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INTRODUCTION

This volume contains coples of the technlical papers presented at
the NACA Conference on Some Problems of Alrcraft Operation on October 9
and 10, 1950 at the Lewis Flight Propulsion Laboratory. This conference
was attended by members of the aircraft industry and military services.

The original presentatlion and this record are considered as com-
plimentary to, rather than as substitutes for, the Committee'’s system
of complete and formal reports.

A 1list of the conferees is included.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

vii
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ATMOSPYERTC TURBULENCE AND ITS EFFECT
ON AIRCRAFT OPERATION
| - ELEMENTS OF THE FATIGUE PROBIEM
By Pavl Kuhn

Langley Aeronautical Labofatory

Some of the problems associated with atmospheric turbulence
and its effects on airplane operation can be appreciated readily
without any background of special knowledge. Even a layman with-
out any knowledge of flying can appreciate the effect of turbulence
on passenger comfort., With a 1little imagination, he can understand
~ that very violent turbulence may break the airplane, The most
insidious effect of turbulence, however, and potentially at least
the most important, can be apnreciated only with some background
. of specialized knowledge. It is the promotion of fatigue failure,

~ Fatigue failures are an old story to'transportation engineers.
"In 1850, there was a meeting of mechanical engineers in England at
which a paper was presented dealing with fatigue failures of rail-~
way axles, The speaker stated, among other things, that he was
collecting statistics on service failures. A few years later, a
German railway engineer started systematic fatigue tests on rail-
way axles.. The curves he plotted are known to engineers in Europe
by his name; in our country, more prosaically, as fatigue curves
or S-N curves. Around 1950, there were several engineering meet-
ings in England, in Australia, and in the United States, devoted
specifically to discussions of fatigue, and railway axles received
their share of attention in all of them.

Now, it is not. impossible to build machinery that will live,
perhaps not forever, but certainly to an astonishing age. One-
lunger boat engines half a century old are not uncommon, and steam
engines even older are still going strong without fatigue failure,
However, if the age of such engines is astonishing, their weight
is even more astonishing. Airplane engines and airplane frames
built on similar principles would most certainly be safe against
fatigue failure in the air, because they would never leave the
ground. If mn insists on his machinery leaving the ground, he must
accept some risk of static or fatigue failure.
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Static failures in:the air were common in the earliest days of
aviation. This situation was greatly improved by the use of more
careful stress.analysis, accompanied by strength tests and by the
use of high load factors. With relatively high load factors, low
airplane speeds and small numbers of flight hours, fatigue failures
were rather rare and generslly attributable to vibration induced by
the enginé:or aerodynamically. However, over twenty years ago, a
series of fatigue failures occurred in the spar caps of a European

.. - .transport type that were probably caused by gust loads. Since then,
... there has' been a steady trend to whittle down the load factors,
:.-to incredse the speed, and‘to.increase tiht total number of flight

. hours of"tfransport type airplanes.. With this trend, it is becoming
... more ‘and ‘more difficult to'postpone fatigue failures long enough

Yo obtain the desired service life of the structure.

i .. VWhat can be done to ensure -a structure that is at least reason-
- . ably satisfactory is now -to be considersd., A glance at the history
‘of airplane engine desigh ray be instructive. For a long.time, engines
‘were notorious for developing fatigué troubles. Intensive efforts
‘ M‘('Wefg‘made=to-decregse these troubles by improving design methods and
- 1features;‘materialéiandﬂmaterials processing, and by keeping close
- tab’on’service .experience, With all this vast backlog of experience
~ for- the improvement of erigine -design, ‘each new type still goes
.. . ;. through.a lengthy debugging period, and an acceptance run is still
... Tequired:for any new type of engine, ' \

_ Considgration“hQS'been given to fatigue tests.on airplanes
. comparable to the acceptance runs of engines, Assume that the air-
‘.. Plane is to have a life of 50,000 flying hours. The fatigue test
~ would have .to duplicate the:fraction of that time that is spent in
| turbulent air, A'widely used number for that fraction is one-tenth.
i +i-. . The fatigue test would thus require 5,000 tours, or about 7 months,
: ﬁﬂf"That'would<bes2b_hqurs a day running time, with no time allowance
" for stops to inspect for cracks, or perhaps to repair the parts of
. the loading apparatus ‘that have failed in fatigue. The time estimate
L assumes. furthermore that the test speed can be adjusted to obtain
valuesfcorfesppnding”toiflight,ponditions. This may be extremely
. difficult,in_SOme‘airp}aneSgwithout running the risk of having the
.- test become misleading, - It .appears, then, that the road to a good
. .. test technique will be a long. and expensive one,

-In.any event, 2 procedure -for testing a completed airplane is
obviously not a good substitute for a design procedure when dealing
with such a large and expensive structure as an airplane. The
desired goal is to predict the fatigue life by calculation., Such a




prediction, just like a prediction of static strength, requires that
three questions be answered:

(1) What are the repeated loads?
(2) What stresses are caused by these loads?
(3) What are the allowable stresses?

The first question, that of repeated loads, is dealt with in sub-
sequent papers. Attention should be called to the fact that the
loads can be defined only on a statistical basis. This means that
it is impossible to predict the life of one given airplane. It is
only possible to predict something like the average life of a large
fleet of airplanes; a hundred, for example, Some airplanes will live
longer thén the average, some not so long. The operation of any
given airplane thercfore necessarily involves some risk. For design
purposes, it is necessary to put a nunber on this risk, in order to
make it a calculated risk. How to arrive at this number is one of
the many open yuvesticans. For passenger ailrplancs, perhaps as good

a suggestion as any is to make this risk equal to the risk of every-
day life on the ground as measured by the premium rates of life
insurance oompanlos.

On the second quastion, that of stresses caused by loads, it
should be noted that a reasonably reliable prediction of fatigue
life would require a much more complete and accurate stress analysis
than is currently customary. Much can be done by more complete use
of available knowledge. A considerable porticn of the. NACA research
on structures has always been devoted to stress analysis. However,
much additional research is needed on such items as stresses around
" cut-outs, sudden changes of cross section, and the large complex
of problems usually lumped in the term "secondary stresses." This
term was coined in the days when only static strength was of concern,
When fatigue comes into the picture, the so-called secondary stresses
often assume primary .importance.

The third question, that of the allowable strésses, is rather
casily answered for static strength design, but not so for fatigue
design. A number of factors that are unimportant or non-existent
in the static case become very important in the repeated load case.
The main factors are scatter in test results, ‘complexity of load
history, and stress-concentratlon effects.,

The first- ;actor is 1llustrated in flgure 1. The figure shows
results obtained in rotatlng—beam fatigue tests. The maximum stress,
S, experienced by one fiber of the beam durlng one revolution is
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plotted against N, the number of cycles to failure. At each stress
level, a number of specimens were tested. The average life for the
group .is denoted by a circle. The circles fall fairly close to a
smooth curve, and in this particular case, this curve agrees very
closely with the corresponding one established by the Aluminum
Company of America. However, the life of the longest-lived specimen
at a given stress level, denoted by a tickmark, differs from that of
the shortest lived one by a factor of about ten. In other tests,
this scatter may be worse, and the average curves obtained in
different laboratories often differ by quite a margin,

: This scatter has often been attributed to variation of material
properties, byt no correlation with any material property has been

- established to date, It is known qualitatively that the machining
procedure used .to make the specimens is quite important, There is
also a school of thought which holds that at least part of the
'scatter is associated with the fact that the atoms of the material
--move about in a random fashion, which is of course beyond control,

Figure 2 conveys some idea of the problem of complexity of
. load pattern. The top of the figure shows an actual load record
from.an airplane flying through turbulent air. The acceleration -
at the airplane C.G, is plotted against time. Obviously, the
pattern is very complex. The lower part of the slide shows load
patterns obtainable in fatigue machines, Pattern One is a stress
oscillating with constant amplitude sbout = mean value of zero. The
rotating-beam machine has such a pattern. Pattern Two shows a
constant mean stress and, superposed on it, an oscillating stress
of constant amplitude, This is the pattern used at present to
. obtain design allowable stresses. In Pattern Three, a certain number
of cycles is applied with one stress amplitude; then the amplitude
is changed, and the loading is continued until failure occurs,
Now, if the larger amplitude were applied first in this test, and
then the smaller amplitude, the result would be quite different,
The allowable stress depends not only on the number and magnitude
of the stresses, but also on the sequence of application.

. Pattern Four has a number of amplitudes, arranged in a block

‘or sequence, The entire block is repeated until failure occurs.

If the number of cycles at each amplitude is made to agree with the
statistical distribution of gust loads, the test is known as a gust-
spectrum test. It is the closest approximation to the actual load
pattern in the airplane that is now considered practicable. At
present, there is no fatigue machine in this country capable of per-
__forming such tests efficiently, However, a medium-capacity machine



of this type is undergoing calibration at the NACA Langley Aero-
nautical Laboratory and a larger one is under contract.. An impor--
tant phase of the research work will be to see how well test results
obtained under Pattern Four can be predicted from the design allow-
ables obtained.under Pattern Two. Later, the electronic. control on
the first machine will be changed; the new control will use a one-
hundred hour gust load record as basic control medium to apply the
actual complex load pattern to the test specimens.

In the past three years, a large amount of work has been done
under a large-scale program to establish design allowable stresses
for-airframe materials. This work is carried out in part by the
Battelle Memorial Institute, in part by the NACA Langely Aeronautical
laboratory.” It includes determination of allowable stresses on the

.most important airframe materials, the effects of stress raisers,
the effect of size of stroess raisers, and the effects of yielding.
"A large amount of work remains to be done, however, to establish
these effects quantitatively. One of the great difficulties in
this work is the inherently large scatter in all fatigue tests
which makes it necessary to test large nubers of specimens.

A number of other fatigue problems are being investigated under
contract at several universities.

The problem of detecting fatigue failures as early as possible
is one of great interest to research men as well as to operators.
The failure starts as a very small crack, which grows slowly or
rapidly until the part breaks statically. In simple specimens, at
least, the crack does not form in the majority of cases until 50
to 90 percent of the fatigue life has been exhausted, that is, the
major part of the fatigue damage is done before there .is any crack.
Although much effort has been devoted to the problem of detecting
fatigue damage, there exists at present no method for detecting
damage short of an actual crack, Once a crack has formed, .it is
possible to see the damage, provided that the crack is located some
place where it can be seen, There are various methods for facilita-
ting the detection of cracks. On an airplane structure, many parts
are unfortunately not accessible to visual inspection. There are
methods for detecting internal cracks, but there seems to be little
hope that these methods can ever be applied to anything but extremely
simple individual pieces.

Fatigue tests being made on transport airplanes are ancther
example of NACA research in the fatigue fiesld. Twenty C-L6 airplanes
were obtained from war surplus. The central portion of the fuselage



is mounted between two ‘supports.’ Tho outer portwons of the wings
are removed, A concentrated’ mass is attached to the new tip of
each W1ng to produce in the root region stresses of the same
magnitude as-the 1 g stresqes in level flight. Pushrods fastened
to the wing tips vroduce an ‘oscillating load of 0,625 g at the _
naturﬂl frequency of the wing, 101 cycles per minute. The distri-"
bution of .the flight stresses is approximated fairly closely over

a spanwise distance af about one-third of the original span. From
these tests an effort will be made to deternine whether the scatter
in tests on complex- structures 15 greater, less, or the same as in
tests . on 51mp1@ sD601mens. ' : :

It Mﬂy @cm that th€ fatlcun problom is a somp*hat hcpeless one.
Unquastlonably, a .very large amount of worl ramains to be done and '
it must be admitted that the picture dowes look confused at present
in some respects. HOWQVLr,LbCIb is pood reason to believe that the
sitwation will improve considerably within = few years, HMethods of
accownting for some of the disturbing fa ctors, such as size effect,
have been proposed that seem to offer ccud promise, and the elimina~-
tion of any one disturbing factor greatly helps to speed up the
task of cleaning up the- remaining ones,

“In coﬁclu"ion, a parallel may be drav he fau1P1° life of a
structure is analogous to the life of a haran b>JLr in that it is
finite, and that it cennot be predicted for any ons individual with
great CGTt?lDtJ or accuracy. Advances in medical research do not
constitute a guarantee that the life of one given individual will |
be 1ncreasmd but they do guarantee tna+ the average life span will
be increased, other things being equal. The same applies to fatigue
research, ; - ' :
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ATMOSPHERIC TURBULENCE AND ITS EFFECT
ON AIRCRAFT OPERATION
2. INTRODUCTION'TO THE PROBLEM OF
REPEATED GUST LOADS
By H. B Tolgfsqn

. langley Aeronautical Laboratory

The problem of repeated gust.loads 18 to define the gust load
experience of an a.rplane during its life. The problem is general
in that it covers all the many gust load experiences of the air-
plane without specific regard to the occurrence of single large
loads or to the sequence in which the loads are applied. The solu-
tion to this problem is required so that the effects of gusts upon
airplanes can be designed for, reduced, or avoided The purpose of
this paper is to present the eléments of the recurrent-gust-load
problem and to provide some . background for subsequent papers on
gust loads.

The problem of repeated gust loads resolveg into three parts:
The determination of the pertinent gust characteristics and the
ifrequency of occurrence of gusts in the atmosphere, the influence
of airplane characteristics on the loads imposed by the gust, and
finally, the determination of the operating conditions, or the
manner in which the airplane is flown and dispatched with regard to
rough air.

Before taking up the three parts of the problem, a review will
be made of the ccncepts of gusts and of aveilable methods and instru-
ments for measuring gusts. It is obvious that gusts in the atmos-
phere have a wide variety of dimensions, or sizes, and that the vel-
ocities may have any vertical or lateral direction. From the
standpoint of wing lcads, however, past work has indicated that the
vertical velocities are most important. The work has also indicated
that significant gusts are those roughly the size of the: alrplane,
~although quite wide variations exist. The two basic elements of a
gust used in this work are ‘therefore consldered its vertical com-
ponent of velocity and its size. These elements are illustrated in
the first figure, which shows the velocity profile of an average
gust., .As 1nd1cated, the velocity 1s dlrected upwards and the profile
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15 assumed fo Be symmetrical. The exact shape of the profile is
not too important for most work, and in some cases a sine wave ig
assumed while in others a peaked gust is used. The distance H
iz which velocity increases to a maximum is used as a measure of
the size of the gust and is called the gradient distance. The

ert.cal velocity at any point w1th1n the gust is assumed to be
wmiform across the airplane span.

In reducing the calculation .of gust loads to its simplest
form, consider the condition in which the airplane is traveling
at velocity V and suddenly encounters the vertical gust velo-
city U. The gust equation in figure 1 for this condition indi-
cates that the maximum acceleration increment experienced by the
airplane is a function of sir density, slope of 1ift curve, vertical
component of gust velocity, forward speed, and wing load.ng (refer-
ence 1)." The factor X accounts for the vertical movement of the
airplane in the gust and for the fact that full 1ift is not realized
immediately for a sudden change in angie of attack.

In routine evaluation of large amounts of data with the equa-
tion, it has been found convenient to base the value of K on a
gust with an average gradient distance and tc use sea level air
density and equivalent airspeed. The gust velocity obtained with
these substitutions in the equation is cailed the effective gust
veloc1ty (reference 1). Thie is a fictiticus value, but since it
i1s a measure of the load producing capabilities of the gust and is
quite easily obtained the eerctlve gust velocity is widely used
in loads work. :

'The besh estimate of the true maximum. gust velocity is obtained
if true airspeed and density are used in the equation and K is
computed on the basis of actual gust and airplane characteristics.
With respect to ‘the current design of rules of reference 2, the
30 feet-per -second gust at structural cruising speed is an effec-
tive gust veloczty and corresponds to a true gust ve1001ty of' about
50 feet per second at sea level.

In order to 1llustrato the method of measuring these various
gusts, flgure 2 shows a portion of an'NACA accelerometer record
taken durlng flight in rough'air. Vertical deflections of the
trace indicate magnltude of the ‘accelerations and the horizontal
scalo denotes time. Some imagination: and experience is reguired
in ;nterpretlng some of these records, but ordinarily the large
successive peaks in the record would be classified as gusts.- The
' magnltude of the &cceleration- peaks with respect to the ref'erence



line of unity are read for evaluating the gust velocities and the
gradient distance is obtained by measuring the time to reach peak
deflection-

The NACA accelerometers .used Tor open time scale records of
the type shown in’ flgule 2 are used primarily on gpec.al gust inves- -
tigations. In view of the relatively short recording t:me available
with these -instruments, other instruments have been used for
obtaining data on gust characteristics for operations where longer

recording times are required.

A- large amount of the available effective gust-velocity data
has been obtained from the familiar V-G recorder (reference 3).
A sample of the type of record obtained from the recorder is shown
in the figure 3. The record consists of an area which is erased
from a smoked glass plate by a stylus within the instrument. During
flight, changes in airspeed cause the stylus to move horizontally,
and changes in acceleration cause the stylus to move vertically.
The boundary, or envelope line of the resulting area on the smoked
plate, represents the maximum positive and negative accelerations
that occurred throughout the speed range for the period of operation.
The period ccvered by the record of figure 3 was about 100 flight
hours, The type of record obtained from the instrument does not
permit the many smell accelerations that fall within the erased
area to be identified. The V-G recorder is therefore unsuited for
obtaining a statistical count of all the accelerations to a low
threshold, such as might be desired for fatigue studies, but only
the outstanding large values at any speed can be determined. When
these maximum positive and negative accelerations and the corres-
ponding a.rspeeds from figure 3 are substituted in the gust equa-
tion of figure 1, the maximum effective gust veloc:ties encountered
by the airplane are obtained.

In order to obtain a statictical count .of the accelerations to
a low threshold, an instrument called the VGH recorder is used.
(See reference 4 ), This instrument is shown in figure 4. The
VGH recorder gives a time history record of alrspeed, accelcrat1on,
and altitude, from which comes the term VGH recorder., . It consists
of an acceleration transmitter that is installed near the alrnlane
center of gravity, a recorder base that contains alrspeed and alti-
tude units, and a film drum. With the VGH recorder it is possible
to obtain approximately 100 fllght hours of record with the film
supplied w1th each drum, .

As an illustration of.ihe type of record obtained from the
VGH recorder, figure S5 shows a portion of a record taken from a
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commercial transport during flight in rough air,- The time scale
is given on the abscissa, and the lower trace is airspeed, the
middle trace acceleration, and the upper trace altitude. The fine
acceleration peaks are gusts. The peaks are very close together
because of the slow film speed used with this instrument. The
film could be speeded up, -but the recording shown in figure 5 has
been found satisfactory for obtaining statistical data from trans-
port operations. .In evaluating these records.for the loads, .the
magnitude and number of the acceleration pesks are rsad. The air-
speed is also lead for converting the acceleration data to effec-
tive gust veloc! ties. From the three traces, the lcad and gust
history of the airplane, together with pertinent operating sta-
tistics, such as airspeeds and altitudes fl own, can be obtained.

The three types of records described -- the VGH record, the.
V-G record, and the open time scale record -- are the instruments
and methods usually used .in taking data. In some cases, where
fine details of the gust profile are needed, instruments to msa-
sure rapid changes in indicated airspeed, or angle of attack vari-
ations, are alsc used.

Samples of data on gust intensity and gradient distance are
shown in figure 6 (from reference 1), in which intensity of gust
is plotted as the ordinate, and average gradient distance as the
abscissa. The average gradient distance i1s used to obtain a repre-
sentative value for the spread that is usually measured for any
gust veloCity It may be noted that the gradient distance in
figure 6 is given in terms of airplane wing chord rather than in
feet. Gradient distance is usually expressed in this manner
because of all gusts_in the atmosphere, the size of significant
gusts is selected by the airplane on the basis of the airplane
size. This selecting process of airplanes is analagous to the
case of large and small boats on the ocean. It 1s apparent that
the short or choppy waves that toss a rowboat around do not affect
the motions of a large battleship._”Conversely,'the long=-period
swells that make rough going for the battleship give only gentle
vertical motions to the rowboat. The airplane reacts in a similar
manner to the disturbances in the atmosphere. In figure 6, then,
in which data have been plotted for airplanes varying in size from .
the Aeronca with a chord of 4 fect to the XB-15 with a chord of.

18 feet, it maybe seen that the gradient distances in chords tend .
to fall within a band and increase somewhat as gust intensity.
increases. The curve in the figure was drawn to agree best with
the XC-35 data which is considercd ths most extensive sample. In
view of the large variation in the size of the airplanes, it is-
felt that the relation prov1des a Sult&blu basis for relating gust
size to airplane s1ze ‘
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Other characteristics of gusts not illustrated in figure 6
are that, on the average, the velocity components in the three
directions are the same. In addition, gusts are randomly dis-
tributed according to size and intensity in any stretch of rough
air. While an individual gust can have any conceivable shape,
both in the longitudinal and spanwise directions, a shape as was
shown in the first figure is generally assumed in treating large
masses of data. The number of gusts and their intensities vary
with the weather encountered, end so far as.is known, the number
would decrease with altitude.

The second part of the problem of repeated gust loads, which
relates to the influence of airplane characteristics on the loads,
will now be discussed. For the ideal case given by the gust equa-
tion (fig. 1), airdlsne characteristiss were.  representéd. simply by
the K factor, slope of the 1lift curve, and wing loading. In the
actual case, the loads are influenced by many other factors.

One of these factors is the potential effect of variations in
piloting technique on the lcads during flight in gusty air. Some
special tests on the effect of piloting technique on gust loads
indicate that the loads may be increased from 5 to 20 percent if
"the pilot attempts to correct for all the disturbed motions of the
airplane in rough air rather than correcting for only the ma jor
disturbances. A

Another factor is the effect of center of gravity location
‘on gust loads. Both analytical and.experimental work have indi-
cated that the gust loads are decreased by about 2 percent for
‘each one percent forward shift of the center of gravity.

The factor in gust response of airplanes that has probably
received the most attention recently is the effect of airplane
elasticity on the loads and stresses. It is well known that under
transient conditions,'v1bratlons of the structure can cause higher
stresses than would be obtained from the same load applied under
" static conditions. Data on the magnitude of these vibrational
ef.ects were recently obtained from strain gages and accelero-
meters mounted at the center of gravity and at different points
along the wing span of a modern transport airplane (reference 5).

. Records taken in rough air showed dynamic response effects
by vibrations from the wing on the records. Figure 7 presents
gome of the acceleration data as an indication of these effects,
which are borne.out. by the stress measurements as well. In
figure 7 peak acceleration for individual gusts as measured at
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the center of gravity of the airplane is plotted as the ordinate-
The accelerations at the wing nodal points were found to be free
from the . effects of prlmary v1brat10ns . These values were taken
as a measure of the acplled load and are plotted as the abscissa.

Inspectlon of flgure 7 1nd cates that local accelerations at
the center of grav*ty were hlgher than the nodal-point accelera-
tions by about 20 percent or more,‘ Thls amplification of the
center. of grav1ty measuremenus due to wing vibrations gives evi-
dence of s1gn1flcant dynamic response effects, for modern airplanes.
These effects of the wing vibrating when loads are rapidly applied
are continually being investigated.

Tne zlnal part of the repeaued loads problem is concerned
with, the influence of operat ng ‘conditions on the loads, It is
ev1dent that the operatlng conditions, such as weather encountered
or route ?lown, determlne the gusts that are encountered. It 1is
also evident that the loads Irom these gusts depend on other opera-
ting varlables, such as inght speed. With the use of different
uypes of. equlpment by the airlines on different routes many combi-
natlons of operatlng variables can exist. Because the gusts and
loads’ are 1nfluenced b* these variables, isolated research flights
cannot. be . expected to produce data that can be generalized. The
only. method of obtaining statlstlcally reliable information on the
repeated loads actually experlenced by the airplane is the collec-
tion of data from service airplanes.

These data are collected .with the V-G and VGI recorders,
which have been descrloed In order to illustrate how some of
these records are con81dered “{take another portion of a VGH
record. In this. record (flv. 8) the airspeed and altitude
traces have been deléted and the record has been enlarged so that
many of. the 1nd1v1dual accelerations can be seen. Much of the
detail has been los 6, but it can be seen that the record consists
of a random series. of p051t1ve and negative accelerations of
different magnrtudes." When. these peaks are evaluated for effec-
tive gust velocities, the gust history of the airplane is there-
fore a series of gusts of’ alPLe”ent intensities. The first step
in obtainlng some sort of a plcture of this series of gusts is
to count the number of gusts that have given intensities  Thus,
for a g;ven record there mlgnt be a hundred small gusts, below a
guarter g 1ncrement, thdt are in the solid black regions, andé
only a few of the large values over 1/2 g increment, Actually,
the count is madé to a flner division of gust intensities, and
if these numbers are plotted, a frequency distribution is obtained.
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This type of count has been used to determine differences in the
gust experience for different tyves cf operations, ror instance in
comparing high- and low.altitude flights. :

Since a count of the gust velocities, such as that described,
shows that small gusts are much more frequent than those cof large
velue, the average number of miles flown [or tae occurrence of a
small gust is low as compared to the average numbsr of miles befcure
a large gust is to be expected. Using this concept of average
miles flow before given gust values would be expected, the fre-
quency distributions are trahsformed into what are called miles-to-
exceed curves to give an indicaticn of the loeds. Typical ‘examples
of' these curves for special research flignts in such conditions as
thunderstorms and low-level clear-air turbulence are chown in
figure 3. '

For these curves, gust velccit.es are plotted as the cordinate,
and the logarithmic sca.e o the abscissa represents the average
number oi' miles that wo1d be flown before. gusts of given inten-

" sities would be encountered. The piot may be consijdered as repre-
senting the charce of encountering difrerent gust intensities in
terms of miles of flight. The plot has no significance as to the
oréer in which different gusts may be encountered and doés not
imply that for the taunderstorm sample a l6-feet-ger.-second gust
was measured in the 10th mile or a 24-feet-per-second gust in the
100th mile. In fact, the 24-feet-per-second -gust might have been
experienced in the rirst mile. The mileage scale represents only
the liklihood of that gust being encountered.

The curve shown in figure 9 for transport operation in rough
air represents a combination of distributicns for all types of
weather since commercial airplanes fly under all combinations of
weather, The transport curve may thus represent’ 2-percent thun-
derstorm flight, 30-percent clear air turbulence, 20-percent
stratus clouds, etc. It has not been Ffound possible, however, to
define given operations by the proportion of time spent under
various weather conditions, and in order to obtain the required
loads data, it is necessary to take the measurements during flight
of commercial transport airplanes.

In summary, the repeated gust loads problem embraces different
aspects of the characteristics of atmospheric gusts, airplane
reaction to these gusts, and incidence of gusts encountered in
various types of operation. Information obtained to date has been
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the basis for much of the current gust-load requirements, although
changes in airplane design and operation conditions are accompanied
by.many new gust load problems.  Continued research, particularly
in reference to higher operating altitudes, is in progress.
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ATMOSPHEERIC TURBULENCE AND ITS EFFECT
. ON AIRCRAFT OPERATION'
3,- GUST LOAD EXfERIEﬁCE IN TRANSPORT OPERATIONS
By John R. Weeefeil anl Roy Steiner | '

Langley Aeroneutical Laboratory

In the flight operation of transport aircraft, atmospheric-gusts
constitute a principal source of loads. These lcads might be, for con-
venience, put into two main categories: one is the large but relatively
infrequent load which may cause structural demage or failure by a single
application. The other is a smaller lcad which, in itself, will not
cauge fallure, but because of its greater frequency of occurrence, _
‘affects eirplnne fatigue 1ife and passenger comfort. A knowledge of the
magnitude and frequency of both types of loads and of the factors which
influence them, is'of concern to the airline operator.

v The number and 1nten51tv of gust loads imposed on an airplane is
A'influenced by certain operating conditions and practices such as airspeed,
altitudes flown, route .and season. The best way known to obtain data on
the effects of tlese factors ig ‘to measure the loads and associated oper-
ating conditions on alrplanes in routine commercial flights. To do this
the NACA utilizes two instruments, the V-G recorder and the VGH recorder.
It .is impossible to predict the: guet loads experience of any given air-
plane on an abeo.ute or precise basis since in trangport operations there
exist a great many possible combinations of ‘gust. intensity, frequency,
and sequence, airplane speed, altitude, terrain effects, and so forth.
An .airplane's gust load exnerience can ‘be predicted however, on a sta-
tist1ca1 or average nrobabillty ba81s .

Where statistics are involvéed one question that immedlately arises
concerns the amount ‘of data necessary to achieve.a desired accuracy of
retiability. The arsver to that question, of course, -largely determines
the sample size to bé tidken and scope of the programe of V.G and VGH rec-
ord collection. ~In statistical znalysis, the reliability of the results
depends primarily on the number cf measurements. In any sample of gust
_1oads data, the number of measurements..of different values of acceleration
may vary unduly, as i11ustrated by figure 1. These data were obtained.
from about 700 hours of VGH records from oné set of operations. The num-
ber of accelerations of a given value is the ordinate, plotted on a log-
arithmic scale, and the magnitude of acceleration increment, in g units,
is the abscissa. A value of (,3g was taken as the reading threshold
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because smaller values were hard to read from the cramped time scale of
the VGH records so that the count of the smaller values of acceieration
probably would be inaccurate, It is evident that the frequency of occur-
rence decreases drastically as we go from 0,3g to the higher values of
loading. For example, there are some 14,000 accelerations of 0.3g, but
only about 200 of 0.6g. and only 5 equal to 1.0g. It is apparent there-
fore that with so few roints the reliability of the data for the higher
values of acceleration ‘is much less than that for the smaller valuss.
Assume it ie desired to determine the loads which the airplane wilil sxpe-
rience, over a range of accelerations from 0.3g up to the limit lcad fac-
tor inerement (1.5 to 2g). If a reliability of the distribution of the
large loadings comparable to that glven by 14.000 readings at 0.3g were
desired, it would require about 70,000 hours of data from each route or
set of operations instead of 700.

It is not necessary,,: however to collect and analyze such large _
masses of VGH .data to obtain a comnlete distribution of gust loads for any .
get of operatwonsq” A more- practlcal method is to supplement a mocerate
amount of VGH data Wluh large quantlties of V-G data, which are reiatively
gimple to obtain.aul axalyze * The method of combi nvﬁg VGH and V-G data
tc yield the gust leals dletr1butionjis gshown in figure 2, Acceleration
increment in terms of g is pictted as the ordinate, and the number of
miles which must be flown to encounter:-a given value of acceleration
increment is the abscissa, plotted on a laogarithmic scale, It should be
pointed out that each symbol does notl necessarily represgent a single meas-
urement but rather represents-a‘sihgle roint on a frequency distribution
curve such as shown in figure 1. In other words,; each symbol may repre-
sent a few or a great many measurements. The VGH data, shown by the cir-
cles, were obtained from about 170,000 miles of flight, which is believed
to be adequate to give ‘the desired rellab1l;ty over tﬂe lower part of the
curve, up to values of ‘say 0.8 or 0.9g. At higher g's, the number of
measurements from the VGH data 'is too small to give the desired reliabil-
ity., The V-G data gshown by the squares, were cbtained from about
8,000,000 niles of. flight . The- reliability of the V-G data 1s likewise
not too good in the reglon of intermediate values of g, since while these
values may stand out as peaks on some records, they will be obscured on
others by the super1mpos1ng of larger lcads at the same airspeed and
hence the count is 1likely to be too small. The. higher valueg of load,
say above 1.5g, are not likely- to be obgcured in the V-G envelore, g0
that the count of these values: ig good. At the extreme upper end of the
curve where the number of 1oaas is small, there may be some deviation
from the general pattern of . -the distributlon as illustrated by this
point which is a single max1mum 1oad Whlle such points are trus values,
they cannot be given as much melght in fairing the curve as others which
occur more frequently. s
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.Data such as these are of value in many respects. As has already -
been pointed out, the information they give with regard to repeated loads
has a bearing on the fatlgue problem, Even though it is not yet possible
to make an accurate quantitative analysis of the fatigue 1ife of an air-
plane, the data permit studies of the relative effects on fatigue of
some design and operating parameters. Such data can be used to determine
the effect on fatigue life of one important operating variable, namely,
speed in rough air,.

In figure 3 the same data shown previously have been transposed into
gomewhat different form. The magnitude of the acceleration increment is
the ordinate, and the number of times a glven value of acceleration incre-
ment was equaled or exceeded. is the abscigsa, plotted.on a lougarithmic
scale. The upper curve represgents the distribution of ecceieration
increments which could be expected if the airpiane operated at normal
cruising speed {in this case 200 mph} at all times, in rcugh air as well -
as smooth., From well established relationships suchk as those lescribed
in the preceling vap=r {Part 2}, the reduction in load ané icad frequency
for any given rsduction in airspeed can bie calculated. Results of such
calculationg ars shown in the two Lowor curves. The midéle curve repre-
sents the gituation when the airspeed is reduced 5 percent in rough air,
or from 200 mph to 190 mph. The magnitude. of a1 loads is reduced by
5 percent, but the number of loads of a given magnitude is reduced about
30 percent. If the speed is rsduced by 20 psrcent, or from 200 mph to
160 mph, the magﬁltude of ali loads is reduced 20 perscent, but the fre-
quency is reduced 80 percent. Two arparently i entlual alrpxanes may
have a difference of several hundred percent in thelr respective fatigue
lives - one may have a fatigue life of two years and another a life of
10 or 15 years. Assume the use of an airplane which wouid have a fatigue
life of six years if 1t were operated at its normal cruising speed at all
times. If the airspeed is reduced on1y » percent in rough air, the
fatigue life will be increased from six years to nearly eight. A speed
reduction of 20 percent in rough air might extend the fatigue life to
nearly 30 years.

Besides indicating the nature of the over-all frequency distribution
of gust loads, VGH data disclose a number of other important facts relat-
ing to the detalled load experience under actual operating conditions.
Figure 4 presents, in tabular form, some of the information that can be
obtained. The data are from some 700 hours -cf flight. The flight oper-
ations have been evaluated in terms of time spent in three flight condi-
tions; climb, en route, and descent, and each of these in turn is sub-
divided into smooth and rough air, Rough air was defined as any portion
of the flight path in which acceleration increments greater than 10.3g
were encountered. The table also shows the average speed in rough and
smooth air for the three flight conditions, so that the effectiveness of
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speed reduction in terms of relative fatigue life can be studied. Otner
_ginformat1on 1ncludes the m3x1mum loads encountered and’ the lcad
f”freﬂuonclesb»ﬁ . :

In the Lower table the data are evaluated in terms of percent of
:”flight nath for different altitude brackets; ' It can be seen that'in tnis
””partlcu]ar samnle the greater part of the cperations was at altitudes
less than 5000 feet above terrain, which probably accounts for the rela-
tlvelf high percent of time spent in rough air.

' f qamples of gust 1oad frequencies avallabje at ‘thig time are rargely
;'conflned to low-altitude operations such as typified by the data in fig-~
ure 4., . It ig of great importance that similar samples be obtained for
operatlons at higher altitudes, in order that the effect of altitude on
the: gust 1oads experience of present and future high-altitude +ransports

may.be .appraised. Designers have hoped that the frequency of gust loads
might be gubstantially less at the higher altitudes than at the lower |
alt1+udes This seems like a fairly reasonable assumption since at the
h;gh r altitudes the airplane avoids some turbulence associated with
convective type cloud formations and also the mechanically- geqeretea '
type of turbulence aseaciated with surface winds and rough terrain. At
present there is avallable only a small sample of VGH data taken on one
high-altitude airplane. The trends indicated by these data should not
therefore, be. taken as well established. In figure 5 altitude in thou-
sands of feet is plotted againgt the number of accelerations per 100 miles
of flight from a sample of 120 hours .of VGH data. As can be seen the
frequency of loads decreases rather markedly'as the 2ititude increases.
The .short sectlion of data at the right ig from low-altitude operations
.ef another airplene over rcughly the same route, and may be regarded as a
partlal check .on. the load experience -of the nlgh altitude alrplane when
it was operatlng at the lower 1evels.

L1b+1e has been said here about V-G data other than to point out
that these data, in effect, supplement the VGH data by providing fre-
quency dietributions of the larger and less frequent gust loads. Besildes
thus extending the picture on repeated loads, the V- G data serve to estab-
lish. the probability of occurrence of the large single ioads that may
causg e failure .of the airplane structure by simple overloadlne ~ a uype'
of fallure vhich has nothing to do-with fatigue. V-G 'data also show the’
max imum. speeds encountered. under actual operating cond*tlons which is a
matter . of considerable strucuural importance - '

As~w1th repeatei loads, ‘the probebwllty of encountering 51ngle large
1oads depends upon a number of operationsl factors.’ These include route, .
season. dlenatching practices, forecastlng, and pileoting practices, '
especially.: speed reduction -in rough air and- circumnavigation of large’
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cumulus clouds. An illustration of the type of informatiocn obtained from
analysis of V-G records may be of interest. The difference in gust expe-
rience for airplanes of the same type, flown by the same operator dbut over
different routes, a trans Pacific and a Caribbean - South American route
is shown in figure 6. Effective gust velocity in feet per per second is
plotted as the ordinate, and the number of miles to equal or exceed a - . -
" given value of gust velocity is the abscissa, plotted on a logarithmic
scale. Gust velocity instead of accelerati on wag used as a criterion of
roughness to eliminate any effects of differences in operating speeds and
veights. For a given humber of miles flown, the Pacific route was less
rough, by about 15 percent. Analysis of data from routes in varicus parts
of the United States indicates that, all things considered, there may be

a difference of 5 to 10 percent in the gust loads experlenced by airplanes
flying in different parts of the country.

In conclusion, the determination of both repeated gust loads and
single large loads under actual operating conditions is of importance to
the designer and the operator of transport airplanes. Both the V-G
recorder and the VGH recorder are essential to such load determinations,
as these instruments are complementary tc each other. Data collection
must be a continuing process, because operating conditicns change and
the loads experienced are affected to an important extent by these
changes.
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SUMMARY OF VGH DATA FROM ONE AIRLINE FOR 712 HRS OF LOW ALTITUDE
OPERATION

(0) GUST LOADS AND AIRSPEED EXPERIENCE

FLIGHT DISTANCE | PERCENTAGE | AVG. INDICATED . , [no. oF an's
FLIGHT (MILES) OF FLIGHT | AIRSPEED (MPH)|MAX. An [NO. OF An's|>+0.3 g PER
CONDITION PATH IN (QUNITS)! >+0.3 g |MILE OF ROUGH

ROUGH | SMOOTH | ROUGH AIR | ROUGH {SMOOTH AR
CLIMB 4078 | 6999 36.82 167.0|165.2 | +1.38 1630 0.3997
ENROUTE [20686 | 72115 22.29 204.3[212.0 | +I.20 8181 | 0.3955%
DESCENT [ 18463 | 2177 45.89 1900 [204.9 | -1.02 || 8867 0.4804
TOTAL 43227 100885 - : - - - |ee7e -
AVERAGE ~ 30.00 194.0[ 206.4 - 0.4322
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AND TURBULENCE. CONDITION (ALT x 103 FT).
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Figure 4
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ATMOSPHERIC TURBULENCE'AND ITé EFFECT ON AIRCRAFT OPERATION
.'4. TEE DETECTION AﬁDAFORECASTING OF TURBULENCE
| By James K. Thompson
Léngley Aeronautlcal Laboratory

Previous papers have discussed the problem of repeated gust loads
and have indicated that satisfactory methods for reducing the gust-load
experience of the airplane are desirable for both future and present
transport operations. One method of reducing gust-load experience of the
airplane is through choice of a flight altitude and path that will avoid
turbulent regions. The methods considered here are .the prediction and
detection of the location and intensity of regions of atmospheric
turbulence. - -

Although methods for predicting the location and intensity of atmos- !
pheric turbulence have been studied for many vears, little success has
been obtained because of the complicated nature of physical processes in
the free atmosphere. The meterologist usually simplifies the problem by
treating the intensity of turbulence. according to the predominate source
of energy. Thunderstorm turbulence for example, is usually analyzed
according to some measure of the buoyant forces within the storm. The
methods of prediction now available are simple empirical relations based
on observations of turbulence intensity and meterological fuactors.
Although the methods do not permit precise forecasts of both the location
.and intensity of atmospheric turbulence, they do provide some estimate
_of the intensity of turbulence that may be encountered by airplanes
operating in the region of thunderstorm activity or at low altitudes in
clear air.

Low-level clear-air turbulence is seldom critical from the stand-
point of single excessive gust loads. Such turbulence is significant,
however, to the fatigue life of the airplane and to passenger comfort.
This clear-air turbulence is associated with atmospheric flow over the
earth's surface and is located in a layer usually extending to an alti-
" tude of about four thousand feet. Data obtained from a recent flight
investigation in Ohio have been utilized by NACA to continue past studies
of the gust experience of airplanes operating in this turbulent layer.
One of thé quantities examined in the study was the product of total -
solar heating received on a .unit horizontel surface during the flight
day and average wind shear. Wind shear is defined here as the rate of
change with altitude of wind direction and velocity in the turbulent
layer. The product of these two variables was found to yield reliable
estimates of the gust experience of an airplane operating at low alti-
tudes under certain conditions,
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A measure of ohserved gust-experience as a function o10 this index

of clear air turbulence is shown in figure 1. The ordinate is gust
velocity and the abscissa (turbulence index) is the product of wind shear
anu solar heating. Each of the points represent one of twenty-three

flights made by the airplane during spring, fall, and winter seascns.
mhe solid line represents the line of best fit determined by a msthod of
least squares and the dashed . lines define the error baand. About two
thirds of the observations may be expected to fall between these error
bands. - SR - :

The figure shows.that the average maximum effective gust velocity
per ‘mile: of flight was usually Jdetermined within iess than one foot per
second and:that the :meteorological index of turbulence intemsity is
related to:the .gust experience:of the airplane for the test conditions.
The relation has been obtained empirically and direct application of the
results to other regions is rnot warranted. The value of the inéex for
other localities is for the purpose of estimating the relative intensity
of::low-level: clear-air.turbulence under certain conditions.

The index may be.used to best advantage in connection with studies
of airplane behavior if flights are to be made in clear air at low aiti-
tudes and- over.a given route or area For *this type of an investigation,
the index has-enabled.NACA engineer ﬁo determine if the prevailing tur-
bulence is apt to:be sufficiently intense to warrant preparation for
test. operations.. Further investigations are required Lzfore metecruiog
ical predictions mayﬂbe,utllwzed to enable any significant reduction in
the gust experience of the transport airplane.

Largewcuvulﬁu’and,thunder torm clouds re pvesent an important source
of .intense atmospheric turbulence. The clouds may form rancomly through-
out an air mass or in lines along frontal zones. Gust velocities greater
than those for which transpor+ alrplane are designed are known to occur
in thpse reglcns.

The results obtained from an investigation of a wethod for pre-
dlctlng maximum- effective gust velocity in thunderstorms are presented
in figure 2. The ordinate is the maximum effective gust velocity
encountered by -an airplane during a large number of flights through a
thunderstorm. The abscissa is the predicted maximum relative horizontal’
temperature: difference between the warmest and coldest air of the .
thunderstorm. The points represent twenty-nine thunderstorms that were"”
investigdted. ' The solid line is .again the line of best fit determined.
by a- method of leaSu squares and the dashed lines deflne the error vand.

The 1ndex of 1hunder torm turbulence is aprarently related to th !
max1mum gust intensity of the thunderstorms. The error band shows t4gt“;
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the maximum effective gust veélocity is usually predicted within abdut
five feet per second. Although the quality of the relation is not as
gocd as that of figure 1, the index has bsen determined from data that -
would be available to field personnel for making the flight forecast.

A part of the error is obviously connected with errors in forecasting
the temperature difference in the storm.” The errors are representative
therefore of those that would be made by a forecaster. This index of
thunderstorm turbulence represents one step in the development of a
method for determining if gust velocities greater than that for which
the airplanc was designed are likely to be present in the storm. It
does not however, attempt to predict the intensity of turbulence that
will actually be encountered on any single flight through the
thunderstorm.

A reduction of the gust experience of the airplane may also be
obtained by utilizing devices for detecting the location of regions of
atmospheric turbulence. Of the methods investigated by different
agencies, radar prcbably holds the only reasonable change of success
in the immediate future. Radar is not a true detector of turbulence
however, and its use depends upon the existence of relations between
turbulence and the water content of clouds.

The 10-centimeter ground radar, the 3-centimeter airborne radar,
and the 3-centimeter airborne radar with an attachment for indicating
areas of light and of heavy rain, have been investigated for possible
use in detecting the turbulent regions of thunderstorms. The investi-
gations represent the cooperative work of the Navy, Air Force, American’
Airlines,and NACA. The results of these investigations may be more
easily dlscusscd if some elements of thunderstorm structure and radar
principles are first considered. An outline of the rain core and visible
cloud of a large thunderstorm is shown in figure 3. The hatched area
represents the rain core of the storm and the white area represents
portions of the storm in which the vater content is low and the drops
are small. A projéction of the hor:zoncal area of the rain core onto the
earth's surface is also shown.

The rain core‘of a thunderstorm such as this contains a multitude
of tiny reflecting surfaces and may be considered as an echo source.
A portion of a radar signal directed into the storm from some g&turior
position will be reflected as an echo to the radar set. The direction,
and distance frem the. radar set to the reflecting surfaces ere prescnted
by the radar in a form that may’ bc utllwzed to locate the rain core of
the thunderstorm.
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The 10-centimeter ground radar has been examined for use in
detecting regions of thunderstorm turbulence by means of data obtained
from thunderstorm investigations conducted in Florifisa and Ohio. The
data were analyzed for differences between the gust experience of
airplanes operutlng within the indicated storm area and at distances
of 2 to 5 miles from thc indicated area of thunderstorm activity. -The
gust experience of airplamnes. operatlng w1th1n the 2- and S5-mile llmvts
was assumed to be indicative of turbu*ence 1nuensitzes in clear air.
near the thunderqtorms

Some results.of this analysis are presented in figure 4. The
ordinate is effective gust velocity and the abscissa is average miles

flown to experience given effective gust velocities. The lower line .

represents the gust experience of airplianes operating. in clear air near
the storm. The upper line-represents the gust experience of airplanes
operating within the area giving a radar echo.

The gust velocities éncountered in the indicated area of thunder-
storm activity are.in all cases greatér than those encountered during
equivalent distances of flight outside fhe storm. - ¥or oxample, an
effective gust velocity of about 30 feeu per second was encounteL,u,'on
the average, once durang every 100- mlles of flight in areus giving a.
radar echo. A gust velocity of only about 20 feet per second was
obtained however, for egual distances of flight in clear air near the
storm. This represents a substantial difference in gust expefjence,,
and. indicates that the ground radar set. is of value as a supplement to
pllot Judgment in avoiding reglons of 1ntense fbundersform Lurbulonce

The 10- cen+1meuer ground radar lacks mobillty and can cover only a
limited area about the location of the radar set. The’ equipment also.
lacks the ability to define the alt 1f1do at which the turbuience exists.
The instrument indicates. the distance and the horizoatal dlrectlon from'v
the radar set to reéflecting surfaces which may be at altitudes of 5 +o
20 thousand feet. Some 1mp11cutlons of these characteristics of ground
radar are shown in figure 3. .Ground radar would indicate an area of
thunderstorm activity. similar to the ground prOJectlon of" the rain core.
An airplane flying above this ground projection of the indicated area of
thunderstorm activity may actually be in clear air out51de the storm.

Airborne radar is superior to ground radar in- 1ha+ its beam or
signal does not intercept the entire utorm. Airborne radar ”*dlCdtes ,
only the horizontal extent of the storm in a layer about 20C0 feet thick
at the flight altitude. - For storms such as this, airborne radar would
detect the altitude differences in horizontal area of the rain core.
The area of the rain corec is presented therefore in a form that is
particularly advantageous for turbulence detection. The relations
between areas of thunderstorm turbulence and airborne-radar indications
of regions of thunderstorm activity have been investigated for the
standard 3-centimeter radar and a 3-centimeter airborne radar set
modified to indicate areas of light and heavy rain.
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Some resulis obtained from flights with the standard airborne
radar are shown in figure 5. 'he data are preceanted on a mileage basis
as before. The gust experience of the airpiane is shown for flights
within the region of clouds giving a radar echs, in the cioud but not
in the region giving an echo, and in the clear air.near Lhe ¢iduds.
"It may be noted that the results dgree with those for ground redar and
show that those areas of clouds ‘giving a radar echo centain the more
severe turbulence. The gust velocities are lower than those indicated
in figure 4, however, inasmuch as the clouds investigated with airborne
radar were large cumulus clouds but not necessarily thuuaderstorm clouds.
It may also be noted that the large gust vclocities arc sometimes
encountered in clouds:not giving radar cchos. Some clouds or portions
of clouds contain large gust-velocities but have too small a water
content to be detected by radar. This is especially true of small
building cumulus clouds .such as ‘are represented by the greater portions
of this data. Although the standard radar sets enable.a significant
reduction of gust expericnce, the instrumentation dces not detect all
regions of intense. turbulence.. It'lis also Mrwown that very little
turbulence is encountered in some parts of the areas giving a wafau
echo, -

If the flight must pass: through a front or squall line, it is’
desirable to detect. the. smootlicst possible fligh% path through the area.
The standard.airborne and. ground radar sets are unable to-detect the
smooth and rough portions cf the rain core.\'na attachment fur-indicating:
areas of light and heavy rain oncx the most promising method for
enabllng a'"borne radar to perform hlS task. Tho dovice makes use of
variations in the strength of  the Ieturn s:gnal or echo as it is usually
called. Since the strength of thc echo depends npon the number and size
of water droplets in the. cloud, ‘the attachment may be utilized to- block
or erase the’ stronger signals: rGCulvwd from areas -of he a«y rawn. '

An examplc of this type of preséntation 'is shown in»figure 6. The
photograph shows the usual radar method of presenting the indicated
area of the rain-core. The durk areca represents .the area of  no rain
surrounding the cloud. The white portion. of the sllde represent the
areas of light ruln,-and the ‘circlice are tae rango“marka, The white dot
in the very center reprcaents the iocctich of the airplane at the- tlme
of the- pnkuograpn. The signsl has heén fOuIJetplj erascd in. thigt
po"tﬂon of tn@ storm winere the huan rain. Js SOTCTIT T el :

The cniarged inner portion of f1gur° 6 is presenthd in figure 7,
with the rplane position indication removed. - The circie is the
10- mlle-“anﬂe merk and within it" is the enlhrgcd presentation’ of the
areas of no rain, light rain, and heavy rain. Tnc interesting feature
of this form of presentation is the variation of dlstances between areas
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of no rain and heavy rain. I. ous powtion of the storm, the coftour
indicating the beginning of light rain is very near the couhouy
indicating the bsginuing of heavy rain., Ia other portions of the
storm the :distance hetween these uamu contours, the ¢oatour spacing as
it ie usually called, is several: tlmeb as great.

-

Greater shearjng stresses are generally associated with the regions
of thunderstorms having a rapid rate of change from mo rain to heav"
rain. It would appear reasonable, therefore, to expect more intense
turbulence -in the region of narrow contour spacing thanr in the region
of wide contour spacing. Available data have therefore been analyned
to determine if airborne radar with the contour attachments 1s of any
assistance in locating the areas of light and heavy turbulence in reglons
of clouds-giving a radar echo. ;

Some results obtained from this anaslysis are presented in flgure 8

The ordinate is the average number of gusts greater than 10 feet per
second encountered in each mile of flight for contours of a given
distance. The abscissa is the distance between contours and the poinats
represent the average number of gusts per mile for various contour
spacings. The curve through the noﬁnts indicates a rapid decrease in
the number of gusts per mlle as spacing between contours increases. The se
data would indicate that a substant+dl reduction of gust expericnce may:
be obtained by avoiding regions hav1ng & rapid rate of change cf rain
intensity. The data would indicate that the 3- -centimeter airborne radar-
with the contour attachment is apparently of value as a supplement to
pilot judgment in choosing the smoothest flight path through the front

r squall line where the pilot has no opportunity to avoid the cntlre
area of the rain core. /

The data shown would indicate that arees of intense precipitation’
and turbulence are associated and that severe turbulcuce exists in
regions containing a rapid change from no rain to heavy rain, ‘These same
areas are considered by some meteorologists to be.most favorablc for the’
formation of hail. Since hail is sometimes the cause of. severe dumage to
airplanes, it is also desirable to avoid regions hav1ng a gerious. con-'
centration of hail. The damage to one airplane as a 1”esult of leght
through such an area amounted to about $25,000. Over an extended
period, the actual cost of hail damage plus the intangible costs res sult-
ing from having an airplane inactive might represent a sizable portion -
of the cost of installing airborne radar in the airplane.

*

In summary, the aﬁai&au‘ejnformation indicates that the location
and intensity of turbulent regions may be estimated upon the basis’ of
woteo: uioZr 4l consideraticus . These estimates, especially of locutlon,
are rather crude and do not represent dependable methods for reducing



27

the gust experience of an airplane. Preliminary evaluations indicate
that the greatest reduction of gust experience may be obtained through
use of the 3~centimeter airborne radar with the atwachment for indi-
cating areas of light and heavy rain. This supplement to pilot judg-
ment, although still in the preliminary stages of development, appears
to be of value in reducing gust experience by detecting the smoothest
flight path through fronts and squall lines.
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Figure 3. - The visible cloud and rain core of a large thunderstorm.
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Figure 6. - Airborne contour radar method of presentation.



Figure 7. - Enlargement of the center portion of figure 6.
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The effect of what flying through rough air does to an airplanre
and the people in it is familiar to most ‘pergons. Gust alleviation is
ideally expected to eliminate the "l6ads and st*esses normally imposed
on the- airplane by the rough-air and to make the passengers feel as
though they were flying through calm air. Methods to fully accomplish
these ideals for the modern transport airplane have not been developed.
Although complete gust alleviation does not appear likely in the near
future, a partial attainment of elther object appears possible and
would be of value.

In order to show what effects partial alleviation can have, a cal-
culation was made for a typical present day large transport Fflying at
15,000 feet on a thousand mile flight which had 90 percent smooth air
and 10 percent rough air. The results are shown in.Figure 1 as the
‘average number of times an acceleration increment of. £ 1 g would be .
exceeded on this flight as a function of the ‘indicated. eirspeced. The
curves show the count’ for the. airnlane asg is (O allev1ation) and the.
count when the aoceleration from. sach gust is ‘alleviated or reduced by
10, 20, and 40 percent.. Tb‘give yoéu an idea of how big.a ' bump a 1 g
acceleration increment rep“esents, & minus'1" g increment Just starts
to 1ift a passenger from his seat. Thus, the number .of ‘accelerations
or loads counted in *this way might- be of interest to the operator as
a measure of mneals spilled or-of: possible physical damage to the pas-
genger if his seat belt were not-fastehiéd. For the condition selected,
this airplane did not experience- acceleration increments ‘greater than .
1 g until it flnw through the rough air-at about 225 miles an hour
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(Figure 1). But, as the speed was increased from 225 to 400 miles an

hour, the number of acceleration increments greater than -1 g increaged
rapidly to 150, showing how much the roughness. of:the ride increases
with speed. : o e

Although the alleviation reduces the magnitude of ‘the accelera- ..
tions by the percentages shown, that-is, 10, 20, and MO percent, the |
effect on the number of accelerations exceeding 1 g is.much greater.
For instance, at 350 miles an hour, 40.pércent alleviation reduces
the count from 80 to 2 or nearly 98 percent., Another use of partial
alleviation becomes apparent when consideration is given to 1ts ‘ef -
fect as the speed of the airplane is increased. If it is assumed
that the roughness of ride in the unmodified airplane -at 225 miles
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an hour should not be exceeded at higher speeds, figure 1 shows that at

350 miles an hour about,ho-percent alleviation of the acceleration would
be required. It should be emphasized that these results are for an air-
plane with all its characteristics held constant, flying at different
Sveeds, through the same gust environment. In all probability, the in-
creases of forward speed considered here would, in the actual case, in-
volve, among other things, operation at higher altitudes with a subse-
quent reduction in the number of gusts encountered. However, if partial
alleviation can be obtained, it can have a pronounced effect on the ap-
_parent roughness encountered in bad weather. 1In addition., it should
reduce the loads encountered by the percentage of alleviation used and

- Lot only provide & margin of safety for the large loads but also, by
reducing the over-all level of the loads, it should increase the fatigue
life of. the airplane. ‘

~ This paper is concerned primarily with the alleviation of the loads
and the stresses caused by flying through rough air. It is often con-
sidered that an alleviation of the accelerations caused by gusts isg
Synonymous with the reduction of all the loads and stresses. This con-
- cept is not always true, because some methods of alleviating the accel-
eration reduce certain of the stresses but increase other stresses.
Therefore, although the amount of alleviation of acceleration is a good
preliminary measure of the alleviation of load, further analysis is al- .
ways required to be sure that the method used to alleviate the acceler-

ation has actually reduced the stresses.

. . The majority.of the loads caused by flying through rough air occur
during rapid motions of the airplanes that are characterized by quickly
- applied accelerations or bumps and small but violent pitching and roll-
ing motions. Flight tests have shown that the 1ift changes casusing
. . these motions can occur in as 1littlé as a tenth of a second and at a

. .frequency of from four or.five times & second for a .moderate speed
. .transport to 10 or 11 per second for & high speed Jet fighter. Thus,

. 8,gust alleviator to reduce the loads must be able to detect the gusts
and ‘act very quickly to .counteract the 1ift c¢hanges.

.. .To simplify the discussion, 'the methods of slleviation considered
here have been reduced into three broad categories. These categories

are: alleviation by use of a detector and servo gystem, alleviation

.. by -a structural deformation, and alleviation, by reduced lifting ability.

. Figure 2 shows several differeht'methodé of obtaining alleviation
PuSing‘a.detector-servo'combination to operate a 1lift reducing system.
.Because it 1g S0 .often proposed as a means of alleviating gust loads,

-; the.autopilot is considered first. The autopilot attempte to maintain

_.a constant pitch attitude of the alrplane by measuring pitch angle
changes or pltching velocity and then correcting for the attitude change

of ‘the airplane by moving the elevator. Normally a change in the angle



of attack of an airplane is the same as a change in pitch attitude, bdut,
in a gust, the angle of attack change is primerily a change in the direc-
tion of the relative wind and not a change in the attitude of the air-
plane. Thus, if the gust pushes the airplane up or down without cheng-
ing its attitude, the autopilot can do nothing ebout reducing the lcad.
In addition, with the elevator being used to correct any attitude changes,
the whole airplane must be rotated to change the angle of attack of the
wing. Since the gusts causing moet of the loads are quickly applied and
occur in rapid succession, it is unlikely that the elevator can rotate
the airplane back and forth fast enough to keep up with the load appli-
cation. When tests were made, no difference could be observed in the
loads and motions in rough air whether a human pilot or an older type
autopilot sensitive to pitch angle was controlling the airplane. No
gquantitative data have been obtained with the newer rate types of auto-
pillot.

A more direct method of changing the effective .angle of attack of
the wing than by rotating the whole airplane is to use a wing flep -that
can move up to counteract an up gust or down for a down gust. Since a
wing flap weighs less than the whole airplene, it can be rotated much
more quickly and should be able to keep up with the rapid angle of at-
tack changes of the gusts. The remasining four illustrations of detector-
- gervo systems shown in Figure 2 meke use of the flap to reduce the lift
" on tho wing. The first flap system shown measures the acceleration due
“to gusts ‘and attempis to maintain the airplane at 1 g by moving the flap.
The second system directly measures the angle of attack change by a vane
ahead of the wing and attempts to cancel its effect by moving the flap.
Since flap deflection _generally produces a tendency for the airplane to
pitch violently, the next system indicatea the addition of interconnected
élevator movement to counteract the pitching moment caused by the. flap.
This elevator interconnection, of course, would not be restricted only
to this particular flap .8ystem. - Calculations have -shown that each of
these three flap eystems is a promising gust load alleviator. Because
of their complexity. however, the .model testes have not been made. The
‘last system shown which attempts to.maintain constant altitude within
very fine limits by mov1ng a flap could be tested in the:NACA gust tun-
nel at the Langley Aeronautical Laboratory. The tests.were ‘made - to
"check our ability to predict gust alleviation with systems using flaps

‘The results 'of this 1nvestigation are shown in. Figure 3 as the
" acceleration allevianion ds a function of the distancs to peak accel-
eration or load. Tho curve represents the calculated results and the
circled points are test results obtained in two differént gusts,’ one-a
sharp-edged gust and one’a gust whose horizontal distance to peék veloc-
ity was about 8 chords. ' The altitude or vertical displacement operated
flap system showed little alleviation when the load was quickly applied,
for the airplane model did not have time to move verticelly before peak
load passed. However, as the time or distance to maximum acceleration
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became greater, the -model had more time to move verticaliy with ihe gust
end the alleviation was greater. The o%ther flap sysiems mentloned wkich
detect acceleration or angle of attack should provide mors alleviation
in the shorter gusis. The agreement cbtained beiween experiment and cal-
culation indicavtes that the alleviation obtained wi+h a fiep sysiem can
te predicted for the single gust. :

Although flaps can reduce the acceleration, vertical lecad ard vend-
ing moment on the wing, exeminaticn chows that.large moments “enling 1o
twist the wing are developed when they are deflected. - Figure 4 shovs an
example of the torque loads developed by the deflection of gust alleviatb-
ing fieps considered for application to a varticular alrpiane. Tae re-
sults are shown as the avplied torque as a function of flap deflection
in percent of the torque present with no flap deflesction. The circied
points on the curve show the flap deflections and applied worques for
different amounts of acceleration allsviation. It can be seen that
20 percent allsviation (5 degrees of flap deflection) increases the
torgue over 100 percent. - If the airplane were already elrcng enough to
vithstand thisg increasge in torque load, advanitage could te taken cf the
alleviation of the vertical ioad and the »ending mements. In this case,
however, not even 5 percent alleviation couid be obtained without aGi-
ing material to the wing and a complee redesign would be necessary to
achisve any benefits in weight saving if 20 percent alleviation were
desired. - . :

Considering dstector-servo aystems as a whole; the alleviation %o
be obtalned may be predicted quite well for a single gust. The veritl-
cal loads, acceleration, bending moments and tcrjues are all amenable
to calculation. Unfortunately, the bhehavior of alsplarss in gsquences
of gugts extending teyond aboubt 20 or 30 .chord lengihs canuct be pre-
dicted:satisfactorily at present. In addition, detector-servo eystems
are potential oscilliators and ihue mey be susceptible to possible flut-
ter or divergence reactions. ILittle work has been done to handle itnese
probvlems. S ' ERR - .

The term, aeroelastic effects, is used to describe the evructural
deformations of an airplane wing in-flight. In some. cases the giruc-
tural deformations .are favorahle and in others unfavorable. ;Gust allevi-
ation by struciural deformation takes alvoniags of favereblic asioelastic
effects.  An illustration of an asroslastic effect from which guet aile-
viation is obtained is e swepbtback wing:. Since the center of air load
on the wing is outboard on the wing and behind the wing roct, when the
wing is pushed up as though an up gust were encountered, the wing tip
twists down and reduces the angle-of attack (Figure 5). The result of
thid downward twist in an up guat 4s an alleviation of the loads and
mements on the wing.  Tests were made in:the gust tunnel on a model
having a sweptback wing with a stiffness representative of the wings
of large transport aeirplanes. The experimenial result agreed with the
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calculated result of 20 percent gust alleviation. However, since there
is more reduction in angle of attack at the tip than near the wing root,
when the wing bends the center of lift on the wing shifts intoard on the
wing and forward. In the model tests this effect caused & nose up pitch-
ing motion that reduced the alleviation from 20 percent to about 8 per-
cent.

Another system using favorable structural deformation has been
checked experimentally in the gust tunnel. It was an especially de-
gigned straight wing which twisted favorably when air loads were applied.
Again, 1t was found that the reduction in acceleration was predicted
with good accuracy. A wing of this type would be subjJect to aileron
reversal effects, however, if the conventional aileron were used to pro-
vide control.

There probably would be a considerable amount of difficulty involved
in designing an actual wing structure to deform in a predetermined manner
to provide gust alleviation. There is one big advantage to using struc- -
tural deformation to alleviate the guat load, however, and that is, that
once designed for and incorporated, it is a property of the airplane it-
gself and is not dependent on the operation of detectors and servos to
achleve the desired alleviation.

In contrest to the detector-servo and the structural deformation
categories of gust-alleviatlon systems which move flaps or twist the
wing to reduce the load, the third category, reduced lifting ability,
reduces the load by a change in size or shape of the wing. Figure 6
shows two possible ways of reducing the lifting ebility of a wing. On
the left 1s shown the effect of a reduction of aspect ratio, and on the
right 1s shown the effect of sweep. The area of all the wings gshown 1s
the same. These curves of lift versus sngle of attack are representative .
of what would be obtalned in an ordinary test in a wind tunnel. The re-
duction in aspect ratio, in this case, from 6 to 1.4Lk, reduced the 1lift
for a given angle of attack change .- by 46 percent and sweeping the wing
by L5 degrees, as in this case reduced the 1ift about 30 percent. 3ince
the wing was swept by rotating the wing panels, the aspect ratio changed
from 6 for the straight wing, to 3 for the swept wing, and a major por-
tion of the 1lift reduction is probably due to this change in aspect ratio.
All of the wings shown in Figure 6 have been investigated in the gust
tunnel and it was found that the allevietions obtained could be predicted
satisfactorily and corresponded roughly to the reduction in 1lift shown
in the figure. Of course, these large values of alleviation were obtained
under ideal test conditions where only the wing planform shape was
changed. In actual practice, the wing erea might have to be increased
to cbtain the desired high 1ifts necessary for reasonable landing speeds.
An increase in area would also proportionately increese the loads in
gusts with a consequent reduction in the amount of alleviation to be ob-
tained.



33

Anotner method of reﬂucing the 11 1f{ing ability that is sometimes
considered is a SpOlLe” “tha® can be left extended wrile f;}Lug througn
rough air. Tesss in the gust tunnel irdicated,. however, that the ree-
ponée'of The spoller <o “he transient angle of atiack change of a guct
Vs was not fast envug 'to prov1de much al;evi&tlon.

The sia uus of knowleédge: on. gust load: allev1auion can be sumned up
”as ‘follows::- The, aliev;ation to be obtained in a gingle gust by use of
almosy- ‘any: methoa ox dbvice can: be P cdlcted to a falr degree of accur-
acy and the results of some’ mcdel teats are available a3 confirma‘tlon.

- At present there 19 not sufficient knowledge %o. predict *the résponse

. in & succossion of gusts. As far as is kunown; there are no guantita-
.,ywut*ve data: ava*laule from tests of gust alleviaL101 devices on a full-
- SQale airplan@ K Ll <
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Figure 2. - Possible detector-servo systems for reducing gust loads.
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Figure 5. - Demonstration of aeroelastic effect favorable for gust
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ATMOSZHZRIC TURBULE.ICE AWD .ITS ZFFZCT ON AIRCRAFT OPZRATION
6, ANALYSIS OF MEANS TO INCREASE TEEZ SMOOTEHWESS
OF FLIGHAT THPOUGH ROUGE AIR |
By William H, Phillips

Langley Acronautical Laboratory

This paper is based on a theoretical study of means to improve
passenger comfort by increasing the smoothness of flight through rough
air (reference 1), The paper is intended simply to give an indication
of the types of device that would have to be incorporated in an airplane
in order to provide smooth flight through rough air, Many practical prab-
lems in connection with the actual design and operation of such devices
require further study before it can be determined whether the attainment
of relatively smooth flmght in rough air would be possible in practlce°

Records of the motions of an.airplane flylnp in rough air 1nd1cate
that normal accelerations are relatively larse, whereas lateral acceler-
ations and changes in orientation are relatlvelv small, Reductions in
normal acceleration would therefore appear to be the most pronising method
of improving passenger comfort, In this paper the tendency of airolane
‘motion to cause airsicltness will be used as a criterion of passenger com-
fort, Some research was conducted at Wesleyan University in Connecticut

to determine the relative importance of oscillations of various frequencies
in producing airsickness (reference 2), In these tests a large group of
men was subjected to vertical oscillations in a device similar to an eleva~
tor, Some of the results obtained in these tests are shown in figure 1,
This figure shows the percerntage of men who became sick within an interval
of 20 minutes when they were subjected to oscillations of various fre-
quencies, These data show that oscillations with .a frequency of about

1/Y4 cycle per second caused the most sickness, and that oscillations with
the highest freaquency tested, about 1/2 cycle pzr second, caused relatively
 little sickmess, It is unfortunate that the data do not externd to still
higher freauencies, of the order of 1 or 2 cycles per second,. inasmuch as
many of the oscillations produced by rough air are in this higher frequency
range. Nevertheless, these data appear to indicate that oscillations of
relatively low frequsncy, or long period, are more likely to cause air-
sickness than oscillations of high frequency, or short u“TlOO In the
design of a device to improve vassenger comfort, therefore, ‘it may not be
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necessary to emphasize the reduction of response to gusts of very high
freguency, ’

Two methods of acceleration alleviation will be considered from the
standpoint of improving passenger comfort, One of these methods is pitch-
ing the whole airplane by means of the elevators to maintain a constant
angle of attack during passage through gusts, The other is the operaiion
of flaps on the wing by means of an aubomatic control system to offsei
the 1if%t increments caused by gusts,

‘In calculations of the response to gusts, the airplane was assumed
to fly through sinusoidal gusts of various wave lengths. Theoretically,

-~ any actual gusts could be resolved into sinusoidal componenis oi this
type and.the resulting acceleration of the airplane could be computed by
adding these effects cf the sinusoidal gusts separately,

. For comparison with later calculations that show the cffect of de-
vices intended to reduce the accelerations caused by gusts, the response

. of ‘a tyoical transport airplane to gusts is shown in figure 2, This fig-
~ure shows the normal acceleration and pitching velocity of & conventional

transport airvlene flying at a speed cf 200 miles per hour encountering

veortical gusts of various wave lengtihs, The amwplitude of the gusls was

taken as 5,1 feet. per second, a value which produces an angle-of-atiack

‘change of 1,0 degree at 200 miles per hour, The accelcrations caused Ly
~gusts of any other amplitude wourld, of course, vary in proportion to the
“amplitude, The figure indicates that for gust frequencics greater than
-1 cycle per second the airplanc experiences accelerations approaching a
-constant magnitude equal to that which would result from the Iift imposed

on.tha wing by an angle of attack cqual to that resvuliing from the gust,
At lower frequencies the acceleration decreascs as a result of vertical
motions of the airplane, The pitching volocity resulting from the gusts

is low.

-~ 1n order to study the possibilities of different systoms of accel-

- *eration alleviation it is helpful to consider the control motions that
“would be required theoretically to producc zero acceleration of the cen-
“ter of gravity during flight through gusts, Elimination of the vertical

accelorations docs not necossarily avoid pitching of the airplane, There-

~'fore pitching motions resulting with the different methods of control are

also of interest, The elevator motion required to produce zero accelera-
tion of -the center of gravity in flight through gusts of various freauen-
cics and the rosulting pitching velocities are shown in figure 3. The
elevator motion required increases almost linearly with frequeucy and
reaches very large valucs at high freguencies, In addition it is found
that the phasc angle of elevator motion, not shown in the figure, must
anticipate the angle-of-attack variation due to thc gusts by large amounts.
Such large phase leads are difficult to obtain in practice ant indicate
the reason for the inability of a human pilot to successfully counteract
the effcets of gusts, The pitching velocities shown in this figure also
reach very high values, These high valucs of pitching velocity result
from the fact that with elevator control it is nccessary tc rotate the
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whole airplane to maintain a constant anglc of attack during vassage
through the gusts, These larges pitching velocitics arc undesirable be—~
cause the accompanying pitching accclerations cause changes in vertical
acceleration at points some distance from the center of gravity, For
example, in this case the amplitude of vertical accecleration at a point
two chord lengths from the center of gravity would be greater than that

of the basic airolanc with no accelcration alleviator at frequencics
greater than two cycles per second, The use of elevator control thore-
fore does not apoear very promising as a means for producing smooth flight,
Therce is a possibility, however, that the use of clevator control might
have a beneficial effect in offsetting the low-frequency comconcents of the
oscillation which were shown previously to be primarily reswoonsible for
airsickness, '

It might be thought that operation of thc flaps to offset the 1ift
increment causcd by gusts would overcome thess objections because tho flaps
can produce lift increments without the necessity of rotating the entire
airplanc, The flap motion required to wroduce zcro acceleration of the
center of gravity and the resulting pitching velocity arc shown in figure
4, Tor these calculations it was assumed that the landing flaps were
used as the acceleration alleviating device, These results show that the
pitching motions producod by tha usc of the flaps are even larger than
thosc produced by the elevator, These large pitching motions rosult
mainly from thoc action of the downwash from the flaps on the tail, This
dovnwash acts in the same direction as the gusts and thorefore oroduces
large oitching motions of the airplanc, Furthermore, in certain frequency
rangss the phase rclationship of theso pitching motions is such that the -
anglec-of-attack changc of the airplanc adds to that of tho gusts and as
a result still more flap deflection is required to offset the accecleration
increments, These results indicatce that the use of conventional trailing--
edge flaps for acccleration alleviation is not likely to prove successful,

An understanding of the flap cheracteristics required to offset the
accelerations caused by gusts may be obtained by considering tho scquence
of cvents that occurs whon the airplanc penetrates a gust, The airplanc
is assumed to fly into a region in which a vertical gust valocity exists,
When the wing penetrates the gust the flaps must move up to produce 1lift
in the opwvosite dircction, In order to avoid undecsirable pitching motions
of the airplane, however, the moment about the wing aerodynamic center
causcd by the flap deflection must be zero, Then vwhen the tail penetrates
to the region of the gust the downwash from the flaps should be just equal
and oppositc to the gust velocity so that no additional moments will be
applicd to the airplane by the tail, Such charactoristics ara not ob—
tainable with ordinary flap designs, The provision of =zoro pitching mo-
ment about the wing acrodynamic center might be obtained by linking the
clevator, or a portion of the clevator, to deflect in phase with the
flap in order to cffset the flap pitching moment, The desired downwash
at the tail, which is opoosite from that normally recsulting from flap
deflection, might be obtained by linking a portion of the flap ncar the
fusclage to deflect in tha opposite direction from the main part of the
flaps further outboard,



In order to calculate the reduction of accelcrations caused by
automatic opcration of-the flaps during passage through gusts, the gust-
sensing de v1ce roquired to operate the flaps must be considered, Studies
have been made of the use of a vanc mounted ahcad-.of the airviane to de-
tect gusts and of the use of an accelerometer to dct.ct the airplanc mo-
tion caused by gusts, The type of mechanism contcmolatod uvsing the vane-
typc sonsing device is shown in figure 5, The mechanism shown is Jjust
onc of many possible arrangements that might be used, If the airplanc en-
counters a gust, the vanc deflects upward and operatcs a booster mochanism
which causes the flaps to move upward, The linkage to the control stick
shown in this figure requires further cxplanation, HMormally, control of
the airplane is accomplished by changing the angle of attack as a result
of olevator deflicction, 4Any device which offscts the 1ift increments .
due to chango in angle of attack will prevent the pilot from mancuveriag
the airplane by mecans of the clevator, This dlfflculty may be overcome
by, linking the control stick to the flaps as well as to the clevator,
Whon the pilot mekes a pullup with such an arrangement,.a rcarward motion
of the stick causes the flaps to move down, producing lift in the dasired
direction, Then, as the airplane resvonds, thc flaps move back to their
neutral position as a result of the angle-of-attack change produccd by
the vane,

The reduction of accelerations caused by rough air obtainable by usc -
of such a device is shown in figure 6, The characteristics of the basic
airolanc are shown for comparison, It is secen that the accelcoration nay
be reduced to about one-fifth of the values cxperienced by the basic air-
plane while vpitching velocitics romain low,

Tho .stability and control characteristics of an airplanc cquipped
with a device of this kind are shown by the responsc to an abrupt control
movement, It is desircd that following such a control movement the air-
plane should quickly reach a stcady value of acceleration without over-
shooting or oscillating,

The Pesponsc to control movement of an airplanc equipped with the
vane-type acccleration alleviator is shown in figure 7. The clevator
is assumcd to be suddenly deflected and hold in the new position, The
resulting motion of a typical transport airplanc is indicated by the
dashed linc for comparison, Waen the airplane is cquipped with the de-
vice discussed previously, a much more raoid responsc is obtained be-
cause of the production of 1lift immediately when the flaps are defiected°
Neovertheless, the motion is very stable and shows no tendency to over
shoot the final acccleration, The recduction of lag following a control
deflection is thought to be an advantage, though actual flight tests
would be required to determinc pilots' opinion of this characteristic,

It is apparcnt-that the incorporation of a device which provides -
smooth flight in rough air would require rather complicated additional
mechanisms not provided at present though ‘the external appearance of
the airvlane would be little changed, Tho possibility that intcraction -
between the flap-operating mechanism and structural oscillations might -
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produce flﬁtter.réquires further inve§tiéétion, Noverthclcss, the
promising results obtained in the theoretical investigation indicate
that experimental work to verify these results would be desirable,
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7. METEOROLOGICAL FACTORS IN THE DESIGN AND OPERATION OF THERMAL
ICE PROTECTION EQUIPMENT FOR HIGH-SPEED,
HIGH-ALTITUDE TRANSPORT AIRPIANES

By william Lewis
U._S. Weather Bureau

The first successful thermal antl-icing systems were designed and
built without the benefit of exact knowledge concerning the physical
cheracteristics of the meteorological conditions in which they were
expected to operate. The need for such knowledge was clearly recognized,
however, and rescarch was undertaken by the NACA to determine the prob-
able range of values of each of the pertinent meteorological variables.
During the past few years sufficient measurements have been made to
allow approximate definition of the characteristics of the most severe
conditions likely to be encountered in certain types of weather situa-
tions. At the same time, methods have been developed for the determin-
ation of heating requirements for various alrplane components when the
meteorologlcal variables are specified.

. With these developments has come the realization that 1t is not
feagible to provide sufficient heat to prevent all ice formation in all
possible icing conditions. It 13 necessary, therefore, for the design-
ers to congider the probabilities that the airplane will encounter con-
ditions of varying degrees of severity, and assume a calculated risk in
basing the design on something less than the most severe icing conditions
that might possibly occur.

Now the probability of encountering conditions of a given severity
is obviously dependent upon the operating conditions, including such
factors as geographical srea and preferred flight altitude. It i3 also
dependent upon the extent to which flight procedures are modified in
order to avoid icing conditions or minimize their severity. This latter
factor, in turn, depends upon the effectiveness of the anti-icing system.
It is evident therefore, that the problems of design and operation are
clogely interrelated. The question of the extent to which it is prac-
ticable and desirable to reduce the design requirements because of reli-
ance on the ability of the pilot to avoid the most severe and extensive
icing conditions demands careful consideration. This matter is especi-
ally important for high-altitude airplanes.

The principal difficulty in a determination of the ice-protection
requirements of high-zltitude eirplenes is due to the fact that nearly
all of the data on icing conditions now available are from observetions
at altitudes below about 20,000 feet. It is necessary, therefore, to
.make an estimate of conditions to be expected at higher altitudes,
which will serve as a tentative basis for anti-icing design until actual
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meesurements, taken if possidle during normal operatians; can’provide
more ‘exact information. R

The meteoro;ogical Faetors wvhich are- 1mportant in a. consideratjon
of 10¢ng conditions are ligul d water content, cloud drop size, air tem-~
perature &nd air density. The severity of i¢ing is obviously directly
proportionali to the liquid water’ con*en* when all other factors are re-
garded as constent. Furthermore, for any -particular value of liguid
water conteni, the rate at which marer ig intercepied by a muving ob-
Ject, the area cver which the impingement occurs, and the diswribuiil on
of water collection over this area are Gependent upon & combination of”

factors including the average drop size, the distribution of drop's*zes” S

about this average, the air speed, the altitude, ahd the sizé and shape’
of the object The rate of water intorcep*ion ot thé rate of ice
formation, ‘per unit area normal to the flight path, is equal +o the
product of the liguid water conten+ the true airgpeed and a fasior
called the colledtion efficiency. whlch i3 a functicn of qrop size,
airspeed, and thé geometrical configuration of the airplané compcnent ;
Since pilots’ cuatomerily observe the thickness of ice in inches and
values of liquid water content are usually expreased in grams. per ﬁu“lg_
memee, it may be- noteu that .the Lhiekreus of ice in 1nehee whick ig
collected -during- 13 milos of flight 18 epproximately equal to-Fhe
liquid watex contenn in grams per cutic meter times the collection effJ—__
C.Loncy :

Unlike liquid water content and drop size, the effect of tempera- ' i
ture on the severiiy of. lcing:as exporlenced by an unheated airplane is’ o
quite differen+ from its effeéct on thé difficulty of - 1ce’ prevennion by
means of heat:. In terms of’ thermal ice.prsventicn; the severliy of.
icing incrsages oonL*nuouﬂlJ as Lne temperaiture is reduced. On au un-
heated surfaoe, on the other hand’, ice which forms at very low tempora -
tures usuelly has a smooth and pelnted form, and has a less unfavorable
effect on the performance of the eirplane than the rough and irregular
shapes which form at only a few degrees below freezing.

In the case of high- speed airplanee. the effect of kinetwc heating
in malntain*ng the temperature of the airplane above the free-air tem-
perature is quite important. Tests have shown that in air containing
water drops, the amount of the kinetic temberetu;e rise is abouv
90 percent of that which would be produced by bringing the aiir to rest
by a satursted-sdiabatic process. This effect is illustrated in Fig-
ure 1. In the construction of this figure, it was assumed that .the
freezing level was at 10,000 feet pressure altitude and the lapse rate .
of air containing ligquid water drops was moist-adiabatic. Under these
conéitions the curve indicaies the relation between true airspeed and
the temperature and pressure-altitude at which the leading-edge surface -
would be at 320 F, which of course, is the critical- condition for -<the
onget of icing. It is seen that an airplane flying at 500 @ph would:-
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have to reach an altitude of 17,000 feet when the temperature is 6° F
before icing would be experienced.

Nearly all of the data now available on liquid water content and
drop size in icing conditions have been obtained using airplanes with
a practical service celling of about 20,000 feet. Hence, any estimate
of conditions likely to be encountered at higher altitudes must neces-
garily be based on exirapolations. Moreover, nearly all of the obser-
vations were made during winter and spring, while it is expected that
the most severe and frequent icing conditions st higher altitudes may
occur in summer. Under these circumstances, the best that can be done
at present is to examine the data now available and proceed with caution
to extrapolate %o higher altitudes.

Nearly all flight measurements of cloud drop size have been made
by means of the rotating cylinder method. This method yields what is
called the "mean-effective diameter", which is believed to be approxi-
mately equal to the median of a volume distribution.. When ihe mean-
effective diameter is known, the rate of water interception cen be cal-
culated with reasonable accuracy. The maximum area of drop impinge-
mont, however, i3 determined by the size of the largest drops, and is
therofore dependent also upon the distribution of drop diameters.:-

An examination of available date on mean-effective diameter, teken
in various parts of the United States shows the existence of a signifi-
cant variation with geographicel location. Measurements made along the
Pacific coast show larger values of drop diameter, both average and

“extreme, than are observed in other parts of the country. This effect
1s belleved to be due to differences in the kind and number of conden-
gsation nuclei, the hypothesis being that air which comes from over the
ocean contains a small concentration of large condensation nuclei,
probably composed of sea salt. If this is true, a tendency to large
drops would be expected generally over the see and along coasts having
prevailing on-shore flow.

Data from cumulus clouds in all areas and from layer clouds on the
Pacific coast do not reveal any significant variation of mean-effective
diameter with altitude. Observations in layer clouds in eastern U. S.,
however, definitely indicate an increase in drop size with increasing
altitude. These results are shown in Figure 2. On this figure are
shown smoothed distribution curves for observations of mean-effective
diameter in layer clouds in eastern U. S. at altitudes above and below
10,000 feet. The ordinates represent the percentage of observations
lying within a 2-micron range. It is noted that the observations from
above 10,000 feet show a higher average diameter and a greater varia-
bility, with higher frequencies in the renge from 1k to 30 microns.
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The characteristices of these dlsqubution curves may be degcridhed

- b¥ means of certaein statistical perametérs as shown. Theze are ite mode,

or mos% frequent value, the median, a value such that half “he obsarva-
tions are atove ard half helow, and the fifth.and ninety-fifth percen-
“iles which mark the lowes® and highest 5 percenb of <he obgervations.
1, is aleo no%ed that, although the higﬂef-al*ituae obvservaiions have a

-greater median and mode the 95th percentile is nearly the:same, indi-

cating that there-is litile change with alfitude in the procabi¢1*" of

-encountering very large drops.

. Figure 3 (table) shdws values of soms ,atisfical pa*amete*s for
the distributions of observations of mean-effeciive dieme+er in cumuius
clouds and layer ciouds in the Pacific coagt. region anG in easiern
United States. It 1s seen from this “avie that median and modal values
of drop diameter in layer clouds on “the Pacific coast are nd® greatly

-, @iffsrent from the higher-aititude otservetions in the eagterr U. S.,

but the range 1is much g“e&‘c The 95th and. 99%h percenvilie values are

?:_4L end 67 microns for %he Peuific coast ag compared with 23 and 25 for
'ﬁh’ghe* altitude -layer c¢louds in chc eagt. Cumulius clouds show lar rger
.. modlan and modal values than layer clouds in both areas, bubt in the

,P@oi *ic coast area, “he larges exxreme valums are in laye_ cliouds.

. -Due to inaccurec1eo in the mul+ 1cylihder determinations of large
values of mean- effective diameter any indicated values over 35 ricrons
are quite uncertain. The shape of the gisiribuiion curves, however,

.- glves a reasonable basis for infer: ring that velues of mean-effective

diamever exceeding 50 microns occur in about 1 percenty of Pacific coast
cloude,-althongh the actual values cannon be.. reliaviy measured. The
fact that precipitation sometimes ocours in mariiime climaise withous
the .appsarance of the ice phase” 1s furgheL ev1denco of the pessibiiity

‘”of the formation of lorge drops. In view of thege facis, 1% is telieved
that - valuea ‘of mean-effective drop diameter exceedihg 100 oxr even 200

microns migh occa51onally be encounLered 1n coastal areas or over the

. 8ea. .. :

It has been obaserved that unusually large values of mean-effective

.., @lameter are.associated with low values of 1iquid water content and that

. the values of drop diameter agsociated w1th hlgh values oft liguid water
.-contént: do not differ greatly from the average.i ‘Hence. the designur of
. ice-protection equipment musy provido for “Wo .types of conditioré! “high

values of liquid water cohtent aSSOGia“ed with -average values .of drop
diameter, and high velues’ of mean effectlve diameter associaued Wiuh low

Since the maximnm hea bing requirements for ice prOuectlon are 2880-

{*Aia ted with maxinmum values: of Iiguid water content 1t would appeer *

reaeonable to use an averdge “vallie of drop size, for examp;e, 15 to 20
microns for the calculation of total heating requlrements the other



43

hand, since ‘values of drop diameter from about 25 to 40 microns occur
in about 5 percent of clouds. it would seem advisable to con51der drop
"dilameters of 30 to hO mlcrons .in determining the extent of areas to be
heeted .

In view of the facts that accurate and relieble measurements of
extrome values of drop diameter are not now available and that the fre-
quency of encounbering such conditiona is uncertain, it would probably
not be necessary to consider valies of mean- offective diameter greater
then about 50 microns as design criteria until reliable 2atsg become
availeble, unless experience should indicate that, designs based on
smaller values are inadequate.

In a gtudy of the distribution of liquid water in clouds as a fac-
tor in aireraft icing, it is convenient to divide all clouds into two
general classés, cumulus clouds and leyer clouds. Cumulus clouds are
large in vertical extent, small in 