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SUMMARY

4 method has been developed for interpreting V-G
records taken during the course of commercial transport
operation. This method involves the utilization of failrly
simple statistical prosedurss to obtain "flight envelones”,
which predict that, on the average, in a stated number of
flight hours, one value of airspeed will exceed the
envelope and one positive and one negative acceleration
increment will exceed the enveloDP with equal probability
of being experienced at any airspeed. Commarison with the
actual cdata obtalined Irom v1rlous airvnlanes and from various
airlines Indicates that these envelopes predict the
occurraices of large values of acceleration and airspeed
with a high degrees of accuracy.

INTRCDUCTION

Acceleration and airspeed data have been collected
at the T.angley Labcratory of the NACA in the form ¢f V-G
records (reference 1) that represent about 200,000 hours
of flight with various transpcrt airplanes. These records,
which have been supplied by the airlines, together with
occasional supplementary information concerning atmospheric
conditions and unusual operating v»ractices, constituts
almost 211 the data on epplied loads thet are available
from commercial transport onerations.

The V-G record presents the envelove of indicated
airsneed against vertical acceleration for the length of
time that it 1s installed in the airplane. The nature of
this envelope 1s such that 011y peak values of acceleration
may be discerned, so that, for a given amount of flight
time, only the largest accelerations experienced at each
speed cen be evaluated. Since little is known about the
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actual conditions under which the data were obtained,
averscge conditions of wing loading, load distributions,
end operating practices must he assumed., Despite the
avnarent limitations of such data, the V-G data have the
advantage of representing a wide variety of operating
conditions and of vresenting the large values of acceler-
ation that are significant in the investigation of the
gust-load requirements. Thus, analysis of the V-G records
may be expected to be of value in the evaluation of
present reguirements or in pointing the way for future
modificaticens.

A rough check of present requlirements may be made
by compering the composite of all the V-G envelopes from
a given airplane with the accelerations for which the
airplane is designed. Composite envelopes for the various
alrplanes with which V-G datas have been obtained are
presented in reference 2. It is evident, however, that
the composite envelopes, although of value in the presen-
tation of the over-all pilcture of sirspeed and acceleration,
contribute little to ths determination of trends in the
data or to the »nrediction of the acceleration experiences
of transport alrplanes.

A growing apwnreciation of the problem of life
expectancy of aircraft has indicated the need for a method
of analysis of the V-G data that would permit predictios con-
cerning the number and magnitude of the large accelerations
which would be experienced in a given number of hours of
normal transport oneration, The object of the present
report is to describe such a method and to show how it
may be applied to the V-G data from any transport airplane.
This method involves the utilization of fairly simple
statistical procedures to arrive at "flight envelopes®
which predict that, on the average, in a given number of
flight hours, one value of airspeed will exceed the
envelope and ocne positive and one negative acceleration
increment will exceed the envelope with equal probability
of being experienced at any alrspeed.

SYMBOIL.S
T average flight time per record, hours
T total flight time, hours

Vmax  maximum indicated asirspeed on V-G record, miles
per hour
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Py probability that maximum indicated airspeed on
V-G record will exceed a given value

Vi indicated airspeed that will be exceeded, on the
average, once in T hours, miles per hour

k number of 10-mwiles-per-hour airspeed intervals
into which the speed range of airplane is
divided

Ang .o maximum positive or negative acceleration incre-

ment on V-G record, g units

PAn probabllity that maximum acceleration increment
on V-G record will exceed a given value

Anp acceleration increment that will be exceeded, on
the average, once in kT hours in a given speed
range, g units

Vo indicated airspeed at which maximum positive or
negative sacceleration increment on V-G record
is experienced, miles per hour

Ps probability that Vs will occur 1in 2 given speed
range

IP 4 probability that V, will exceed a given value

P probability that a given value of acceleration

will be exceeded in a gilven speed range

Vmax, L0max, Vo average values of distributions of Vpax,
ANpax, and Vo, respectively

Oy Oan’ Oo standard deviationsg of distributions of
Vyaxs Ahpax, 8nd Vg, respectively

Ay, Qan, Co coefficients of skewness of distributions
of Vpax, Anmax, and Vg, respectively

The term "probability" used herein may be interpreted
as the ratio of the number of records on which a given
~event occurs to the total number of records. All alirspeeds
mentioned sre indicated airspeeds.
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METHOD

The method presented may be used to predict the
acceleration experiences of transport airplanes from
available V-G records. Briefly, the steps in the pro-
cedure are the selection from the basic data of the records
" suitable for analysis, the determination from these records
of the probability of occurrence of large values of air-
speed and acceleration, and the combination of these
probabilities to obtain flight envelopes.

Pasic data.- Because of the desirability of a uniform
number of flight hours per record, only the records that
have a reasonably constant number of flight hours should
be used. The wide variation in the number of flight hours
of available records, however, requires that fairly broad
limits be allowed in order to obtain a sufficient number
of records for the analysis. No definite limits can be
set but, on the basis of the work done to date, it appears
that a range of about 30 percent of the total variation
in flight hours may be allowed.

Six values sre taken from each of the records to be
analyzed: the flight time, the maximum indicated airspeed
Vmax’ the maximum positive and maximum negative acceler-
ation Iincrements Anpgy, and the indicated airspeeds Vg
at which the maximum acceleration increments are experilenced.

Probability distributions.- The probability distri-
butions of Vygx, Alpgx, a2nd Vs are required in the
analysis. It has been found that Pearson Type III proba=~
bility curves (reference 3) caen be used to determlne the
probabllities P, Pans and EP, that Vpgy, Anpgy, and
Vos respectively, will exceed given values. With the
assumption that the distributions of positive and negative
acceleration increments are identical, the values of Anmax
are combined without regard to sign in the determination
of PAno

The Pearson Type III curves form a three-parameter
family; the parameters for a particular distribution are
determined from the mean value, the standard deviation,
and the coefficilent of skewness of the distribution. The
actual computation of these curves 1s somewhat involved
and depends on tables that are not in common use. TFor
convenience, the curves having parameters within the range
that might be expected in the analysis of V-G data are
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presented in figure 1. The abscissa t 1in this figure
is the so-called standard statistical scale (reference 3)
so that, for the distribution of Vmax,

Vmax - Vmax

b= - oo (la)

for the distribution of Anpgx,

Angpax - Zﬁm x
t = > (1b)
An .

and, for the distribution of Vg,

Vo"'VO
0

t = (1c)

O

The mean value, the standard deviatiocon, and the coeffi-
clent of skewness of the distribution of Vpgx may be
determined from the following formulas:

—_ 1
Vimax = T SVmax

5y =

1 .z -
iy “\Vmax - Vmax>2

e

%

1 -
Z Z(Vmax - Vmax)5
NOV/

Q
<
i

where N represents the number of observations upon which
the distribution is based. Similar formulas hold for the
distributions of Anggy and Vo. In the use of figure 1
to construct the probability curves, values of t corre-
sponding to selected values of Vmax, Anmax, or Vo are
computed and the probabilities zre then determined from
the curve in figure 1 that corresponds to the proper value
of a. TLinear interpolation for values of a not shown
in figure 1 1s adeguate. ~

In the subsequent analysis, the probability IP, is
assumed to gilve a relliable representation of the proba-
bility that the alrspeed at which a given large
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acceleration is experlenced will exceed a given value.
Inspection of the dats from various airplanes, however,

has shown that this assumption is valid only up to the
normal cruising speecd of the airplane, since, although
large accelerations are frequently experienced at high
speeds, the maximum accelerations on a record are seldom
found beyond this point. Accordingly, it has been found
necessary to modify the Type III curve for the distribution
of V., s0 as to present a suitable estimate of the proba-
bility that the speed at which a given large acceleration
is experienced will exceed a given value. Experimentation
has shown that the necessary modification can be convens-
iently effected by extrapolating to the high values of air-
speed by means of an exponentlal curve (a straight line

on semilog paper) drawn tangent to the Type III curve at
the normal cruising speed of the airplane. Values of IPo
at high values of alrspeed are taken from this exponential
curve.

The flight envelope for a given number of hours is
determined by the number of accelerations that will exceed
given values in different speed ranges. Thus, construction
of the envelope depends upon a knowledge of the proba-
bility P that a given large value of acceleration will
be exceeded in a given speed range. With the assumptions
that

(1) Acceleration and airspeed zre statistically
independent (that is, if the airvlane were flown for equal
periods of time at all speeds, the probability of excesding
a given velue of acceleration would be the same at all
airspeeds)

(2} The distribution of Ang,y gives a reliable
representation of the distribution of large accelerations

(3} The modified distribution of Vg, gives a reliable

representation of the velocities at which all large
accelerations occur

the probability P may be expressed as the product of two
known probabilities; thus

P = PanPo ' (2)

where P is the probability that Vv
given speéed rangs.

o will occur in the
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Some explanation of assumption (1) is in order. In
the strictest sense acceleraticn and airspeed are not
statistically independent since,i1f the airplane were flown
st random at different speeds,ths highest accelerations
would be experienced at the highest speeds. Transport

irplanes, however, are not flown at random speeds; in
fact, the speed i1s usually determined by weather conditlons
so that the alirplane flies at high speeds in smooth alr

and at reduced spseds in turbulent alr. Thus, the assump-
tlon of statistical independence is to be interpreted
herein as meaning that if the airplans were flown for
equal neriods of time at all speeds under conditions at
which these speeds ars normally attained, then the proba-
bility of exceeding a given value of acceleration would

be the ssme at all airspeeds.

invelone airspeed.-~ The first step in the construction
of the f1ight envelopre representing, =ay, T hours of
flight is the determination of the sairspeed Vp that will
be exceeded once in T hours. If T 1s the average
flight time ver record, the desired airspeed 1s the one
that 1is exceeced, on the average, once in T/T records.
o)

e
Thus, Vp 1is determined from the equati

(3)

=N

and from the probability curve for P..

Envelope accelerations.- It has been found convenlent
to divide the expected speed range of the airplane into
10-miles~-per-hour intervals. If the wminimum airspeed for
transport airplanes (sxcept during landing and take-off)
is assumed to be 100 miles per hour, in the flight envelope
for T hours,

=
th
|
lr
i
i
i
f,‘:

speed intervals must be considered. (The nearsst integral
value of k 1is setisfactory.)

If one acceleraticn 1s to exceed the flight envelope
n T heurs with equal probabllity of being experienced
n each of the k speed ranges, then, on the average, one
cceleration in kT hours should exceed the flight

W e g
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envelone in each sneed range; that 1s, on the average, one
in kT/r records should have an acceleration exceeding
the envelope in a given speed range., Thus, P = ﬁé S0
that with the use of equation (2), the acceleration incre~
ment Anp, which determines the flight envelope for

T hours in a given speed range, 1s found from the equation

_ T

Pan e (5)
Po

and from the probabllity curve for P,,.

The values of Vp and Anym as determined in the
preceding paragraphs are sufficient to construct the
envelope representing T hours of flight. Positive and
negative valves of Anm are plotted at the midpoints of
the corresvonding speed ranges and a smooth curve is drawn
through the plotted points. The envelope is closed at the
high-speed end by a stralight line through Vp perpen-
dicular to the airspeed axis,

In the present analysis, no attempt 1s made to
classify the acceleration peaks taken from the records as
due to gusts, maneuvers, or gust-maneuvers. Such a classi-
fication is &t best highly uncertain. Inasmuch as experi-
ence indicates that most of the large loads imposed during
normal transport operstion are due to gusts, the assumption
that the flight envelopes of this report reoresent gust
conditicns seems reasonable. Thus, these envelopes may
be converted to gust-velocity enveloones by means of the
shsrp~edged~gust formula (reference 1).

EXYAMPLE

In order to illustrate the foregoing method of analysis,
the actual computations necesgsary for the construction of ‘
a particular flight envelope are presented, The data were
obtained from DC-3 2irplanes of a particular airline during
the period from 1937 to 1941. The results given herein.
cannot be applied generally since they represent only a
small part of the evailable data,

Baslc data.- The data available for anaiysis consisted
of 35 records totalling 17,675 hours of flight. Because
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of the wide renge of flight hours, however, only records
that represented betwsen 575 and 80C hours were used.
There were 15 such records, totalling 9,691 hours of
flight and having sn average record time T of about

650 hours, The values of Vmax, Anhpmax, 8nd V, resd from
these records are summarized in table T in the form of
frequency distributions.

Probability distributions.~ The average values, the
stendard deviations, and the coefficients of skewness of
the distributions of Vyax, Anlgax, and V, have been com-
puted by standard methods (reference %)} and the results
are »resented in tsble I. The Peerson Type III probability
curves determined from these computed values and the
curves in figure 1 arse shown in flgures 2 to | togsther
with the cumvlative frequency distributions obtalned from
table I. (The cumulative frequency distributions present
the relative frequencies, cbtained from the basic datsa,
of airspeeds ond accelerations that exceed given values.)
Also shown in figure i is the added "straight-line" extra-
polation of the V, probabllity curve at the cruising
speed of the DC-% alrplane, which is 180 miles ner hour.

In order to illustrate the menner in which the Type ITI
curves are constructed, one point on the Any,, propability
curve will be determined. From eguation (1b) and table I,

Anmax - 1.25
0.30

For Atpgy = 2.0, £ = 2.56, and from figure 1 for
Gpp = C.lb, the probability is found to be 0.011. This
value is plotted in figure 2 for Anggx = 2.0.

Flgures 2 and 3 give the prcbabllity that selscted
values of airsneed or accelerstion increment will be
exceeded. For example, from figure 2, the probabllity
that Vpygx will exceed 2L0 miles per hour is 0.12 so
that on the average 1 in about ©.3 records will have
a maxirnum airspeed greater that 21,0 miles per hcur. Since
T = 650 for these data, it may be concluded that this
value of sairspeed will be exceeded,on the average,once in
every 5,400 hours of flight.

N
v
i

values of . P are obtained by subtracting successive
values of ZPO taken from figure 4. For example, the
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probability that the maxirum acceleration will occur in
the speed interval from 180 to 190 miles per hour 1s
0.38 - 0.22 or C.16.

Envelope airspveed.- The construction of the flight
envelope 1s now denendent only upon the choice of the
number of flight hours T. In this ex>mple, the value
of 10,000 hours has been selscted for T. Thils choice is
quite arbitrary, and only slight modifications in the
numerical work are necessary to determine the envelope
that corresponds te any desired value of T. With the
use of equation (3),

_6%0 _

P o
v 10,000

{1

0.0650

so that, from figure 2, Vn = 2l; miles per hour.
N L

Envelope accelerations.- Since Vo = 2l miles
per hour, equation (4. shows thet k = 1. Thus, equa-
tion (5) becomes

k2 = 650

AR (1L)(10,000) P,
_0.004463
e

Table II shows how the values of P,, for the various
speed ranges may be convenlently obtained. Values of ZIPq
are taken from figure | and P, is obtained by subtracting
successive values of EPg. The values of Anp are
obtained from figure 3.

The values obtained for Vg and Anp are plotted
in figure 5 and smooth curves are drawn through the plotted
values of Anm. The flight envelope for 10,000 hours is
thus fully determined.

DISCUSSICHN

The flight envelopes cobtained by the methods of the
present report predict that, on the average,in a stated
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number of hours of flight the maximum value of airspeed
will be exceeded once e&and that one positive and one
negative acceleration increment will exceed the envelope
with equal probability of being experienced at any air-
speed. The determination of these envelovpes depends only
upon the selection of the maximum values of airspeed and
acceleration from the V-G records and involves what seems
to be a minimum of computational work. Cf course, similar
envelopes could be obtained by the straightforward but
highly laborious method of dividing the speed range of the
airvlane into, say, 10-miles-per-hour ranges and finding
the distributions of maximum acceleration increments taken
from each of these speed ranges. In order to compare the
two methods, this procedure has been applied to the data
from the DC-3 alrplane used in the present report and the
results for 10,000 hours of flight are compared in figure
with the 10,000~hour flight envelove of figure 5. The two
methods can be seen to yleld similar results,

The composite of the 15 V-G records representing
9,691 hours of flight, which have been used in determining
the flight envelopes for the DC-%, is shown in figure 6.
It may be noted that two airspeeds and two negstlve accel-
eration increments exceed the 10,000-hour envelope.

The fact thet only 15 of the available 35 V-G records
were used in the analysis affords an opportunity to Ilnvesti-
gate the capacity of the flight envslopes to predict
acceleration and alrspeed experiences. The compcsite of
8ll the 35 records renresenting 17,675 hours of flight is
shown in figure 7 together with the 10-, 20-, and 50-
thousand-hour flight envelones detsrmined from the 15
selected records, Interpolation for about 17,500 hours
shows that one positive acceleration increment and one
alrspeed exceed the envelope. The fact that exactly the
right number of positive acceleration increments and air-
speeds exceeded this cone envelope is not particularly
important, and the fact that nc negative acceleration
increments exceeded the snvelone 1s equsally unimportent
since predictions based on & statistical analysis represent
average conditions and can be verified only by the examl-
nation of large masses of data., Since 8 sets of data,
involving four different alrplanes and four airlines, were
available, a check of the present method can be made by
comparing the calculated envelopes with the corresponding
V-G composites. For the eight envelopes, nine positive
acceleration increments, ten negative acceleration incre-
ments, and seven airspeeds were found to exceed the
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envelopes. Thus, the flight envelopess obtalned by ths
methods of the present report appear to predict the
occurrences of large values of acceleration and airspeed
with a high degree of accuracy.

In the apvlication of these methods to a particular
set of V-3 data, it appears that sgatisfactory results may
be obtained with a minimum of about 15 records representing
not less than about 2500 flight hours, The actual number
of flight hours per record Is not particularly important,
provided the range of flight hours 1s not too large.
Probability curves were derived from sets of data with
diffsrent average record times and were found to be
essentially similar; a change In scale made the curves
comparable with regard to the number of hours required to
exceed any glven acceleraticn, Thus, identical results
were obtained from two sets of records from the same air-
plane and airline but with widely different flight hours
per record. :

The variations in the number of flight hours on the

" records accumulated to date are apgarently due to prac-
tical 1limitations that affect the installation and removal
of the records from the airplanes. Tn order to increase
the -accuracy of the present type of analysis, the means

of ecollecting V-G data should be improved so that more
~uniform flight hours per record may be assured in the
future,

CONCLUDING -REMARKS

Statistiecal methoeds of analysis of V-G records are
developed to obtain "flight envelopes" for transport
planes, These envelopes predict that, on the average, in
a given number of flight hours, one value of airspesd will
exceed the envelope and one positive and one negativs
acceleration increment will exceed the envelopne with equal
probabllity of being experienced at any airspsed.

Comparisons of the flight envelopes with the composite
V-G envelopes indicated that these envelopes predict the
oceurrences of large values of accelerations and airspeeds
with a2 high degree of accuracy.

In order to obtain satisfactory results, a minimum of
about 15 records representing not less than about 2500
fl1ight hours should be used in the anslysis,
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The number of flight hours per record is not particu-
larly important in the analysis provided the range of
flight hours in the set of records used is not too large.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Pield, Va.
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TABLE I

1l

FREQUENCY DISTRIBUTIONS OF Vmaxs ADmaxs AND Vg

FROM V-C RECORDS FROM DC-3 AIRPLANES

1

Vmax Gistribution |

Anpgx distribution

Vo distribution

Vimax Frequency ANgpow Freguency Vs Freguency
{(mph) (g units) (mph}
215-219 1 0.60-0.69 1 100-109 0
220-22[ Iy 0.70-0.79 1 110-119 1
225-220 5 0.80-0.89 > 120-125 0
230-23l, I 0.90-C.99 2 130-1%29 1
235-2%9 2 1.00-1.09 Iy 140-15L9 z
2lo-2L0 0 1.10-1.19 I 150-159 Z
2h5-2l 0 1.20-1.29 6 160-169 L
250-250; 1 1.20-1.3%9 I 170-179| 6
1.50-1.09 2 1.00-185 7
1.50-1.59 0 150-195 2
1.60-1.59 0 200-205 3
1.70-1.79 3 |
1.80-1.8% 0 ‘
| 1.90-1.99 1
Vinax = 22968l Apax = 1.23 7, = 172.00
o, = 8,34 Opp = 0420 o, = 21.16
ay; = 1.05 ay, = 0.46 a, = -0.57

NATIONAT, ADVISORY
COMMITTEE FOR AFRONAUTICS
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SUMMARY CF CALCULATICNS NECE3SSARY FOR THE DETERMINATION

OF THE 1C,000-HOUR FLIGHT ENVELOPE FOR DC~3% AIRPLANES

NACA ARR No. L5J0L

TABLE 1T

-
! 1
| _ ¢ _ 0.00463 ‘
| Pan = =
% LTP Py ,
- .
Vo LPo Po Pan A,
100 1.00 ,
0.01 c.L63 1.23
110 .99
.0l Y 1.2%
120 98
.02 .232 1.3
130 .96
03 L1510 1.53
10 .93
.08 .0579 1.73
150 .85
11 0h21 1.78
160 7l
.16 .0289 1.85
170 58
.20 .0232 1.88
180 .38
.16 .0289 1.85
190 .220
.092 .050% 1.75
200 .128
.05l 0857 1.65
210 07k
.031 149 1.53
220 043
019 L2l 1.2
220 .02l
.010 L1163 1.23
210 .01l

NATTONAT ADVISORY
AFRONAUTICS

COMWMITTEE FOR
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