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TECHNICAL NOTE 2663

THE GUST AND GUST-LOAD EXPERIENCE OF A

TWIN-ENGINE LOW-ALTITUDE TRANSPORT ATRPLANE IN OPERATION
ON A NORTHERN TRANSCONTINENTAL ROUTE

By Harry Press and Robert L. McDougal

SUMMARY

An analysis of the gust and gust-load experience of a low-altitude
transcontinental transport airplane, based on 834 hours of VGH record,
is presented. The relation of gust experience to airspeed, altitude,
season of the year, and flight condition is considered. An estimate
of the over-all gust history for the present type of operations is
derived from a synthesis of the VGH data and available V-G data.

INTRODUCTION

In recent years, the design ultimate strength of the primary struc-
ture of some types of airplanes, notably the transport airplanes, has to
8 large extent been determined by their anticipated gust experience. In
addition to the problem of overstress due to the occurrence of a single
load above design strength, a problem of designing agsinst fatigue fail-
ures due to repeated loads of small intensities slso exists. One impor-
tant part of the analysis of the fatigue problem is the definition of the
gust experience of an airplaene, since atmospheric gusts are perhaps the
most prolific source of repeated loads. Furthermore, since the resultant
loads in gust encounters are, to a large extent, a function of operating
conditions such as airspeed, weight, and altitude, information is also
needed on the operating conditions under which gusts are encountered.

Extensive studies have been made of the larger gust loads by means
of the well-known NACA V-G recorder, which yields an envelope-type record
from which only the larger loads and associated airspeeds may be read.
The smaller and more frequent gusts and gust loads have, however, not
been studied in detail. Estimates of gust and gust-load histcries have
been made in reference 1, but they are based on limited and incomplete
data. The need for determining more precisely the detailed experience of
airplanes in service operation has led to the development of an instru-
ment for operational use that records a time history of airspeed,
acceleration, -and altitude (NACA VGH recorder). See reference 2.

The first service installation of an NACA VGH recorder was made in
a twin-engine low-altitude airplane flown in scheduled passenger opera-
tion on a northern transcontinental route of the United States. Pre-
liminary summaries of the early data from these operations have been
published in reference 3. The present analysis is based on a much
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larger sample covering 834 hours of record and considers the relation
of the gust and gust-load experience to the airspeed, altitude, season
of the year, and flight condition. The measured results, supplemented
by available V-G data, have been used to derive predictions of the
gust history for the type of operation investigated.

GENERAL CONSIDERATIONS

General problems.- Research on gust and gust-load experience in
normal operations is aimed principally at the prediction of the gust
and gust-load histories for new alrplanes. Investigations of the
present type are concerned primarily with the following problems:

(1) The gust and gust-load experience for the particular operations
(2) The frequency and intensity of atmospheric gustiness and

their variation with such factors as season of the year, altitude,

and geographic or climatic region

(3) The definition of the operating conditions which have a large

" effect on the accelerations and loads applied to the airplane in gust

encounters, such as the airplane weight, airspeed, and altitude

(4) Finally, since this type of operational research is still in
an exploratory stage, the development of techniques of data evaluation
and the determination of what constitutes adequate scope and size of

samples

The determination of the gust and gust-load experience for the
particular airplane from the VGH records is the first step in these
investigations. Owing to the nature of the gust-load experience,
simple approximate procedures, which will be described subsequently,
are used for the smaller gust intensities which form the preponderance
of gust encounters.

The selection of paremeters with which gust intensities may be
expected to vary depends largely upon meteorological information on
the characteristics of turbulence and the weather. Past work has
indicated that the frequency and intensity of turbulence vary with
season of the year, geographic location, and altitude. Marked differ-
ences in atmospheric gustiness associated with changes in these factors
not only would have important implications in airplane design and
operation, but also would affect the requirements for the collection
of representative samples of data.

The operating conditions include the airspeed, the weight, the
flight condition, and the altitude at which the gusts are encountered.
All of these affect both the maximum loads and the number of loads
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experienced. For example, a 10-percent increase in speed results not
only in a 10-percent increase in the magnitude of all the gust loads
encountered but also in a 100- -to 200-percent increase in the number of
loads above a given intensity.

Finally, many problems asre involved in determining the types and
quantity of data required for relisble results and the best methods
of data evaluation. One of these problems is the determination of .
adequate sample size. Obviously, larger samples permit the prediction
of future experience with greater reliability. However, accuracy of
Predictions increases rather slowly with increasing sample size so
that compromises become necessary between accuracy and practical con-
siderations. For given levels of accuracy, the appropriate sample
sizes are frequently not apparent before the investigations are under
way or until the character of the data is established. The first set
of data of a given type provides information on what constitutes an
adequate sample size. Available information also indicates that at
the initial stages samples of broad scope will be required in order to
assess the relative importance of such factors as geographic area,
altitude of operation, and variations in operating conditions.

Assumptions and restrictions.- In the present analysis the fol-
lowing assumptions apply: (1) The airplane on which the records were
taken 1is a representative low-altitude, short-haul, transcontinental
airliner and the sample is representative of routine operations.

(2) The acceleration and gust experiences of an airplane may be
adequately defined by their respective frequency distributions; that
is, the frequency with which various values of acceleration or gust
velocity are experienced. Although the sequence of accelerations in
gusts may be of interest in some problems, it is beyond the scope of
the present study.

The present investigation was restricted to values of acceleration
increment An above 0.3g and the equivalent levels of gust intensity,
since reading to a lower level increases tremendously the amount of
work without yilelding a corresponding increase in the value of the data.
Because of the relative infrequency of the larger values of accelera-
tion and gust velocity, very long sampling periods would be required
to obtain enough data for reasonable accuracy at the higher values.

The present investigations with the NACA VGH recorder are therefore not
aimed at determining the frequency of the very large gusts and accelera-
tions but are restricted to the lower values of gust velocity and
acceleration. Supplementary information on the frequency of the larger
gusts and gust loads, as may be obtalned from V-G records, is therefore
required for use with the VGH data to obtain a complete gust and gust-
load frequency distribution.




4 ‘ NACA TN 2663

INSTRUMENTATION AND ATRPLANE

The data presented herein were collected with an NACA VGH recorder,
which is described in detail in reference 2. The instrument consists
of three main parts, a base containing the recording elements and a
l-minute timer, a film drum, and a remote acceleration transmitter.

The film drum contains a 200-foot roll of recording photographic paper
which is driven at the rate of approximately 2 feet per hour to obtain
a time history of acceleration, airspeed, and altitude. The acceler-
ometer transmitter was mounted rigidly within 2 feet of the operating
center of gravity of the airplane. A photograph of a sample portion
of a record is shown in figure 1.

The characteristics of the airplane are described in the following
table:

Design gross weight, pounds . . . . . . . . . . . . . . . . . . 39,900
Wing span, feet . . . ¢« ¢« ¢« « ¢ ¢ ¢ ¢ ¢ v 0 v vt e vt e e . 93
Mean aerodynamic chord, feet . . . . . . . . ¢« . ¢ . ¢ o . . . 10.1
Wing aren, square £EBH .« « « v « « 4 0 4 4 4 e e e e e e e e 864
Aspect ratio, A . . . . . . . e e e e e e e s e e e e e 10.1 -
Design level airspeed, miles per hour e e e e e et e e e e 256
Never-exceed airspeed, miles per hour . . . . « « + « « « « « . 202
Slope of 1lift curve per radian . . . ¢ ¢ ¢« ¢« ¢ 4 ¢ ¢ ¢« e .o . . 5 o
Limit load factor, g units . . . e e e e e e e e e e e e .. 2.8
Alleviation factor, K (reference l) e e e e e e e e e e e .. 1.6

Most of" the airplane characteristics were obtained from the design
manual. The slope of the 1lift curve was estimated from the relation

152}7§,'where A is the aspect ratio. The alleviation factor K was
based on an average operating weight estimated as 85 percent of the
gross weight.

PRECISION

The accuracy of the data presented herein depends on three factors:
(1) Inherent instrument errors
(2) Installation errors

(3) Reading errors
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The inherent instrument errors and a general discussion of
installation errors are covered in reference 2. The inherent errors
of the accelerometer transmitter depend on the dynamic response of the
instrument and the accelerometer temperature. The operating tempera-
ture for the present tests was generally gbove the minimum temperature
required for satisfactory operation. Over the range of the present
acceleration-increment date (from 0.3g to *l.4kg and up to 5 cycles per
second), the instrument is accurate to within #0.02g. The airspeed
cell has an inherent accuracy of from about +2 miles per hour at
100 miles per hour to about 1.5 miles per hour at 250 miles per hour.
The altitude cell has an inherent accuracy which varies from about
+30 feet at 2000 feet to about +65 feet at 20,000 feet.

The particular installation met the basic installation require-
ments given in reference 2 and the installation errors are believed
to be negligible for present purposes. The reading errors could be of
a systematic or a random nature, but all check readings have indicated
that most of the reading errors were of a random nature. Reading
accuracy was estimated to be within about £0.01 inch. TFor the
accelerometer trace the maximum reading error was therefore estimated
at #0.03g. The maximum reading error of the airspeed trace was
estimated to vary from *3 miles per hour at 100 miles per hour to
+]1 mile per hour at 250 miles per hour. The maximum reading error of
the altitude trace was estimated to vary from £120 feet at 2000 feet
to *235 feet at 20,000 feet.

Based on the foregoing considerations, the following maximum
total error was estimated for each of the quantities:

Acceleration, g . . . - 0 )5
Airspeed, miles per hour
at 100 miles PEr HOUT « « « ¢ « & o o o o o o o s o s o o o o = B
at 250 miles PETr HOoUT .+ « v « & ¢ o o« o o o o o o o o+ o o .« F2.5
Altitude, feet
at 2000 feet . . & ¢ v & 4 it h i e e e e e e e e e e s . . . 150
at 20,000 feet . . . ¢ . ¢ . 4 i 4 i i e v e e e s e e . . . %300

The derived results in the analysis are averages of a number of
observations, so that the random errors would be expected largely to
disappear. The over-all errors listed in the table are small and would
have only a minor effect on derived results. The sampling veriations
might be expected to have larger effects on the results; their magni-
tude is discussed in a subsequent section.
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SCOPE OF DATA

\

The sample consisted of 14 VGH records covering 834 hours of
scheduled transport operations. The airplane was used as a short-haul
passenger airliner and was flown over a northern transcontinental route
of the United States. Records were obtained during the 9-month period
from April 1949 to December 1949 and their scopes are summarized in
table I. The distribution of the flight hours by month (fig. 2) indi-
cates that, except in June, more . .than 50 hours of record were obtained
for each of the 9 months of the period covered, with a maximum of
about 180 hours for October.

The cabin of the airplane was not pressurized and the operating
altitudes were generally less than 10,000 feet above mean sea level
except for very short periods when the airplane was Tlown above this
altitude for the purpose of terrain clearance or the avoidance of
turbulence. The average flight duration was roughly 1 hour. The dis-
tribution of flight distance by altitude above terrain for each month
(fig. 3) indicates that about 65 percent of flight distance was within
5000 feet of terrain and less than 2 percent was more than 10,000 feet
above terrain. These figures are approximate because the actual path o
of each of the flights could not be reproduced by simple means.

During part of the period covered by the record (from April -
through June), the airplane was operated under special cautionary
restrictions: "do not operate the aircraft in excess of ninety percent
of the placard V,. [never-exceed speed] and Vo [normal operating speed]
speeds . . . In the event any turbulence is encountered in flight,
immediately reduce the speed to a maximum of 170 MPH and further reduce
the speed to a maximum of 150 MPH dependent upon the severity of the
turbulence." These restrictions, which are discussed subsequently,
may have influenced the representativeness of the data obtained both
while they were in force and afterward.

EVALUATION OF RECORDS

For the purpose of evaluation, each flight of the record was sub-
divided into three flight conditions, climb, en route, and descent (as
illustrated in fig. 1 and described in reference 3). The climb condi-
tion was considered to begin at take-off and to end when the record
vindicated that the airplane began maintaining a relatively constant
altitude. The descent condition was assumed to commence when the
record indicated that the airplane began consistently losing altitude
and to end when the airplane landed. The en-route condition was con-
sidered to be in effect during the interval between the climb and
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descent conditions and necessarily contained some changes in altitude
for such reasons as avoidance of turbulence and terrain clearance.

The evaluation of data on operating altitudes was based on altitude
above terrain In order to correlate the turbulence encountered with
proximity to the ground. Inasmuch as the relation of turbulence to
broad altitude ranges was of primary Interest, the figures for altitude
above terrain were based on terminal altitudes, without consideration
of variations of terrain between terminals. For the climb condition,
the pressure altitude at the point of take-off was subtracted from the
climb pressure altitudes. For the en-route condition, the average
pressure altitude of the take-off and landing points was subtracted
from the en-route pressure altitudes. For the descent condition, the
pressure altltude at the point of landing was subtracted from the
descent pressure altitudes.

The evaluation of the accelerometer trace consisted in counting
all acceleration increments above a threshold of +0.3g. In addition,
all acceleration increments above 0.5g and thelr corresponding airspeeds
and altitudes were tabulated. Comparison of the frequency distribution
of positive and negative gusts on several of the records Indicated that
the differences were minor. It was assumed in this analysis, therefore,
that positive and negative acceleration increments occurred with equal
frequency, and hence/they have been combined.

The effecfive gust velocities were evaluated from the acceleration
increment and the associated airspeed by means of the sharp-edge gust
equation:

U. = W An
€ KpoVeaS

where
An acceleration increment measured at center of gravity, g units
Po sea-level density of air (0.238 x 1073 slug per cubic ft)
K gust alleviation factor (fig. 1 of reference 1)
a slope of 1lift curye per radian
W operating weight, pounds
S wing area, square feet
Ue effective gust velocity, feet per second

Ve equivalent alrspeed, feet per second
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Since detailed information on the operating weights was not available,
an average operating weight of 85 percent of gross weight, which avail-
able informatlion indicates as representative, was used in the evalua-
tion of effective gust velocities.

The determination of the airplane gust and gust-load history from
center-of-gravity measurements of acceleration can be influenced. by
dynamic effects of wing flexibility on such measurements. A flight
investigation of the effect of transient wing response in rough air
upon acceleration measurements at the center of gravity of this type of
airplane was reported in reference 4. The results indicated that under
dynamic conditions the center-of-gravity measurements of acceleration
increments in rough air are about 20 percent higher, on the average,
than the wing nodal-point accelerations, which are considered to be
more representative of the airplane accelerations. This 20-percent
amplification appeared to be independent of the weight and speed of
the airplene. The results of reference 4 were applied in the present
investigation and the airplane acceleration increments An¥* were
obtained from the center-of-gravity measurements An by the relation

_An
An* =35

In order to preserve the integrity of the original data for the
purpose of statistical calculations, the center-of-gravity accelera-
tions An are given in the tables. In the figures, however, the cor-
rected airplane accelerations An* and the corresponding gust veloci-
ties Ug* are used.

The distributions of airspeed were obtained from a tabulation of
the indicated airspeeds at l-minute intervals. This simple, rapid
procedure has been found to give a good approximation of the distribu-
tion obtained by a more detailed evaluation.

RESULTS

Distribution of acceleration increments.- The frequency distribu-
tion of acceleration increments by altitude brackets of 5000 feet for
the last nine records was evaluated and the results are summarized in
table II. These results are considered representative of the present
tests. The frequency distributions of acceleration increment An by
flight condition and season of the year for the entire sample are sum-
marized in tebles III and IV, respectively. The over-all cumulative
frequency distribution of An¥* (fig. 4) indicates the number of times
a given value of acceleration increment An¥ was exceeded. The smooth
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curve shown in the figure represents a faired line inasmuch as the dis-
tribution appeared to follow no simple analytic form.

Distribution of effective gust velocity.- The frequency distribu-
tions of effective gust velocity for 5000-foot altitude brackets, flight
condition, and season of the year are summarized in tables V, VI,
and VII, respectively. These distributions were based on the evalua-
tion of gust velocitlies for acceleration increments greater than 0.5g.
The over-all cumulative frequency distribution of Ue is shown in
figure*5. For comparison, estimates of the frequency distribution
of Ug" for the present tests based on the A and B distribution curves
of reference 1 and the average path ratio of 0.1 derived therein are
also shown on the figure. The cumulative frequency distributions of Ug
by altitude, flight condition, and season of the year are shown in
figures 6 to 8 in terms of the average frequency with which given
values of Ue* were exceeded per mile of flight.

*

The procedure of evaluating gust velocities for only the accelera-
tion increments An® based on values of An greater than 0.5g neces-
sarily yields incomplete counts of the lower gust velocities Ué*

(7 to roughly 10 feet per second). Additional gusts of these magnitudes
undoubtedly occurred at lower-than-average airspeeds and higher-than-
average airplane weights and accordingly yielded acceleration increments
below 0.5g. These gusts consequently were not evaluated. In order to
correct the results for this deficiency and extend the data to lower
values of gust velocity, the average gust velocity corresponding to

pn¥ = 0.25g (the frequency of which is known) was estimated from the
sharp-edge gust equation for an airspeed of 200 miles per hour, the
approximate average speed in rough air for the present data. The result
(roughly 5 feet per second) is plotted in figure 5.

Distribution of airspeed.- Figure 9 gives the frequency distribu-
tion of airspeed for each flight condition. In order to compare these
data with the airspeeds used in rough air, the distributions of air-
speed at which the acceleration increments An greater than *0.5g were
encountered have been plotted as dashed curves.

STATISTICATL RELTIABILITY OF RESULTS

The reliability of results obtained from the sampling of opera-
tional gust-load experience depends upon two considerations, the quality
and. the quantity of the data collected. If interest is in a certain
type of operation, the sample chosen must cover all the important
conditions which make up that type of operation. The adequacy of the
present sample in representing low-level transcontinental transport
operations may be subject to some question because of the special
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restrictions placed on the operations. These restrictions were not
considered to influence unduly the frequency with which gusts, partic-
ularly those of small intensity, were encountered but might have had a
significant effect on the operating airspeeds in rough air.

In addition to being representative of the operations under con-
sideration, the sample must be of sufficient size to insure that the
random or sampling fluctuations are largely removed. Statistical
theory provides means of arriving at quantitative estimates of the
reliability of sampling results in terms of "confidence bands." Statis-
tical methods were therefore applied to the available data to arrive at
confidence bands for some of the results. The frequency distributions
of An for each of the individual records are shown in table VIII.

The frequencies with which the given values were exceeded for each
record may be considered random and independent measures of the average
loading frequency. The general methods of reference 5 were applied to
the data of table VIIT to estimate 95-percent confidence bands for the
over-all distribution of An* (fig. 4). These confidence bands or
lines provide a measure of the over-all sampling reliability of the
present results and indicate the range within which the true value
(value for extended operations) may be expected with a probability of
95 percent.

DISCUSSION

Acceleration increment.- The cumulative frequency distribution
indicates that roughly 20,000 acceleration increments An¥* ‘greater
than 0.25g were experienced during the 834 hours of operation (fig. 4).
The largest acceleration increment was about 1.1g and only two values
were greater than lg. The observed distribution is fairly regular and
to a first approximation appears linear on the semilogarithmic plot.
The data seem to indicate that the larger accelerations occur more
frequently than would be expected from a linear distribution.

The 95-percent confidence bands shown in figure 4 for the present
data covering 834 hours of flight cover a range of roughly 2 to 1
at 0.25g, increasing to a range of roughly 15 to 1 at about 0.6g. If
the determination of the frequency of applied loads within a range of 2
to 1 is considered adequate, the present results indicate that samples
of roughly 1000 hours-are required to determine the loading frequency
at the smaller intensities (0.25g to O.4g). In order to obtain the
same precision. at higher values, say 0.6g, much larger samples of VGH
data, covering perhaps 5000 hours, would be required.

Gust veloéitf.5>Tﬁe}frequéné&4distribution of U* (fig. 5) indi-
cates that roughly 20,000 gusts greater than about 5 feet per second
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(an average of one per 8 miles of flight) were encountered. Comparison
with estimates obtained from the A and B curves of reference 1 indi-
cates that the present results are substantially lower than would be
predicted by the results of the reference. The figure shows that the
gust frequencg is very semnsitive to a change in gust velocity; a small
change in Ue™, say 10 percent, may change the frequency by a factor
of 2. The correction of the present data for dynamic-response effects
and the different practices used in determining the slope of the 1ift
curve account in large part for the differences between the present
results and the A and B curves of reference 1.

Effects of altitude.- Comparison of the gust experiences for
operations above and below 5000 feet above terrain (fig. 6) indicates
that the frequency of encountering the smaller gusts per mile of flight
is almost twice as great below 5000 feet as between 5000 and 10,000 feet.
The observed differences are statistically significant, being appre-
clably larger then might be expected from sampling variations.

At the larger gust velocities the present data (fig. 6) suggest
that the gust frequency may be greater between 5000 and 10,000 feet
than below 5000 feet. This result may be due partly to the tendency of
the pilot to fly at the higher altitudes when trying to avoid turbulence,
but it may also be associated with the physical processes which suggest
that turbulence should be more severe at the higher altitudes, where
thermal currents and clouds may be expected to be more fully developed.

Flight condition.- Consideration of figure 7, in which the gust
distributions are separated on the basis of the three flight conditions -
climb, en route, and descent - indicates that per mile of flight
the greatest number of gusts are encountered in the climb condition and
the least number during the en-route condition. The greater frequency
of gusts in climb and descent than in the en-route condition is statis-
tically significant and appears to be a result of the proximity of
terrain during these conditions; the greater frequency of gusts at the
lower levels has been noted previously. The differences between the
climb and descent conditions appear small and may be the result of some
systematic discrepancy in the evaluation.

Season of the year.- The separation of the data by season (fig. 8)
indicates that at the lower gust velocities (9 to 11 feet per second)
fewer gusts per mile of flight were encountered during the summer season
than during any of the other seasons considered. The frequency of gust
encounters for the summer season averaged roughly half the frequency
for each of the other two seasons, whereas the largest number of small
gusts per mile of flight was experienced during the spring season.

These results are somewhat s rising since it might be expected that
turbulence would be most frequent during the summer season when )
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convective activity is at its highest. Figure 3 indicates that the
pilots had some tendency to fly at higher altitudes during the summexr.
If this higher altitude level for summer flying is the result of
attempts to climb above low-level rough air, the present indications
that the frequency of the lower gust velocities is least for the summer
season may be due largely to the operational practices and may not
reflect the real differences in the frequency of turbulence between
seasons. :

The data of figure 8 indicate that the larger gust velocities
were encountered most frequently during the fall season and least
frequently during the summer season. These results may be due in part
to the higher winds during the spring and fall, particularly over
mountainous terrain. Another factor probgbly of importance is the
prevalence during the fall snd spring seasons in the United States of
well-developed convective clouds, assoclated with frontal systems and
squall lines, which are difficult to avoid. In contrast, the generally
more isolated thunderstorms of the summer months are, as a rule, easlily
circumnavigated.

The absence of data for the winter season is unfortunate, since
unpublished V-G data indicate that this season may be the most turbulent
for the present type of operations. As a consequence, the present
results may underestimate the over-all gust frequency. The discrepancy
is estimated, however, to be at most 20 percent of the gust frequency.

Airspeed.- The airspeed distributions of figure 9 indicate that
for any given flight condition apprecisgble variations in airspeed exist.
As expected, the climb speeds are in general lower than the en-route
and descent speeds. The very low speeds noted during the descent,
ranging from 120 miles per hour to perhaps 160 miles per hour, are
probably associated with maneuvering during approach and landing, which
under the present classification was included in the descent condition.

Comparison of the over-all distributions of airspeed with the dis-
tribution of airspeeds at which accelerations greater than 0.5g were
encountered indicates that some reduction of airspeed was practiced in
rough air during the descent and en-route conditlions. These reductions
do not appear consistent and were probably influenced by the gust
intensity, but they appear. to average about 15 and 20 miles per hour
for the en-route and descent conditions, respectively. The small magni-
tude of the average airspeed reduction is probably due in part to the
pilots' inability to anticipate rough air and also to the time required
to slow down once rough air is encountered. For the climb condition,
the results indicate that the pilots had a tendency to increase air-
speed in rough air. This increase is probably due to the pilots’
desire to maintain better control and avoid an accidental stall.
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These results support previous indications that in normal trans-
port operations many pilots reduce airspeed in rough air during descent .
and en route. The reduction of airspeed in the présent date is, however,
not large, averaging only about 10 percent of the average airspeed.

Over-all gust history.- Structural design considerations require
an estimate of the gust history for the entire life of an airplane. As
previously mentioned, VGH records do not provide a very practical means
of obtaining information on the frequency of the larger gust velocities
because of the large semple sizes required to obtain relisble estimates.
V-G records for the present airplane type, flying the same route, are
available for some 40,000 hours of operation. The information on the
frequency of encountering gusts of various intensities, obtained from
the present VGH data and the V-G data, is summarized in figure 10 in
terms of the average flight miles required to exceed given values of
effective gust velocity. The values were obtained by dividing the
total number of miles flown by the number of times given values of gust
velocity were exceeded. Although the results for the two sets of data
are not directly comparable, owing to differences in evaluation tech-
niques, theoretical considerations indicate that they should be
asymptotic near the largest value recorded in the V-G data. The faired
line in figure 10 indicates the approximate relation over the entire
range of Ue* and takes into account the tendency of V-G data, due to
the envelope nature of the record, to underestimate the frequency of
all but the largest gust velocity encountered. The results shown indi-
cate that the average number of flight miles required to exceed velues
of Ue* increases rapidly from about 8 miles for gusts of 5 feet per
second to 20,000 miles for gusts of 20 feet per second and 4,000,000 miles
for gusts of 40 feet per second.

The V-G data seem to reflect somewhat higher gust velocities than
the VGH data (fig. 10). This result mey be partly due to the absence
of VGH data for what may be the most turbulent portion of the year, the
winter season, but it may also be the result of the evaluation tech-
niques used in deriving gust data from V-G records.

Limitations.- The present results represent conditions for low-
level operations over land in a temperate climate and are not applicable
to airplenes operating under other conditions, such as at higher alti-
tudes and over water routes, since avallable evidence suggests that the
gust experience and operating conditions may be very different for these
operations. A need therefore exists for additional data on the fre-
quency of gustiness and the operating practices for these other types
of operations.
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SUMMARY OF RESULTS

An evaluation of 834 hours of VGH records from normal operations
of a low-altitude transcontinental transport airplane has yielded the
following results:

1. Roughly 20,000 acceleration increments greater than 0.25g and
effective gust velocities greater than 5 feet per second (an average
of one per 8 miles of flight) were encountered during the operations.

2. A synthesis of V-G and VGH data for the present operation, made
in order to extend the VGH results to the larger gust velocities, indi-
cates that the average number of miles required to exceed various effec-
tive gust velocities were: 8 miles for gusts greater than 5 feet per
second, 20,000 miles for gusts greater than 20 feet per second, and
4,000,000 miles for gusts greater than 40 feet per second.

3. Between altitudes of 5,000 and 10,000 feet above terrain, about
one-half as many gusts per mile of flight were encountered as at
altitudes below 5,000 feet.

k. The least number of gusts per mile of flight were encountered
during the en-route flight condition, for which the gust frequency
averaged roughly one-third to one-half that for the climb and descent
conditions.

5. For the three seasons covered by the present data (winter
excluded), the least number 6f gusts per mile of flight were encountered
during the summer months, when the average gust frequency was gbout half
as great as during the spring and fall months.

6. The airspeeds in rough air during the en-route and descent con-
ditions were on the average about 10 percent lower than the over-all
airspeeds for each condition. During the climb condition, however, the
airspeeds in rough air were on the average higher than the over-all
airspeeds in that condition.

T. Sample sizes of the order of 1000 hours of time-history record
permit the determination of the gust-loading frequencies for the smaller
intensities (0.25g to 0.4g) within a range of frequency of about 2
to 1. Much larger sample sizes are required, however, to obtain the
same precision at the higher intensities.

Langley Aeronautical Laboratory
Netional Advisory Committee for Aeronautics
Langley Field, Va., November 19, 1951
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TABIE I
SCOFPE OF VGH RECORDS
Number | Number | AVeT8€e | 1ngicateq
Record Date Date of of indicated £light
number installed| removed flights | hours aifspeid miles
mph
1 8y 315-49 | &5-1-19 75 65.2 197.3 | 12.9 x 103
2 5-1-49 5-13-49 T1 63.6 202.0 12.8
3 85.13-49 | 85-19-49 36 3k.9 201.6 7.0
4 a6-28-49 | &7-10-k49 66 65.9 201.2 13.3
5 ag-5-Lg a8-17-49 51 51.9 196.4 10.2
6 a8-17-49 8-30-49 T2 65.3 199.3 13.0
7 a8-30-49 9-8-49 70 61.1 199.8 12.2
9 a9-25-49 | 8#10-2-149 71 6h.7 202.3 13.1
10 a10-2-49 10-10-49 66 62.8 201.8 12.7
11 810-13-49 | 10-26-49 66 6l1.2 207.9 12.7
12 2)0-26-49 | 11-5-Lg 63 61.1 210.6 12.9
13 a11-6-49 11-19-49 yal 58.1 203.0 11.8
1k 11-19-k9 | 12-1-k49 56 61.0 207.0 12.6
15 12-1-49 12-16-49 60 57.1 209.4 12.0
TotALl | ~ommmmmmm | —mmmmeee 89k 1833.9 | ---e- 169.2 x 103
Average | —---mmee | cocmmone 6L 59.6 | b202.8 | 12.1 x 103
8Estimated date. W'

bWeighted average.
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TABLE II
FREQUENCY DISTRIBUTION OF ACCELERATION INCREMENTS BY
ATTTTUDE ABOVE TERRATN
[Last nine records]
Frequency distribution

An Total

(g units)

0 to 5000 £t | 5000 to 10,000 £t
0.30 to 0.49 10,370 1472 11,842
.50 to .59 %00 91 4ol
.60 to .69 126 32 158
.70 to .79 38 13 51
.80 to .89 1k 5 19
.90 to .99 10 6 16
1.00 to 1.09 3 0 3
1.10 to 1.19 0 1 1
1.20 to 1.29 0 1 1
1.30 to 1.39 1 o . 1
Total 10,962 1621 12,583
Distance flown | oo ¢ o 103 35.4 x 103 113.0 x 103

e g e e e e
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TABLE TIIT
FREQUENCY DISTRIBUTION OF ACCEILERATION INCREMENT

BY FLIGHT CONDITION

Frequency distribution
an Total
(g units) Climb En route Descent

0.30 to 0.49 1655 8311 9440 19, ko6

.50 to .59 58 Teo) 368 826

.60 to .69 27 127 99 253

70 to .79 8 36 33 7

80 to .89 3 9 9 21

90 to .99 3 13 3 19

1.00 to 1.09 1 1 1 3

1.10 to 1.19 0 2 0 2

1.20 to 1.29 0 1 0 1

1.30 to 1.39 1 0 0 1

Total 1756 8900 9953 20,609
Dis?;?izs§l°“n 12.8 x 103 | 109.7 x 103 | 6.7 x 103 | 169.2 x 103




NACA TN 2663 19
TABLE IV
FREQUENCY DISTRIBUTION OF ACCELERATION INCREMENT BY
SEASON OF THE YEAR
Frequency distribution
An
(g units) Spring Summer Fall Total
3-21 to 6-21 | 6-21 to 9-21| 9-21 to 12-21
0.30 to 0.49 5849 4081 9,476 19,406
.50 to .59 238 170 418 826
.60 to .69 71 46 136 253
.70 to .79 22 12 43 7
.80 to .89 2 2 17 21
.90 to .99 3 0 16 19
1.00 to 1.09 0 0 3 3
1.10 to 1.19 1 0 1 2
1.20 to 1.29 0 0 1 1
1.30 to 1.39 0 0 1 1
Total 6186 4311 10,112 20,609
£
Dis?i?izs)lown 32.7 x 103 | 48.7 x 103 | 87.8 x 103 |169.2 x 103
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TABLE V
FREQUERCY DISTRIBUTION OF EFFECTIVE GUST VELOCITY BY

ALTTTUDE ABOVE TERRATN

Frequency distribution
Ue Total
(£ps) 0 to 5000 £t | 5000 to 10,000 £t
9.0 to 9.9 113 oL 137
10.0 to 10.9 122 35 157
11.0 to 11.9 88 37 125
12.0 to 12.9 61 21 82
13.0 to 13.9 50 7 57
1%.0 to 14.9. 35 T 4o
15.0 to 15.9 28 3 31
16.0 to 16.9 5 3 8
17.0 to 17.9 5 L 9
18.0 to 18.9 9 1 10
19.0 to 19.9 7 0 7
20.0 to 20.9 3 2 5
21.0 to 21.9 3. 1 4
22.0 to 22.9 2 1 3
23.0 to 23.9 0 1 L 1
(A e A A e e Al PN St s N A AN A A v, AN A A Pcne P
28.0 to 28.9 1 0 1
Total 532 147 679
Distance flown
(miles) 77.6 x 103 35.4 x 103 113.0 x 103

W
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TABLE VI
FREQUENCY DISTRIBUTION OF EFFECTIVE GUST
VELOCITY BY FLIGHT CONDITION
U Frequency distribution
€ Total
(fps) Climb- En route Descent
9.0 to 9.9 L 139 62 205
10.0 to 10.9 10 160 151 321
11.0 to 11.9 22 86 100 208
12.0 to 12.9 12 8L 58 154
13.0 to 13.9 21 34 4o 97
1k.0 to 1k.9 11 19 28 58
15.0 to 15.9 10 15 17 ko
16.0 to 16.9 3 4 4 11
17.0 to 17.9 1 6 6 13
18.0 to 18.9 2 6 2 10
19.0 to 19.9 1 3 3 K
20.0 to 20.9 2 2 1 5
21.0 to 21.9 1 2 i i
22.0 to 22.9 0 2 1 3
23.0 to 23.9 0 1 0 1
AL AN NN LN NN e N e e A
NWWWP/\WWW
28.0 to 28.9 1 0 0 1
Total 101 563 k76 1140
Disf;?izs§1°wn 12.8 x 103 | 109.7 x 103 | 46.7 x 103 | 169.2 x 103
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TABLE VII
FREQUENCY DISTRIBUTION OF EFFECTIVE GUST
VELOCITY BY SEASON OF THE YEAR
- Frequency distribution
e
(fps) Spring Summer Fall Total
3-21 to 6-21 | 6-21 to 9-21 | 9-21 to 12-21
9.0 to 9.9 36 54 115 205
10.0 to 10.9 120 T2 129 321
11.0 to 11.9 62 45 101 208
12.0 to 12.9 57 30 67 154
13.0 to 13.9 29 16 52 97
14.0 to 14.9 15 2 k 58
15.0 to 15.9 10 4 28 ko
16.0 to 16.9 3 1 T 11
17.0 to 17.9 L ’ 0 9 13
18.0 to 18.9 0 1 9 10
19.0 to 19.9 0 0 T 1
20.0 to 20.9 0 1 4 5
21.0 to 21.9 0 0 N n
22.0 to 22.9 1 0 2 3
23.0%023.9 | 0 0 1A 1
28.0 to 28.9 0 0 1 1
otal 337 2206 577 1140
bis?ﬁgizsfl°wn 32.8 x 103 | 48.7 x 103 | 87.7 x 103 {169.2 x 103




TABLE VIII

FREQUENCY DISTRIEUTIONS (F ACCELERATION IRCREMERTS FOR TNDIVIDUAL RECORDS

Frequancy distribution for record -

B
5
E

G

§ units) 1 2 3 5 5 6 7 9 10 1 12 13 14

0.30 to 0.49 | 2Be7 2lag 603 503 1212 1260 1106 965 3313 120k 1116 519 - Yid 8&2 19, k06

0.50 to 0.59 130 % 16 29 8 34 P h3 159 37 39 1h 103 21 B26
0.60 to 0.69 b1, 28 2 10 1k 12 10 9 & 6 10 ] 1 5 253
0.7T0 to 0.79 5 15 2 e 2 6 2 h eh 1 1 2 10 1 7
0.80 to 0.89 0 2 o o o 1 1 1 13 i 1 0 1 0 21
0.90 +0 0.99 ) 1 2 0 0 ) 0 0 1e 0 1 0 3 0 19
1,00 to 1.09 0 0 o 0 o 0 0 o 2 0 0 0 1 0 3
1.10 to 1.1§ 1 0 0 0 0 0 o 0 1 0 0 0 0 0 2
1.20 t0 1.99 0 0 o 0 0 0 0 o 1 0 0 0 0 0 "1
1.30 to 1.39 a 0 0 0 0 o 0 0 1 0 0 o 0 o 1
Total 3004 eas7 623 Skl 1296 1313 1138 10k 3608 129 1168 535 1621 889 20,609

mmn{m 12,903 12.8x103[ 7.0x103| 13. 3x103{ 10.2103[ 13. 0x203 12.2a03| 13. 103 12.7x103{ 12. 7x103] 12.9x103 |12.8x103 |12. 6x103 [12. 0%103] 165, 2x003

£992 NI VOVN

€2
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Figure 2.- Number of hours of VGH record obtained each month.
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Figure 10.~ Composite curve of the miles to equal or exceed a given gust
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