

200.5

477

1136.5

753.5

529
420.5

311

987.5

585
396

275
117

90.5

36.5

18

i0

4.5

5

1.5

4.5
47

29

70.5
127

238.5

456
668

466

332
274.5

239
758.5

445.5

248

157.5

ii0

42

13

5.5

.5
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Figure 2.- Distribution of altitude and airspeed for flights i and 2

of the F-84G airplane.



26

O

o

O_

2O

15

lO

3O

25

2O

15

lO

_-Average = 14,150 ft

4 8 12 16 20 24

Pressure altitude, Hp, thousands of feet

_-Average = 29B knots

m

i00 2OO0 6OO300 400 500

Indicated airspeed, Vi) knots

i

28

Figure 3.- Distribution of altitude and airspeed for flights i, 2, and 3

of the F-86A airplane.



27

o

o

0
r_

0

5

4

3

2

i

5

4

3

2

i

Method I _

_<-,<:-_I X
-_<<-._x,iTk/ m \

?ti_' '
I

Method 2 _ I
_×c>:.sYv,_..,.--,-/ x _ Y_
_¥_>-_.5x_UXL%/-- _/ "

5

4

3

2

1

Method 3 #_

ll I _/ \

ff _kj./l t s \

Time

Normal

load factor

Frequency count

Method I Method 2 Method 3

1,0 i

1.5 3

1
1

2.0

2.5

3.5

4

5
3.0 4

4

4.O i I 4

4.5 i I 2

Figure 4.- Illustration of the three methods used for counting frequency

distribution of normal load factor.



28

102

l0

1

_ !0 -I
O,

t_

i0 _9°

I0 -3

I0-4

®

[]

F-84G Flight 1

Part O- A-n

0 1 .84 .SO

[] 2 °57 °45

<> 3 .V4 ,59

A 4 .99 .98

<.>

D

[]

A

o9
D

]

i0-20 i0-i 1

Frequency, cps

Figure 5.- Power spectral densities of normal ]oad factor for four parts

of flight i, F-84G airpl_ne.



29

t3

10 2

I0

I0 "I

i0 -2

10 -5

i0"4

0 i0"2

\ \

k \

0 At : 0.5 sec

[_] At = 2,0 sec

95_o confldenco bands

\ _\\

i0-i

Frequancy, cps

\.\
\\

Figure 6.- Power spectral densities of normal load factor for flight I,

F-84G airplane.



3O

O

<S

10 2

lO

1

i0-i

I0"2

10 -3

i0"4

I0-2

O Original; O- = 0.631

[] Original less

O

level flight; CI" = 0.96_

I0"I

Frequency, cps

1

b-

|

Figure 7.- Effect of level flight on spectrum. F-84G airplane;

900 seconds of flight 2.



31

_9

O

O

%

10 2

lO

I0-!

lO -2

I0-5

d

i0-4

0 10 -2o

d

Ef

EJ
F1

d

0

0 At : 0.5 sec} Flight i, O- = 0.82
At 2.0 sec A_ = 0.72

[] At = 0.5 sec}[_ Flight 2, O- = 0,93At 2.0 sec A_ = 0.51

I

0

0

O

[] O

[]

[]

El--
©0

a----a-

[] (

[]

[]
[

I0-I

Frequency, cps

Figure 8.- Comparison of power spectral densities of normal load factor

for two flights of the F-84G airplane.



32

[]
rqc

[]

::ID

£

E,d

q

[]

<1

7

<_

%

0
[]

0

o

0
o

o

II II I1

0 D _

o

C
0

!
o o

e-I
!

o

j-

0

o

"T

o

r_

I

o

o

0

O.4"
,.-lad

I

0,.i_

o
o

m 0

o .,-t

I

t_

,-4
!



3A

33

c_
O

e_

%

lO 2

lO

lo'l

4

At Flight

0 0.5
1

(_ 2.0

[] 0.5
2

10 -2 []/2.0

i0"3

.<) o.5 _
2o0

6

.66 .42

.78 ,59

I0"4

.94 .72

0

[]

0

© ._
@ []

®
[]

£>

Q

IDrn

0 10 -2 I0 "I 1

Frequency, cps

Figure 10.- Comparison of power spectral densities of normal load factor

for three operational flights of the F-86A airplane.



34

< []

B
-i]

_q

q3

7

L_

o

O_

<

[]

q

Zn._

0

In

[]

O

O

0
0

C

O
[]

_ _. o °•
_o _ °

II II II

< 0 13 <I

o

o_?

o
Io

I
o
i-I

0

L

o

"i
S

0

T
o

P_

o

0

4a
o,--t

o_
,-t _.D

ao

-o

o o

.r4

*r-t .r-t

m,--t

4_._

m _
0

_0"_

,-t

-r--t



35

GD_ll
OE3

¢
[]

[] og
Q

@3

g

-------OG--

©V1

(_

%

C
.D

[]
[]

0

0 []

O []

O []

0 2

Ln
[]

o II

F
o II

I_ Io
b

,--I ,.-i

,.I ,.I

O, Lr-I

,?
s

[] @

(9
0

_7

L

o

o

o

,-4 m
O

O.+._

ffl

o

m o

o

_-t r-.I hi3

o

._ o_

o 0)

° o o



36

5q

O

%
<_

v

4O

35

3O

25

2O

15

lO

J

in

DI

0

0

[]

©

,_

OF-S4G, Flights I and 2

NF-86;, Flights

]

J

I

j I

1,2,and 3

.8 1.0

U"

Uc

q

Frequency, ¢ ps

Figure 13.- Comparison of power spectral densLties of normal load factor

on a linear scale for two operational flights of the F-84G airplane

and three operational flights of the F-86A airplane.



37

IC

I0"I

i0-2

I0-3

I

o N

©

O
_..)

Approx, phugold frequency ran e

\

I + (r/rB)2"_

fB = 0.051

\

10--3 lO -2 l0 -1

Frequency w cps

Figure 14.- Comparison of the combined power spectral densities for t_o

operational flights of the F-84G airplane and three operational

flights of the F-86A airplane with the analytical spectrum

_(f)f_n = _(O)2m/I + (f/fB) a



38

tO

0
CO
0.1

I
o

o_

I I
0 0 0
0 _o o_
c_ ,.-I _-I

\

I
O

I
O O

t_

,-4

O

t_
I

-r

!

o

o

o

r-I

o

o

!

o _-,
o

•el O
%4--_

m _3

_ O

O O

_3

_°
% m

oo_
o,'_

+_ o

%

I ._-I

LC%._

% _ ,--t

bD

uj _ou@u_ _



39

!

k_

--4

_S
v

×

cO

.5

.4

e3

.2

.I

.05

.02

.01

.005

.o01

_[2 = 7.1

-- X2os = 12,6

O- = 1.47

\

0

\
: 2.02

\

.0001
0 I 2 3 4 0 I 2 3 4 5 6

(a) Flight i. (b) Flight 2.

5\
.4

.05

x .02 -- X2 -- 16.5

_. X2os = 183 \
.01

•005

.001

_o

\o
\

.OCOI
0 I 2 3 4 5 6

Incremental load factor, An

(c) Flights I and 2.

Figure 16.- Probability that a given threshold value of load factor will

be exceeded. F-84G airplane.



4O

.5

.4

.3

.2

.1

.O5

.02

.01

•005

.OO1

_2 = 1.4 __

X,2os = II.i
\

O- = 1.25

\_ O- = 1.40

\

\

0

O_

×

uO

(a) Flight i. (b) Flight 2.

.5

_D_ I"<--- O- = 1"82 <0- = 1.45

.2

\

.oi ×2o_: 14.1 o \ x2_ : l_l _

.005

©

.001
\
0

.0001
0 i 2 3 4 5 0 i 2 3 4 5

Incremental load factor, An

(c) Flight 3. (d) }lights i, 2, and 3.

Figure 17.- Probability that a given tb_resho]d value of load factor will

be exceeded. F-86A airp]ane.



41

D-
Lr'X

r-4
!

o
o
o

co

rt

II

b

0
o

K _£ouonboaj oAT_wTn_raD

uS r_ouor, b o._,_

i/
J I

/ J

I

i

I

l

/
: f] /

/

/

0_

ol

o
: o_

I

i

_D

I

I

i

o

o_

o

4_
b_

O,-4

o

o

.r--t

o_0

_4

°_
o

o

NI

-0
r/l ©

°,-_ _

%
I o

cO

©

b.O



42

C

O

O _
,D

i000

n

m

lO

eL__L i_ i I l I I I_
-Threshold frequency distrlbutlon, fn.

[3 Major peak e_mlative frequency
I distribution, N '

I A

0

N

q_

*,-t
4._

r-t

0

O- = _-.45

___ ",,.
,\",,,,

. \

0 4 8 12 16 20 24

(An) 2

Figure 19.- Distribution of normal load facto]' threshold counts and

major peaks for the F-86A airplane, fligl_ts l, 2, and 5.



43

O
%]

o

4_

4_

t3

O

4_

O
o

o

I00

i0

.i

\
\

\

F-B4G

Flights 1 and 2

\
\

\

\

\\
\
\

.oi

0 I 2 3 4 5 6

Normal load factor, n

Figure 20.- Amount of flight time spent above given load factors for

flights i and 2, F-84G airplane.



44

O

O

4_

4_

O

4_

O

O

i00

I0

.1

.O1

\

\

\

Fli_hts

F-86A

1,2,and 3

\

0 1 2 3 4 5 6

Normal load factor, n

Figure 21.- Amount of flight time spent above given load factors for

flights i, 2, and 3, F-86A airplane.



45

to

_J
o
fl)

o

o

10 4

103

10 2

lO

I I I i
F-84G Flights 1 and 2 __.

O Total peak dist,

[] Najor peak\dlst. (_ethod i)

TJT = o._21 I
O- = 1.82

_ ,%,®\

-- i_ i= (T?//T)Tfo el (An/o-)2--_--/[_/

1 2 3 4 5 6 7

Normal load factor, n

Figure 22.- Comparison of load factor peak distributions with those

obtained from power spectral densities. F-84G airplane.



46

h0

-H

O

O

C

O

o

o

10 4

10 3

10 2

lO

1

i l!
!

!

Normal load factoz, n

7

u_

!

Figure 25.- Comparison of load factor peak distributions with those

obtained from power spectral densities. [_-86A airplane.



47

o

1C

I0 "]

Equation 14 --/

10 -2 O- = 0.284

i I
__O F-8OA,B,& C

[] F-80A & B

F-86A

Lk F-86E & F(Combat)

V F-86F Fighter

bomber(combat)

ZOF-84E & G

--(L] F-84E & G(Combat)

T-28A

--_ F-e_A

-- [hFeH-_

F-84G

<9F-94B
i

IL

USAF Data i i I

T(hrs) No'/T

(peal(s/hr)

1044 23 __

1212 22

115O i_

1577 8

55 15

287 17

424 6 --

362 5

NACA Data

14.3 38

17.8 21 --

19.6 49

7.9 70

I I I I I
Solid symbols represent

peak counts of less than I0

m\\

k

lO-3 0 • _

• \\0

A 0

!0"4

0 .2 .4 .6 .8 1.0 1.2 1.4

(An/Ann) 2
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