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Summary of Flight Load Environmental Data
Taken on B-52 Fleet Aircraft

Joun B. DEMpSTER* AND CLARENCE A. BrLLf
The Boeing Company, Wichita, Kansas

This paper presents a summary of gust and maneuver environmental data recorded on a
large number of B-52 aireraft during fleet operations. Random gust environment concepts
and power spectral density analysis techniques were used in the data reduction, and the re-
sults are presented in a general form considered useful for calculation of load history on air-
craft. Comparisons are made with the environment presented by government specifications
and other publications. Discussions of the use of this data for the determination of struc-
tural reliability are included. Approximately 15,000 hr of flight data have been recorded and
converted to a suitable statistical form. Emphasis is given to low-level flight load environ-
ment, and effects of type of operation, season of the year, and type of terrain are indicated.
Estimates of the extreme values of the gust velocities are made based on fleet experience. Al-
though many programs have been conducted to define the structural load environment
caused by random gusts and maneuvers, this paper includes the following features generally
lacking in other presentations of this type of information: 1) statistical reliability is high
because of the large quantity of recorded data, 2) an indication of the extreme values of the
environment is given, 3) data are presented for altitudes from low level to above 30,000 ft, and
4) vertical and lateral environments are compared.
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Nomenclature

A = ratio of rms response to rms gust velocity

F(o,) = cumulative probability distribution of rms gust ve-
locity

L = sgcale of turbulence (1000 ft)

M(y) = average number of crossings per second with positive
slope of specified response level

M(y.) = average number of crossings per second with positive
slope of ultimate load for specified response

Ny = average number of crossings per second with positive
slope of mean level for specified response

P,, P, = turbulence parameters used in functional representa-
tion of environment

R(y,) = structural reliability in terms of number of lifetimes
per ultimate load

T,(©) = frequency response function for specified response

T = airplane true airspeed, {ps

by, by = turbulence parameters used in functional representa-
tion of environment

d; = distance flown in 7th data block or mission segment

fley) = probability density distribution of rms gust velocity

ts = time in seconds for 7th mission segment per lifetime

Y = response item

Yu = ultimate value of response item

®,(Q2) = power spectral density function for specified response

$,(Q) = powerspectral density function for gust

194 = reduced frequency, rad/ft

oy = rms gust velocity

Introduction

HE need for the best information possible on gust and

maneuver environment for aircraft design is sclf-evident.
As a result, several load history programs were conducted
during the past few years and are being continued to provide
this description of the environment. These programs were
initiated to obtain repeated load experience for structural
fatigue evaluations. However, the results are applicable to
define structural reliability for overload as well as use in
fatigue evaluations.
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Much effort has been devoted during the past decade to
describe the atmospherie turbulence as a continuous (rather
than discrete) process and to the use of spectra for analysis
of gust velocities and dynamic response of aircraft.! This
analysis technique allows the determination of the airplane
response to random atmospheric turbulence. The determi-
nation of the response power spectrum depends on a knowledge
of the power spectral density of atmospheric turbulence and
the frequency response function of the airplane. Assuming
a Gaussian probability distribution of the disturbance, the
average number of times per second that a given level of the
response is crossed may be obtained from the power spectrum.
The expected number of times a particular load will be ex-
ceeded may be estimated from this statistical description of
the airplane response time history. In the same manner the
design ultimate load may be determined from given structural
reliability criteria. Therefore, use of the power spectral
analysis technique provides a rational approach to the de-
termination of structural reliability or design load require-
ments as related to random atmospheric turbulence.

The success of the application of these random disturbance
analysis procedures depends on the determination of the
disturbance environment. The atmospheric turbulence
model assumed in this paper is made up of discrete patches
of disturbances of different mean square intensity; each is
Gaussian, stationary, and with the same spectral shape.
The deseription of the atmospheric turbulence is then given
in terms of a spectral shape and the probability distribution
of the rms gust velocity. This information represents the
heart of the probability approach and allows the determina-
tion of the statistical load environment for any assumed
mission and any aireraft.

This paper presents a description of the probability dis-
tribution of the rms gust velocity derived from a large sample
of flight load environment data taken on B-52 aireraft. The
derivation of this deseription of the turbulence environment
is based on an assumed spectral shape and theoretically de-
termined transfer functions.

The major portion of this paper is devoted to the presenta-
tion and discussion of the gust and maneuver load environ-
ment, data recorded on B-52 fleet aircraft. A discussion of
the application of these results for the determination of
structural reliability or design loads is also given. The
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final conclusions reached are discussed, and the areas are
noted that should be considered for future research.

Calculation of Operational Flight Loads Data

A statistically large sample of flight load history data was
recorded on all of the models of the B-52 aircraft during all
of the phases of fleet operation for approximately two years.
The objective of these service load recording programs was
to expedite the collection of flect load experience on the B-52
that would provide a basis for determining or re-evaluating
the loading spectrum for full-scale cyclic tests and to refine
estimates of airplane service life. An additional objective
was to investigate the low-level environment. In this paper,
low level is considered as operation of the aircraft at low
absolute altitudes, generally less than 1000 ft above the
terrain. The load history data obtained from these programs
provided the opportunity to define the atmospheric turbu-
lence environment using a large sample of data collected
and reduced on one aircraft configuration under carefully
controlled conditions.

Acquisition of Data from Fleet Aireraft

The fleet load history data was collected from January
1962 to January 1964. The recording of this data is con-
tinuing at present. The load history instrumentation con-
sisted of provisions for recording veloeity, vertical acceleration
at the airplane center of gravity, altitude, and other control
parameters used in the data editing process. In addition, a
stress gage was installed on the empennage of some aircraft
to measure a parameter sensitive to the lateral environment.
The time histories were recorded on oscillograph-type re-
corders. The recordings began with brake release, continued
throughout the entire flight, and ended after the final taxi.
By the end of January 1964, over 50,000 hr of load history
data were recorded during these fleet load history programs.

Data Reduction Program

The general data reduction program consisted of counting
the positive and negative acceleration and stress time history
peaks and sorting these peaks into categories with respect
to amplitude, airplane configuration, and flight condition.
Only primary peaks were counted, where a primary peak is
defined by the maximum excursion between consecutive
crossings of the mean level. The categories of airplane
configuration included model, external store configuration,
and gross weight as shown in Table 1. The categories of
flight condition considered were airspeed, altitude, and mis-
sion segment as shown in Table 2. All of the recorded data
were reviewed for unusual load history occurrences and to
determine the relative importance of each mission segment.
The method used to select the records for additional analysis
was designed to provide a random sample with an even dis-

Table 1 Airplane configuration data block categories

External store

Model configuration (iross weight, 1b
B-52B None 200-240,000
B-52C-F 2 AGM 28’8 (GAM 77 Hound  240-280,000

B-52G Dog Missiles)
B-52H

280-320, 000
320-360,000
360-400,000
400-440, 000
440-450,000
450-460 , 000
460-470,000
470-480,000
480-490,000
Above 490,000
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Table 2 Flight condition data block categories

Airspeed, knots Altitude, ft Mission segment

0-150 Low level Taxi
150-200 0-10,000 Takeoff and landing roll
200-250 10-20,000 Landing impact
250-300 20-30,000 Ascent
300-350 30-40,000 Cruise
350-400 Above 40,000 Descent
Above 400 Low level
Refueling

tribution with respect to month, Air Force Base, and air-
craft. A total of 15,000 hr of acceleration (vertical environ-
ment) data and 1700 hr of stress (Jateral environment) data
was reduced to peak count form as of January 31, 1964.

An attempt was made to identify the load occurrences
according to their cause, either gust or maneuver. The
general eriteria for separating gusts and maneuvers are de-
fined as follows: 1) a peak or valley with consecutive cross-
ings of the mean less than 2 sec apart was defined as a
gust, and 2) a peak or valley with consecutive crossings
of the mean greater than 2 sec apart was defined as a maneu-
ver. This method was arbitrary and did not separate the
loads according to their cause because of the response char-
acteristics inherent in the B-52. To date, no rational or
universally accepted criteria for the separation of gust and
mancuver environments have been developed. Therefore,
the turbulence environment developed in this paper is based
on the total unseparated load history. These combined
gust and maneuver environments are considered applicable
to normal operation of aircraft in the climb, cruise, descent,
and low-level mission segments. Other operations that re-
quire an unusual amount of maneuver induced load history
must be considered separately.

The load environment data, reduced as a part of these
load history programs, forms the basis for the derivation of a
statistical description of the atmospheric turbulence. This
is further based on the following relationship between the
response statistics, airplane response characteristics, and the
probability distribution of rms gust velocity:

\ B -y’ :
My) = Nofo flow em)(m) dou (1

Equation (1) is a statistical equation that applies specifically
to the calculation of the number of crossings per second with
positive slope of a given value of y. This equation also repre-
sents a good approximation of the number of peaks above a
given level so long as y is greater than the response rms value.

The relationship between M (y)/No vs y/A can be obtained
from Eq. (1) if the probability density distribution f(o.) is
known. Therefore, M (y)/No vs y/A represents a statistical
deseription of the atmospheric turbulence, and the analysis of
the load history results was devoted to a suitable conversion
of the peak count to summary curves in this form for the
various mission segments.

The response items under consideration are the eenter-of-
gravity vertical acceleration and an empennage stress that
senses lateral load. The function M (y) represents the num-
ber of times that the response exceeds the level y as a function
of y and can be obtained from the peak count for the response
being considered. The curve was computed for each category
of airplane configuration and flight condition by accumulating
the peak count to determine the number of positive and nega-
tive peaks exceeding each amplitude level. The positive and
negative peaks exceeding a given value were then averaged
and divided by the data block time in seconds to obtain a
composite curve in terms of cumulative cycles per second
equal to or greater than each response level.

The values of the airplane response characteristics 4 and
Ny were obtained from theoretically determined response
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power spectra. For a linear system, the following relation
exists between the disturbance power spectral density func-
tion and that for the response:

®,(Q) = |T.(Q)]*Pu(2) @

Equation (2) indicates that the response spectral density at
a given frequency depends on the spectral density of the
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Fig. 1 Vertical turbulence environment by altitude.
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disturbance and the amplitude of the transfer funection at
that frequency.

The airplane frequency response functions were com-
puted by fundamental work and energy theory utilizing the
Lagrangian formulation of the equations of motion. The
equations of motion were written in terms of 16° of freedom
including airplane rigid body and normal vibration modes.
The normal vibration modes were determined using the
lumped parameter method to idealize the mass and stiffness
properties of the airplane as a number of discrete masses
connected by weightless springs. The wing, fuselage, nacelle
struts, horizontal tail, and vertical tail were considered
flexible. The airleads that were considered as acting on the
lifting surfaces were expressed in terms of two-dimensional
airfoil theory modified to include the Kussner and Wagner
lift growth functions, the effects of finite span by Weissinger
lifting line theory, and the Glauert correction for compressi-
bility and sweep. The yaw damper effects were included
in the lateral dynamic analyses.

The selection of a power spectral shape, used in the deriva-
tion of the random turbulence model, is important since
the airplane response characteristics depend on this function.
The following analytical expression used by Press, Meadows,
and Hadlock for the turbulence spectrum was used in this
study?:

D) = o ML/m)[(1 + 3Q2LY /(1 + QL2)?] ®
The scale of turbulence L was taken to be 1000 ft for all of the
flight conditions. As more measurements of turbulence
become available, this assumption regarding the power spec-
tral shape may need revision.

The airplane response characteristics are related to their
respective power spectrum as follows:

4= [ f wCDy(Q) dﬂ]m @)
0
VT L 1/2
Ny = o1 l:j; Q2®,(Q) dQ:' )

Since the airplane frequency response function, the response
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Fig. 2 Low-level vertical turbulence environment by
season.
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Fig. 3 Low-level vertical turbulence environment by ter-
rain and type of flight.

spectrum, and response characteristics vary with gross weight,
speed, and altitude, the dynamic analysis was conducted for
several conditions. An adequate number of conditions was
analyzed to allow interpolation or extrapolation of these
theoretical response characteristics to all of the required air-
plane configurations and flight conditions.

The function M(y)/No vs y/A was determined for each
data block category. The individual data samples were
further summarized into composite form with respect to only
those variables for which a description of the turbulence en-
vironment was desired. For instance, all of the eclimb,
cruise, and descent mission segment data were summarized
in 10,000-ft-alt bands. The weighted average values of
M(y)/Ny were calculated for each value of y/A4 as follows:

where n is the number of individual data samples that fall
into the general category being considered. The weighing
factor considered d; is based on the distance flown in each
data block.

Operational Flight Load Environment

The vertical turbulence environment, ealculated using the
data and analysis technique discussed in the previous para-
graphs, is given for each altitude band in Figs. 1a and 1b.
The low-level data is shown separately from the 0-10,000-f%
data and represents the average of the entire fleet low-level
data sample including all of the seasons, terrain types, and
types of low-level flight. The data summarized in the 10,000~
ft-alt bands include all of the other flaps-up climb, cruise,
and descent data blocks. The large data sample in the
30-40,000-ft band is representative of the high-altitude
cruise. The data samples from 0-20,000 ft were obtained
primarily during the climb and descent. The narrow seatter
band of the data above 20,000 ft indicates that the true

airspeed gust environment is approximately constant over
this entire region.
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Fig. 4 Comparison of low-level vertical and lateral turbu-~
lence environment.

The vertical turbulence environment for low level is shown
by season in Fig. 2. The effect of season indicates that
turbulence of a given intensity may be expected about three
times more often in the spring than in the winter. A similar
comparison was made for the high-altitude cruise environ-
ment, and the seasonal variation was negligible.

The effect of terrain and type of low-level flight is shown
in Fig. 3. Low-level flight over routes designated by 1 is
primarily a contour flight procedure, and a constant height
above the local terrain is maintained. Over routes desig-
nated by 2, the flight is primarily constant altitude cruise
with the pressure altitude based on clearance of the highest
obstacle along each route leg. The difference in the 1 and
2 environments for the mountainous terrain is attributed to
this variation in the flight procedure. The contour-type
flying would result in a much lower average absolute altitude
and, therefore, a higher probability of encountering turbulence
and inecreased maneuver environment. The probability of
encountering turbulence over water is about four times less
than in the plains. Contour flying in the mountains gives
about the same average terrain clearance altitude as highest
obstacle clearance flying in the plains. This leads to the
conclusion that, for the same average absolute altitude,
turbulence is encountered about three times more often in
the mountains than in the plains. Also, highest obstacle
clearance flying in the mountains gives a higher average
absolute altitude than does similar flying in the plains, re-
sulting in the somewhat less severe turbulence level.

A comparison of the vertical and lateral turbulence en-
vironment is given in Fig. 4. The vertical acceleration at
the airplane center of gravity and the empennage stress
load history data used to derive the vertical and lateral
turbulence environments, respectively, were recorded con-
currently. They represent measurements of the vertical
and lateral load history for the same flight periods to allow
a direct comparison. The agreement between the vertical
and lateral environments indicates that the turbulence is
approximately isotropic for the low-altitude flight condition.
Similar comparisons are not available for the higher altitudes.
However, the turbulence is expected to be isotropic at these
altitudes as well.
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Fig. 5 Severe turbulence encounters for cruise mission
segment.

Estimates of the extreme values of the load environment
were obtained, based on the total operational experience.
A study of the severe turbulence encounters was made to de-
fine the higher amplitude portion of the turbulence environ-
ment. The airplane configurations and flight conditions for
these severe turbulence encounters are given in Table 3 with
an estimate of the extreme value of the turbulence in terms
of y/A.

The high-altitude cruise severe turbulence encounters are
shown in Fig. 5 along with the environment already derived.
The value of M (y)/No used for plotting these encounters was
based on the total time flown by the fleet in the cruise mission
segment and an average value of No.

A similar presentation for the low-level severe turbulence
encounters is given in Fig. 6. These encounters are plotted
at two values of M(y)/N, corresponding to the total low-
level time and the total low-level contour operation time
flown by the fleet. Also presented in Fig. 6 is a sample of
low-level load history data collected during a flight-test
program. The low-level missions consisted primarily of
contour operation in rough terrain including high mountains.
This data sample indicates a higher probability of encounter-
ing turbulence than that representative of the composite
low-level environment. The sample is also more severe
than the fleet contour operation over low-level routes desig-
nated by 1 in Fig. 3.

To apply these results in design studies, the environment
is conveniently expressed in a functional form. The follow-
ing function used by Press and Steiner yields a suitable repre-
sentation?:

M(y)/No = Ple_?!/blA + P2e_'y/b2A (7)

The turbulence parameters P;, Ps, by, and bs, used by Press
and Steiner, referred to the storm and nonstorm turbulence
environments, but this same meaning was not retained in
this paper. Rather, the parameters have been selected to
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fit best the experimental results. The parameters were
selected to match the measured load history data with con-
sideration given to the extreme values of the environment.
The derived B-52 turbulence parameters are given in Table
4. Two sets of low-level turbulence parameters are presented.
The first is considered representative of low-level contour
operation in rough terrain. The turbulence parameter
values were derived, based on B-52 flight-test data and the
corresponding severe turbulence encounters shown in Fig. 6.
The second set is representative of a composite low-level
training operation including all of the types of low-level
flying and terrain levels. A comparison of the measured
and the calculated environment defined by Eq. (7) and the
derived turbulence parameters is also given in Fig. 5 for
high-altitude cruise and in Fig. 6 for low level.

Similar spectral presentations of the turbulence environ-
ment are given by Press and Steiner? and in current military
aircraft design criteria for the repeated load environment as
related to fatigue.* Comparisons of the environment de-
fined in these publications and those derived from the B-52
load history are given in Figs. 7a-7f for each altitude band.
For low level in Fig. 7a, the MIL-A-8866 environment for
0-1000 ft is based on a scale of turbulence L of 500 ft. All
of the other environments are based on . = 1000 ft. In
general, the derived B-52 environment agrees with the
previously published data, especially for the lower range of
y/A values. For all of the altitudes except low level, the
derived environment is lower for large values of y/A. Similar
unpublished eomparisons of these environments in the form
of derived equivalent gust velocities (Ug,) indicate that the
B-52 environment is more severe over all of the ranges of
gust velocity for all of the altitudes. Also, the use of these
derived B-52 environments in the spectral form for the deter-
mination of design loads based on structural reliability cri-
teria may yield loads in excess of those caleulated using cur-
rent diserete gust design criteria.

Design Applications

The application in design studies of the turbulence en-
vironment results presented in this paper requires the use
of generalized harmonic analysis. As discussed previously,
these procedures represent a rational approach for the deter-
mination of the aircraft response to a random environment.
The determination of the aireraft response characteristics A
and Ny must be accomplished theoretically in design studies.
The response characteristics may be calculated for any item
of interest such as acceleration, loads, and stresses. This
leads to an estimate of the load history or response statistics
for any response that may be used in fatigue analyses and in
the determination of design loads. A discussion of the tech-
niques used in calculating structural reliability or design loads
is presented in the following paragraphs. Also, the effects
of aircraft usage and turbulence avoidance procedures on
structural reliability are indicated. In this paper, the term
structural reliability pertains to the probability of exceeding
design ultimate load due to the environment in which the
aireraft is intended to operate.

Table 3 Severe turbulence encounters

Speed, Estimated y/A,
Gross weight, Ib kias Altitude, ft fps
357,000 270 36,000 75
330,000 325 Low level 53
275,000 390 Low level 55
348,000 280 Low level 71
248,000 260 34,000 93
361,000 350 Low level 63
287,000 260 30,000 87
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Table 4 Turbulence parameters derived from B-52
load history

Altitude, ft Py by P, [

Low level (contour) 0.80 3.6 0.20 4.2
Low level (composite) 0.40 2.6 0.01 4.2

0-10,000 0.30 2.6 0.01 4.8
10-20,000 0.20 2.6 0.01 4.8
20-30,000 0.15 2.4 0.01 4.8
30-40,000 0.13 1.8 0.01 4.8
Above 40,000 0.13 1.8 0.01 4.8

Calculation of Structural Reliability

Airplane structural reliability, in terms of the number of
lifetimes per ultimate load occurrence caused by turbulence,
may be determined for any aircraft if the design ultimate
load, usage, and environment are specified. A definition of
the airplane usage is accomplished by representing the life-
time in terms of the number and type of missions considered
representative for the expected total utilization of the air-
craft. Each mission is further defined by a gross weight,
speed, and altitude profile. Other airplane configuration or
flight condition parameters may be important depending on
the usage or aircraft type. These representative missions
are further simplified by division into segments, each of which
is assumed to have a constant value of gross weight, speed,
and altitude. With a knowledge of A and Ng for each mis-
sion segment, the expected number of cycles of ultimate
load per second within any one segment of the usage may be
computed as follows:

My = NolPre=v/odi 4 pe=w/iedi] ()

The subseript ¢ refers to the sth mission segment, and y. is
the ultimate load for the specified response.  The turbulence
parameters P;, Ps, b1, and b, depend upon the altitude band
of the 7th mission segment. The expected number of cycles
of ultimate load per lifetime is then

n
My) = D tiMi(ys) 9
i=1
where ¢; is the time in seconds in the th mission segment per
lifetime, and the summation includes all of the segments.
The structural reliability in units of lifetimes per ultimate load
occurrence is

Ry.) = 1/2M (y.) (10)

The expected number has been doubled since there are two
peaks associated with one cycle, and each may represent an
ultimate load occurrence.

The preceding diseussion pertaining to the reliability based
on ultimate load is equally applicable to limit load or any
load level of interest. Also, the equations apply specifically
to response items with a zero mean value but are casily ex-
tended to include variable mean response items.

Design Load Calculations

The preceding information describes how statistical meth-
ods are used to determine aircraft structural reliability.
Conversely, the design ultimate load can be determined when
the reliability is specified.

Referring to KEqgs. (8-10), it is not possible to solve for y
as an explicit function of R(y). However, the load level

Table 5 Reliability levels vs usage

Usage R(yu)/R(y.) 1009, at L.L.
1009, at contour low level 1
1009, at 30,000-ft alt 40
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Fig. 6 Severe turbulence encounters for low-level mission
segment.

can be obtained by several methods including the following
iterative procedure. Estimate a load level y. and calculate
the associated reliability by the method described in the
previous section. If the calculated reliability is not the
same as the desired value, make a new estimate for y. and
repeat until the calculated reliability level becomes equal
to the desired one. A rational method for the nth estimate
that results in greatly accelerated convergence is

logM (3.) — 108M (4o1) Yz — Ynv)
logM (yn—2) — logM (yn—r)
Here again, the procedures described for determination of

ultimate load are applicable for any response item or level of
interest.

Yn = Yna + (1]‘)

Effect of Aircralt Usage on Structural Reliability

The structural reliability level as discussed previously is
affected by type of usage. Table 5 indicates the relative
reliability levels of two idealized usages with the same air-
plane weight, equivalent airspeed, and flight bours per
lifetime. The numbers represent a highly simplified situation
but serve to illustrate the effects of usage on reliability level
and the relative severity of low-altitude contour operation.
The plots of M (y)/No vs y/A for the environment also indi-
cate that a small change in y/A4 will give a large change in
M(#)/N,. Thus, a small increase in strength (about 10%)
can provide a large increase in structural reliability (about
afactor of 5).

Effect of Avoiding Severe Turbulence

As turbulence forecasting techniques are improved, the
ability of aircraft to avoid severe turbulence will be im-
proved. Also, research is under way to develop airborne de-
vices for detecting severe turbulence ahead of the aircraft.
The effect of avoiding this portion of the total environment
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Fig. 7 Comparison of derived turbulence environment with similar published data (Figs. Te and 7f on opposite page).

on the aircraft structural reliability is derived in the following
discussion.

The cumulative probability distribution of the rms gust
velocity is related to the probability density distribution by

oy = fo " o do. Ohf(au) o (12)

The funectional form for the probability density distribution
in terms of the turbulence parameters may be written as

follows:
_ 2y P2\ o
flo =4 (7r> b <7r> R

Substitution of this expression into Eq. (1) and integration
yields Eq. (7). The cumulative probability distribution for

;%

exp*%l 2

(13)
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Fig. 7 Continued.

the contour low-level environment derived from the B-52
load history program is presented in Fig. 8.

.If the most severely turbulent areas, the areas with the
highest rms gust velocity, could be avoided, this would
effectively truncate the cumulative probability distribution
of rms gust velocity curve at the appropriate level of ..
In Table 6 are the maximum rms gust velocities encountered
if the corresponding percentages of most severe low-level

FLIGHT LOAD ENVIRONMENTAL DATA 405

10°

-
=
<10’
°
CONTOUR LOW LEVEL
: /
-
>
=
=10'
=
E 3 -
-
~
10°}-
6
10k
10’ L ] | | 1 ;
0 s o 15 20 75 30

Gu— RMS GUST VELOCITY-FT/SEC
Fig. 8 Cumulative probability distribution of rms gust
velocity.
turbulence are avoided. These numbers can be further
interpreted as follows: 0.0019, of low-level flight or flight
distance is in turbulence having an rms gust velocity of
17.2 fps or greater, and 0.01% of the flight is in turbulence
having an rms gust velocity of 15 fps or greater, ete.

The relative environments after deletion of these various
amounts of the most severe turbulence may be obtained
through the evaluation of Eq. (1) between the limits of zero
and the appropriate value of o, as shown below:

Vu 9
My = Noj; flow eXp< _2Ay2a 2) do. (14)

This equation was solved for M (y)/N, vs y/A for the upper
limits of ¢., as previously tabulated for the B-52 contour
low-level environment. These environments are shown in
Fig. 9. The ratio of the reliability obtained by using severe
turbulence avoidance to the nominal reliability vs the per-
centage of flight that it will be necessary to avoid is given in
Table 7.

Note that a gain of several orders of magnitude in struc-
tural reliability is possible through severe turbulence avoid-
ance. Although the ability to avoid always the most severe
turbulence is perhaps questionable, if a reliable turbulence
avoidance capability is developed, it may then be possible
to lower the gust design requirements and maintain an ac-
ceptable level of structural reliability. However, a com-
plete study of the structural reliability must include the fa-
tigue or wear-out factors. The avoidance of a small per-
centage of the most severe turbulence may have a negligible
effect on the fatigue life since the lower amplitude, higher
frequency load occurrences may be important.

Table 6 Maximum rms gust velocity vs turbulence

avoidance
Percent Gu
0.001 17.2
0.0t 15.0
0.1 12.5
1.0 9.7
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Fig. 9 Contour low-level turbulence environment with
severe turbulence eliminated.

Conclusions

Conelusions from the derivation of the atmospheric turbu-
lence environment are listed for emphasis as follows:

1) The spectral description of the turbulence environment
derived from measured load history agrees with previously
published data, especially in the lower amplitude region.
For all of the altitudes except low level, the derived environ-
ment is lower for the large values of y/4. However, the use
of this data for the determination of design loads based on
structural reliability criteria may yield loads in excess of
those calculated using current discrete gust design criteria.

2) The probability of encountering turbulence at low
level depends on season, type of terrain, and absolute altitude
above the terrain.

3) The derived atmospheric turbulence for altitudes
above 20,000 ft is approximately a constant true airspeed
gust environment.

4) The vertical and lateral turbulence environments agree
for the low-level mission segment.

The following additional conclusions are drawn from the
examples presented in the application of the results:

5) The usage of the aircraft can lead to variation in the
struetural reliability. In particular, the percentage of total
time spent at low level is significant.

6) The structural overload reliability of aircraft can be
increased several orders of magnitude through avoidance
of a very small percentage of the most severe turbulence.

7) A relatively small increase (10%) in design strength will
yield a large improvement (ahout a factor of 5) in structural
reliability.

Areas for Further Research

The results of the load history programs to date provide
valuable data for use in design analyses related to atmospheric
turbulence. The work also emphasizes the need for further
research in the following areas.

J. ATIRCRAFT

Table 7 Reliability levels vs turbulence avoidance

Percent R(yu)/R(ys) nominal
0 1.0

0.001 25

0.01 9 X 102

0.1 3 X 108

1.0 3 X 101

A definition of the atmospheric-turbulence is necessarily
based on a relatively small sample. Although the sample
considered here appears large, the derived environment
may be an insufficient sample to be truly representative.
Therefore, it is necessary to assess the statistical accuracy of
these results, perhaps by establishing confidence bands.

The atmospheric turbulence is generally recorded indi-
rectly by measuring an aircraft response because of the prob-
lems associated with a direct measurement of the gust. This
technique was used in the programs discussed in this paper.
Problem areas in the reduction and analysis of this data in-
clude separation of gust and maneuver induced responses,
determination of response transfer functions, and the deter-
mination of a gust spectral shape. As previously stated,
suitable methods for separating maneuvers from the total
response are not available. Several programs have been con-
ducted to compare theoretical and cxperimental transfer
functions, and, in general, adequate agreement was
obtained. However, additional studies are required to
provide uniform analysis techniques acceptable in aircraft
design programs. Also, many programs have been con-
ducted to define the gust spectral shape. The majority
have been accomplished at low altitudes. Additional pro-
grams are required to study the high-altitude spectral
shape and to define other important variables.

Additional load history data are being recorded and reduced
at the present time, and programs of this type are continu-
ing. These data will form a basis for increasing the statistical
accuracy of the results presented in this paper and will allow
a definition of other variables such as time of day, geo-
graphical location, and new operating procedures. These
results will be updated as these additional data or new analysis
techniques beeome available.

Work completed in the area of computing theoretical trans-
fer functions has shown the importance of the airplane dy-
namie stability characteristics. The response of an airplane
to random atmospheric turbulence depends on the dynamic
stability. This dependence was not apparent in discrete
gust studies used in previous design analyses. The use of
the power spectral density analysis techniques will lead to a
structural design compatible with the dynamic stability
characteristics of the airplane.

An area in need of further research is improved turbulence
avoidanee procedures, sinee the structural overload reliability
of an aircraft can be increased several orders of magnitude
through turbulence avoidance. Therefore, research in the
areas of forccasting turbulence and developing an airborne
instrument to ‘“see’” turbulence must be continued.
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