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INTRODUCTION

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

The original presentation and thls record are considered as com-
rlimentary to, rather than as substitutes for, the Committee's system
of complete and formal reports.

A list of the conferees 1s included.

NATIONAL ADVISCRY COMMITTEE
FOR AERONAUTICS
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ATZOSPIERTC TURBUIEHCH AND [T5 FFFRCT
Cil ATRCRAFT GITIATION
1 - ELEUENTS CF %78 FA%IGUE YOI
By Pavl Kuin

Langley Aeronautical Laboratory

Some of the problems associated with atmosphieric turbulence
and its ef.ects on airplane operation can be aprreciated readily
without aav backdrourd of rpecial wxnowledze. Bven o lay:ian with- ¢
out any kaowlel:e of flying can aporecizte the effect of turbulence
on pasannger coafort., Vith a little ‘nazinaiion, he can understand
that very violen* turonleice may brea” the nirplane, The most
irsidious effect of turbulence, however, and pctentially at least
the most important, e be apnrreciated only with some background
or specialized knowledse. It is tie promotion of fatigue failure.

Fatigyne failures arc-an old story to transportation engineers.
In 1850, there was a meeting of mechanical engineers in Englend at
vhich a paper was presented dealing with fatigue failures of rail-
vay axles. The spraker stated, among otner things, that he was
collecting statistics on service failures, A few years later, a
German railway engincer started systematic fatigue tests on rail-
viny axles. The curves he plotted are known to engineers in Eurcpe
by his name, in our country, more prosaically, as fatigue curves
or 5-N curves. Around 1950, there were several engincering meet-
ings in England, in Australia, and in the United States, devoted
spccifically to discussions of fatigue, and railway axles received
their share of attention in alli of them.

Now, it is not impossible to build machinery that will live,
perhans not forever, but certsinly 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 ¢ngines and airplana frames
built on similar principlcs would most certainly be safe against
fatiguz failure 1n the air, because they would never leave the
eround, If man insists on his wachinery leaving the ground, he must
accept some risk of static or fatigue failure.

. RESTRICTVD
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Static failures in the air were common in the earliest days of
aviation, This situation was greatly improved by the uwse 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 generally attributable to vibration induced by
the engine 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 increase the speed, and to increase tht total number of flight
hours of transport type airplanes., With this trend, it is becoming
more and more difficult to postpone fatigue failures long enough
to obtain the desired service life of the structure. ‘

What can be done to. ensure a structure that is at least reason=~

ably satisfactory is now to be considered, A glance at the history

of airplane engine design may be instructive. For a long.time, engines

were notorious for developing fatigue troubles. Intensive efforts
-were made-to decrease these troubles by improving design methods and

features, materials,and materials processing, and by keeping close

tab on service experience. With all this vast backlog of experience

for the improvement of engine design, each new type still goes

through a lengthy debugging period, and an acceptance run is still

required for any new type of engine, '

Considsration has been given to fatigue tests on airplanes
comparable to the acceptance runs of engines. Assume that the air-
plane is to have a liffe 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 uscd number for that fraction is one-tenth.
The fatigue test would thus require 5,000 hours, or about 7 months.
That would be 2} hours 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
assumes furthermore that the test speed can be adjusted to obtain
vglues corresponding to flight conditions. This may be extremely
difficult in some airplanes without 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 ane, -

In any event, a procedure for testing a cofpleted airplane is
obviously not & gecod 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 2 prediction of static strength, requires that
threc gqrestions be answerod:

(1) ihat are the repeated loads?
(2) What strosses are causcd by these loads?
(3) What are the allcwablé stresces?

The first question, that of reperated loads, is dealt with in sub-
sequent papers. . Attention should “e called to the fact that the
loads can be defiped only on a statistical basis, This means that
it is impossibls to procdict tha Jire of one piven airnlene, It is
only possibl: to predict scaethirz lik. the cverag. 1life of a larze
fleet of airplauecs, a hundrec, for example. JSome airplancs will live
longer than the averaze, com- nob 5o lonz, The oneratvion of any
given airpianc ther.fore necossrily invslvas some risk. For design
purpos-s, it it neccssery to put a ntaber on this risk, in order to
maks it a.calcvlatnd rick., .ew to srrive ac tais rumber is onc of
the many open juectioms. Tor pacsangor airvlanss, perhaps as good

a suggestion as ony is to nake this risk eginl e the rick of every-
day life on the ground as nmeasurcd by the préium rates of life
insurance companios. ‘ ' o ‘

- On the second question, that of stresses caused by loads, it
should be noted that a rcasonably rcliable prediction of fatigue
1life would reouire a much rore complete and accurate stress analysis
than is ‘currently customary, Much can be ddne by more complete use
of available knowledge, A considerable portion of the NACA research
on structures has always besn devoted to stress anslysis. However,
rmuch additional rescerch is needed on such items as strésses around
cut-outs, sudden changes of cross section, and the large complox
of problems usually lumped in the term "sccondary stresses." This
term was coined in the days when only static strength was of concern,
When fatigue comes into the picture, the so-called sccondary stresses
often assume primary importance. :

The third question, that of the allowable stresses, is rather
casily answered for static strength desion, but not so for fatigue
design. 4 number of factors that are unimportant or non-cxistent
in the static case become very important in the repeated load case,
The main factcrs are scatter in test results, complexity of load

‘history, and stress-concentration effects.

]
The first factor is illustrated in figure 1. The figure shows
results obtained in rotating-beam fatigue tests. The maximum stress,
S, experienced by ono fiber of the beam during one revolution is
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plotted against N, the number of cycles to failure. At each stress
level, a number of spocirens were tested, The average 1life for the
group is denoted by a eircle., The circles fall fairly close to a
smooth curve, and in this particular casc, this curve acrers very
closely with the corresponiing cne zstablished by the Alwainum
Company of America, However, the life of the longest-lived specimen
at a given stress level, denoted by o tickmark, differs frem 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
propertics, but no correlation with any material property has been
established t» date, It is known qualitatively that the machining
procedure used to make the specimcns is quite important., There is
also a school of thought which holds that at least part of the
scatter is associnted 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 amplitudc about a 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 nurber 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 agrece 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
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of this type is undergoing calibration at the NACA langley Aero-
nautical Iaborstory and a larger onc is wdcr contract, an inpor-
tant phase of th: rosearch work will be to see how well test results
obtained wider Pattorn Four can be pradicted from the design allow-
ables obtainad wnder Pattern ™o, Later, tne clectreonic control on
the first machine will be choanged; the new control will use a one-
hundred hour gust losd rocerd as basic coutrol medium to apply the
actual complex lnad pattern to the test specimens.

In tho past three years, 2 large arount of work has been dcne
under a large-scale program tn cstablisl: desipn allowable stresces
for airframe noterials, This work is carried out in part by the
Battclle Memorial Institute, in rart by the NaCi Lanzely aeronautical
Loboratory. It includes dcoterminstion of allowable stresses on the
most important airfrane matevials, the effects of stress raisers,
the cffoct of size of striss raiscrs, and the effects cf yielding.
A large amount of work rewains to be done, hewover, to sstablish
these effacts quantitatively. Jne of the groat difficulties in
this work is the inhcrently large scatter in all fatigue tests
which makcs it necessary to test large nwbers of specimens.

A number of other fatigue prcbiems are being investigated under
contract at several universities,

The problem of detecting fatigue failures ~s carly ns possible
is one of great interest t¢ research men as well as te operators.
The failure starts as 2 very small crack, which grows clowly or
rapidly until the part breaks statically. In sirple specimens, at
least, the crack does not form in the majority of cases until 50
to 90 percent of the fatigue life has been exhaustod, that is, the
major part of the fatigue damage is done before there is any erack.
Although much effort has been devoted to the problem of detecting
fatigue damage, there exists at present no method for dztecting
damace short of an actual crack., Onc: a crack has formed, it is
pcssible to sce the damage, provided that the crack is lecated some
place where it can be seen., Ther: are various rethods for facilita-
ting the detcction of cracks. On an airplane structure, many parts
are unfortunately not accessible to visual inspection. There are
rnethods for detecting internsl cracks, but there seems to be little
hepe that these methods czn ever be applied to anything but extremely
simple individual pieces.

Fatigue tests being made on trensvort airplanes are ancther
example of NALCA research in the fatigue fi»ld. Twenty C-LA airplanes
werc obtained from war surplus. The central poertion of the fuselage




is mounted between two suppnorts. The onter portions of the wings
are removed, & concentrated mass is attached to the new tip of
ecach wing to prcduce in the root region stresses of thc same
magnitude as the 1 g stresses in level flight, Pushrods frstened
to the wing tips nroduce an oseillating load of 0.625 g at the
natur~l frequency of the wing, 101 cycles per minute., The distri-
bution of the flight stresses is approximated fairly closely over
a spanwise distonce of about one-third of the original gpan. From
these tests an cffort will be mad: tc determine whether the scatter
in tests on complex structures is greater, less, or the same 2s in
tests on simpl: spocimens,

It n2y szem that tiue fatigue problem is a somevhat hopeless one.
Unquestionably, a very izrac arourt of work romains to be done and
it must be admitted *hat the nicture dovs looik confused at present
in some respects. However, there is good reason to believe that the
situwation will imprcve considerably witnin 2 few years. sethods of
accounting for some of the disturbinc factorz, such as sgize effect,
have been preoposed that secnn to offer good pronise, and the elimina-
tion of any one disturding factor greatly hielps to specd up the
task of cleaning up the remzining ones,

In conclusion, 2 p"ra71el may bp drawn., The fatigve lifc of a
structure is analogous to the life of a human b:inz in that it is
finite, and thet it cannot be predicted for 2ny one individual with
great cartainty or acecuracy. Advences in medical research do not
constitute a guarantee that the life of one siwven individual will
be increased, but they do guarantee that the average life spar will
be incrensed, other things belng equal. The same qppll' to fatizue
research,
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ATMOS?HERIC TURBULENCE AND ITS EFFECT
ON AIRCRAFT OPERATION
2. INTRODUCTION TO THE PROBLEM OF
REPEATED GUST LOADS
By H. B Teclefson

Langley Acronautical Laboratory

The problem o. repeated gust lcads 18 to define tne gust load
experience oi an a.rplane during its life. The problem is general
in that it covers all the many gust lcad experiences of the air-
vlane without specific regard to the cccurrence o single large
loads or to the sequence in wn!ch the lcads are applied. The solu-
tion to thils prcblem is regquired so that the etfects of gusts upon
airplanes can be designed fcr, reduced, or avoided  The purpose of
this paper 1s to vresent the elements of the recurrent-gust-load
pr-blem and to provide some background for subsequent papers on
gust loads.

The problem of repeated gust loads resolves into three parts:
The determination o the pertinent gust characteristics and the
irequency of occurrence of gusts in the atmosphere, the influence
of airplane characteristics cn the loads imposed by the gust, and
finally, the determination of the cperating 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 concepts of gusts and of available methods and instru-
ments for messur.ng gusts. It .5 obvious that gusts in the atmos-
phere have a wide varlety 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 guests are thosc roughly the size of the airplane,
although quite wide variations exist. The two basic elements of a
gust used in thls work are therefore considered its vertical com-
ponecnt of veloclity end its size. These elvments are illustrated in
the firet figure, which shows the velocity profile of an average
gust. As indicated, the velocity is directed upwards and the profile
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ls assuned fo e symmetrical. The exact shape of the profile is
not too important for most work, and in some casvs o sinc wave is
assumed vhile in othors a peaked gust is used. The distanc: H
i« which velocity increases tuo a maximum is used as & muasurs or
the size of the gust and 1s called the gradicnt dictance. The
vert cal veloclity at any point within the gust is assumsd to be
wniform across the airplane span.

In reducing the calculation of gust loads to itc simplest
form, consider the conditiun in which the airplene s 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 acceloraticn Incremcnt experiencod by the
alrplanc 1s a function of air density, slope of iifu curve, vertical
componcnt of gust velocity, forward spced, and wing load ng (reter-
ence 1). The factor K accounts for the vertical movemcnt of the
airplanse in the gust and for the fact that full 1lift is not realized
immediately for a sudden change in angle of attack.

In routine cvaluation of large amounts of data with the equa-
tion, it has been found conven.ent to base the value orf X on a
gust with an average gradient distance and tv uge sea lovel air
density and equivalent alrspeed. The gust velocity obtained with
these substitutions in the cquaticn is called the offectlive gust
velocity (reference 1). This is a fictiticus value, but since it
is a measure of the load producing capabllities of the gust and is
qulte easily obtained, the effective gust velocity is widely usecd
in loads work.

Tho best estimate of the true maximum gust velocity is obtained
il true airspoed and density are used in thc equation and X is
computed on the basis of actual gust and airvlane characteristics.
With respect to the current des.gn of rules of reference 2, the
30 feet-per -second gust at structural cruising specd is an ctfec-
tive gust velocity and corresponds to a true gust velocity of about
S0 feet per socond at sea level.

In order to illustrate the method of measuring thuse various
gusts, figure 2 shows a portion of an NACA accelerometer record
taken during flight in rough air. Veriticel deflections of the
trace indicate magnitude of the accclerations and the horizontal
scale denotes tims. Some imagination and exper:ence is required
in interpreting some of thesc records, but ordinarily the large
successive peaks in the record would be classified as gusts. The
magnitude of the acceleration peaks with respect to the reference




line of unity are read for evaluating the gust velocitles and the
grad’ent distance is cbta’ned by measuring the time to reach peak
de"lecilon

The NACA accelerometers used Ior open time scale reccrds of
the type shown in figuwre © axre used primarily on spec.al gust Ilnves-
tigations. In view of t‘he velatively short reccrding t.me avalliable
w.th these instruments, other Instruments have been used [or
obtalning data on gust cheracteristics for operations where longer

recording %L.mes are required.

A large amount of the available effective gust-velocity data
has beon obta.ned from the ‘amiliar V-G recorder (raference 3).
A samo.s of the type of recurd obtalined frcem the recorder is shown
in the figure 3. The record cunsists of an ausce which s erased
from a smoked glass plate by a stylus within the instrument. During
flight, changes in alrspeed cause ihe stylus tc move horizontally,
and changes in acceleration cause the stylus to move vertically.
The boundary, or envelops line of ths resulting area on the smoked
plate, represents the maximum positive and negative accelecrations
that occurred tnroughout the speed range for the veriod of operation.
The period ccvered by the record of figure 7 was abocut 100 flignt
hours, The type of record obtained from thc instrument docs not
permit the many smell acculcrations that fall witiain the erased
area tc vbe identified. The V-G recorder is therefore unsuited for
obteining a statistical count of all the accelerations to a low
threshold, such as might be desired Tor fatigue studies, dbut only
the outstanding large values at any speed can be determined. When
thsse maximum positive and negative accelerat.ons and the corres-
ponding a rspeeds from figure 3 are subst.tuted in the‘gust equa ~
tion of figure 1, the maximum effective gust veloc:.ties encountered
by the airplane are obtalined.

In order to obtain a statistical count of the accelerations to
a low threshold, an instrument callecd the VGH recorder is used.
(See reference 4 ), This instrument is shown in figure 4. The
VGH recorder gives & time history record of airspeed, accelcration,
and gliitude, rom which comes the term VGH recorder. t consists
of an acceleration transmitter that is installed near the airplane
center of gravity, & recorder base that contains airspeed and alti-
tude units, end a film drum. With the VGH rccorder it is possible
to obtain approximately 100 fl:ight hours of record with the film
supplied with each drum,

As an 1llustratiocn of the type of record obteined from the
VGH recorder, figure 5 shows a portion of a record taken from a




a lo

commercial transport dur'ng flight :n rcugh a’r, The timc scale
—iS. 8iven cn the absciusa, and the lower trace !s alrsoced, the
mlddle trace acceleration, and the upperr tracc altitude., The finse
acceleration peaks are gusts, The peaks arc very clcse together
because of the slow “ilm spéed used with this nstrument. The
film could be spewvded up, but the recciding shown ‘n "fgure 5 has
tsen found satisfactory Ior ob'aining stat st cal data :rum trans-
port operaticns, In ovalua.ing these rescords for tuc lcads, the
magnitude and number o the acceleration peeks are road. The air-
spced Is also read for converiing the acceleration deta to etlec-
tive gusi velec’tles, rom the lhree traces, the 1l:ed and gust
history of the airplane, together with pertinent operating cte-
tistice, such as eirspeeds and altitudes rliown, can be obta.ned.

The tnree types of records described -- the VGH recordi, 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 detalls of' the gust profile are needed, ‘nstruments to meca-
sure rapid changes in indiceted airspeed, or angle of attack vari-
ations, are also used.

Samples of data on gust intensity and gradlent distance are
shown in figure 6 (from reiersnce 1), in which intensity ol gust
is plotted as the ordinsate, and average gredicnt distance as the
abscissa. The average gradient dlstence is used to obtaln a renrre-
sentative value for the spread that is usually measured for any

- gust velocity. It may be noted that the gradient distancs in
figure 6 is given in terms of airplane wing chord rather than in
feet. Gradient distance 1s usually expressed in this manner
because of all gusts in the atmosphere, thne size of significant

—wgusts is selected by the alrplans on the bagis of the airplane
elze. This selecting process of airplanes is analagous to the
case of large and smell boats on thc ocean. It .s apparent that
the short or choppy waves that toss a rowboat around do not affect
the motions of a large battleship. Conversely, the longepericd
swells that make rough going for the battleship give cnly gentle
verticqgl motions to the rowboat. The airplane rcacts in a similar
manner to the disturbances in the atmosphsre. In figure 6, then,
in which data have been plotted for airvlanes varying in size from
the Aeronca with a chord of 4 fest to the XB-15 with a chord of

* 18 feet, it maybe sesn that the gredient Adistancus in chords tend

to fall within a band and increase somewhat as gust intcnsity
incrwases. The curve in the figure was drawn to agrce best with
the XC-35 data which is considercd tha most extensive cample. In
view of the large variation in the sizc o the airplanes, it 1s
felt that the relation provides a suitablc basis for relating gust
slze to airplane size. '




Other characteristics of gusts not illustrated in figure 6
are that, on the average, the veloclity compononts in the three
directions are the samr. In addlition, gusts are randomly dis-
tributed according to size and intensity in any stretch of rough
air. While an individual gust can have any conce.vable shape,
both in the longitudinal and spanwise dirsctions, a shape as was
shown in the first figuwre 1s generally assumed in treating large
masses of data. The number of guests and thelr intensltles vary
with the weather encountered, and so far as is known, the number
would decrease w.th altitude-

The second part of the problem of repeated gust loads, which
relates to the influence o airplene characteristics on the loads,
will now be discussed. For the ideal case given by the gust equae
tion (fig. 1), airplrne characteristies were representéd simply by
the K facter, slope of the 1ift curve, and wing loading. In the
actual case, the loads are influenced by many cother factors.

One of these factors ie the potential eifect of varlations :n
piloting technique on thoe locads during flight in gusty air. Some
special tests on the effect of piloting technique on gust loads
indicate thai. the loads may be increased from & to 20 percent if
the pllot attempts to correct ror all the disturbed motions of the
airplane in rough air rather than correcting for only the ma jor
disturdbences.

Another factor is the effect of center of gravity location
on gust loads- Both analytical and experimental work have ind!l-
cated that the gust loads are decrecased by about 2 percent for
each one percent Torward shift of the center of gravity.

The factor in gust response of ailrplanes that has probably
received the most attention recently i1s the effect of alrplane
elasticity on the loads and stresses. It Is well known that under
transient conditions, vibrations of the structure can cause higher
stresses than would be obtalned from tre same load applied under
static conditions. Data on the magnit de of these vibrational
el '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 alr showed dynamic response effects
by vibrations from the wing on the records. Figure 7 presents
some of the acceleration data s 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

11l
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the center ol gravlty of tho airplane s plotted as the ordinate.
Ths accelerations at the wing nodal points werce found te be free
1rom the effects or primary vibraticns. - Tucse valucs were takoen
as a measwe of the applicd load and are plotted as the abscisca.

Inspocction of iigure 7 ind.catss that local acceleraticns at
the center of gravity were higier than the nodal-point accelora-
tions by about 20 percent or more, This amoiification of tue
center cf gravity measurements duc to wing vibrations gives evi-
dence of significant dynamic respcnse effects for mcdern airplanes.
These effects of the wing vibrating when lcads are rapidly spplied
are contlnually being investigated. :

The i'inal part of the repeated loeds problem s concerned
with the influence cr cperating conditions on the loads. It is
evident thet the operating ccndit.ons, such as weather encounterecd
or route flown, determine the custs that are encountered. It is
also evident that the loads irom these gusts depend on other opera-
ting variables, such as [light speced. With the use of diffcrent
types of squipment by the airlines cn dif?erent routes many combi-
nations of operating veriables can exist. Bucause the gusts and
lcads are Influenced by t'esc variables, isolated research i1'l.ghts
camot be expected to prcduce data that can be generalized. The
only method of obtaining statisticelly reliable informaticn on the
repeated loads actually experienccd by the airplans is the collec-
tlon of data from service airplanes.

These data are collected with the V-G and VGI reccrders,
which have becn described. In order to illustratic how some of
these records are considered, take another portion of a VGH
vecord. In this record (fig. 8) the airspeed and altitude
traces havc been deleted and the record has been enlarged so that
many of the individual ac-elerations can be secn. Much of the
detail has beun los., but it can be scen that the record consists
of a random series of positive and ncgative acceleratiocns of
different megnitudes. When' thesec petaks are evaluated I'cr effec-
tive gust velocities, the gust history of the airplanc is there-
fore a s¢ries of gusts of dif.erent intensities. The first step
in obtaining somc sort of a picture of this series of gusts is
to count the number of gusts that have given intcnsities  Thus,
for a given record there mignt be a hundred small gusts, belcw a
quarter g increment, that are in the solid black regions, and
only a few of the large values over 1/2'8 increment, Actually,
the count is made to a fincr divisioa of gust intensities, and
if these numbers are plotted, a frequ.ncy dis cibution is obtained.
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This type o' count has been used to determ:ne difierences in the .
gust exverlence for dif’erent tyvcs of operations, for instance in
comparing high- and low«altitude [lights.

Since a count of the gust velocities, such as that described,
shows that small gusts are much more frequent than those . f large
value, the average number o: miles flown ror tae occurrence otf a
small gust is lcw as comparcd to the average number of miles belcre
e large gust is to be expvected. Using this concept of average
miles flow before given gust values would be expected, the ire-
quency distributions arc transtormed into what are called miles-to-
exceed curves to give an indication of the loads. Typical examples
oi' these curves for spec’'al research flights in such conditionc as
thunderstorms and low-level clear-air turbulence are chown in
fijure . .

For these curves gust velocit.es are plotted as the ordinate,
and the logarithmic scaae 0. the abscissa represents the average
numtsyr o. miles that wrd be flown before gusts of given inten-
slties would be encountered. The plot may be consjdered as repre-
senting the chance of encountering difierent gust intensities in
terms of miles of ilight. %The plot has no s.ignificance as to the
order in which difi'erent gusts may be encountered and does not
imply that for the thunderstorm sample a 16-feet-ger -second gust
wvaes measured in the 10th mile or a 24-feet-per-second gust in the
100th mile. In fact, the 24-fcet-per-second gust might have been
experienced in the first mile. The mileage scale represents only
the liklihood of that gust being encountered.

The curve shown in figure 9 for transport operation in rough
alr represents a combinaticn of distributions 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 found possible, however, to
define given operations by the proportion of time spent under
various weather conditions, and in order to obtain the required
loads date, it is necessary to take the measuremsnts during flight
of commercial transport alrplanes.

In summary, the rcpeated 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, althcugh
changes in airplane design and operation conditions are accompan:ed
by many new gust load problems. Continued research, particularly
in reference to higher operating alt.tudes, is in progrsss.
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Figure 1. - Simple gust concepts.

Figure 2. - Record from NACA recording accelerometer.
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ATMOSPHERIC TURBULENCE AND ITS EFFECT
ON AIRCRAFT OPERATION
3.. GUST LOAD EXPERTENCE IN TRANSPORT OPERATIONS
By John R, Westfall ani Roy Steilner

langley Aeronautical Laboratory

In the f1ight operation of transport aircraft, atmospheric gusts
constitute a principal source of loads, These 1cads might be, for con-
venience, prt into two main categories: one is the large but relatively
infrequent 1oad which may cause strvctural damage or failure by a single
applicaticn. The other is a smaller lcad which, in itself, will not
cauge failure, but because of its greater frequency of occurrence,
affects airplsne fatigue 1ife and passenger comfort. A knowledge of the
magnitude and frcquency of both types of loads ard cf the factors which
Influence them, is of concern to the afrline operator.

The number and intensity of gust loads impcsed on an airplane is
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 tlhese factors fs to measure the l1ocads and associated oper-
ating conditions on airplanes in routine commercial flights. To do this,
the NACA utilizes two instruments, the V-G recorder and the VGH recorder,
It 1s impossible to predict the gust loads experience of any given air-
vlane on an absolute or precise basls since in transvort 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 1oad exverience can be prediicted, however, on a sta-
tistical or average vrobability basis,

Where statistics are invelved ons question that immedlately arises
concerns the amount of data necessary to achieve a desired accuracy of
reliability. The answer "o that question, of course, largely determines
the samp'e size to te taken and scope of the programs of V-G and VGH rec-
ord collection. In statistical analysis, the reliabiiity of the results
depends primarily on the number cf measurements. In any sample of gust
l1oads data, the number of measurements of different values of acceleration
may vary unduly, as illustrated by figure 1. These data were obtalned
from about 700 hours of VGH records from one set of operations. The num-
ber of accelerations of a given value i1s the ordinate, plotted on a log-
arithmic ascale. and the magnitude of acceleration increment, in g units,
is the abscissa. A value of 0.3g 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 acceleration
probably would be lnaccwrate, It is evident that the frequency of occur-
rense decreases drasticaliy 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 0.5g. and only 5 equal to 1.0g. It is apparent thore-
fore that with so fow roints the reliability of the data for the higher
values of acceleration is much less than that for the smaller valucs,
Agsume it ig desired to determine the loads which the airplane willi expe-
rience, over a range of acceleravions from 0.3g up to the limit lcad fac-
tor increment (1.5 to 2g). If a reliability of the distribution of the
large loadlngs comparabie to that glven by 14 .070 readings at 0.3 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 complete distributicn of gust lcads for any
set of operations. A more practical method is to suppliement a mcierate
amount of VGH data with large quantities of V-G data, which are relatively
simple to obtain and analyze. The method of combining VGH and V-G data
tc yield the gust lcads distribution is shown in figure 2. Acceleration
increment in terms of g is plctted as the crdinate, and the number of
miles which must e flown to encounter a given value of acceleration
‘increment 1s the abscissa, plotted on a logarithmic scale, It should be
vointed out that each symbol does not necessariiy represent a single meas-
urement but rather revresents a single point on a freguency distribution
curve such as shown in figure 1, In other words, each aymbol may repre-
gent a few or a great many measurements. The VGH data. shown by the cir-
cles, were obtained from about 170,000 miles of fiight, which Is belleved
to be adequate to give the desired reliability over the lower part of the
curve, up to values of say 0.8 or 0.9g2. At higher g's, the number of
measuréments from the VGH data is too small to give the desired reliabil-
ity. The V-G data, shown by the squares, were obtained from about
8,000,000 miles of flight. The reliability of the V-G data is likewlse
' not too good in the region 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 superimposing of larger lcads at the same airspeed and
“hence the count is likely to be too small. The higher values of load,

' say above 1.5g, are not likely to be obscured in the V-G envelope, 80
that the count of those values 1s good. At the extreme upper end of the
curve where the mnumber of loads is small, there may be some deviation
from the géneral pattern of the distributicn, as illustrated by this
point which is a single maximum load. While such points are true values,
they cannot be given as much meight in falring the curve as others which
occur more frequently. :
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Data such as these are of value in many respocts. As has already
been pointed out, the information they give with regard to repeated loads
has a bearing on the fatigue problem. Even though it 1s not yet possible
to make an accurate quantitative analysis of the fatigue 1ife of an air-
plane, the data p.rmit studies of the relative effects on fatigue of
gome deslgn and operating parameters. Such data can be used to determine
the effecct on fatigue life of one !mportant operating variable, namely,
speed in rough air,

In figure 3 the same data shown prsviously have been transposed into
somewhat d1fferent form. The magnitude of the acceleratlion increment 1is
the ordinate, and the number of times a glven value of acceleration incre-
ment was equaled or exceeded 1s the abscissa, plotted on a logarithmic
scale, The upper curve represents the distribution of acceleration
increments which could be expected if the airplane operated at normal
cruising speed (in this case 200 mph) at all times, in rough air as well
as smooth, From well established relationships such as those described
in the preceling vaper (Part 2), the reduction in load and load frequency
for any given reduction in airapeed can be calculated. Results of such
calculations are shown in the two lower curves. The middle curve repre-
sents the situation when the alrspeed 1s reduced 5 percent in rough alr,
or from 200 mph to 190 mph. The magnitude of all locads is reduced by
S percent, but the number of loads of a given magnitude 1s reduced about
30 percent, If the speed 1is reduced by 20 percent, or from 200 mph to
160 mph, the magnitude of all loads 1is reduced 20 percent, but the fre-
‘gquency is reduced 80 percent. Two apparently 1dentical airplanes may
have a difference of several hundred percent in their respective fatigue

"1ives - one may have a fatigue 1ife of two years and another a life of
10 or 15 years, Assume the use of an alrplane which would have a fatigue
life of six years if it were operated at its normal cruising speed at all
times. If the airspeed is reduced only S 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 1ife to
nearly 30 years,

Besides indicating the nature of the over-all frequency distribution
of gust loads, VGH data disclose a nmumber 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 of flight. The flight oper-
‘ations have besen evaluated in terms of time spent in three flight condi-
tions; climb, en route, and descent, and each of thess 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 effeoctiveness of
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gpsed reduction in terms of relative fatigue 1ife can be studied. Other
information includes the maximum loads encountered, ard tine lcad
fregucncies,

In the lower table the data are evaluated in terms of percent of
flight nath for d4ifferent altitude brackets, It can be seen tanat in this
particular samcle the greater part of the cperations was at altitudes
less than 5000 feet above terrain, which probably accounts for thne rcla-
tively high percent of time snent in rough alr,

Samples of gust load frequencies avallable at this time are largely
confined to low-altitude operations such as typified by the data ia fig-
ure 4. It is of great importance that similar samples be obtained for
operations at higher altitudes, in order that the effect of aititude on
the gust 1cads experience of present and future high-altitude transports
may be apvraised. Designers have hopel that the frequency of gust loads
might be substantially less at the nigher altitudes than at the lower
altitudes. his geems like a fairly reasonable assumptlion since a* the
higher a1t1tudes the zirplane avoids some turtulence assoclated with
convective-typs cloud formations, and also the mechanically-gencrated
type of turbulence acsvociated with surface winds and rovgh terrain. At
present there is availiable only a small sample of VCH data taksn on one
high-altlitude airplane, The trends irdicated by these ddata should not,
therefore, be taken as well established. In figure 5 altitude in thou-
sands cf feet is plotted against the number of accelerations per 100 miles
of flight from a sampls of 120 hours of VGH data. As can be seen, the
frequency of loads decrsases rather markedly as the 21titude Increzees.
The short section of data at the right ls from low-altitude operations
of another airplane over rouvghly the same route, and may be regarded as a
partial check on the load experience of the high-altitude airplane when
1t was operating at the lower levels.

Little has been said here about V-G data other than to point out
that these data, in eoffect, supplement the VGH data by providing fre-
quency distributions of the larger and less frequent gust loads. Besldews
thus extending the picture on repcated loads, the V-G data serve to estab-
lish the probability of occurrence of the large single lcads that may
cange fallure of the airplane structure by simple overloading - a tyve
of failure which has nothing to do with fatigue, V-G data aliszo show the
maximum specds encountered under actual operating conditions, whiuh is a
matter of considerable structural importance. :

Ag with repeatei londs, the probability of encountering single large
loads depends upon a number of operational factors. These include route,
season. dispatching practices, forecasting, and piloting practices,
especlally speed reduction in rough a’'r and circummavigation of large
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cumulus clouds. An 1llustration of the *ype <f informaticn obtained from
analyalis 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 but over
different routes, a trans Pacific and a Caribbean - South American route
is shown In figure 6, Tffective gust velocity in feet per per second is
plotted as the ordinate, and the number of miles to equal or exceed a
given vaiue of gust velocity !s the abscissa, plotted on a logarithmic
scale. Gust velocity instead of acceleration was used as a criterion of
roughness to eliminate any effects of differences in cperating speeds and
veights. For a given number of miles flown, the Pacific route was less
rough, by abtout 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 S to 10 percent in the gust loads experienced by airplanes
flying in different parts of the country.

In conclusion, the determination of both repeated gust loads and
8ingle large loads under actual operating conditions 1s of Importance to
the designer and the operator of tranaport airplanes. Both the V-G
recorder and the VGH recorder are essential to such load determinations,
a8 thege inastruments are complementary to each other. Data collection
must be a continuing process, because operating conditicns change and
the loads experienced ars affected to an important extent by these
changes.
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(0) GUST LOADS AND AIRSPEED EXPERIENCE

FLIGHT DISTANCE | PERCENTAGE | AVG. INDICATED Tno. OF an's
FLIGHT MILES) | OF FLIGHT |AIRSPEED (MPH)| MAX. An [ NO. OF An's| 2+0.3 g PER
CONDITION PATH IN (QUNITS)| 210.3 9 |MILE OF ROUGH

ROUGH [SMOOTH | ROUGH AIR | ROUGH |SMOOTH AR
CLIMB | 4078 | 6999 | 3682 167.0 | 165.2 | +1.38 | 1630 0.3997
ENROUTE | 20666 | 72115 | 22.29 | 204.3|212.0 | +1.20 | 8!8I 0.3955
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TOTAL | 43227 |100885 - - - - 18678 -
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AND TURBULENCE CONDITION (ALT x 103 FT)-
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Figure 4
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ATMOSPIERIC TURBULENCT AND ITS EFFECT ON AIRCRAFT OPERATION
4, THE DEYECYION AND ¥ORECASTING O TURKBULENCE
By James K. Thompson
Langley Aeronnutical Laboratory

Previous paypers have discussed the problem of repeated gust loads
and have jindicated that satisfactory methods for i:educing the gust-load
experience of the airplane are desirable for both future and npresent
transport operations. One method of reducing gust-load experience of the
airplane is throush 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 regicns of atmospheric
turbulence.

Althousgh methods for predicting the loca®ion end intensity of atmos-
pheric turbulence have been studied for many years, little success has
been obtained because of the complicated nature of physical processes in
the free atmosphere. The meterclogis®h usualiy simplifies tlie problem by
treating tle intensity of turbulence accord ng to the predominate source
of energy. Thunderstorm turbulence for example, is usually analyzed
according to some measure of the buoyant forces with.n the storm. The
methods of prediction now available are simple empir:cal relat‘ons based
on observations of turbulence intensity and meterological fuctors.
Although the methods do not permii 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
cperating 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 sigrificant,
however, to the fatigne life of the airplane and to passenger comfort.
This clear-air turbulence is associuted with atmospheric fl-w over the
earth's surface and is located in a layer usually extending to an alti-
tude of about four thousand feet. Datu obtained from a recent flight
investication in Ohio have been utilized by NACAL to continue past studies
of the gust experience of airplunes operating in this turbulent layer.
One of the quuntitics examined in the study was the product of totel
solar heating received con a unii horizontel surface during the flight
day and average wind shear. Wind shear is dcfined 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 Lo yield reliable
estimatcs of the gust experience of an airplane operating at low alti-
tudes under certain conditions,
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A meacgure of observed gust experience as a function of this index
of clear air turbulence is shown in figure 1. Tue ordinain g oo
velocity aud the abscissa (turbulence index) is the product of wizd shear
arld solar hzating. Bach of the poin%s represent one of tusnty-threc
flights made by the airplanc curing suring, fall, cnd winter seascns.
The solid 1ine represents the linc of b3t 1% dotermoncd by a msthod of
ieast squures and the dashed lires definc ke ev'nr bund. About itwo
thirds of the coservations may be =¥pecti.d "o fall between tihese crror
bands.

The figure shows that the average maximem effective gust veloclly
per mile of flight was usually Zfotermined within iess than cne oot por
second and that the meteorolcgical index of turbulence intensiily s

related to the gusi experience of the airuinne for the Lest corditiors.
The relation has been chttaincd empivicar.v cnd cirect auplicziion of the
resuits tc other regions is roct waroanted., The value of tha index Jer

P _“ ._‘: B

otuer localitiea is for he puarpese of catimating the relativr
of low-level clear-air turbuience under ceriain conditions.

The index may be used to best advantage in connecticn vwith studies
of airplane behavior if flights arc to be made in clear air et low aiti-
tudes and cver a given route or arcu. For this type of an iavestigatlion,
the index has enabled WACA engineers to dotermine if the prevailing tur-
bulence is apt to be suffiriently Intense ‘o warrant preparetion for
test operations. Yurthsr ‘nvestizutionec are required Lafore meteLroiog-
ical predictions may be utilized to encble any significant reduction n
the gust experience of the transport airplane.

rarge cumuius and thunderstorm clouds rep:esent an iwportant source
of intense atmospheric turbulience. The cleouds may form rancomly through-
out an air mass or in lines along frontal zoncs. Cust vclocities greater
than those for which transport airplancs are designed are known to occur
in these regions.

The results obtained from an investication of a wethod for pre-
dicting maximum effective gust velocity 'n thunderstorms ave prescnted
in figure 2. The ordinste is the max:mum effective gust velocity
encountered by an airplane during & large number of flichts throuch a
thunderstorm. Thc abscissa s the predicted ma:irmum rclative horlzontal
temperature difference betweea the warmest and coldest air of the
thunderstorm. The points represent twenty-nine thunderstorms that were
investigated., The solid line is again thc line of vest it deiermined
by a method of least squares and the deshed lincs define the errcr band.

The index of thunderstorm turbulence is ap;arently related to the
maximum gust intensity of the thunderstorms. The error band shows tiat
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the max mum effective gust velocity is usnally predictcd within about
five fect per recend.  Althoush the quality of “l.c relution .s not es
gOpd s thai of figure 1, the index has bLuen determined frem date trat
would be avuilable to field personncl for making the flight icrccast.
A part of the er-or is obvicusly connected with errors in forccasting
the semperature differencz in the sworm. The errors are rcpresentative
thercfere of' those that wonld be madc by a forccuster. This index of
thunderstorm twrbulence reprecents one step 1n the development of u
method for determining if cust velocit'es greeter thun that fer which
the airplanc was designed are likely to be present in the storm. It
docs not however, atiempt te predicet the intensity of turbulcence that
will actually be encountered on any single f1fzh* through the
thunderstorm.

A reduction of the gust cxpericnce of the nirplenc moy also be
obtained by utilizing devices for detecting the location of 'regions of
atmospheric turbulence. O0f the wethods invest’gated by different
agencies, radar prcbably holds the only rensoneble chance of success
in the immediate future. DRedsr ie not & true detector of turbulence
hovever, and its use depends npon the exiscence of relations between
turbulence «nd the woter content of clouds,

1he 10-centimeter ground adar, tae 3-centimeter airborne radar,
and the “-centimescr airborne radcr with an attachment for indicating
areas of light and of heavy rain, have been invectigatcd for possible
‘usc in detecting the turbulent regions of thunderstorms.  The investi-
pationg represcnt the cooperative work of the Navy, Air Force, American
Airlines,and NACA. The recsults of these investipctions may be more
eacily discusscd if some elements of thunderstorm structure and redar

principles arc filrst considcrod. An outlinc of the ra'n corc and visible

cloud of a large thunderstorm is shown in figure 3. The hatched area
represents the rain corc of tho storm and ihe white arca represcents
portions of the¢ storm in which the water contont is low ané the drovs

arc small. A projection of tho horizontal arez of tho rain core onto the
earth's surfacc is also shown.

The ra‘n core of a thunderstorm such us “his contains a multitude
of tiny rcflecting surfnces aend may be conzidered as an echo source.
A por’ion of a radar sisnal dirczied into the storm from some st ierior
PO5It o9 will be seflecied as en ccim Lo the rudur sct. he dircetion
and distance frem the radar sut te tho reflecting suriaces arc wrescnted
by tho rudar in a form that may bu util’zed Lo locate ko rain core of
the thundcrstorm.
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The 10-centimeter ground radar has been examined for use in
detacting regions of thunderstcorm turbulence by means of data obtained
from thunderstorm investigetions conducted in Florida and Ohio. The
data were analyzed for differences between the gust experience of
airplanes operating within the indicated storm arca and at distances
of 2 to 5 miles from the indicated area of thunderstorm activity. The
fust expericnce cof airplanes operating within the 2- and 5-mile limits
was assumed to be indicative of turbulence intensitics in clear air
nzar the thunderstorms.

Some results of this analysis arc prescented in figure 4. The
ordinate is effective gust velocity and the abscissa is average wilcs
flown to expcricnce given effective pust velocities. The lower linu
represents the gust experience of airplanes operating in ciear air ncar
the storm. The upper line reorescnts the gust experience of airpluncs
operating within the area giving a radar echo.

The gugt velocities encountered in the indicated arca of thunder-
storm activity are in all cases greater than thosc encountered during
equivalent distances of flight outside the storm. For cxample, an
effective gust velocity of about 30 feet per second was encountcrad, on
the average, once during every 100 miles of flight in areus giving a
radar echo. A gust velocity of only about 20 feet per second was
obtained however, for equel distances of flight in clear air near the
storm. 'This represents a substantial difference in gust experience,
and indicates that the ground radar sct is ®f value as a supplement to
pilot judgment in avoiding regions of intensc thunderstorm turbulence.

The 1C-centimeter ground radar lacks mobility and can cover only a
limited area about the location of the radar set. The equipment also
lacks the ability to define the altitudec at which the turbuleance exists,
The instrument indicates the distance and the horizontal direction from
the radar set to reflccting surfaces, which may be at altitudes of 5 to
20 thousand feet. Some implications of these characteristics of ground
radar arc shown in figure 3. Ground radar would indicate an area of
thunderstorm activity similar to the ground projection »of the rain corc.
An airplane flying above this ground projection of the indicated arca of
thunderstorm activity may actually be in clecar air outside the storm.

Airborne radar is superior to ground radar in that its beam or
signal does not intercept the entire storm. Airborne radar i:dicates
only the horizontal extcent of the storm in a layer about 20CO fovet thick
at the flight altitude. For storms such as this, airborne radar would
detcet the altitude Aiffcerences in horizontal area of the rain core.
The area of the rain core is prescnted therefore in a form that is
particularly advantageous for turbulcnce detection. The relations
between areas of thunderstorm turbulence and airborne-radar indications
of regions of thunderstoru activity have becn investigated for the
standard 3-centimeter rodar and a S-centimeter airborne radar set
modified to indicate arecs of light and heavy rain.
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Some results obtuined from flights with the standard airborne
radar arc shown in figure 5. 41le date are prescnted on a mileage basis
as beforc. The gust expoerience of the airpilanc is shiown for flights
within the region of clouds giving a radar echo, in the cloud but not
in the region giving an ccho, ¢nd in the clear eir near the cleouds.

It may be noted that the resulis agree with thosc for ground radar and
show that those arcas of cluuvds giving & radar ecro contain the more
severe turbulence. The gust velocitics are lLover than those Indicated

.in figurc 4, howcver, inasmch as the clouds investigatced with alrborne

radar were large cumulus clouds brt not necessarily thunderstorm clouds.
It may also be noicd that the large gust vilocitles arc sometimes
encountercd in clouds nct giving radar echos. Some clouds or portions
of clouds contain large gust velocit_es but have too small a water
content to be detectcd 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 expericncc, the instramenta*ion does not dciect all
recgions of intense turbulence. It is also *uown that very little
turbulence is encountercd in some parts of the areas giving a oafau
echo.

If the flight must pass through a front or squall line, it is
desirable to detect the smoothest possible flight path through the area.
The standard airborne ard ground vadar sets are unable to detect the
smooth and rough vortions of the rain core. an atiachment for indicating
arcas of lizht and heavy rain offers the most rromising method for
encbling aivrborne radar to pcrform this task. The device makes use of
variations in the strength of the return si.nnl or echo as it is usually
called. Since the strength of the echo depends npon the number and size
of water droplets in The cloud, the attuachment mey be utilized to block
or c¢rase the stronger signals reccived {roum areas of heavy rain,

‘An examplc of this type of presentuation is shown in figure 6. The
photograph shows the usual radzr method of preseniing the indicaled
arce of the rain core. The durk rrea represenis the area of no rain
surrounding the cloud. The white portion of the slide represen®t the
arees of light rain, and the circles are the runge marks. The white dot
in the very center represents the losaticu of the airplene at the time
of thc photograph. The sigarl hus been corricrely erascd in this
portion of the storm wihcre the hecvy ran is ocer -

Tne cmlarged inncr portion of figure 6 is prescented in figure 7,
with the cirplane position indication removed. The circle is the
10-mile-range merk and within it is the enlerged presentation of the
arcas of no rain, light rain, and hecavy rain. The interesting feature
of this form of presentaution is the variation of distances between areas
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of no rain cnd heavy rain. T. c¢is po:%:3a of the steri, the comtour
indicating the beginuing of light rain is vory n=ar the coldouy
indicating the bogisuing of lheavy rain. In cther portiouns o1 the
storm the .distance hotveen thesce egame contours, the contour spacing as
it is usually called, is severul times as great.

Greater shearing stresses are gencrally associated with the rcgions
of thunderstorms having & revid rote of change from no rain to hecawy
rain. It would appear reasonable, thcrefore, to expect more intensc
turbulence in the region of narrow contour spacing thar in the region
of wide contour spac‘ng. Available data have thercfore been anulyzed
to determine If airborne radar with the contour attachments is of any
assistance in locating the arcas of light and heavy turbulence in regions
of clouds giving a radar echo.

Some results obtained firom this analysis are presented in figure 8,
The ordinace is the average nmmber of usts greater them 10 fecet per
sccond encountered in each mile of flight for contcurs of a given
distance. The abscissa is the distancc between contours and the poiats
represent the average number of gusts per mile for verious contour
spacings. The curve thrcugh the noints indicates a rapid decrease in
the number of gusts per mile as siacing between contours increases. These
data would indicate that e substantial reduction of gust expericnce may
be obtained by avoiding regions having a rapid rate of change of rain |
intensity. The data would indicate that the 3-centimcter airbtorne radar
with the contour attachment is apparently of velue as a supplemcnt to
pilot judgment in choosing the smoothest flight path through the freont
or squall linc where the pilot has no opportunity to avoid the entire
area of the rain core,

The data shown would indica*e that areas of intense precipitation
and turbulence are associated and that severe turbuleunce exishs in
regions containing a rapid change from no rain to heavy rain. Thesc same
arees are considered by some meteorologists to be most favorcble for the
formation of heil. Since hail is somctimes the cause of severe damage to
airplencs. it is also desirable %o avoid regions having a serious con-
centration of hail. The demage to one airplane as o result of flight
through such an 2rea amounted to about $25,000. Cver an extended
period, the actuval cost of hail damage plus the intangibic costs resulte
ing from having an airplane inactive might represent & sizable poriion
of the cost of instzlling cirborne rcdar in the eirplanc,

In summary, the avaiiableinformation indicates that the location
and intensity of turbulent regions mey be estimated vpon the basis of
BOteo.vro3rcal cusideratious., These estimates, especially of location,
are rather crude and do not represent dependabiec methods for reducing
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the gust experience of an eirplanc. Preliminory evaluations indicate
that the greatest reduc*ion of gust cxpericnce may be obtained throvch
use of the F-centimeter airborne reoder with the atwuchment for indi-
cating ereas of light and heavy rein. This suppicmernt to pilot judr-
ment, although still in the vreliminery stoges of dovelopmunt, appecrs
to be of valuc in reducing gust experience by detecting the smoothest
flight path through fronts and squall lines.

1.
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Figure 7. - Enlargement of the center portion of figure 6.
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. ATMOSFHERIC TURBULENCE AND ITS EFFECT ON AIRCRAFT OPERATION
5. SOME ASPECTS OF GUST ALLEVIATION
By Harold B. Plerce

Iangley Aeronautical Laboratory

The eoffect of what flying through rough alr does to an alrplane
and the peonle in it is famillar to most persons. Gust alleviation is
ideally exvected to eliminate the lcads and stresses normally imposed
on the alrplane by the rough air and to meke the passengers feel as
though they were flying through celm air. Methods to fully accompllsh
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 anpears 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 lerge transport flying at
15,000 fecet on a thousand mile flight which hed 90 percent smooth air

: and 10 percent rough air. The results are shown in Figure 1 as the
average mumber of times an acceleration increment of * 1 g would be
exceeded on this flight as a function of the indicated airsvced. The

. curves show the count for the airplane as is (0 alleviation) and the
count when the acceleration from each gust is alleviated or reduced by
10, 20. and 40 percont. To give you an idea of how big a bump a 1 g
acceleration increment represents, a minus 1 g increment Just starts
to 1ift a passenger from his seat. Thus, the number of accelerations
or loads counted in *his way might be of interest to the operator as
a measure of meals spilled or of possible physical damage to the pas-
gsengor if his seat belt were not fastencd. For the condition seTected,
this alrplane 414 not experience acceleration increments greater than
1l g until 1t flew through the rough air at about 225 miles an hour
(Figqure 1). But, as the speed was increased from 225 to 400 miles an
hour, the number of acceleration increments greater than 1 g increased
rapldly to 150, showing how much the roughness of the ride increases
with speed.

Although the alleviation reduces the magnitude of the accelera-
tions by the percentages shown, that is, 10, 20, and 4O percent, the
effect on the number of acceleorations cxceeding 1 g is rmuch greater. %
For instance. at 350 miles an hour, 4O percent alleviation reduces
the count from 87 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 airplene is increased. If it 1s assumed
that the roughness of ride in the unmodified airplane at 225 miles

RESTRICTED

e s




29

an hour should not bo exceoded at higher opeeda, figure 1 shows that at

350 miies an hour about 40 porcent alleviation of the accelerz:ion would
be required. It should e emphasized that thecs results are for ~n air-
nlanc with ell 1ts characteristics held corstant, flylra at ciftercnt
gveods, threough tho same gust environment. In 211 protatiiivy, he in-
creasses of fourward spred consldored here would, in the aciugl cess. in-
volve. amorg other things, overatvion ac higher altituics with e sulys-
quent roduction in “he number of gusts cnccunuwered. Hewover, if parvial
alleviation cun be ovtained, it can have a pronounced effcct on “he ap-
parent reughness encountored in tad weather. In addizion 1t ashould
reduce the loads encountered ty the percettage of alloviatcion ussd end
not only provids a margin of safeiy for the large loads but also, v
reducing the over-all level of the loaus, 1t should incrsase *he {stigue
1ife of the airvianc. o

This paper is concerned primarily witk the alleviation of the locids
and %the stresses ceused by flying through rough air. v is often con-
gldered that en alleviation of the &accelerations caused by gusie 'is
gynonymous with the reduction of all the loads and stresses. Tnis ccn-
copt 1s not always tiue. because some me'hods of alleviafing The accel-
eration reduce certaln of the streadses buv increasse ovhor girecces.

herefore, although the amount of allevie*ion of acceleration it & good
reliminary measure of the alleviatiion of loed, further aralysis iz al-
ways requlred %o be sure that the method used to alleviate lhs ecteler- -
ation has actually reduced the siresses. o '

The majority of the loads caused by flying through rough pir occur
during rapid motions of the airplanes that are characterized by quickly
applied acceloraiions or bumps and small but violeni piltching and roll-
ing motions. Flight tests have shown that the 1ift changse ceusing -
these motions can occur in as 1little as a tenth of a secord ard &l a
frequency of from four or five times a gecond for & Lisrats spend
transporn t 10 or 1l per socord for a high speed Joi fighier. Thus,

a gui’ alleviator to reduce the loads mus*: be sble ©o detac, the gusts
end act very quickly to counteract the 1ift changes.

To simplify the discussion., the methods of alleviaetion considered.
here have been reduced inio three broad ca‘tegories. These categories
are: salleviation by use of a detector and gservo system, alleviation
by a structural deformation, and alleviation by reduced 11f* “ing apility.

Fleure 2 shows several different mc+hods of obtaining allaviniion
using a uetecuor-servo combination to oporate a 1ift reducing ¢ juue;;
Because 1t 1s so ofien proposed as a means of alleviatirg gust loads,
the autopilot 1s considered first. The autopllot attempie %0 maintain
a constant pitich atvitude of the airplane by measuring pitch arngle
changes or pliching velociiy and then correciing for the attitude change
of the airolane by moving the elevator. Normaliy a change in the angle
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of attack of an airplane is the same as e change in pitch attitude, but,
in a gust, the angle of attack change 1s primerily a change in the direc-
tion of the relative wind and not a change in the attitude of the air-
plane. Thus, if tho gust pushes the airplane up or down without chang-
ing 1ts attitude, the autopllot cen do nothing about reducing the load.
In addition, with the elevator being used to correct any attitude changes,
the whole airvlane must be rotated to change the engle of attack of the
wing. B8ince the gusts causing most of the loads are quickly applied and
occur in rapid succession, 1t is unlikely thet the elevator cen rotate
the airplane beck 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 whother a humen pilot or an older type
autopllot sensitive to pltch angle was controlling the airplene. No
quantitative data have been obtained with the newer rate types of auto-
rilot.

A more direct method of changlng the effective angle of attack of
the wing than by rotating the whole airplane 1s to use a wing flep thet
can move up to counteract an up gust or down for a down gust. Since a
wing flap welghs less than the whole airplane, it can be rotated much
more Qquickly and should be able to keep up with the rapid angle of at-
tack changes of the gusts. The remaining four illustrations of detector-
Servo gystems shown in Figure 2 make use of the flap to reduce the 1lift
on the wing. The first flap system shown measures the acceleration due
to gusts and attempts 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 & tendency for the airplans to
pitch violently, the next systom indicates the addition of interconnected
elevator movement to counteract the pitching moment caused dy the flap.
This elevator interconnection, of course, would not be restricted only
to this particular flap system. Calculations have shown that each of
these three flap systems is & promising gust load alleviator. Because
of their complexity. however, the model tosts have not been made. The
lagt system shown which attempts to maintain constant altitude within
very fine limits by moving a flap could be tested in the NACA gust tun-
nel at the Langley Aeronautical Leboratory. The tests were made to
check our ability to predict guat alleviation with systems using flaps.

The results of this investigation are shown in Figure 3 as the
acceleration alleviation as a function of the distance to peak accel-
eration or load Tho curve represents the calculated results and the
circled voints are teat results obtained in two different gusts, one a
sharp-edged gust and one a guat whose horizontal diatance to peak veloc-
ity was about 8 chords. The alt -ude or verticel displacement operated
flap aystem showed little alleviation when the load wasg quickly applied,
for the airplane model did not have time to move vertically before peak
load passed. However, as the time or dlstance to maximum acceleration
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bocame grcatvér. the model hed wore time to move vertically with tre pust
and the nlleviatinn was greater. The other flap gviieny measioned uc,ch
Gotect acceleration or angle of attack should provide more ~llevietion

in the shorier gusts. The agreement otlained beuween experineny crl ¢ol-
cuiation indicates tht ths alleviation obtained wi“h n fiep de»uu can. ‘
to predicied for the sxng © gu°t '

Although‘flaps can reduce. the acceleration, vertical load and verd-
ing moment on the wing, examination chowsa that lergo moments “em'. ug to
twist tho wing are develoned when they are doflected. Figure 4 zhcews an
example of the torque loads developed by th> deflechion of gugt alleviag-
ing flaps considercd for anplicatlion to a particular aliplane.. Tic re-
gults ape 'shcwi as. the anplied torque as a function of flap defluoctlon
in nercent of - the Lo"que pregent with no flep deflection. The circled
points on the curve show the flap deflections and applied icrgues for
different ‘amounts of acceleration alleviation. It can be feen thev
20 percen* allaviation (5 cograes of flaep doflection) incressss the
+vo“quea over 100 percent. If the ailrplane were alroady atrong -enough to’
withsiand this 1nc*eaue in torque load, advaniage could te taken <f the -
olleviation cf-the vertical lond and tho berding moments  In thi:z cego.
howeve;, ot even & percent alleviation couid be obitalned without add-
ing material to the wing and a complete redesign would be recssaary to
acniove any: benefits 1n'weight gaving if 20 percent slleviation wero
desired ’ . : ' :

" Considering detector-servo systoms as a whols, the alleviation to
be obtalred ‘may. be predicted quito well for a single gust. The verti-
cal. loads aecelerat*on, Yerding momonta and torgues ere all amcnable” .
tovcglculation. Unfortunately. the behavier of elrzlance In 3squences -
of gusts extending beyond about 20 or 30 chord lenglh3 cermose te pro-
dic*ea satisfactor 1y at wregent. In addition. detector-servo eyatoms
are pduenuial oac;llauora and thu2 mey be susceptible to pocaible fing-
Yer or divargence reactions ) Little w0“k hes bnen done to handle thﬂse-
probloms.. . 5 .

)

, The term,, aeroelast*c effects 13 usea to describe: the uurucfural
deformations of &an sirplane wing in f?ight - In scme casc3 the atrucs -
tural deformntions ere favorable and in othera unfevoradbl:. Gust ollovi-
- atlon by structural deformation takeas aqunJag of 2avorable acrooladric
effects. An 111ustration of an sercelastic effect from which gust alle-
viation 13 obteired 13 o sweotback wing. Since the center of air load -
on the wing.is ‘outboard on fhe wing and behind- the wing reot, vhen' the
. wiqg i3- pushed up as though an up guat were oncountored, the wing tin
twists down and reduces.the angle of -attack (Figure 5). The result-of
thid downward twist in. an kp guit.ia’ an allsviatlon of the. loads’ #nd
moments on the wing. Tests vero mnde in the gust tunnel en e model’
having a sweptback wing with a stiffneas representative of the vings
of large trensport eirplanes. The experimentzl result agrpsd_with e




calcnlated result of 20 percent gust alleviation. However, since there
i3 more reduction in angle of attack at the tip than near the wing root,
when tho wing bends tho center of 1lift on the wing shifts intoard on the
wing and forward. In the model tests thils effect caused & nose up pitch-
ing motion that reduced the alleviat:on from 20 percent to about 8 per-
cent.

Another aystem using favorabla structural deformation has been
checked experimentally in the gust tunrel. It was en esuvscially do-
glgned streight wing which twisted favorably when air loads were applied.
Again, 1t wa3 found that the reduction in acceleration was predicted
with good accuracy. A wing of this type would be subject to ailleron
roversal effects, howevor, if the conventlonal alleron were used to pro-
vide control.

There probably would be a consideradble amount of difficulty involved
in designing an actunal 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 gust load, however, and thet 13, that
once designed for end incorporated, it i1s a proverty of the airplene it-
gelf and 1s not dependent on the operation of detectors and servos to
achieve the desired alleviation.

In contrest to the detector-servo and the structural deformation
categories of gust-alleviation systems which move fleaps or twist the
wing to reduce the load, the third cetegory, reduced 1lifting ability,
reducea the load by a chenge in 3ize or shape of the wing. Figure 6
shows two possible ways of reducing the 1lifting ability of a wing. On
the left is shown the effect of a rcduction of aspect ratio, and on the
right is shown the effect of aweep. The area of all the wings shown 1is
the same. These curves of 1lift versus sngle of attack are representative
of what would be obtained in an ordinary test in a wind tunnel. The re-
duction in aspect ratio, in this case, from 6 to 1.44, reduced the 1lift
for a given angle of attack change by 46 percent and sweeping the wing
by 45 degrees, as in thls case reduced tho 1lift about 30 percent. Since
the wing was swept by rotating the wing panels, the aapect ratio changed
from 6 for the straight wing. to 3 for the awept wing, and a major por-
tlon of the 1ift reduction is protebly due to this change in aspect ratio.
All of the wings shown in Figure 6 have been investigated in the gust
tunnel and it wes found that the alleviations obtoined could be predicted
satisfactorlly and corresponded roughly to the reduction in 11ft shown
in the figure. Of course. those large values of alleviation were obtalned
under ldeal test conditions where only the wing planform shape was
changed. In actuasl practice, the wing erees might have to be increased
to cbtain the desired high 1ift3 necessery for reasonable lending specds.
An Iincreease in area would nlso proportionately increase the loads in
gusts with a consocquent reduction in the amount of alleviation to be ob-
tained.
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considared 1s a spoiler that can be left exwendsl wnile fliying ilrouph
rough air. "les*s in the guat tumnel irndicaied, Zowever, hat the roc-
ponse O s spoiler o “he transient argle of avuactk changs of a gizd
was not fast cinongh to provide much alleviation.

Arotner rmethod of reducing the lifting ability thot 1o gometimss
~
3

The sta*us of knowledge on guast loel alleviation can be Jumz»3 up
as follows: The elleviation to be obtained in a single guat by uso of
almos* any method or device cen be predicied lo a falr degree of acour-
acy and the resutts of some mcdel tesis are eavallable a3 confirma<lo.
At present, therce is not sufficient knowliedge tc predict *he rcsponse
in a successlon of gusts. As far as is known, lhele are no juantitn-
tive data available from tests or gust alleviation devices on & fuil-
8cale alrplane.
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Figure 1. - Effect of partial alleviation on the number of acceleration
increments greater thanl g.
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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
alleviation.
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Figure 6. - Two means to obtain gust alleviation by reducing the lifting
ability of a wing of given size.
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ANALYSIS OF MEANS TO INCREASE THE SMOOTENESS OF
FLIGHT THROUGH ROUGH AIR

By Willlem H. Phillips
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ATMOSZHIRIC TURSULE. CZ A¥D ITS IFFLCT ON oIRCRAFT OPSRATION
6, AFALYSIS OF ZANS 70 IUCRZASE TEZ SMOCTHIESS
| OF FLICHT T+ OUSH RCUGE AIR
By William E, Phillips

Lungloy Acronautical Laboratory

This paper is based on a theoretical study of means to improve
passensar comfort by increasing the emootimness of flisht through rough
air (referance 1), The paper is inteonded simcly to give an indication
of the tvpes of device that would hove to Le incormorated in an airplane
in order to provide smooth flisht through rough air, Many practical prob-
lems in connection with the actusl desizn and operation of such devices
require further study before it can be determined whether the attainment
of relatively smooth flight in rough air would be voszible in practice,

Records of the motions of an airplane flying in roush air indicate
that normal accelerations are relatively lar=~e, whereas lateral acceler-
ations and chanzes in orientation are relatively small, Reductions in
normal acceleration would therefore appear to be the most promising method
of improving passenger comfort, In this vever the tendency of ai™nlane
motion to cause airsicimness will be used as a criterion of passe..nr com-
fort, OSome research was conducted at Wesleyan University in Connecticut
to determine the relative Importance of oscillations of various freauencies
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 fisure 1, -
This figure shows the percertasze of men who bocame sick within an interval .
of 20 minutes when they were subjected to oscillations of various fre-
quencies, These data show that oscillations with a frecuency ol about
llh eycle por second caused the most sickness, and that oscillations with
the highest fresauency tested, about 1/2 cycle p2r second, caused relatively
little sickness, It is unfortunate that the data do not extend to still
higher freouenciss, of the order of 1 or 2 cycles per second, irasmuch as
many of the oscillations prcduced by rough 2ir are in this highor frequency
range. Nevertheless, thes> data acvear to indicate thut oscillations of
relatively low frequency, or longz peried, are more likely to cause air-
sickness than oscillations of -high frequency, or short ceriod, In the
design of a device to imrrove vassenger comfort, therefore, :it may not be:
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necessary to emphasize the reduction of response to gusts of very high
freouency.

Two methods of acceloration alleviotion will be considered from the
standpoint of improvirg passenger ‘comfort, One of these methods is pitch-
ing the whole airplane by means of the elevators to mainiain a consvaas
angle of attack during passase thrcugh gusts., The other is the operalion
of flaps on the wing by means of an aubtowatic control system to offsel
the 1i1fY increments caused by gusts,

In calculations of the response to gusts, the uirolane was assumed
to fly throush sinusoidal gusts of various wave lengths, Theorcticelliy,
any actual gusts could be resolved into sinusoidsal components of this
type and the resuliting acceleration of “he airplenc could be comsuted Gy
adding these offacts of the sinusoidal gusts scperately,

For comparison with later calculations that show the cffect of de-
vices intended to reduce the accolerations caused by gusts, thoe respcnse
of a tyoical transport airplane to gusts is shown in figure 2, This fig-
urc shows.the normal accelecration and pitching velocity of & conventional
transport airvlane flying =t a speed otf 200 miles pcr hour encountoring
vortical gusts of various wave lengths, UThe awplitude of the gusis was
taken as 5,1 feet per scecond, a valuec which produces an angle-of-atizack
change of 1,0 degree at 200 miles per hour, The accelcratioas causcd Ly
gusis of any other amolitude would, cf course, vary in proportion to the
amplitude, The figure indicates that for gust freaucaciocs greetor than
1l cyg¢le per second tho airplane experiences acceolerations approaching a
constant magnitude equal to that which would result frowm the 1ift imposed
on the wing by an angle of attack cqual to that resclting from the gust,
At lower frequencies the acceleration decreases as a result of vertical
motions of the airplane, The pitching velocity rosulting from the gusts
is low,

In order %o study tho possibilities of diffcrent systoms of accel~
oratiou alleviation it ie helpful to consider the control motions that
would be requirecd theorctically to nroduce zero acceleration of the cen-
ter of gravity during flight through gusts, Elimination of the vertical
accrlcrations docs not necassarily avoid pitching of the airplane, There-
foro pitching motions resulting with the different methods of control are
also of interest, Tho elevator motion required to produce zero accelera-—
tion of the center of gravity in flight throush gusts of various frenuen-
cies and the r ﬂsultlng pitching velocities are snown in fisure 3. The
elovatcr motion requircd increases almost linearly with frequency and
reaches very large valucs at high frequencics, 1In addition it is fournd
that the phase angle of elevator motion, not shown in the figure, must
anticipate the angle-of-attack variation due to the gusts by large amounts,
Such large phase leads are difficult to obtain in practice and indicate
tho recason for the inability of a humen pilot to successfully counteract
the effccts of gusts, The pitching velocities shown in this figure also
reach very high values, Thesc high valucs of vifching velocity result
from the fact that with clovator control it 1is nccessary tc rotate the
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whole airplane to maintain a constant anglc of attock during nassage
through tha gusts, These large ditching velocitics arc undesirablo bo--
cause the accompanying vitching acccleorations causc changes in voertical
accoleration at points some distance from the conter of gravity, For
cxample, in this case the amplitude of voytical acceleration at a point
two chord longths from tho conter of gravity would be greatsr than that

of the basic airolanc with no accecleration alleviestor at frequencics
greator than two cyeles wer sccond, The use of clevator control there-
foro docs not apnear very promisinz as a moans for producing smooth flight,
Therc 1s a possibility, however, that the use of clevator control might
have a beneficial effoet in offsctting the low-frequency comconents of tlie
oscillation which were shown previously to ba primarily ressonsible for
airsickncss,

It might be thought that oper-tion of the flans to offsct the 1ift
incroment causcd by gusts would ovorcome thos> objections because the flaps
can orodicc lift incrcments without the nncessity of rotatinse tho ontire
airpl=nc, Thec flap motion reauired to croduce zcro acccleration of the
conter of gravity and the rcsulting pitching velocity arc shown in figure
Y, TFor those calculations it was assumod that the landing flaps ware
used as the accoleration allaviating cdovice, These rosults show that the
ritching motions nroduced by th: usc of the flaps are even larser than
those produccd by thc clevator, Those2 large pitching motions rosult
mainly from tho action of the dovnwash from the flaps on the tail, This
dowvnwash acts in tho same direction as thc rusts and thoreforc croducos
largs »itching motions of the sirplane, Furthormorc, in certain froquency
rang>s thc phnasc rclationship of thesa cvitching motions is such that the
anglo-of-attacc change of the airplanc adds to that of tho gusts and as
a result still morc flap defloction is required to offset tho acccleoration
incremonts, Theso results indicate that the use of conventional trailing-
cdgo flaps for accclcration allceviation is not likoly to prove successful,

An understanding of the flag characteristics required to offset the
accelerations caused by gusts may bo obtained by considering the sequence
of cvents that occurs when tho airplanc penetrates a gust, The esirplanc
is assumcd to fly into a region in which a vortical gust velocity cxists,
When tho wing penctrates thie zust the flaps must move up to produce 1lif
in the opwozite dircction., In order to avoid undesirable witching motions
of thc airplane, however, the moment about tho wing acrodynamic conter
causcd by the flap dofloction must bc zero, Then when the tail oonetrates
to the rogion of thc gust the downwash from the flaps should be just cqual
and oppositec to the nust velocity so that no additional momonts will be
applizd to the airplanc by tho tail, Such charactoristics ar: not ob-
tainable with ordinary flap designs, Thc provision of -oro pitching mo-
ment about ths wing acrodynamic center might be obtainod by linking the
oclevator, or a portion of thns clevator, to defleoect in vhase with the
flap in ordor to cffset the flap pitching moment, The dnsircd downwash
at tho tail, which is opwuosit>z from that normally rcsulting from flep
doflection, might be obtaincd by linking a portion of tho flap ncar the
fusclago to defleect in tha opwosite dircction from the main part of tho
flaps furthor outboard,




In ordor to calculate the rcduction of accclorations caused by
autcmatic ovcration of the flaps during passass through gusto, the gust-
csoensing dovice rcquircd to onmcrate the flans must Ue considered, Studies
have been made of the usc of a vane mouuted ancad of the airvirna to de-
“teoct gusts and of the usc of an accceleromuter to det-ct the aiiclinc mo-
tion caused by gfusts, The type of mechsnism contommnlat-d vsing the veuce
typc sensing Cevice is shown in figure 5, The mechanism shown ic just
cne of many pessiblo arrangements that might be ueced, If the alrplinc cen-
countors a sust, “he vene defleocts udward and oprrates a booster mechenism
which ceuscs the flaos to move upward, The linkagc to the control stier
shown in this ficsurc requires farsher cxnlanation, ITormnlly, cont=ol of
the airplanc is accomplished by chenging the ancle of a*tack as a roasualt
of rlovator defloction, aAny Ceviece whic! offsats the 1ift incrcasnis
auc to caango in angle of attacs!: will vrovent the pilot from mencuvzriug
the airplane by means of tho cluvator, Whis difficulily may boe overcomo
by linking the control stick to the fls=ps as well as 1o the clevasor,
Wnon the vilot mekes a pullup with such an arrangement,.a roarwasd moticn
of the stick causcs th: flaps to move down, producing lift in the dasired
dircction, Then, as the a:rplanc resvonds, the flsws move bazk to their
neutral position as a resulv of the angle-of-attack chenge produced by
the vane, '

The reduction of accelerations causcd by roush air obtainable by use
of such a dovice is shown in figure 6, The characteristics of th:z btasic
airvlanc are shown for cormparison, It is senn that the accelerstion nay
be reduced to about oanc-fitfth of the values ewmerirnced by the ltasic air-
planc while oitching velocitics remain low,

The stability and control characteristics of an airnlanc cquipped
with a device of this kind arc shown by tho responsc to an abrupt control
movoment, It is desired that following such a control movomont the air-
planec should quickly reach a stcady valuc of acceleration withoubt ovor-
shooting or oscillating,

Thn response to control movement of an airplenc cquippod with the
vanc-type acccleration allcviator is shown in figure 7. The clcvator
is assunmcd to be suddenly deflected and h-~1ld in tho new position, The
resulting motion of a typical transvort sirglanc is indicatnd by the
dashed linec for comparison, Wacn the airplanc is cquivoed with the de-
vice discussed previously, a much more ravid responsc is obtainnd beo-
causc of the production of lift immediately when the flaps arc deflected,
Heverthcless, the motion is very stable and shows no tondency to over-
shoot the final acccleration, The reduction of lag following & control
deflection is thought to be an advantage, though gctual flicht teosts
would be required to determinc nilots’ opinion of this characteristic,

1t is arparcnt that the incorporation of a dovice which provides
smooth flight in rough air woulé require rathor comclicatcd additional
mechanisms not provided at proscnt though the external sppesrance of
the airvlanc would be little changed, Th> posribility that intoraction
betwoen the flap-operating macha ism and structural oscillations might




produce flutter requires further investication, UWevertholess, the
promising results obtained in thc theoretical investigation indicate
that oxperimental work to verify these results would be desirable,

REFEENCES

l, Phillips, W,Hd,, and Kraft, C,C,, Jr.! Thcorctical Study of Means
to Incrceasc the Smoothness of Flight Through Rough Air, NaCa
TH (to bes pud,),

2, Alexander, S.J,; Cotzin, M., Hill, C,J,, Jr,, Ricciuti, E,A,, and
Yeondt, G,R,t Wesloyan University Studics of Motion Sicknoss,
Part I, The Effccts of Variation of Time Intervals between
Accclerations on Sickness Ratas; Part II, A Sccond Approach
to the Problem of the Effccts of Variation of Time Intervals
between Accelerations upon Sickness Rates, Jour, Psych.,
vol, 19, Jan, 1945, pp, U49-68, Part III, Thc Effocts of
Various accelcorations upon Sickness Ratesy Part IV, The Effcets
of Waves Containing Two accoloration Levels upon Sickness,
Jour, Psych,, voi, 20, July 1945, po. 3~18,

<




PERCENT

OF MEN

BECOMING
SICK

60N

40- L

201 N\
\

T 7 T T T R
.2 4 .6 .8 1.0
FREQUENCY, CYCLES PER SEC

0

Figure 1. - Results of experiments on motion sickness.

4

NORMAL ACCEL.
gPERDEG  ,_

0
04
PITCHING VEL.
RADIANS / SEC
PER DEG : , ,
0 | 2 3

FREQUENCY, CYCLES/SEC

| ¢ |
66 33 16 ¥
WAVE - LENGTH, CHORDS

Figure 2. -~ Response of a typical transport airplane to sinusoidal gusts
of various frequencies.




201

ELEV. ANGLE » ‘o- : .
DEG. PER DEG.

0 ..oo:.

.IG' looo.

PITCHING VEL .,
RADIANS /SEC .08
PER DEG.

044

R S
FREQUENGY, GYCLES /SEC

i 1 ! |
66 33 16 Il
WAVE ~LENGTH, CHORDS
Figure 3. - Elevator motion required to produce zero acceleration of the
center of gravity in flight through sinusoidal gusts of various frequen- .

cies, and the resulting pitching velocity.

201
FLAP ANGLE, o
DEG. PER DEG.
0
16
12
PITCHING VEL.,
RADIANS /SEC ' .08-
PER DEG.
04-
: : " LA
0 | 2 3
FREQUENCY, CYCLES /SEC
| 1 ! }
66 33 6 3

WAVE-LENGTH, CHORDS ~~Naca~"

Figure 4. - Flap motion required to produce zero acceleration of the
center of gravity in flight through sinusoidal gusts of various frequen- .

cies, and the resulting pitching velocity.




CONTROL STICK /

-

—
—
b R

-
-
-
-—
-—
-
—-—
-
-
- -
—
- —

=
—
e e e — -

——BOOSTER

ANGLE-OF-ATTACK VANE

Figure 5. - Diagram of mechanism for vane-type acceleration alleviator.

4 // -\—BASIC AIRPLANE
NORMAL ACCEL. //
g PER DEG od 7/ AIRPLANE WITH
' ACCELERATION ALLEVIATOR
/ TN

PITCHING VEL.
RADIANS 7 SEG
PER DEG

] 1
2 3
FREQUENCY, CYCLES/SEC

| i ! |
66 33 16 i

WAVE -LENGTH, CHORDS

Figure 6. - Response of an airplane equipped with acceleration alleviator
to sinusoidal gusts of various frequencies. Characteristics of basic
airplane shown for comparison.




2_
ELEV. ANGLE, fored?
DEG w2
0 :..E.:
6-
AIRPLANE WITH
ACCELERATION ALLEVIATOR
4~ p——
NORMAL ,,/’
AGCCEL. ’
9 2= /\__
7 BASIC AIRPLANE
//
o o
| | | | 1 |
o) | 2 3 4 5

TIME, SEGC

Figure 7. - Response of an airplane equipped with acceleration allevia-
tor to an abrupt step motion of the elevator control.




RESTRICTED

SOME ASPECTS OF AIRCRAFT SAFETY - ICING, DITCHING AND FIRE

RESTRICTED




7. METEOROLOGICAL FACTORS IN THE DESIGN AND CFERATION OF
THERMAL ICE PROTECTION EQUIPMENT FOR HIGH-SPE:XD,
HIGH-ALTITUDE TRANSPORT AIRTCLANES

By William Lewis, U. S. Weather Bureau




RESTRICTED 39
30ME ASPECT3 OF AIRCRAFT SAFETY - ICING, DITCHING AND PIRE

T. METEOROLOGICAL FACTOR3 IN THE DESIGN AND OPFRATION OF THFRMAL
ICE PROTECTION EQUIPMENT FOR HIGH-SPEED,
HIGH-ALTITUDE TRANSPORT AIRPLANES

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
characteristics of the meteorological conditions in which they were
expectod to operate. The need for such knowledge was clearly recognized,
however, and research 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 messurements have been mado 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 timo, methods have been developed for the determin-
ation of heating requirements for various alrplane components when the
moteorological variables are specified.

With these developments has come the realization that it is not
feaaible to provide sufficient heat to prevent all ice formation in all
possible icing conditions. It 13 necessary, therefore, for the design-
ers to consider 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 & given severity
13 obviously dependent upon the overating conditions, including such
factors as geographical erea and preferred flight eltitude. It i3 also
dopendent uvon the extent to which flight procedures are modified in
order to avold icing conditions or minimize their severity. This latter
factor, in turn, depends upon the effectiveness of the anti-icing system.
It 18 evident therefore, that the problems of design and cperation are
clogely interrelated. The question of the extent to which it is prac-
ticable and desirable to reduce the de3ign requirements because of reli-
ance on the ability of the pllot to avoid the most severe and extensive
lcing conditions demends careful conaideration. This matter is especi-
ally important for high-altitude airplanes.

The principal difficulty in a determination of the ice-protection
requirements of high-eltitude airplanes 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 necegsary, thersfore, to
mako an estimate of conditions to be expected &t higher altitudes,
which will serve as a tentative basis for antl-icing design until actual
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mocsurements, taken if possible during normel operations, can prcvice
more exact informaticn. '

The me*oorologlical factors which nre imvortont in a ccrelderatiun
of icing coundi*ions are liguid water content. cloud drop slze, alr *tom-
perature gna air densiwy. The severity of icing is obviously directly
proportionnli to the liquid water con%tent when all o%ther frcliors are re-
gardod a8 condtant. Furthermore, for any varticular value of 1iguid
water content, *he rate at which water i3 lntercepted by & moving 2b-
Ject. the area ¢ver which the impingement occurs, and the disurituulon -
of waler collection over this area ore dependont upon a combirnation or
faectors includ*ng the average drop size. the distwrlbution of érop sizes
about this average, the alr 3peed, the altitude, end the slZe «nd szape
of the olject. “The rate of water intercepilon, or the rete of ice
formetion, per unit nrea normal to the flight. path, 1s equal +o-ihe .
product of the liquid wnter content, the true airapeed and » facivor .
called the collection efficiency, which 13 e function of drop size,
aircveed, and the geometrical configuration of The sirpiene compcrent
Since pllots customarily ovserve the thickneas of ice in inches ‘and
values of liquid water:- conien% are usually expreased in grama per- curic
neter, 1t may be noted that the thickness of 1ce 1p inshes, which Is
co]lected during 13 mxirs of fligut is epproximaiely equal to the:
liguid water content in grams ver cubic meter times the collecnion offl-
ciency . - : o

Unlike liquid water content end "drop size, the effect of tempera-
ture on the severivy of icing as exporiencod by en unheated airplane 1is
quite’ ‘different from its effect on the aifficulty of ice preveriion by
moans of heat. In terms of thermal ice prevention, ike severi-y cf
5cing increaces continwously as the temperaure is reduced. On nun un-
heateq. surface, on the other hand. ice which forms at very locw tempora-

tureas, usuelly has a smooth and. pointed fornm, and has a le33 unfavorable,. .

effact on the performance of the eirplane than the rough and 1rregu1ar -
shapes which’ form at only a few degrecs Yelow frcezing

In the case of high speed girplanes, the offect of kinetic heauing
in maintaining the -temperature of the airplanc.above the freewelr-tom
perature is quite importent. Tests have shown that in air con*aining
water drops, the amount of the kinetic -temperature risc 4s about - .
90 pergent of that which would be produced by bringing the air to reat .
by a satursted-adiabatic process. Thias effect 18 1llustrated in Fig- ..
ure”l., In thé construction of this figure: it was e3gumed thot the
freezing level was &t.10,000 foet proasure altitude and the lapse rate
of air containing liguid weter drop3 was moist-ediabatic. Under these
conditions the curve .indicates the relation between true alrapeed and
the tomperature and pressure-rltitude et which the leading-edge surfeoce
would be at 320 F, which of cour3e, is -the-criticel conditlion for the
onset of icing. It is aeen that an airplane flying at 500 mph 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 ard
drop size in icing conditions have been obtained using eairplanes with
a practlical gservice ceiling of about 20,000 feet. Hence, any estimate
of conditions likely to be. encountered at higher altitudes must neces-
3arily be based on extrapolations. Moreover, neerly all of the obser-
vations wers mnde during winter and spring, while it 1s expected that
the most severe and frequent icing conditions st higher altitudes mey
occur in summer. Under these circumstances, the best that can be done
at present is to examine the data now avallable end proceed with caution
to extrapolate to higher altitudes.

Noarly all flight meagurements of cloud drop size have beon made
by mean3 of the rotating cylinder method. This method ylelds whet is
called the "mean-cffective diamoter"”, which 1s belleved to be approxi-
mately equal to the medion of a volume diatribution. wWhen the mean-
effective dlameter 13 known, the rate of wator interception can te cal-
culated with reesonable accuracy. The moximum area of drop impinge-
mont, however, 13 determined by the size of the largest drops, and is
therofore dependent also upon the distridution of drop diameters.

An cxamination of evallable data on mean-effective diamster, teken
in various parts of the United States shows the existonce of a signifi-
cant variation with geographicel location. Measurementis made along the
Pacific coast show larger values of drop diameter, both average and
exirome, than aro observed in other parts. of ‘the country This effect
is believed to be due to &ifferences in the:kind eand number of conden-
sation nucleil. the .hypothesis being that aif which comes from over the
ocean contains a amall concentration of large condenzation muclei,
probably composed of sea salt. If this is true, & tendency to large
dropas would bo expected generally over the gea and along coa3ts having
prevailing on-shore flcw

Data from cumulus clouds in 911 areas and from 1ayer clouds on the
Pacific coast do not reveal any significant voriation of mean-effective
diameter with altitude. Observations in layer clouds in castern U. S.,
however, definitoly indicate an increase in drop size with increasing
altitude. These results are shown in Figure 2. On this figure are
shown smoothed distribution curvss for observations of mean-effective
diemeter in layer clouds in enstern 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 averagée diemeter and a greater veria-
bility, with higher frequoncies in the renge from 14 to 30 microns.




The characteriatica of thease distribution curves mry be dedcribed
by means of certein statistical paremeters as shown. These rre the mode,
or moat frequent value, the median, a value wsuch that helf the observn-
tions are atove and half below, and the fifth and ninety-fifth percen-
tiles which mark the loweat end higheat 5 percent of the obuervetionas.
It i3 also poted that, although the higher-eltitude obgervations heve a
greater median and mode the 95th percentile i3 nearly the same, indi-
cating that there is little change with altitude in the probability of
encountering very large drops.

Flgure 3 (table) showa velues of some statisticel perameters for
the distributions of observations of mean-effective diemeter in cumulua
clouds and layer clouda in the Pacific coast region and in eastern
United States. It is seen from this table that median and modal - .:luea
of drop diameter in layer clouds on the Pacific const ere not greatly
different from the higher-sltitude observations in the enstern U. 8.,
but the range is much greater. The 95th and 99th percentile valuea are
Lt and 67 microns for the Pacific soast as compered with 23 end 29 for
higher altitude layer clouds in thc east. Cumulus clouds show larger
median and modal values than layer clouds in both arens, but in the
Pacific coast area, the largest extreme values are in leyer clouds.

Due to inaccurecies in the multicylinder determinations of large
values of meen-effective dlameter eny indicated valucs over 35 microns
are quite uncertain. The shape of the distribution curves, however,
-glves a reasonable basis for inferring that values of mean-effective
diameter exceeding 50 microns occur in about 1 percent of Pacific coast
clouds, although the actual values cannot be reliably mensured.. The
fact that precipitation sometimes occurs in maritime climates without
the appearance of the ice phase is furiher evidonce of the pousidility
of thé formation of lorge drops. In view of these facts, it is believed
that values of mean-effective drop diameter exceading 100 or even 200
microns might occasionally be encountered in coastal aress or over the
sea.. .

' "It has been obaerved that unusually large values of mean-offective
diameter are assocliated with low values of liquid water content and that
the values of drop diameter essociatod with high values of liquid water
content do not differ greatly from the average. Hence. the designer of
ice-vrotection equipment must provide for two tynes of conditions: high
values of liquid water content aassociated with averagc values of drop
dlamoter, and high values of mean-effective dliameteér PBSOCi&ted with low
liquid water content.

' Since the maximum heating requirements for ice protection are sassgo-
ciated with maximum values of liquid water content. 1t would apnear
reagonable to use an avorage value of drop size, for example. 15 to 20
microns for the calculation of total henting requirementa On the other
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hnnd, aince vnlues of drop diamoter from about 25 to 4O microns occur
in about 5 percent of clouds 1t would 3cem advisable to consider drop
diametors of 30 to 40 microns in determining the extent of areas to be
heated .

In view of the facts that nccurate and reliable measurements of
extrome values of drop di~metor arc not now available and that the fre-
quency of encountering such conditilons i3 uncertain. it would probably
not be necegsary to consider values of mean-effective diemeter greeter
then about 50 mlcrons a3 design criteria until reliable Zats become
avelleble, unle3s experience should indicate that designs based on
ameller valuea are inadequcte.

In a atudy of the diastribution of liquid water in clouds a3 a fac-
tor in aircraft icing, 1t 13 convenlent to divide all clouds into two
genersl clagses, cumulus clouds and leyer clouds. Cumlus clouds are
large in vertical extent, amall in horizontal aree, and cover only e
relatively small fraction of the total alr mass. Leyer clouds moy be
further divided ianto thres types; firat, stratus and strato-cumulus
which generally form ncar the surfece and rarely extend to more than
6 or 7 thousand feet above the ground; second, alto-cumulus, consist-
ing of layers et higher levels which mny be quite extensive. These
layers are usuclly less than 2,000 feet in wertical extent and only
rerely exceed 3,000 feet. The thisker layers usually show a strong
tendency to change to ice crystals. The third mein type of layer cloud
i3 alto-stratus. These clouds are usually essociated with lerge storm
area3 and are often very lerge both in vertical and horizont.l extent.
Alto-stratus clouds do not cauge aporecieble icing as they are composed
almost entirely of ice crystals.

) Figure 4 presents frequoncj‘distributions of observed values of
1liquid water content in leyer-type clouds. These data have been dividod
into three groups on the basis of altitude: first, observetion from
~below 10,000 feet pressure sltitude, seq>nd obgervation above that level,
and third, the highest altitude range for which enough obsérvations were
available to give some. idea of average conditions. Looking first at the
data for eastern U. S., 1t 13 noted that e large mejority of the obser-
vations were at altitudes ®zlow 10,000 feet, due to the predominance of
gtrato-cumulus clouds formed in the upper pert of the surface turbulence
layer. Actually more than half of ell the obsderv: “iong wers in the al-
titude intervel between 3,000 and 6,000 feet. Th. :lto-cumnlus clouds
in the region above 10,000 feet show o lower everage liquid water con-
tent and low relative frequencies of high velues. Thias tendency toward
lower velues continues in the small groups of 12 observations from above
14,000 feet.

The deta from the Pacific cosst and Plateau area show the effects
of higher terrain. The zone of gtrato-cumulus clouds evtends to above
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10,000 feetv 1n this arco and a3 a resul® there 13 not muck difforence in
ths dligtribution for alsuitudes above and below 10,000 feei. 1Tue oweor-

vatlona from the highes: altisudes at vhich data ave avaiiable, broucver,
show the same temcency towards lower valucs of liguid water conmens “hew
was ncted in the date for cazcern U. S.

In cxrder to make a reasonable ectimate of conditiona to te ~zrected
at higner altitudes 1% 1s welil to considss the physical procecacs of
cloud forratiion in search of soime rolilavie bvadsic for extrapoialicn Trom
the availablie data:. With the excepticn of alfo-atratus clcud sysicms,
layer clouds are gsnerally formed by 1ifving through a 1imlisd aliitude
rangs, rarely cxcceding 3,000 feet 2Love the corndencation revel, I 1t
i3 aasumed that the average veriical displacemsnt «hlch ccours duriing
the formaticn of layer-type clouds is iudependenc of alftiiuic &énd tem-
perature, then the 1liguid water content would be expected wo diminish
with temprrature in confermity with the decremse in water vapo:s avail-
abls for condensation.

Tt is also to be expected that average and extreme valuss of 1iquid.
water content should be Influenced hy ‘he probebility of tbhe forracioa
of ice crystals, since the transformaiion of water 1o 1lce resulns in an
imuediate and repld reduction in the liquid water content. Triere is con-
glderable coniroversy at present counccrning the mechanism c¢f ice forma-
tion in clouds, but 1t is generally agreed thet the relative freguescy
of occurrence of ice crystals increases as the temporaiure 1s rsduced.
At the temperatures wxich prevail at altitudes abeyr 20,000 to 25,000 feet,
iayer clcuds are usunlly composed of ice crystale. The suparcooled cloud .
layers which do occur at these levels are usual.s of smail vertical ex-
tent and low licad water conient. There ayvears v te a sbrong tendency.
for thicker and morc dense layers to go over into ice crystass.

Flgure 5 shows the percentage of layer clouds con%aining meesuradble
11quid water in which ice crystels were also present. Unforiunately,
quantitative date are not avallable on the relative frequency of layer
clouds comrposed entirely of icr crystals, but the gereral imprecusion from
many observations 1s that at loy temperatures these are more preve lent
then with mixed or liguid clouds. These detd irdicate that in the tem-
perature runge near -10° F the frequency of ‘ice crystal forma*tlon in-
creasea rapidly. '

These considerations would lead u3d %o expect that the liquid water
content of leyer clouds would continuously diminish with lower. tempora-
ture, this decreamsc being especinlly repid in the nelghborhood of +10° F.
Figure 6 presents the results of an anrlysis of data from layer clouds”
in eastern U. S. TFrequency distribuiions of the greatest value of liguid
water content observed during each cncounter with icing were obtained
for temperaturs intervals of 10° F. These distributions were fitted to
Gubmel's extreme-velue distributicn curve to obtain the most probeble .




mnximum value per encountor (the mode) and the greatest veluc to be ex-
pected in 20 encounters (the 95 percentile). These quantities were then
plotted as functions of temporature and the curves extrapolated to -4O° F.
The results arc about what was to be expected except for the decreasc in
maximum liquid water content at temperatures close to freezing. This
effect is believed to be due to the fact that the observations at higher
temporature were often so close to the zround that there weas not suffi-
clent 1lifting to produce high values of liquid water content. The de-
creagse in liquid water content at temperatures near 10° F is shown very
clearly.

The extrapolated portion of these curves covers the temperature
interval from -10° to -40° F which is the range in which icing is most
likely to occur at altitudes between 20,000 and 30,000 feet. This extra-
polation 18, of course, uncertain but it gives 2 rough idea of conditions
to be expected at high altitudes. The curves are terminated at -40° since
recent laboratory investigntions have shown that ice crystels are almost
certain to occur at temperatures below -40° F. Since the liquid water
content in layer clouds 1s primarily dependent on temperature rather than
altitude, a consideradble variation with season and latitude is to be ex-
pected. It 18 estimnted that in tropical regions and in the U S. during
surmer meximum probable values would bo .5 g m3 et 20, OOO feet end .1 g/m3
at 30,000 feet. In northern latitudes and in the U . during winter,
the estimated meximum values are less than .2 g/m at 20 000 feet end
zero at 30,000 feet.

Consider now the problem of estimating the liquid water content of
cumulus clouds at high nltitudes. Frequency distributions of liquid
water content in cumulus clouds aere shown in Figure 7. The data for
the Pacific coast show higher average and extreme values for the alti-
tudes above 10,000 feet, with & tendency for high extreme value evident
even above 1k,000 feet, although the average is lower in this case.
Thesc date cannot be used as a basis for extrapolation to higher alti-
tudes, however, since clouds of this type in *this area are common only
in winter and spring and scldom extend to altitudes much above 15,000 feet.

- In tho dnta from eastern U S. and the plateau area, the number of
obgervations from below 10.000 feet were too small to provide a repre-
gentative sample. D=ata from higher altlitudes from both areas wore com-
bined since both contalned observations extending to considerabdle alti-
tudes and together they provide a sample large enough fcr
analysis. These distributions, unlike those from the Paciflc coast.
show a tendency for lower extreme as well as average values at the maxi-
mum altitudes.

. The problem of eatimating the meximum liquid water content et high
altitude is more difficult for cumulus and cumulonimbus' cloude than for
layer clouds. Since cumulus clouds ere composod of air which has been
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lifted from noar the swrface, the limitatlcn on molsture cantent duc to
low condensetion tewrerature which exists in layer clouds, dves no. ap-
ply in this care. (alculatiocns based on adiabetic lifting, without wix-
ing or precipitation, irdicate that extremely high valveg of li¢uid

watar content would te found al altitudes of frem 20 to 30 thousend feet.
in actual clonds, howeveor, mixing with dry air from the ervircrment ard
the formation of golild precipitation bolh act to reduce the licuid water
content, so trat in practice, the thOOfOuiCFl_y voasible high valuca are
very unlikely 1o be encountercd. Tt has been esctimated “hat ths merimum
values of lijuld waler coalent l‘hely +o occur under extreme circumaanses
are 5 g/’ at 32° F. and L g/m3 at 1'° F. Such corditions couid occur
only in cumulus clouds forricd of extremcly warm and molsty alr criginating
near the surface and extending ito 20,000 to 25,000 fset witnous procipil-
tation. They would be highly localized and of brief duratlon arnd iimited
to certain geographical areas and secezonsg.

AU lower temperatures, *he reduction of liquld woter contert dus to
the formeticn of ice crystels 1s a facwor of increasing imporianco, as
ghown in Figure 8. This figure givea the frequency of obsorvation of
ice crystals in cumulus clouis, exvressed as the perceniage of the “.onnl
nunber of observations with measureable liguid water ccntent. A nigh
prob%biliJJ of ice formntion is indicated for temperatures helow aboud
59 F. Visual ovservavions of individuel cumvlus clouds and a gtuwdy of
lapse time motion plctures of growing cumuius clouds indicate tha: wnen
the rising columns reach an alticude wihsre the temperoture is in the
ncighborhood of 0° ¥, the transformation to ice crystals is usuelly
ovident within about 10 or 15 minutes, unless the cloud i3 dissipaved
in a ghorter time by mixing with the environmenf Urder condi+ions of
strong convective activity, extending to altitules whore the temparature
is below o® ¥, the uvrper portion of most clouds ere vum.po:ed cf lce crya-
tals or ice and water mixed., while only the most recently formed ard
actively-growing are composed mainly of liguid water.

Additional irnformation concerning the i1cing conditiorsg to be cxpscted
in summer cumulus clouds at high altitudea 1s contained in the report of
the Thunderstorm Progect. Icing wna reported in only about one-half of
the traverses at altitudes of from 20,000 to 26,000 feet, while hervy
icing was reported in about 5 percent. It may be inferred from ihis
that in about one-half of the cloudd, the liguid water hed been almost
entlrely transformed to ice, while only 5 pcrcent werc relativsly unef-
fected by ice formatlon. Moreover, concerning heavy icing, the report
states "Heavy icing wes encountered very infrequently, and on no-occasion
during the two seasons of operation did ice accumuiate to such ar extent
as to make impossible sefc flight in the P-61-C airplenes. In almos®
every lnstance, the alrplanes were in the clear alr beween traverses
for a period sufficlently long to allow the ice to evaporate.” The prin-
cipal reagon for the smnll totel ice accumulation is the small: gize of
the individual aread of heoavy 1lcing.




Radar deta annlyzed by the Thunderstorm Projlect have becn used to
ostimate the total percentage of cumulonimbus cleud cover at various
levels in conditiona of alrmass Thunderstorm formation. The results
are shown in Figure 9. These curves should not be regarded a3 preciase,
due to several approximctions and assumptions involved in the anelysis,
but they are believed to provide a relisble indication of the order cf
magnitude of cumilonimbus cloud cover and its varistion with =2ltitude.
The solid curves represdent average and maximum radar cloud coverage,
while the dashed curves reprecsent visusl cloud area on the basis of the
somewhat doubtful assumption that the nverage rntio between radar ard
visuel area, as determined by eirplene flights at 10,000 feet, i3 ap-
plicable at &11 ~ltitudes. Since hervy 1cing occurred in only 5 per-
cent of high-eltitude traverses, it may be inferred that areas of heoavy
icing amount to only 5 percent or less of the areas of cloud cover shown
here. Thus, undcr conditions of strong convective ectivity, heavy icing
conditions would cover les3 than 1.5 percent of the airmeas 2t 20,000 feet
and leosa than 0.5 percent et 30,000 feot.

Another important point in connection with icing conditions in cum-
lus clouds is the effect of kinetic heating. For example, at a true air-
gpeed of 40O mph, kinetic heating will prevent icing at temporatures
above 16° F. The formation of ice crystels, on the other hand, may be
cxpected to reduce greatly the frequency of occurrence of high values of
liquid water content at temperaturcs below -5° F. This leeves the inter-
val from 16° F to -5° F as the most probable tempereture range for severe
icing for high-speed alrplanes. Under conditions favorable for the growth
of summer cumulus clouds, the corresponding pressure-altitude range 1s
from about 20,000 to 26,000 feet.

Although 1it_is bolieved posaible that values of liquid water content
as high as b g/m mray sometimes occur in this temperature range, it 1s
very highly improbable thet such conditions would be encountered during
normnl operstions.

Figure 10 shows the values of liquid water content and drop size
choaen for use in the calculation of heat requirements in the following
paper (Part 8). These values are based on data for leyer-type clouds.
The firat condition is somewhat milder than the heaviest icing condition
to be expected in layer clouds below 10,000 feet, but it 13 believed to
be adequate in view of the fact that the airplane will be below 10,000 feet
for only a small part of the time. The sccond condition 18 conservative
in view of the fact thet it, too, applies only to climb end descent. The
third and fourth conditions epply to the high-altitude region for which
conditions must be eatimated. They toth are telieved to be quite con-
gervative a8 to 1liquid water content dbut perhaps not as to drop a3ize.

An ice protectlon system designed for these conditions would in all
Probabllity functlon adequately in practically all icing conditions likely
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Yo be enzountered 1n layer-type clouda. It shouvld be rememtoved, howover,
thae* occaslonal encouniera with cunulus clouds may occwr. Though. vl
cncounterd would te infraequent and of ghort duracion, they would procu
a very sevore overloadlng of *he anti-lcirg ays<ten, and would prouviily
rosult in the formation of residual lce on wing and tail swrfaces back
of the heated arcas. The questions o what effect such ice formztioas
might have on performance, and how they might be removed if the =ffoct
is serious, are protvlems deservirg careful conslderetion. J3imilar prob-
lems may axise in connection with- 1rfrcqienu oncounters with cioudc <on-
pozed of veIJ latge drops.

1,._.(

To surmerize, icing conditions at high sltitudes o“cur in two cloud
types; alto cumelius layers with large horlzomtal extent, omall vorvicel
thickness, and low liqutﬁ'water content; nnd cumulus and cumuloninmbuag
cloude wilh small horizeniel eren. great vertlcel extont, and highly
varlable liguid waver contens with a small porcentage of cloudy heving
high maximum values of liguid watler content.

Prolonged f1ight in alto-curailua layers mny easily be avoided in
moaet 2ases by a chﬂnﬂa of altiiude, since the layers nre amall in versi-
cal thickueas. Jhe other rand, *he young, repldly -groving cumulus
cloads. with high liquid walor conitent are eaally recognized by their
appecrance, and since thsy cover oniy sanlil eread, thoy proiadbly cen be
circumnavigated in mos?’ cnses, at leazt during dayiight hours. . The total
percentage of time in icing conditions Guring high.oltitude flightd, can
thus probably be reduCcd w0 very low values by suitubie meteorologicpl
navigation.

Juat how much can be accomplished in th!s mannsr in reducing both
the maxiomon internsluy and total duration of 1lcing encouniera muat te
dotermined by £light experience in actual operating conditions. It is
therefore highly dssirable that records of liquld water content be ob-
tained during regular transport cperations. 3Such records would provide
the date necessary for the accurate determination of the probabllity of
encountvering various values of liguld water convent, the probable ex%ent
of lcing encountersa and the percentage of flight time in icing.

To moet the need for date of this kind, the Lewis Flight Propulsion
Laboratory has developed two typesd of recording initrumenta fov measuring
liquid water -content. These instrumenty ere now being installed on adir-
line planes for the collectlon of dats during normal flight operations.
Figure 11-shows one of these instrumenta, which ia a modificaticn of the
rotating-disk type of icing rate meter which was originated at the Mrssa-
chusetts Institute of Technology. The ice which forms on the frout edge
of a rotating disk 13 measured by a thickness g&ge and removed by e -
acraver &8 1t passes around the rear side.




Flgure 12 sliowa the other instrument, a presaure-type iratrument
developed at the Lewls Flight Propulalon Iaboratory. Thia dovice con-
aists of a ‘ube with a sories of amall holes facing the sav atroam. vhon
ice formation pings -the holea, the decrense in prezauro turns on 2 hoct-
irng current #hich melta the ice. #hen the holes are clear, the incveﬂac
in pressure turns off the heat and the cycle 13 repeated. The length of
time required for tite ice to form is used as a measure of the 1cinz rete.
- Tae heating cyslo 23 recordod on a film end 13 algo indicated by a light
on the inq:ramenr panel which givea the pilot a ugeful visunl indicelion
of the 1cinz ravs.

These, end yzrhaps other instrumonta, whon used during regular oror-
ationg, will provids the uu1> rocessary for the design of anti-iclirz
aystems which wi'l wrovile ac-junte protection with the loweet ro3aiblie
. penalities in terms of nur:orr Ji1ice and payload.
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CRITICAL CONDITIONS FOR ICE FORMATION
ON AN UNHEATED AIRPLANE
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FREQUENCY DISTRIBUTIONS OF CLOUD-~DROP DIAMETER
IN LAYER-TYPE GLOUDS IN EASTERN U.S.
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STATISTICAL DATA ON CLOUD DROP SIZE

6E0G. AREA |OLOUD|NQOF ALTITUDE —DROP DIAMETER. LER S :
US) " |TYPE |0BS.|RANGE |MEDIAN |MODE . -,
(U.S) 5TH | 95TH[9°7H _ i,
EAST  |LAYER| 313 (1000TO| 12.1 | 109 |75 |21.4| 30 e
10,000FT Seaels
EAST  |LAYER| 54 |I0000TO| (5.3 | 43 | 7.8 | 232 | 29
- IBO0OFT £y
PAC.COAST |LAYER|159 |4000TO| 16.7 | 132 | 8.1 | 44 | 67 i
20,000FT| :
PLATEAU |CUMU-| 108500070| 16.2 | 145 | 95 | 275] 36
8 EAST | LUS 23000FT
PAC.COAST |CUMU-| 220| 4000TO| 19.5 | 20 | 88 | 36 | 52
LUS 18,000
FT NACA
!
Figure 3

FREQUENGCY DISTRIBUTIONS OF LIQUID WATER
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FREQENCY OF ICE CRYSTALS IN LAYER CLOUDS
WITH MEASURABLE LIQUID WATER
80 i

(o))
@
e

WITH ICE CRYSTALS
n H
o o

PERCENTAGE OF 0BS

30 20 10 O -0 -20
TEMPERATURE °F

o

Figure 5

RELATION BETWEEN MAXIMUM LIQUID WATER CONTENT AND
TEMPERATURE IN LAYER-TYPE CLOUDS (EASTERN US.)
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FREQUENCY DISTRIBUTIONS OF LIQUID WATER
CONTENT IN CUMULUS-TYPE CLOUDS
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FREQUENCY OF ICE CRYSTALS IN CUMULUS CLOUDS
WITH MEASURABLE LIQUID WATER
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VERTICAL DISTRIBUTION OF RADAR AND VISUAL CLOUD
COVERAGE UNDER AIR-MASS THUNDERSTORM CONDITIONS
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ASSUMED (CING ATMOSPHERE
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ICING RATE METERS ON B-25

Figure 11
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SOME ASPECTS OF AIRCRAFT SAFETY - ICING,
DITCHING AND FIRE
8. THERMAL ICE PROTECTION FOR HIGH-SPEED
TRANSPORT AIRPLANEC
By Thomas F. Gelder and Stanley L. Koutz

Lewis Flight Propulsion Laboretory

The need for protecting alrcrafi again:t icing and tho opera-
tion o current thermal metheds of pretecilon -n Lie alr-transpori
operat -on fileld are well known. The adv.nt ¢ thz high-speed,
h.gh-alt tude, gas-turb.ne-powsred tr.nspcr. orocents ceriain new
conzidsraticns in the attainment o:i nrctecticn and tue operation
of these aircra’t In icing corditions. The rurposc c: this pager
lg Lo discuss and evalivate these prctlums b re-examining the
metheds oi protecticn and the neoating roguircments, and then to
determ.ne the cost in terms of airplane per. crmance and operaticnal
venalties of providing icing protection.

The ef 'ect of speed cn the icing prctection problem should be

considered. The variation in airloil hasating requircment in
Btu per hour per foot aspan with .1ligat =2ecd is 1llusirated in
tigure 1. The speed at which the minimua surface temperature
attains 32° F because of Irictional o. a=rodynamic neating is also
ndicated. tteinment of this temperatire duz to gpeed alione wenld
climinate the nced for icing protecticn. A Tlight spced of approx:i-
mately 640 miles per hour is necessary in an lcing cloud at

£,000 feet and 0° F to realize this free protection. Inasmuch as
this flight speed is above that presently bsing considered for
turbine powered transports, protection probably will be required

in cruise as well as 'n climb and descont, Below the critical
specd, the hcat required to evaporate the water increeses with
increasing flight sveed. These requircments arc bascd on cvapo-
rating the water upon Impingement with the airfoll in an icing
cloud with a liguid-water content of' C.4 gram per cudic mcter and
a drop size of 20 microns. Because o: tne direct increase in rate
of water intsrception with specd, ths heat required at 5C0 miles
per hour is about four times that at a Jlight speed of 200 miles
per hour; this lower speed is represcentative of several current
transports. When the same lcing condition and a fixed flight speed
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are ascumed, the total heat reguired to evapcrate the wz2ter can

also be shown to increasc w.th altftude. At altitude, a great »

percentaze of water will strike thne alrioll because the reducad .
drag Jorces on the water droplets act to de.lect thew out of tre

rath of the advancing airfoil. Fortuwatcly, tae cloud liquid-

vater content genevally decreages with Increasing eltituds, and

the maiimum heating requiremcnt for complete evaporation of the

Intercepted water usually ocrurs in the medium altitude range,

that is, about 15,000 fcet

Since pre=zent hot-gas wing-hcating deosigne provide protec-
tion by evapcrating the intercopted water over & l'inite arce, a
warked incrcase in heat required with speed and altltude is rep-
vesuntative of that to be expscted from applying such a gystem
to proteci the high-speed turbinc-powcred transpert. It is
apyarent that the 400 percont increacs in hoating requirem.nt
due to incrcasing the cpoed from 280 to H0° milcs per hour makes
:t desirable to obtain a morc sconomical moans of protection or
utilizs a heat source that has a m:n‘mum ¢’i'cct on alirplane oper-
ation. Current resecarch at the NACA Lewis laboratory has. indica-
ted that a largc savings in heat can be reallized by the uez of a
cyclic ds-.cing system. With thils system, .nstead of evaporating
the intcrcepted water, small amcunis of ice are ailowed to form
on the surface; heat is then appliced to melt guizkly the bo 1
bstwsen the ice and the surfacc thcreby allow’ng the ice to be -
removed by acrodynamic forces., Aiter romoval of the ice, heating
is terminated, the surface temperaturc drops, and ice reforms.
When this process is repeated :n a regular cycle, small portinns
of the eantire a.rplans can be de-icod. in succsssicn.

A short mevie prescntced at the coaferincs lllustratss

electric cyclic de-icing in the icing ressarch tunnel of e
Lewis laboratory. The first sccne shows the rosultant ice forma-
tion on the leading ¢dge of a low drag airfoil after an icing
pericd of 15 minutes with no nsat. Tho noxl sequencs prescnts an
wnsuccussful attempt at de-.cing. Fcllowing a Z-minute icing posriod
at 275 m.lss por hour, 1C° F, and 0.7 gram per cubic moter, the heat
.8 turned on for 19 scconds. Faiivre to remove ths ice was due to
inadequate hcating which amounted to 8 watts per square inch over
the first 10 percent chord. In the next ssquence, successiul
de-icing Is achieved at the same conditicns but w.th a differcnt

sat inout. In this casc, the heat densitics varied from 14 watts
per square inch near the lcading cdge to 8 watts psr squars inch
at the aft porticn of the heated arca. £ continuously heated strip .
1/2 inch wide at the stagnat:on point was also employed with a heat
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SOME ASPRCTS OF AIRCRAFT SAFETY - ICING,
DITCHING AND FIRE

8. THEEMAL ICE PROTECTION FOR HIGH-SrEED

TRANSPORT AIKPLANECD
By Thomas F. Gelder ani Stanley L. Koutz

Lewis Flight Propulsion Laboratory

The need 'or protecting alrcralt aszain.t icing and th:e opera-
tion of current thermal methods of prozectien .n thne air-transperi
operat-on fleld are well known. The wavont c¢f the hish-specd,
h.gh-altitude, gas-turb nu-powe.ed trancpew: grocents cortain new
conizidarations in the attainment ol nrctucticn and tuc operaticn
of these aircra’t n icing conditlions. The tucrposc oi this paper
g to discuss and evainate these prctiims bv re-examining the
methods off protecticn and the noating reyuirements, and tien to

. determ.ne the cost in terms cof airplane per’ormance and operaticnal
venaltiecs of providing icing protection.

The erf 'ect ¢l speed cn the icing prctecticn problem should be
considered. The variation in air’oil heating requirement in
Btu per hour per foot span with .1lignt steed is illusirated in
Pigurs 1, The speed at which the minimunm surface temperature
attaing 32° F because of frictional or acrcdynamic hsating I also
ndicated. Attainment cf this temperatare dus to speed alone wculd
¢liminate thc neced for icing protection. A Tlight spced of approxi-
mately 640 miles per hour 1s necessary in an icing cloud at
15,000 feet and O° F to realize this frec protact on. Inacmuch as
this Flight speed ic above that presently bsaing considered for
turbine powered transports, protection vicbably will be required
in cruise as well as :n climb and descent. Bolow the crit.ucal
specd, the heat required to evaporate the wator increases with
increasing flight speed. These requircments arce based on evepo-
rating the water upon Iimpingement with the airfoil in an icing
cloud with a liquid-water content of .4 gram per cubic mcier and
a drcp size of 20 mlicrons. Becausc oi° thae direct increase in rate
of' water interception with specsd, the heat required at 5C0 m.les
per hour is about four times that at a ilight speed of 280 miles
per hour; this lower speed 1s representative of several current
transports. When the same¢ icing condition and a fixed flight speed
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are ascumed, tho total hea® required to evapcrats the witer can
also bo shown to increese w.th altlitude. At altli‘ude, o great'r
percentaze of water will strike tinc alricll tecause the reducac,
drag¢ forces on the water droplets act to de.lect thsu cut ol tbe
rath of the advancing airtoil. Fortunatoly, tiue cloud liguid-
vater contont genevally decrvases with increasing eltitudz, and
the maximum heating requiremcnt for complcete evaporation of the
intercepted waeter usually occurs in the medjum altitude range,
that 1s, about 15,000 fe

Since precent hot-gas wing-heating doulgns provide P
tion by evapcorating the Interczpisd water over a linite ar

rot
ca, a
parked incrcuse in heut required with speed and altitude Iis
8
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1escntative of that to be expescted from applying such a sy L
to protect the high-speed turbinc-powered tranzport. It !
aprarcent that the 400 percent increass i hiating regquirement

due to incrcasging the speed from 280 e 500 milcc per hour makes
:t desirable to obtaln a more economicel means of protsction or
utilizs a heat source that has a min‘mun <"fcct cn airplanc oper-
ation. Currcnt rescarch at the NACA Lewis laboratery nas indica-
ted that & large savings in heat can be realized by the uwc of a
cyclic dc-.cing system. With this system, .nstvad of uvaporating
the ntercepted water, small amounis of ice are a.lowed to form
on the gurface; heat is then applicd to melt gquickly the bond
between the ice and the suwrfacc thercby allowling the ice to bu
removed by acrodynamic forces., Arftur romoval of thoe ice, heating
is terminated, the surface temperature droyps, and ice roforms.
When this process is repeated .n a regular cycle, small portions
oi' the entire airplane can be de-lcoed. in succeseicn.

A short movie presvntcd at the confercence llustrates

¢loctric cyclic de-icing in the icing rcssarch tunacl of thw
Lewis laboratory. The first sccecne shows tie rcsultant ice forma-
tion on the lecading cdge of a lowv drag alrfoil altir an ic.ng
reriod of 15 minutes with no hsat. The nexi sequesncs prosonts an
unsuccessful attempt at ée-.cing. Fcllowing a Z-minute icing poriod
at 275 m:les por hour, 100 F, and 0.2 gram pur cubic mcter, the heat

.8 turned on for 10 scconds. Feailure to remove the ice was due to

inadequate hcating which amounted to 8 watts per squars inch over

the rirst 10 percent chord. In thes next sequence, successiul
de-icing iz achieved at the same conditions butl with a different

sat inout. In this casu, thes heat densitles varied from 14 watts

per square inch necar the loading edge to 8 watts por squars inch
at the aft portion of the heated arca. A continuously heated strip .
l/? inch wide at the stagnat.on point wae also employsd with & hceat
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density of 8 watis per square inch. The ice is quickly and
cleanly removed within & to 10 seconds after the heat is turned
On .

In order to evaluate the effect of cmploying a hot-gas or a
cyclic electric de-icing system on the operation of' a turbine-
powered alrcraft in lcing conditlions, a hypothetical turbojet
transpert (fig. 2) illustrates the magnitude of the problems .nvolved.
This airplane is assumed to have a grass welgnt of 125,000 pcunds,
a wing span o 188 fest, and a cruising speed of CO0 miles per
hour from an altitude of 30,000 fect. The nlane s powsred by
four axial-:low turboljet eagines placed in two nacelles, and each
engine has a compress.r dregsure ratlic -f 5 and a rated thrust of
8000 pounds. It 1s assumed to climb to its cruising altitude at
maximua thrust and the fl.ght speed to give maximum rate ot climb.
Thls spe=d is approximately 350 miles per ncur for all altitudes.
The descent is alsc at 350 miles per hour. The leading edges of
the wing and tail, the elements within the eng.ne inlet, and the
windshield are the critical compcnents requiring icing protecticn
considered in this discussion.

The icing atmosphs:re discussed in the prbvibus paper through
which this airplane is assumed to fly is summarized in {igure 3.
The variation in ambient temperature, liquid-water content, and
drop ¢ize with altitude represents a compromise between the most
frequent and extreme values obtained frum the available icing
data. Altitude uv to 20,000 feet has been divided into three
parts, the 30,000-fcot condition represents cruise. The meteoro-
logical values in figure 3, taken for the purvose of illustraticn
and,; based on present flight data, provide a reasovnable basis for
the calculation of heating requirements and the evaluation of
associated perfcrmance and operaticnal consideraticns for . the
high-speed, high-altitude transport.

The total and component turbojet transport heating require-
ments in Btu per hour for three altitudes and two methods of
thermal protection are presented in {igure 4. Because calcula-
tions indicated the assumed icing condition from sea level to
10,000 feet was not crit.cal, the heat requirements for altitudes
below 10,000 feet are omitted.

All the hot-gas requirements illustrated are for continuous
heating with wing and ta’l requirements be.ng computed for a
typical double-skin chordwise flow system des.gned to evaporate
the intercepted water by 10 percent of chord. The engine components
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and windshield requirements ar: based on mairntain.ng the mini-
o surface temperatures Just above [freezing.

The electrical heating reguirements are bascd on a concer-
vative estimate of the p=1rformance of a cyclic de-icing system
for wing and tail, and continuous elsctrical heat.ng of engine
components and windshield.

In all :cing conditions invectipation, the total airplane
requirement. using a cyclic electric system, varies Irom a ninimum
of about 10 percent at 15,000 feet to a maximum o approxirately
30 percent at 25,000 feet of the hot-gas requiremcnt. The maxi-
mum cyclic electric ruquirement occurs at 25 000 feet and is
about 1,000,000 Btu per hour or Z00 kilowatic. A considerable
savings also appears pcssible for a cycled hct-gas systenm and the
economical performance indicated for a cyclical method of protec-
tion prompts further study and develcoment.

At present the cyclic system entails certain installation,
maintenance, and operational problems. Pending the perfect.on of
this method of prctection, the requirements for continuous heating
with hot gas w.1l be further examined.

The continuocus hot-gas requirement varies fiom a maximum of
approximately 7,000,000 Btu per hour at 15,000 feet near midpoint
of c¢limb to a minimum of approximately 3,000,000 Btu per hour at
25,000 feet, The higher speed cruising ccndition requires
4,000,000 Btu per hour. Tor both the cyclic electric and contin-
uous hot-gas reguirements illusirated, the wing and the tail com-
prise over 80 percent of the total airplane requirements.

A suitable source of these large amcunts of heat must be
provided. Approximately 25 combustion heaters of the size used
in present aircraft would be required to satisfy this maximum con-
tinucus heating load and obviously this would Impose an unacceptable
space and weight penalty. Because the turbcjet engine generates
large amounts o heat, it should be considsred es a source of
energy for icing protection. Hot alr or gas may be bled from the
compregsor outlet, turbine inlet, cor the tail pipe of a turbojet
engine. Power may als: be extracted from the shaft of the engine
to drive electrical generators.

Use of the turbojet engine as an energy scurce, however,
imposes performance and operational penalties. During climb,
when the turbojet engines are operated at maximum power, the
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extraction of energzy results in a decrease in thrust and a conse-
quent decreace ‘n ratc of climb. Figurz 5 illustrates the decrease
in rate of climb resulting from the use of several turvojet-engine
energy sources at an altltude o!f' 15,000 i'eet and a fllght speed of
350 miles per hour. Fcr the continuous hot-gas system, the climb
penalt.es vary rrom abcut 40 percent using compressor-outlet bleed
to approximately 4 percent using tail-pipe bleed. Less than
l-percent decrease in rate of climb results from use of shaft

power tu cperate a cyclic electric system. Although turbine-inlet
and tail-pipe bleed sources have a suall eifect on rate ol climb
as compared to the compressor-outlet blecd source, the presence

of products oi' combustion and the necessity for mixing the hot gas
with colder ailr w:ll complicate their use in an anti-icing system
In contrast, the compressor -outlet a'r is uncontam:nated and avail-
able at directly usable temperatures.

Because the vertical extent of several layers of icing
clouds s generally less than 6000 feet, a tlurbinc-powered aircraft
during climb would be in an icing cond.tion only a short time. The
large loss in rate i climb sntailied in the use of compressor bleed
suggests the possibility of making the climb through the icing
cloud without protection except for the engine components and then
upon reaching the cruising altitude the protsction system would be
turmed on and the icc removed. Calculations Indicate, however,
that the increased drag due to a 3-minute unprotected icing
encounter near 15,000 feet would result in a climb penalty in the
same order of magnitude as that caused by the use of compressor
bleed fcr protection. In addition, the possible inability of a
hot-gas system to remove the ice formation quickly enough to pre-
vent runback and refreezing may result in a drag penalty for the
remainder of the flight. It .¢ therefore apparent that little or
no benelit can be derived in rate of elimb by allowing the aircraft
to ice for even a short period of time. Also, because the duration
of icing in climb will be small, these seemingly severe perfor-
mance penalties willl be experienced only bricfly.

In the turbojet transport cruise condition, the eng.nes are
normally cperatcd at less than maximum power so that heat or power
can be extracted from the eng'ne and constant thrust ma.ntained by
increasing the fucl flow. This increase in fuel flow together
with the installed weight of the ice-protoction equipment reduce
the allowable pay load. The roduction in pay load as a function
of the percent of flight timc in which the anti-icing cquipment 1s
in operation on a long range high-altitude flight is shown in
figure 6. The reduction in pay load at O percent flight time is
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due to the installed weight of the equipment, and the :lope of
the curves is a measwre o the Tuel consumed in prov.ding :cing
protect.on The performance penalties for the hot gas gystems
are based on continuous hcating; for the elazctrical system oper-
ating “rom shaft power, cyclic operation is assumed.

As stated in the previous paper, tue existence of liquid
water at an altitude of 30,000 feet .s uncertain If icing con-
d . ticns do exist, the horizontal extent is believed to be suwall
and the possibility or avo.ding such clcude rvavorable. The anti-
icing t.me will theiefore be but a srmall percentage of the total
flight time. Thereiore, the merits oi a heat gource rur prov.-
ding protection during cruise shculd also be evaluated on the
baslis of short Icing encounters where the instailed weight 1s the
primary consideration., On this btasis, the hot-gas system operated
from compressor-outlet bleed, tail-pipe bleed, or turbine-inlet
bleed appear mest favorable. The turbine-inlet curve, om:tted for
the sake of clarity, falls only slightly above the tail-pipe curve.
The pay-load penalty indicated i'or a cyclic electric systeom
employing shaft pcwer is based on present weigniz and power
requirements and if these can be reduced in Tuture development,
the use of a cyclic electric cystem will be more attractive.

The auxiliary power unit Indicated in Tigure C consist of a
small gas turbine unit cperating as a gas generator. Although it
is the lightest of the several auxiliary units invostigated, it
iIs obviously too heavy to make this source attract.ve. If, how-
ever, such an auxiliary power plent iIs needed for uses other than
icing protect on, a portion of its weight mignht be otherwi se
chargeable.

Tce vrotection has been discussed herein for climb and
crulse conditions. Protection, however, may also be required
during descent. Assuming the dcscent :s at about the same flight
speed as the climb, the heating regquirements for each atti.tude
would be approximately the same. The use of the twrbojet engine
as an energy source during descent presents morc of a problom
than previously indicated for the climb because of the decreasesd
pcwer and thus the decreased availability of heat during descent.
A cyclic electric de-icing system could provide adequate protec-
tion during descent provided that the gecnerators are designed to
operate over a wide range of engine speeds, and the turbine-inlet
end tail-pipe temperatures were suffic.ent to provide protection
even with low engine power. Although use of comprezsor bleecd in
dcscent is inadequate to protect the entire aircraft, because of




the very low temrerature avalable at the compressor outlet,
ser.ous icing in the =ng'ne could be pravented with this method.
The vertical extent o." possible lcing clouds is small and tiae
norual ra.e of desconit large: thercfore the time 'n icing during
descent 1y cven less than during climb. Furthcrmore, 1t would
be poesible at any time dur'ng de:zcent to level out Jor a short
rer’cd, incrcase the eng'ne power, and de-ice the alrylanc.

Altliough the penalty on rate of climb is large for the com-
prasgor bleed scvrce, its use wita a hot-gac protect cn cystem is
desirable because ¢ the low inctalled weight and tne {reedom
Trom preducts of combusticn. he ccmpressor-outlet bleed per-
rformance nenalties just precen*ted weres based on a current turboje
engine with a rated comp-essor pressure ratic of &. Engines Lo
be developed for future use may operate at considerably higner
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pressure ratios. Figure 7 shows the eifcct of increasing the com-

pressor pressure ratio on the change In rate of climb at

15,020 ieet and 350 miles per hour. The peunelty imnosed on rate
cf climb lessens as the rressure rat’o ig increased, varying
Trom about 40 perccnt ‘or a prossure ratic of & to about 25 per-
cent Jor a pressurc ratic ol 10, a clhenge o 40 poercent. The
penalties on rate . cliub due to use of tuwrbine -inlet bleed,
tail-pipe bleed, and shart power extraction ar: inappreciably
affected by variat on In precswre rat.co. Increasing the nressure
ratio from S to 10 also results in a slight luwprovement in pay
ivad during the cruise condition. It appears, therefore, that
compragsor bieed shculd become even mors atitractlve as a source
of heat Tor ice prctzction of ifuture turbojet transportis using

~ higher pressure ratlo englnes.

The preceding discuse on has been relatod only to the
turbojet -powered transport. Counsideiation ol the icing protec-
tion oroblem of a turbine -propeller arcrart ic also of interest.
The primary difference in the icing protection prcblem vetween
the turbine-propeller tiranspcet as comparcd to the turbodet
involves tho use of the turb:ine-prepeller cngine as an cnsrgy
scurce. In & turbine-propellor cngine the low pressure ex:sting
in the tall pips is probebly inadsquate to force the hot gas
through the anti-icing system and the extracticn of cncrgy from
the remaining engine scuicss is more costly in terms oi' engine
performance because the mess flow through the turbine-propeller
cngine will be less than that ot a turbojJet.

Evaluating an icing orotesction system for the turbine-
propveller transport therefore warrents greater conz.derztion of
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the low perfermence pecnalty sources such as shaft power to opera-

ate a cyclic electric system oi hot gas from ithe turblic .niot.

In conclusion, icing protecticn is requ red {or th=z high-
spced, high altitude, gas turbine-powsred tircnuport. Altacuah
the airplane heating requircments have been markedly incroacad
from present day values by the introducticn ¢ the turbine-powered
transpoirt, several factors tend tc alle.iate “his .acreacsd neel-
inz leoad. A sizeable reduction in these roeguircments is poscible
by tne satisfactory development ol cycl.c systcm, us ngz eliher
electrical heating cr hot gas. A sul:iable cowrce [cr ihis encrzy
is read.ly ava.lable in the turbine engine .tself, The rasuliant
rerformance or cperat.onal penalilcs Incurred in extractliig cnergy
from the engine will bse dependent on the source employed. Tae
difficulties aricing frem the use of any cac gource can ve obviated
by employing a sultable combinaticn of sources, as f'or examplo:
engine prctection from twrd ne-inlet blecd. or shaft power in con
Junction with ccmpressor bleed :wr cyclic or continuous protection
o’ the wing and tail sur’accs.

Although the performance penaliies asscclated with providing
icing protection from soume of the avallable encrgy sources appear
large during climb and descent of the aircrei't, these penalties
will probably be in effect for cnly a short t . me; and tie icing
conditions, f any, during cruise will be of small extent and the
possibility cof avolding them favorables

The exact naturc of the ice protectlon cystem, its omeration
and cost will be dependent upon the gpsc.f.c charactor.st cs of
the airplane and engine, the flight pian, and the icing conditicns
it may encounter.
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SOME ACPECTS OF AIRCRAFT SAFETY - ICING, TITCRING, AND FIRE
9. ATRCRAFT OPERATIONAI. PROBLEMS INVOLVED IN DITCHING
By Lloyd J. Fisher
Longley Aeronautical Laboratory

This paper presents some of the operation problcms associated with
ditching and the effect of design paremeters on ditching performance.

A ditching operation caon be divided into four main parts: (1)
landing, (2) escape from the airplane, (3) survivel in the water, and
(4) rescue.

The NACA has becn mainly concerned with the landing operation.
Consequently, the approach, landing technique, dynemic behavior, and
structural domage during ditch'ng, which have been investigated in
detail, aire the phases discussed.

Three types of motion are used hcerein to describe ditching beha: -
ior. One type of motion is called a dive. In this motion the airplanc
essumes a negetive attitude and partially submerges. The decelerations
are generally high, This is the most undesirable motion encounterecd
and is most prevalent in bomber-type airplanes due to failure of the
weak bomb-bay doors in the fuselage bottom. Another motion is called
trimming up. This term is used to describe a positive rotation about
the transverse axis that occurs soon after landing. It occurs with
airplanes that have pronounced curvature on the aft fuselage and very
frequently occurs with transport airplanes, The third type of motion
is called a smooth run. In this behavior there is no apparent oscil-
lation about any axis and the model gradually settles into the water
as the forward speed decreaseg. This is the best ditching behavior
and transports in general approach this type of motion.

Figure 1 summarizes a typical ideal landing configuration. It
is realized that circumstances may bc such that all the desirable
features shown herc cannot be achieved in every ditching. TFor excmple,
if all engines have failed the ditching must necessarily be made withe
out power. However, if fuel is running low and it is known that a
ditching is incvitable the landiag should be mude before the fuel is
exhausted -so' that a normal power approach can be used to give better
control and lower speed. The lowest forward and vertical specds
possible are desiroble as damoge is intensified by increcsed speed.
As much flap deflection should be used as adequate control and rea-
sonable vertical speed permit. In order to reduce gross weight and
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lending specd all disposable geer and cargo should be juttisoncd.
Remaining gcar and cargo should be secured and no hatches or doors
should rerain open in the lower part of the fuseicge. The Loadiag

gear should be retracted as aa extended gear will cause high decelera-
tion and diving. Gencrelly a nose-high attitude is desirzoble. A ncar-
level londing attitude sometimes causes en airplone to dive but in any
case the high speed associated with a ievel landing usually prcauces
high bot%om ioads and consequent damage., Crre should be exercised to
prevent stalling to avoid lack of control and *the possibility of iaiiing
- onto the water. This might produce czcessive structural dumage and such
damage is the cause of most ditching difficulties.

In order to obtain the optimum ditching in a heavy sea, consider-
able skill is required by the pilot in mecking touch-dowa at the best
pceint. The sea may be so irregular that a great cmount of judgment
will be needed in determining the predcminant wave form. However,
some principles that should be followed con be iliustrated on a simple
wave system, figures 2 to 4. It is usuaclly best to land parallel to
waves or swells unless a very strong wind is blowing in which case a
landing into the wind may be best. In & londing rarallel to the wavsas
(fig. 2) the contact should ideully be mnde near the crest on the
leeward side so that as the wave progresses the eirplane will remein
near the crest longer. The trough of waves (fig. 3) is less safe for
first contact because of the possibility of getting a wing tip in a
crest. If the wind is strong cnough so that ¢ cross wave landing
(fig. 4) is best, the ideal situetion is to make contact near the crest
of the wave on the downward slope so that the airplane can in effect
ease down the slope into the water. A contact on the upward slope
will rcesult in high impact loads and if the force is epplicd near the -
tail it might cause the airplane to nose into the next wave. The
priacinles iilustrated in figurcs 2 to 4 admittedly are dirficult to
follow, but the Coast Guard considers them feasible and has written
them into its pilot's operational menpual.

In a heavy sea even an airplane with very good ditching charac-
teristics  can be thrown into violent motions and . receive ext nsive
damage if touch-down is poorly executed. TFigure 'S shows typical
longitudinal decelerations for o transport model landcd ccross waves
and in calm water. A maximum value of about 6g is shown for o-foot
waves but this value can be exceeded in stecper waves. The muximum

deceleration in Zg-foot wdves>is about 4g, practically the same as in

calm water. For landings in calm water, across small woves, or par-
allel to large waves transports generally make fairly smooth runs and
sustain less damage than other large airplanes such as bombers. The
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primary reason for this is that transports have fewer weak doors in
the bottom and the requiremcnts of cuarge floors and pressurizat.on
add to the fusclage strongth. It would seem that much better ditching
characteristics are needed in transports than in bombers because of
the large number of untrained transport passcngers involved.

In order to safeguard against injury cven in a mild ditching,
consideration needs to be given to the location of passengers in the
airplanc (fig. 6). No ditching stotions should be just aft of a
week docr or hatch in the fuselage bottom, as such a position is
likely to be overwhelmed by water entering through the opening. The
scfcst position is in the forward part of the fuselege, facing back-
ward with one's back against a bulkhead or preferebly in a scet faced
backward. A properly tightcned seat belt may be sufficient restraint
even in seats facing forward but a much greater margin of safety would
be obtained if thc secats were faced backward. Sects cnd safety belts
of coursc nced to be strong enough to withstand the decelerations that
may be encountered. In most ditchings the longitudinal decelerations
will be less than 6g - a value thet is tolerazble to the human body if
it is properly restrained. In those transports that have two decks,
the up,er deck provides the better ditching station. There is little
likelihocd of the floor of this compertment being flooded quickly since
it probably will not be domaged and the wing will provide enough buoy-
oncy to keep it cbove the water for & reasonable length of time.

When the airplane hes come to rest it is important to get out
vromptly to avoid entrapment, as the airplane may sink quickly.
Although there have been a number of ditchings in which the airplane
floated for hours, the prediction of such extended floatation time
would require a knowledge, not immediately available, of the totel
damage to the airplane. The only safe course is to get out quickly
and rapid esgapc may be complicated by panic among the passengers,
particulerly if thc escape hatches that are avallable appear to be
inadequate. Escape hatches should be in the upper part of the fuse-
lage (fig. 7) and should be positioned for exit onto the wing or
directly to a life raft. Such exits are not usually available in
transports in sufficient number to permit o rapid escape of a full
load of passecngers.

Design parameters having an influence on ditching character-
istics (fig. 8) include wing location, landing flaps, tail-surface
location, fuselage shepe and strength, end protuberances. It is
realized thet an airplane is not designced solely for ditching. How-
ever, in eny design the choice of parameters is mede for a variety
of recasons and it is intended here to show how such choice may effect
ditching. Actutlly there have been airplanes having generally similar
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air performance but with considerable difference in ditching performe-
ance so it is sometimes pessible to obtain mprovemcnts in Gitchiug
without loss in other respects.

Figure 9 shows typicel wing-cnd-fuseloge combinations. Since 2
ma jor portion of the bucyoncy availavle for keeping the airplaornc
afloat comes from the wing, it is undesirable to have the wing plizced
high with respect to the fuseinge. This location cauvses no dotrimointal
motions but offers no busycncy before the fuselage is submerged. Tosts
have shown, howcver, that uncder scmz circumstnnces, a wing lcccted ot
the bottom of the fuselage mey have an adverse effect on hydrcd;acmic
behavior. Flaps, nacclles, or the wing itself, mey enter the water
at high speeds, causing high decelerations or diving. These consider-
ations lecad to the conclusion that the scfest position of the wing
is slightly cbove the bottom of the fusclage in a low-mid-wing
position. '

Landing flaps have had a noticeable cydrodynamic effect on at:out
25 percent of the models tested. In o mejority of these cnscs they
coused o slight nose-down motion but in no case was a fiaps-up con-
ditica advantageous. It is prefer..le to have flaps down in a ditching
in order to cbtain a low forward speed and eo decrease the chances of
fusclage damcge but on low-wing airplancs the flaps should be weak
cnough to fail without producing an undesirable diving moment. A
strength less than about 300 pounds per square foot appears satis-
factory in this respect.

In general, the location of the tail surface has iittie effcct on
citching. It has been found, however, that a low position of the hor-
izontal teil surface can prevent excessive trimming-up where the fuse-
lage has o shape that produces this motion.

Some recent transports have unusually large amcunts of sweep-up
on the after fuselage while others have high tronsverse curvature or
perhaps a combination of both (fig. 10). A high degrce of fuselage
curvature couses a suction and the airplane will trim-up in the wzter.
Trimming-up is not in itself detrimental but if it is great enough the
airplane may leave the water and then reenter at en unfovoravle +t3i-
tude. Model tests have shown motions of this typc in which the model
trimmed~-up so high thet it stalled and fell back into the water out
of control. Another disadvantage of trim-up is that if the suction
breaks suddeniy the airplane may trim down fast with the resulting
- impact causing damage. ' )

Fuseloges having moderately curved cross sections (fig. 10)
" appear to be as stable dynamically as those with nearly flat botioms.
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fince flat bottoms ore subject to much higher bottom pressures and are
structurally l:ss efficient for carrying loads, it is cdvantageous to
usc mode: ~*nly curved scctions. '

The strcength of the bottem of the fuselage is probably the most
important factor influencing ditching behavior. A majority of air-
planes would ditch well if the fuselupge bottom did not sustain large
damage. In order to determine the effect of this damcge models are
tested with approximately scale-stiength bottoms. Domage alwoys
occurs cnd somotimes produces undssiruble motions and decelerctions
and of course the resultunt water inflow is detrimental. If there
sre doors in the bottom they are usually weacker than the surrounding
fuselage and so fail wmore cusily with greater total resultant damage.

In general protuberunces below the bottom of the airplane, by
virtue of their water drng, tcnd to cause 2 detrimental diving
moment. Exceptions to tlhis occur when the protuberances are of such
shape that they produce substontial hydrodynemic 1lift forward of the
center of gravity or when the attachment is so weak that the pro-
tuberance tears off. Enginces mounted low on & low wing or slung under
the fusel-ge s on some recent Jjet airplanes (fig. 11), probably will
not tear off cnd will be detrimental., It is best for engines to be
well above the bottom of the fuselage if they ecre rigidly built in.
However, when a strut is employed (fig. 11) the strut could be weck
enough that the installation would tecr off without ccusing trouble.
This was truc of the one model of this type that has been tested.

Fuel tanks (fig. 12) installed under the wing will have an cffect
similar to that described for engines except that tonks are not as
rigidly attoched end so tear off more easily. If a choice is available
it is best to Jjettison such tankz. Tip tanks probably will not enter
the woter until a low speed is reached so will not cause undesirable
behavior and will offer additional buoyancy if empty.

It is possible to obtain good ditching characteristics from ceven
& very poor ditching airplane or to further improve the ditching
characteristics of a good one by the addition of o ditching aid
(fig. 13).

Onc method of preventing diving or posing in during the high-
specd part of a ditching run is the usc of a hydrofisp, « device
near the nosc that has sufficient hydrodynamic 1ift to furnish the
required positive pitching moment. Of 2 variety tested, a narrow
planing surface, having a tropezoidel plan form, and set at an
incidence of cbout 30° to the fuselage was generclly the most effec-
tive. The hydroflap offers un opportunity for kecping the nose out of
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the water and rcducing the londs on that purt of the fuselage by

concentrnting on 2 small strong area the high water prescsures present

at landing speeds, Somctimes it may be possible to use a Latch or a .
spced brake to serve the 2dditianal function of a hydroflap with less

additional weight than wculd otherwise be required. One type Navy

airplane has employed a wodificd hatch cs a hydroflap.

Another possibillity for a ditching cid is a planing surfacc that
can be extended on stru“s so that in landing the uirplane rides on
the plening surface with the main body of the airplane not subjected
to high water loads at pluning speeds. Almost any degree of effective-
ness is possible with this device, dcpending on its size; and the
hazardous motions and structursl damuge associated with ditching can
be eliminated. TFor eirplunes with solid bottoms such as transports a
singlc planing surface rctractabl: into the bottom would be suitable
or twin surfaces rctrectable into the sides of thc fuselage or into
the wings could be used. The *win-surface arrangement would be most
desirable if doors were required In the fuselage bottom.

In conclusion, it may be stated that the dynamlc behavior and
structural damage during ditching cen greatly influcnce survival. The
hazards involved can be reduced by proper selection of operational
parampters during the spproach and landing. They can be further
reduced in the design stages of the eirplane by proper consideration
of features affecting behavior, ditching stations, and means of escape. -

Tn general, safe ditchings could be accomplished if the fuselage
bottom could be strong enough to withstand the water loads, An alter-
nate and perhaps more feasible solution would be the use of ditching
aids to keep the loads off the fuselage and control the motions
during the high-speed part of the landing rum.
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Figure 13. - Ditching aids.




10. SOME ASPECTS OF THE TRANSPORT AIRPLANE FIRE PROBIEM

By Irving Pinkel
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COME ASPECTS OF AIRCR/FT SAFETY - ICING, DITCHING, AND FIRE
COME ASPECTE OF THE TRANSPORT ATRPLANE FIRE PROBLEM
10, By I. Irving Pinkel
Lewis Flight Propulsicn Labcratory

Recent studies on the ability of humans to withstand high accelera-
tions for short periods of time without injury have indicated that sig-
nificant gains in airplane crash survival can be realized if fire fol-
lowing crash can be prevented. Acting on the recommendation of the NACA
Operating Problems Committee and the Aircraft Fire Prevention Subcom-
mittee, the Lewis lsboratory of the NACA has engagzed in a study of fires
following take-off and landin; crashes of survivable intensity. One
phase of this work is thLe evaluation of the effectiveness of various
ways the incidence and severity of the crash fire might be reduced.

This discussion of the crash-fire problem is by wey of a progress
report that will consider the knowledge of the mechanisms of crash
fires gained from work already completed and the anproach to the reduc-
tion of the crash-fire hazard indicated by the information obtained.

Preliminary to active experimentation, a study was made of the
available information on past aircraft crash fires, reported in ref-
erence 1, which gives support to the following points regarding airplane
crash fires.

1. Serious fires are associated with the large fuel spillage that
results from a damaged fuel system.

_ 2. Most of the suspected ignition sources are located at the
nacelle.

3. Gases contained within the engine induction and exhaust system
can serve as ignition sources.

4. The fuel iz generally the first combustible to burn.

Because of the transitory nature of the conditions preceding a
fire and destruction in the fire of the evidence on which to base an
analysis of the physical circumstances associated with the fuel spillage
and its ignition, a well-defined understanding of the crash-fire problem
and an intelligent approach to its solution cannot arise from a study of
crash accident records alone. Accordingly, a portion of the NACA pro-
gram involves the study of actual crash fires conducted with twin-
engine airplanes suitable for holding a complex, massive system of
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instruments through a crash under simuiated taxe-off condi*iocns. Tha
instruments provide:

1. A record of temperatures at selected stations within the
nacelle, wings, and fuselage.

2. Detection of combustible vapors throughout the airplanc.
3. Time and location of fuel line rupture.

4. Time and location of electrical short circuits,

5. Gas samples of cabin atmosphlere.

6. The accelefation of the airplane in the crash.

A crash site (fig. 1) was developed to permit an airplane to accslerate
from rest under its own power constrained by a guide rail to arrive at
" the crash barrier with take-off (or landing) speed. Details of the
barrier are shown in figure 1 which shows the airplane runway and g.ide
rail in the forcground. At the barrier, the rotating propellers strike
the ground contained within the raised abutments, the landing gear is
ripped free of the airplane by the same abutments, and th: wing tanks
are severed outboard of the nacelles by poles. After crash the air-
plane slides along the ground beyond the barrier. This arra.gement
provides a severe crash from the standpoint of fuel spillage and igni-
tion source exposure.

In the conduct of these studies, 1t was appreciated that & con-
sider=ole background of information exists on the ignition and burning
of hydrocarbon fuels. It was our purpose to obtain an understanding
of the factors introduced by the dynamics of the crash that control
the ignition process and timing, and the subsequent rate of fire spread,
and to establish on a firm factuil Lasis those commonly considered
ideas on crash fires which actually apply. The work completed thus far
has provided inforwation on the various ways fuel is released in a
crash, a positive identification of several important types cof ignition
sources, details on the rate «f spread of fire through fuel dispersed
within and around the airplane, length of the  =%cy&ada Dodi.o! thas
may elapse before fire occurs with different types of fuel spillage,
the airplane decelerations associated with typical damage to the
airplane structure, and the rate of development of lethal conditions
within the cabin.

In these studies, it has been learned that fuel can be spilled
- from an airplane as an ignitable mixture of fuel vapor and air by
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rupture of the cngine induction system, as liquid from broken fuecl
lines wnd tanks, and as mist if the spillage occurs from an airplane
in mot:on. In the last case, the aerodynamic forces on the fuel rip
it to mist to form a highly flammable fuel aerosol that moves with the
air around the ajirnlane. A picturec of such a fuel mist taken during
aa actual crash is shown in figure 2. The fuel beneath the wing
appears as a dense cloud that increases in volume and decreases in
density by admixture of additional air downstream of the wing.

Because of the significant role of this type of fuel spillage in
the crash fires, it will be d’scussed in detail. T'irst, an illustra-
tion (fig. 3) is given of the rapid developmenti of the fire through
the fuel mist. This demons:rates the fire propagated by atomization
to mist of the fuel lost from an airplane rsiose wing fuel tanks have
been exposed while the airplene was in motionu. In the crash that
produced this fire the pole tarrviers vere a-rarged to smash the landing
lights on the wing and tear open the tanks behind them. The ignition
that occurred at the damaged landing lizht, as shown in figure 4, 1is
evidence that a damaged electr’ical system can =erve as an ignition
source. The fire clearly originates at the locetion of the lending
light before the airplerne is displaced its owa leangtn from the pole
barrier and the landing gear settled to earth.

Because of the close proximity of the ignition source to the
spilled fuel, ignition was immediate. When an appreciable spanwise
separation exists between the fuel source and the ignitor, a time
delay is introduced in the ignition as illustrated in figure S. This
figure shows ignition by exhnust geses issuing from the engine stack at
a point having a six-foot spanwise separation from the fuel-tank
rupture approximately two seconds after fuel spillage, at a reduced
airplane speed. Detailed studies of the ignition of fuels and lubri-
cants on the exhaust-disposal system used in this airplane showed that
the portion of the exhaust stack exposed to the air stream is not hot
enough to ignite gasoline, but that the exhaust gases will do so
readily. The two-second time delay between fuel spillage and igni-
tion is of little consequence in the severity of the ensuing fire,
but is of cardinal importance in the engineering of crash safety
systems. '

When the ignitor is located to one side end forward of the point
of fuel spillage, an even greater delay occurs between the time of
fuel-tank rupture and fuel ignition. As an example of this arrange-
ment, fuel ignition from an oil fire burning in the necelle well
forward of the wing leading edge is presented in figure 6. The oil
fire is visible through windows located on the nacelle cowling. In
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this crash, the instrumentation indicated the oil fire to have started

within 2 seconds of the crash. This picture was taken 4l seconds after
- the crash, at the moment of fuel ignition. Observe that the fuel mist
lies well forward of the wing leading edge when the airplane comse to
rest, which is the case in this figure.

Obviously, if the released fuel streaked rearward along with the
air streaming by the narrow tank rupture, a physical separation bctween
the fuel and ignition sources at the nacelle would be maintained and
ignition could not cccur. The tendency for the fuel to disperse span-
wise (perpendicular to the air strcam) is respounsible for the contact
between fuel and ignitor. A detailed study of this sidewise fuel
spread conducted with taxiing airplenes and simuleted fuel spillage
shows the following mechanism of fuel dispersion. When fuel is lost
from a decelerating airplane, the womentum of the fuel in the tank
provides a forward surge and propels the fuel as a solid stream out
of the tank rupture. Impact with the air spreads the stream to give
a spanwise velocity component to the fuel particles somewhat as would
occur if the solid stream of fuel were to splash against a wall normal
to the original fuel direction. The forward velocity of the fuel is
reduced with the acquisition of the spanwise kinetic energy and the
advancing airplane intercepts the spreading fuel mist. If the air-
plane moves slowly, the fuel has an eppreciable time to spread before
such interception and can extend to the nacelle. Likewise, high
airplane declerations will produce high.velocity fuel Jjets that
extend well ahead of the airplane and acquire high spanwise velocities.
The combination of reduced airplane speed and high deceleration rep-
resents - critical conditions of airplane motion from the standpoint
of ignition by a source located at the nacelle. This effect correlates
the facts that ignition by the broken landing light adjaceant to the
tank rupture occurred immediately but ignition at the nacelle did not
occur until the airplane had slowed appreciably from its high speed at
cragsh. Wetting patterns produced on an airplane by the mist in the
taxiing tests show these effects clearly (fig. 7). Tjypical fuel wetting
patterns on the underside of the wing and nacelle are shown in this
figure. Fuel spillage occurred from a tank rupture at this point. The
wetting patterns obtained on the left correspond to fuel spillage from
an airplane decelerating at 2.5 times the acceleration of gravity.

The darker cross hatched surface correspcrds to fuel spillage -t
approximately 56 miles per hour. In this case the wetting pattern

~does not extend to the exhaust stack, but at the reduced speed of
approximately 25 miles per hour the wetting pattern does snclese the
exhaust stack. At an airplane deceleration rate of 6.4 gravity, the
airplane wetted area extends well past the exhaust stack at an airplane
speed of approximately 60 miles per hour in contrast to the condition at
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2.5 times the acceleration of gravity. The most extensive fuel wetting
observed occurred at the reduced airplane speed of 35 miles per hour
and the deceleration rate of 6.4 gravity.

Because the fuel is airborne in these mists, a cross wind from
the wing tip to nacelle will d’'splace the mist pattern towerd the
nacelle and increase the probability of fire. This applies to the case
gshown in figure 7, with the relative wind as indicated. If the wind
vere directly from the front, the wetting pattern would be symmetrical
about the tank rupture. In this case, only a very extensive wetting
pattern would reach to the nacelle.

Fuel spillage in the form of premixed fuel vapor and air can take
place only from a torn engine induction system. The close proximity
of ignition sources within the nacelle will cause ignition immediately
after such spillage. Because of the small quantity of fuel in the
induction system at any one time, however, no serious fire will result
unless other fuel is ignited in the flash fire of the induction-system
fuel. In one impact crash test the airplane was fitted with steel-
bladed propellers. Impact of the steel propeller blades with the
ground twisted the engine mounts and ripped the c¢rriuretor free from
the engine induction system releasing the fuel vapor-air mixture into
the nacelle. The fuel vapors were ignited by the hot exhaust collector
rings. The explosive flash of the resulting fire ignited the fuel being
lost from the tanks at the winz leading edge.

Fuel lost from a crashed airplane at rest is principally in liquid
form as pools and rivulets. If a rivulet flows to an ignition source,
or the fuel vapors are directed by moving air to an ignitor, the
resulting fire propagates back to the primary pool of fuel. If fuel is
still pouring from the dcmaged fuel system, the fire burns at the
opening from which the fuel issues and tends to enlarge the initial
opening. Crashes involving the spillage of fuel wholly as liquid have
not been studied yet in sufficient detail for further discussion at.
this time. ‘

The rate of fire spread through and around the airplane is com-
plicated by many factors, chief among them being the ground and air-
plane area wetted by the spilled fuel, the wind direction, the local
air ventilation in enclosed airplane cavities, and the vapor pressure
of the fuel. Laboratory studies show the rate at which fire spreads
over pools of quiescent fuel can be eit@er several hundred feet per
minute or Jjust several feet per minute depending on whether or not
the vapor pressure of the fuel is sufficient to maintain a combustible
mixture in the air immediately above the pool of fuel. These figures
are important in a crash only if the pool of fuel covers a significant
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area arovné the airplane. If the fire begins before apnreciable fucl
has beer exposed, the flame propagctes to the opeaing from which the
fuel is issuing, 2nd ignites the fuel as it leaves. In this cassa,

fire development is controlled by the rate of fuel efflu., with fuel
vapor pressure playing only a secondary role. The rate of burning
within an enclosed space such as a wing ccntaining fucl is often
controlled by the rate gt which air circulation brings oxygen to the
fire; fuel voiatility s then of secondary importance. Fire spread
‘along the exterior of the airplane follows the pattern of the ground
fuel spillage and the zones of the airrlane wetted by the fuel, Within
a minute after ignition, the wetted skin of the airplene can ve burned
away. Magnesium engine parts will ignite in airpicne fires and continue
to burn after the surrounding fuel or oil fire is exting.ished. The
aluminum airplanc parts will burn only when heated by an exlerneal source.
Radiation will ignite paint on exposed surfaces at locations 20 feet
from the perimeter of an intense fuel fire.

The discussion will proceed from a ccnsideration of the severate
events involved in & cr.sh fire to & completc study of a full-scale
crash., A fully instrumented airplene, carrying a take-off load of
1000 gallons of fuel and mov.ng at a ground speed of approximately
80 miles per hour is involved in a crash that is quite severe from the
standpoint of fuel spillage and expcsure of ignition sources. A
schematic view of the engine nacelle of this airplane (fig. 8(a)) shows
"the o0il cooler located at the bottom of the neczlle immedictely behind
the exhaust colluctor ring. Following the usual airpiane dumage U
the barrier the eirborne plane hits the ground and slides. Impact of
the nncelle with the grocund breaks the oil cooler iines and the exhaust
collector ring is wetted by the released oil (fig. &{(b)). Other oil
spillage tokes place from a broken nose gear housing. Abwet two seconds
after impact, the instrumentation indicates oil fire on the ex=-vst
collector ring. Condensed oil vapors now issue from the nacelle. At
the reduced airplane speed, the fuel mist extends forward of the leading
edge of the wing. . In four seconds (fig. 8(c)) the oil fire in the
nacelle hag grown to engulf the exhaust collector ring and provide an
excellent torch for ignition of the fuel. When the fuel mist reaches
forward to the oil fire in the nacelle as the airplane slows to rest,
general inflammation of the fuel mist occurs with ¢ high rate of
spread (fig. 8(d)). Ten seconds after ignition, the fire has involved
the wing and nacelle to the extent shown in figure 8(e). Fire within
‘the wing is limited by the air flow through the wing rupture and
covers a somewhat smaller crea. After two minutes, the fire hes the
distribution shown in figure 8(f). The smaller solid area represents
the fire after 10 seconds, cnd corresponds approximately to the
original fuel spillage patternm.
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After two and one-half minutes, the esirplane cabin was completely
gutted. Air tewperatures within the cabin reached 300° P, considered
the maximum surviveble temperature, within 100 seconds of the crash,
and analysis of the cabin atmosphere indicated a lethal concentration
of carbon monoxide two minutes after crash.

A graph of the horizontal decelerations the airplane experienced
in the crash and its slide to rest is shown in figure 9, The variation
of airplane speed with displacement from the barrier is also shown. At
the time the propeller hit the earth barrier, the whole airplane was
subjected to an average deceleration of 3.5 g, but for too short a
period of time to change the airplene speed eppreciably. Severing
the landing gear from the airplane caused a somewhat smaller dcceler-
ation of 3.2 g for a longer period. The highest deceleration of 4.0 g
wvas associated with damage to the wing ledAding edge, mein spar, and
fuel tank by the pole barrier. The slide to rest occurs with approxi-
mately uniform deceleration of 1 g. From the standpoint of the
accelerations imposed on the airplane, this type of crash would be
surviveble in the absence of the fire that followed it.

On the basis of experience to date, it appears that crash-fire
safety systems for current airplane types using present fuels must
aim at inhibiting the ignition process. Once the fire develops, .
extinguishment is highly improbable with the quantity of extinguishing
agent likely to be carried in the airplane. The viewpoint has been
taken that the ignition process is essentially a race between the
declining potency of the several classes of ignition sources with time-
and the conduction of fuel in sufficient concentration to a source of
ignition. Declining potency of an ignition source is illustrated in
figure 10, which shows the rate of cooling of an exhaust collector
ring from & temperature of 1200° F, corresponding to take-off power
employed ot the moment of a crash., It requires 50 seconds for the
exhaust system to cool to 900° F, the lowest temperature at which
gasoline will ignite and 200 seconds for the collector ring to cool
to 600° F, the lowest temperature at which lubricating oil will
ignite. A somewhat similer curve could be drawn for the temperature
of a short-circuited wire drawing current from discharging storage
batteries. From the crash studies it has been learned that the fuel
or oll reaches the collector ring long before it has time to cool
to a safe temperature. '

With considerations such as this in mind, an indication of the
possible approaches to reducing the cresh fire hazard of current
eirplane types with present-day fuels will be made. Fuel ignition
requires the coexistence in one environment of fuel, oxygen, and
en ignition source. The prevention of fire involves the elimination of
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one. of these three factors at every zone. Fuel lines and trnks
capable of withstanding the crash would provide complete fire -protec-
tion by eliminating available fuel. Such fuel systems 2re not, huowvever,
currently .available, - Likewise,. experience to date shows that an
unacceptable weight of extinguishing agent would be required to inert
the atmospheres around all ignition sources over the period that ignil-
tion.is likely.. Therefore, present afforts are directed towerd
reducing the number of ignition~aources and inerting the otmdsphere
around ‘thoje that cann-t be climinated., The effectiveness of cthis
approach- can be appraised by 1estiag an 1nstallat10n s*mnler to +hat _
shown schematlcaily in figure 1l. » : .

This installation includes the fo-low1ng elements actlvated av the
moment .cf-crash. : . A :
) ot A fuel wut off va;ve aft of the corburetor to st op:fuel flow
and bring the engine to rest. - '

b. A two pound charge of methyl bromide .or other su¢tab1e fire -
extinguishing agent discharged into the induction system cf the engine
to irert. the fuel-air mixture entrapncd .in the.induction ‘eystem’ when
the fuel valve is closed. The ex.'uguishing agent would also 'sWeep
through the engine to ;nert grses in- the exhaust-disposal system as
.well: -Thig would prevent backfires.end the torching of flames:from
the exhaust stackf' : B :

v o G An electrical system cut off swmtch to prevent the deve]ogment
of. arcs -and. short- Cl“Culted wlres., : : - :

»d A-eimple spray system arranged around the- exhaust disposal
sysxem employing water or other suitable liquid to .wet and tool the
exhcust-disposal system. . The heat capecity of the ezhaust ‘system s
not largs. . Preliminary experiments indicate the pessibilityef = - "¢
cooking the exhaust system to safe temperatures with less then 4 gollons
of waters:..The steam generated on the hot exhaust system would inert
the, immediate neighborhood and -ignition would: not occur while *he
exhaust- system temperature is being reduced. S a

Application of this system or &ny of its covponents ?o an” actual
airplanc crash safety system would require a monual override forthe -
pilot on the fuel valve and on the electrical-system switch. All such
systems.should provide that in noymel cirplanesoperationy’ thefefésh-
sensitive. element that actuates this system would:be dnoperitivé:to -
prevent riamdvertent functioning .of:the systém.: When. t¥e pilot ‘Believeés
e crash.is immineut, the system-.can-be alerted for the dbrief’ dnngerous

peried. with no loss. in pilot -controk. ': .. - T Lm0
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The question of the benefits to be derived frcom the use of fuels
of low volatility, the so-called safety fuels, is not answered com-
pletely by the studles conducted so far. On the basis of laboratcry
experience to dave, however, in which fuels having a wide range of
volatility atom!zed to mist in jet-engine combustors have burned
satisfactorily, it appears that in thcse crashes in which dense fuel
mists are ignited by contact with a potent ignitor, little advantage
would be galned by use of a fuel of low volatility. Experlence with
coal and other dust fires 1is consistent with this point of view. Tho
formation of such dense fuel mists, while characteristic of the
several crashes conducted, may prove to be a less significant factor
in other types of crashes of survivable intensity.

The evaluation of the effect of airplane configuration and fuel-
system design on fire after crash is also necessary. 1In this field,
assistance 1s avallable from the work of the CAA and other agencies
that are approaching the crash-fire problem with the point of view
that 1f the fuel system can be made to remain intact during crash and
prevent the splllage of fuel, no serious fire will occur. Future work
on the significance of airplane configuration in the crash-fire problem
should be directed with special emphasis toward configurations including
turbopropeller and turbojet engines.
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AFRODYNAMIC CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES
11. REVIEW OF AIRPIANE CHARACTERISTICS PERTAINING
TO HIGH-SPEED PERFORMANCE
By Ralph P. Blelat
Langley Aefonauticel Taboratory

This paper reviews some of the aerodynamic factors that will enter
into the design and operation of high-speed transports where the term
"high-speed" refers to the higher aubsonic speeds: perhaps 500 or 600
miles per hour.

Reference 1s made to a recent paper by Mr. Kartvell, of Republic
Aviation Corporation, entitled "Propulsion Analysis for Long-Range-
Transport Airplanes," (reference 1), In this paper Mr, Kartvell has
taken the Republic Rainbow and broadly redesigned it, first, as a
faster turbo-propeller version, and then as a sti1ll faster swept-wing
turbo- jet version, and compared the performance of these three versions.
The present paper reviews the serodynamic considerations such as wing
aerodynamic characteristics, nacelle characteristics, compressibility
effects, aeroelasticity, etc. that would enter 1nto the selection of
configurations in the 500-t0-600 mph class, .

Some data obtalned from reference 2are presented for, a present-
day, four-engine transport airplane shown in the -lower left corner of
figure 1. The wing 18 18 percent -thick at the .root and tapers to 12«
percent thickness at the tip. The tail section.4is 13 percent thick at
the root and 10 percent thick at the tip. The fuselage has a fineness
ratio a little greater than 7.5. The airplane has the typical blunt-
type nacelles, The design of these basic derodynamic components of
the transport are satisfactory and efficient for the speeds at which
transports operate today, that 1s, 1n the range of . 300 to 350 miles
per hour, . .

Plotted in figure 2 is the variation of the drag coerficient and
1ift-to-drag ratio with Mach number for level flight at altitudes of
20,000 feet and 38,000 feet for the four-engine transport for a wing
]oading of 65 pounds per square foot. If this trangport 1s flown at
either of these altitudes, it can be seen that the drag decreases up
to a Mach number of approximately 0.65, after which it rises markedly.
This is the typical variation of drag coefficient for a given altitude
as the airplane flies through its specd range. The reduction of drag
coefficlent with Mach number up to 0.65 is caused by the large reduc-
tion of the induced drag as a result of the decreasing 1lift coefficient
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with speed for level flight. The portion of the curves showing the
tremendous drag rise above a Mach number of 0.65 is due to the adverse
effects of compressibility on the wing.

The range for a given pay-load or the pay-load for a glven range
depends uvpon the lift-to-drag ratio, Normally the transport cruises
at a Mach numoer of 0.43 at approximately 23,000 feet altitude. For
this condition, the transport is flying at approximately its maximum
lift-to-drag ratio. If the airplane is flown faster at 23,000 fect
altitude, it can be seen that the lift-to-drag ratio is falling off
rapidly, but this 1s due to the fact that the transport is now fiyirg
at too low 1lift coefficlents for maximum IL/D. The higher 1lift coef-
ficients corresponding to maximum I/D for the higher speeds occur
at high altitudes where the air densitles are lower. What can be done
by flying at the higher altitudes can be seen by the data for 38,000
feet. For example, at a Mach number of 0.60, the IL/D ratio of this
transport can be increased spproximately 56 percent when the altitude
1s increased from 20,000 feet to 38,000 feet.

Here we can see how the modern pcwer plant, where the term
"modern" refers to the turbo-engine, fits naturally into the opera-
tion at higher altitudes. First, the turbo-englne, when compared
with the piston engine, has the necessary extra power which 13 needed
to fly at faster speeds. Second, its efficlency is best at the high
altitudes and high speeds where the ailrplane 1ls also aerodynamically
efficlent,

Out in the speed range above Mach number 0.65 (fig. 2) the L1/D
ratio is decreasing rapidly which is caused by the large increases in
drag. Associated with these adverse compressibility effects there
would be the large power requirements needed to operate this transport
above Mach number 0,65, and also turbulent separation of the flow due
to shock formations on the wing would result in severe buffeting add-
ing to passenger discomfort and danger to the airplane structure.
Another limitation on the speed is the deterioration.of the lift and
pitching-moment coefficients of the airplane.

Shown in figure 3 is the variation of 1lift coefficlent with angle
of attack for a series of Mach numbers. ‘It can be seen that, for a
Mach number of 0.5, the 1lift exhiblts no unusual character*stics for -
the range of angle of attack shown. At a Mach number of 0,65, it
breaks over sharply at about a 1ift coefficient of 0.60. This value
is above the level-flight lift coefficient which-in general will be of
the order of 0.3 or 0.4 but, of course, this does not leave much margin
for maneuvering. At Mach numbers of 0,7 and 0. 75, 1t can'be seen that
the 1ift coefficient has dropped abruptly.
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Also shown on figure 3 is the variation of pitching-moment coef-
flcient with 1ift coefficlent for the same scrlies of Mach numbers., Up
to a Mach number of 0.65 and a 1ift coefficient of 0.6, the changes in
pitching moment for the transport are not too severe, At Mach numbers
of 0,70 and 0,75, strong breaks in the pitching-moment curves appear,
The breaks in the pitching-moment curves appear as large negative or
diving moments. These changes in pitching-moment and lift curves are
such that the elevators may be incapable of controlling the attitude
of the alrplane at these speeds,

If transports are to operate efficlently and safely at the higher
speeds, that 1s, 500 to 600 miles per hour, we must consider what mod-
ifications must be introduced to avold these difficulties. The wing
1s here considered first, since the wing is the major source of the
drag rise of present airplane configurations. As was stated above,
the wing on this airplane is 18 percent thick at the root and tapers to
12~percent thickness at the tip, and its drag went up at a Mach number
of 0.65. If it 1s desired to fly faster than a Mach number of 0,65, or
M0 miles per hour, the wing will have to be made thinner. The trans-
port shown in the middle of figure 1 is basically similar to the present-
day, four-engine transport shown at the bottom 6f the chart except that
the wing thickness ratio has been greatly reduced, Also, the blunt-
type nacelles of this transport have been replaced with long, tapered
nacelles. The reason for this is discussed below. Figure 4 shows the
increase in the Mach number of the drag rise that can be obtained with
unswept wings by using thinner wing sections (reference 3), The Mach
number for the drag rise is defined as the Mach number where the drag
first begins to increase markedly, The ordinate is the Mach number of
the drag rise and the abscissa is the wing-thickmess-chord ratio., It
will be seen for the 1lift coefficlents shown that the Mach number of
the drag rise increases by approximately 0.015 or about 10 miles per
hour for each one-percert reduction in wing-thickness ratio., If the
wing-thickness ratio is reduced to 10 percent, the flight Mach number
can be increased from 0.65 to approximately 0,73 at a 1ift coefficient
of 0.3, This thickness ratio is about as low as it would be practical
to go since fuel-storage space is required. However, thinner wings
might be used with external tanks if necessary; but a welght penalty
would have to be taken for these thin wings if the strudtural strength
18 to be maintained. The reduced wing thickness would introduce a
trend towards increcased wing-chord and in reduced wing aspect ratio with
a corresponding reduction in aerodynamic efficlency.

Wing camber leads to further increases in the Mach number for the
drag rise although the effect is much smaller than the effect of wing-
thickness ratio (reference 4), If the airplane has to have satisfactory
flight characteristics appreclably beyond its design operating speed,
the amount of camber to be used should be restricted because the
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longitudinal.stability problems that were previously noted are aggra-
vated by camber,-

Thus, a Mach number of about 0.73, or 480 to 5060 mph 1s about the .
Umiting {light speed that can be obtained By decercasing the wing-
thickness ratio and introducing camber for unswept wings,

-In order to fly at Mach numbers above about 0.73, the 'wing must
be swept. - The transports shown in the upper right corner of figure 1
represent two versions of future-day transports; the upper transport
is a turbo-prop version and the lower transport represents a turbo-
jet -version. The wings and tail surfaces have been swept back apprcx-
imately 350, The conventional fuselage is replaced with one having
increased fineness ratio and a rather sharp pointed nose. The nacclles
are the long tapered nacelles. The reascns for these aerodyuam‘c changes
are discussed below. What can be accomplished with sweep 1is indicated
in figure 5, Shown here are some data for the same wing which has baen
sweptback from 0° to 300  and 450 by rotating it about the rcot. Thus
the wing section measured perpendicular to the leading edge remailned -
unchanged, The data plotted in figure 5 show the variation of maximum
L/D -with Mach number. As stated above, the drag begins to increase
above a Mach number of 0,70 and the lift-to-drag ratio decreases’ _
correspondingly. Sweeplng the wing to 30° delays the IL/D decrease
to a Mach.number of 0,82, At 45° sweepback the 1ift-to-drag ratio
starts to:decrease at approximately 0.90 Mach number. The improved
characteristics in I/D for the sweptback wings at the high Mach num- -
bers are the principal reason for employing sweep on these transports
shown on the chart, In order to reallize the fu*l advanoages of sweep.‘
the wing thickness should be kept Low. w=' : '

Besides improving the lift-to-drag ratio characteristics, ‘the use
of sweep also reduces the adverse effect of‘compressibility on the '
stability-and control and buffeting problems at high speeds "

There are a number of dteadvahtages.associated with the use of
wing sweep. One limitation on the use of sweep 1s 1ts inherently high
landing speed resulting from the fact that' the sweptback wing stalls
at a much lower 1lift coefficient than does a’ straight wing. - The pnob-
lem of getting satisfactory landing characteristies is further aggra-
vated for the swept wings: by the instability that develops at high ure
coefficients, The elimination of such instability ‘requires a trend B
toward lower aspect ratio which of coursé will reduce the aerodynamic
efficiency, Some low-speed characteristics of thin-wing and swept-wing
configurations are- discussed in a subsequent paper (Part 12)
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In addition to the maximum 1lift instabllity problems, there is at
least one other limitation on the use of swept wings., This is the
effect of the air forces in distorting the wing and thereby affecting
its aerodynamic characteristics. The wing 1lift raises the tips and,
since the bending is approximately through the line normal to the wing
axis, a distortion results, and a large effective reduction in angle.
of attack occurs at the tips, Thls reduces the 1ift at the tip, and
the center of load usually called the aerodynamic center, moves inboard
and therefore forward. The offect 1s proportional to the dynamic pres-
sure and 1s affected by both speed and altitude, Illustrated in fige-
ure 7 is the aerodynamic-center shift for a typical high-aspect-ratio
sWwept wing. The figure shows the varlation of the forward aerodynamic
center shift in percent of the mean aerodynamic chord with flight speed
for sea level, 20,000 feet, and 40,000 feet altitudes. At 20,000 feect
and 500 mph the forward aerodynamic shift amounts to 13 percent of the
mean aerodynamic chord and at 40,000 feet the forsard aerodynamic-center
shift is only 6 percent, Thus, 1t can be seen that high-speéd flight
1s quite limited to the high altitudes if the aerodynamic-center shift
is to be kept within reasonable limits, unless the structural weight of
the wing is greatly increased, Other static aeroelastic effects that
are troublesome at high dynamic pressures are those due to aileron
deflection, The rearward center of 1lift due to alleron deflection tends
to twist the wing, reducing its angle of attack. This effect is aggra=
vated by the previously mentioned effect, since the alleron 1lift at the.
wing tip tends to raise it and results in the effective reduction in
angle. The wing will thus have to be very rigid and some compromise:
with aspect ratio will be required to keep the lateral control from
actually reversing itself at the high dynemic pressure, The aeroelas=-
tic problems discussed which make the design problem somewhat difficult
pertain only to the wing. It should be mentioned that there are aero-
dynamic factors other than the wing that enter into the design; howevey -
reasonable solutions to some of these problems have been obtained for
the speed range conaidered here. ;

Another aeroelastic effect is the simple wing divergence which 1s
of importance only for the unswept wing. Since the center of 117t is
ahead. of the torsion axis, the 1lift increases the angle of attack and,
1f the dynamic pressure is very high, the wing will have to be very
rigid 1f it is not to fail by simple twist divergence., The reason for
discussing these aeroelastic effects is the fact that the reduction of -
these effects will lead to a trend towards reduced aspect ratio which.
is undesirable from an aerodynamic viewpoint, and further emphasizes
the need for flying at high altitudes.

This discussion has been concerned with the delay and reduction of
thie adverse compressiblility effects on .wings. Components of the airplane
other than the wing may well become the critical factor in determining
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t.

the limiting normal operet‘ng epeed of the airpeane

thure 8 shows the variation of the drag coeff‘cient based on Yody
frontal area with Mach number of several streamline bodtes of rovolu-.
tion, which for all practlcal purposes. .can be considered as fusclag.s
or nacelles. The data were obtalned from rocket-powered models an.,
hencd, the taill surfaces on the models were hecessary in order to obtain
stabllity in fiight. The bodies have fireness ratio of 6,0 and 6.0 and
dtffer only in the location ol the maximum diameter. By incrcasing the
fineness ratio from 0.0 to 9.0 with the maximum tody diameter located at
20 percent of the fuselage Length, the Mach number for the drag rise can
be increased from 0.82 to 0.38. 1f the position of the maximum niewotcr
. 1s moved rearward as shown by the bodies in the lower portion of tne

N figure, the Mach number for the drag rise'can be increased to approxi.

.mately 0. 95 The relatively high Values of the Mach numbers for the
_drag rige for these streemlinc bodies of revolution are due to the th-ee-
[ meusiona1 type of flow over the bodies. It can be concluded that
fuselage shapes can be designed which will-operate efficiently at ;.ignh
speeds . ' R C

Flying-boat hulls can be eonsidered in cOﬂnection with the subject
of fuselages, The sndpe aof the flying-boat hull 1s no% necessarily
inconsistent with high- speed flight. The high fineness ratios, or high
iength-beam ratios, that have teen found very advantageous for flylng-
boat hulls, are prec*sc 1y what have just been concluded as being
~ helpful for high speeds (references 5 and 6).

With regard to nacelles which coae in all shapes and sizes, the

- problem is basicallj gimilar to that for fusclages, except that there
tends to be an’ esnecially critical problem with respect to the wing-
nacelle 1nterference (references 7, 8, and 9). 1In the case of the
fuselage, or the outboard side of the nacelle, figure 9, there is

- fortunately a favorable pressure gradient along the intersection, which
tends to prevent flow scparation in this reglon. On the inboard side

of the nacelle, theré is an unfavorable pressure gradient which tends
to spoll the flow in that region Careful design may allevliate this
difficulty, but there remains the faet that the combined velocity incre-
ments.due tv the wing and the nacelle . tend to reduce the drag-rise Mach
number, . especially along the joint of the inboard 'side. It is important
that the comblnation be arranged so that the regions of highest velocity
on the wing and nacelle separqtely do not fall together in the combina-
tion.

There does not seem to be much basic aerddynamic difference between
a mid-wing and a low-wing nacelle from an interference standpoint, but
the low-wing nacelle involves least interference with the wing structure
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and also helps to stow landing gear.

Suspending the nacelle from a pylon 15 also feasible, but the
pylon must be sufficiently long. A short pylon results in local
crowding in the region between the nacelle and the wing, with low-
drag-rise Mach numbers and likely buffeting., With the long pylon,
the forward or rearward position of the nacelle is preferable, and
also the pylon needs to be swept about 30° or more if the highest
drag-break Mach number for the arrangement is desired.

The air inlets on {hese nacelles offer no special difficulty in
the speed range that has been considered as 1s Indicated by the
external drag characteristics of the two lower inlets in figure 10,
The blunt cowlings that have been used over the engines for the past
numbers of years will be replaced with the longer-tapered inlets in
order to avoid high local velocities right at the cowling lip. Where
the design requires a side inlet, the problem becomes somewhat more
complex; hbut reasonable solutions for these inlets have been obtained
for the speed range that has been discussed.

To conclude, a rather broad discussion of some informatlon which
is applicable to the design of transports to orerate efficlently
aerodynamically and safely in the speed range of 500 to 600 miles per
hour has been given. 1In order for the fLransport to operate in tho .
speed range of 500 to %00 miles per hour the wing thickness ratio was
reduced to 1C percent and the wing was swept back as shown in figure 1.
In addition, the fineness ratio of the fuselage was increased the .
position of maximum diameter was moved rearward, and a rather sharp
nose shape was used. Also, the rather largekdiameter, blunt-type
nacelle was replaced with a smaller-diameter, long, tapered nose
inlet. Some discussion of the aeroelastic problems which occur to
make the desigh problem somewhat difficult was also given. There are
other factors such as the pertinent engine and propeller characteris-
tics, choice of power plant, that is, the turbo-prop or the turbo-jet,
etc., that enter into the feasibility of flying at high speeds. But,
essentially the aercdynamic factors which were discussed determine to
a great extent whe her this transport will operate crficicntiy and
economlcally.
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PROBLEMS OF OBTAINING. SATISFACTORY LOW-SPEED FLYING
QUALITIES FOR THIN-WING AND SWEPT-WING AIRPLANES
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A RONDY Nwi1C CCLISIDAEATIONS FCR EiGH-SPLsD Tow CFOLT .IRPLANLS
12, = PROBLAMS COF OBTAINING SATISFACTGRY ILOW-ZP7ED FLYINC
QALITIES FOR THIN-,JlG AlND 5.EPT-.RIG LIRPLALES
By Lawrcnce A. Clousing

Ames Azronautical Laboratory

Future high-speed aircraft will no dcubt incorporate thin wings,
swept wings, or thin swept wings. These types of wings, while very
desirable fron high-sneed considerations, create a number of pro-
blems in obtaining satisfactory lovi~speed flying qualities.

For thin wings and wings of small values of sweepback, that is,
for wings not exceazding about 35° of sweepback, the problem of ob~
taining satisfactory low-speed flying qualities is not wvery diffi-
cult of solution. 4 nunber of airnlanes having sweptback wings of
about 35° are oporating with relatively satisfactory low-speed char-
acteristics, the main differences in low-spoed handling from those
of conventional aircraft being due principally to the characteristics
of the jet power planc rather than to the aerodynamic characteristics
of the airplane., As swecpback of a wing becomes larger than about
359, however, acrodynamic problems increase in magnitude pronouncedly.
It is the problem of obtaining satisfactory low-speed flying qualities
for the airplane with highly sweptback wing that at present prevents
gerious consideration being given to the use of highly swept-back
wings on other than research airplanes, even though high values of
swecpback of fer considerable advantages at high spced.

It is the purpose of this paper to summarize the nature of the
low-speed stability and control problems that arise through the use
of thin-wing and swept-wing airplanes, and to briefly touch upon the
results of research work accomplished or under way that indicate the
possibility of ultimately providing satisfactory low-speed flying
qualities for even very high sweptback wing airplanes,

The main problems crecated at low speed by use of thin wings are
those of an increase in landing speed and a tendency toward undesir-
able stalling characteristics, Figure 1 shows the general trend of
the variation of maximum 1ift cocfficicnt with thickness ratio (ref-
erences 1, 2, and 3), This variation is shown for an airfoil with
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no flaps, ani for an airfoil with a split flap., HNote that maxinum

1ift coefficient of the airfoil .dth flaps decreases corlinuoudly

with decicases in thickness ratio throushout the range shown, and

the decrease is mere pronounced than for the airfeil without flaps.

In terms of stalling speed, these data chow that in the case of the
airfoil with [laps, a 17-percent increase in stalling specd would
result from decreasing the thickness roatio from 16 percent, which

is typical of the thickness ratio on cont-mporary transport airplanes, to
9 rercent which is probably typical of fulurc airplancs., Below approx-
imately 12-percent thickness ratio, a change in the nature of the in-
itial flow separation at stall occurs (see reference 3), Instead of
separation starting at the trailing edgc, it may be expected to start
at the leading =dge. On airfoils of about 9 to 12 percent thickness
ratio, this results in abrupt scparation of the flow from the entire
upper surface at stall with adverse effects on the nature of the stall
and stall warning. Thus it is apparent that if maximum 1lift and satis-
factory stalling characteristics are to be preserved on thin airfoils,
lcading-edge separation must be preveated or controlled,

Control of lecading-edge separation is possible to a limited ex~
tent by use of camber and by making the leading edge more round, and
to a large extent by usc of slate, drooped leading-edge arrangements
of various types, and suction, 1in figure 2 sectional forms of some
types of lcading-edge devices that have been studicd with respect to
. their ability to control separation at the leading edge are shown

(references 4, 5, 6, and 7), Their effcctiveness in combination with
several types of trailing-edge devices is also indicated, Although
the values given are for airfoils of l2-purcent thickness ratio,
-rather than for the thinner airfoils being discussed, comparable data
on thinner wings not being available, endugh is known to indicate that
these duta are indicative qualitatively of the effects of such devices
. on thinner airfoils, The airfoils shown on the right-hand side of
the figure have no camber, whereas those on the left sidc have slight
camber, It is apparent from a comparison with thé plain airfoil sec-
tions that camber increcases maximum 1ift coefficient., On the air-
+ foils on the right, two types of drooped or extensible leading cdgcs
-are shown, and it may be scen that each increases maximum 1ift co-

- efficient whether applicd to o plain wing or to a wing with a split
flap. It will be observed that one type is much better than the
other, pointing to the possibility that research will lead to even
better arrangements, On the left, slats in combination with a plain
wing and in combination with wings having double slotted flaps are
shown, It may be seen that an incrsase in maximum lift comparable

to that obtained with a drooped leading edge may be attained by use
of a slat, As illustrated by the airfoil on the upper left, addi-
tional increase in maximum 1ift can be obtained by removing part of
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the boundary layer by suction, in this case through a slot located
at 40U pcrcent of the chord,

Fean this bricf summary of tests on hich-lift devices, it is
apparcnt that mecans exist for bringing the noximum 1ift of thin
wings up to and in cxeess of the valucs that cxist for wings of
present-day conventionazl valucs of thickness ratio, but 2t the ex-
pense of adding gadgets to the leading odge, The addition of
leading~edge sluts or other devices neced not, however, compliccte
piluting technique, as these devices may be made to operate auto-
matically. Considerable satisfectory flight experience with auto-
matic operation of slats has already been obtained,

I{ swept wings are used, thc usable stalling spzed tends to
increase, The rcasons for this are somewhat complex, and will now
be e¢xplainced, In actuelity, maximum 1ift does not neccssarily de-
crease with sweepback, In figur: 3 the relative maximum 1lift as
detemined by experiment (refsrences 8, 9, 10, and 11) and as pre-
dicted by simple theory is plotted as a function of swecpback angle,
41s0 shown on the chart is the angle of zttack for maximum 1ift plot-
ed as a function of swecpback., The relative moaximum 1ift shown is
the ratio of the 1ift of the wing 2t a given angle of sweepback to
the 1ift of a similar wing at zcro sweepback, Notice that simple
theory predicts a decrease in meximum 1ift with increase in sweep-
back, This simple theory is based on the fact that, as a wing is
swept back, the component of velocity normal to the wing leading
edge varics as about the sguare of the cosine of the angle of sweep-
back, «xperiment shows that increase in sweepback is accompanied by
a decrease in relative maximum 1ift smaller than that predicted by
simple theory or evén by no increase. This is one case, howevar, as
will be expl-inced, where simple theory is- fairly representative of
the practical aspects of the sitiation in regard to the usable 1lift
of an unmodified sweptback wing, In itsclf, maximum 1ift cennot be
used to evaluete the highest 1ift et which a swept-wing airplanc may
opcrate, The influences of attitude, pitehing moments, and drag due
to separated flow 1imit the usable 1lift of a swept-wing airplane,
The influence of altituds, pitching moments, and- drag will be dis-
cussed in turn, followed by a brief discussion of resecarch work di-
rected at modifying the swcptback wing to extend the limits imposed
by these factors, The upper curve indicates the extent to which
anglc of attack of a sweptback wing must be increased to attain max-
imam 1ift, and is based on experimentul data for wings of the plan
forms uhown (refercnces 10 and 11), This curve shows that an angle
of attack of about 37 degreecs wauld be required to obtain maximum
1ift of 2 wing swept back 63 degrees, and that about 20 degrees angle
of attack would be required to obtain maximum 1ift of a wing swept
back about 45 degrees, «lthough no definite figurce can be given here
as to the largest angle of attack that can be used in practice for
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landings and takeoffs, it is apparent that ~n acceptable attitude
for an eirplanc will be less than the value of 3% degrees, There
are means of minirizing the attitude problim here poscd, and they
will be mentioned l-ter,

The limiting voluc of the 1ift of a sweptback wing is in cssence
1 function of the nature and extent of scparation of airflow that
occurs prior to rcaching maximum 1ift, S.paration affects 1lift, pitch-
ing moments, rolling moments, and drag. The separation pattern shown
in figure 4 is typical of the charation patiem of moderately swept-
back wings (rifercnces 12 and 13), icre the scparation prttorns at
three angles of attuack indicated at 4, B, and C are shown, and each
pattern is correlated with the velue of lift coefficient and pitch-
ing moment corresponding which are plotted as functionc of angle of
attack in the diagram above. Consider first the effect. of, a stall-
pattern sequence of this type on the pitcning mome:t that occurs as
anglc of zttack is increasced., as rough flow first occurs at A a
nosing.up tendency devclops as shown bty the change in the shape of
the pitching-moment curve, Ag angle of attack is increascd the up-
ward trend of the pitching moment curve continues, and the cxtent of
rough flow cnlargcs till the condition shown at b is reached., s the
angle of attack is incrcascd beyord the value at B the outer portion
of the wing completuly stalls abruptly, following a very small change
in angle of attack; thc center of lift moves cbruptly forward, and an
abrupt nosing-up pitching moment is produced =s well as a loss of lift.
The abrupt pitching up motion is very undesirable. It limits the 1lift
value that may be uscd in practice irrospective of whother maximum
lift is attaincd. On wings of higher values of sweep back the abrupt
pitching up motion devlops before marimum 1ift is rcached, This is
illustrated in figure 5, in which pitching moment is plotted as a
function of 1lift cocfficient for wings of O, 45 znd 63 degrecs of
sweep back., wWote that on the 63-degrce sweptback wing the pitching-
up tendency developed at a 1lift coefficient of only .5, whereas the
L5-degree sweptback wing it developed at a 1lift coefficient of .approx-
imately .7, In cach case it is considerably below the value of mox-
inum 1ift coefficient., wote also, in contrast, that the wing of zero
sweepback developed a slight nosing-down tendency when scparation
occurrad and that separation occurrcd .at the meximum 1ift coefficient,
Ancther point of interest is that the wing of 63-dogrees swaepback
developed an unduly large nosing-down tendency at a low value of 1ift
coefficient, Although this nosing-down momsnt can be dealt with from
the stability standpoint by the horizontal tail, thc large nosing-
down pitching moment would cause a corsiderable down load being re-
quired on the horizontal tzil for balance with attendant loss of
total airplane lift, increased size and weight of the tail, and in-
creased drag. The effects regarding pitching moment are reduced in
magnitude and may be eliminated if aspect ratio is reduced sufficiently,




but jnasmuch ns Jow-aspcct-ratio wings would not afford economical
operation this m:zns for colution of the pitching moment problem
will not b. discussuen,

Various deviczs moy be used to control sepsration on swept
wings apd thereby climinete the adverse pitching moments just dis-
encsed, oSome of throse devices, on which res.arch stuaies have been
cerried out, sre illustrated in tigur. 6 and the <ffect of cach on
the pitching moment of o 42-degree sweptback wing is shown (reforences
14 and 15), Jdotc thet when 2 normal split flzp was used on thz con-
figuration shown to th.: left, thc curve of pitching moment as a fune-
tion of 1ift coefficient broke in a nosing-up direction at the max-
imum value of lift coefficient. e addition of a leading flap as
shown, howsver, caused the pitching moment to break in a desirabhle
direction, and exteunded the maximua 1ift coefficient as well. Wnen
a slat was used the end result was favorable, but an und=rsirable re-
gion of instability cccurred just bpefore paximum lift was developed,
This unstable region was removed by the addition of an upper-surface
fence located at the inward end of th2 slot.

It should be noted that the forezoing discussion has dealt with
the pitching moment effect of the wing alone, The addition of a hori-
zontal tail would tend to alleviete the adverse effects shown,

‘The results of separation with regard to rolling and buffeting
tendencies (figure L) will be discussed from the standpoint of stall
warning and stalling characteristics, The fact that separation occurs
near the tip and spreads inboard abruptly would appear to indicate
that such a wing would have undersirable roll when this occurred, and
that there would be a loss in aileron effectiveness. Oun another more
highly sweptback wing, however, as shown in figure 7, separation
progresses rather gracdually with change in angle of attack, inasmuch
as a l2-degree change in angle of attack is required for separation
to develop to the extent shown., This could indicate that adequate
stall warning by buffeting mizht exist, and that roll-off might not
occur abruptly, The prcbable stalling characteristics of swept-wing
airplanes are not yet fully predictable, Evidencs to date indicates
that the roll-off tendencies at slall on airplanes with highly swept
wings may not be as adverse as once thought, and flight data to date
in general indicate relatively good stalling charactcristics are
possible of attainment on sweptback-wing airplanes.

As pointed out earlicsr, the occurrcnce of sceparated air flow,
should be considered also because of its effect on increasing drag.
The effect of separation is to cause an unduly large increase in
drag before siaximum 1ift is rcached. This increase required greater
engine power to sustain level flight thzn would be the case if there
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were no separation, or putting it another way, scparation increzses
the powcr-off glide angle, The lift-drag ratio, an important Ilactor
to consider in repard to the plide angle and sinking specd, i3 shown
in figure 8 as a function of 1lift coefficient for wiags of constant
wing panel aspect ratio set at sweepback engles of O, 45, and 63 de-
grees. It will be noticed that the combined effects of sweepback,
decrease in aspect ratio, and sopsration cause th: lift-drag ratio of
the sweptback winss shown to be quite low at the 1ift coefficicnts
probablec during approach and landing. It is known that the value of
the lift-drag ratio of an airplanc during approach and landing has
significaat bearing on the ease vwiith which a pilot can effrect & 1and—
ing (references 16 and 17), If the ratio is too high, the glide path
is too zhallow and the airplane tends to float during landing., Ii

the ratio is too low, thc power-off sinking speed and glide anglc be-
come large. Flight tests have indicated that if ths low:st possible
power-of f sinking speed during approach i: greater thun 25 feet per
second, pilots will have difficulty in making ccnsistently pood power-
off landings, However, pilots have landed researh airplanes sutis-
factorily with power off even though sinking speeds were considcrably
higher than 25 feet per sceoond. In thesc cases, howsver, largs arcas
were available for landing so tnat the nesd of landing at a given spot
was eliminated, The lower limit of lift-drag ratio, as determircd by
landing considerations, has not yect becn established, Sufficier.
information is available, however, to indicate that lift-drag rotio
will have & definite bearing on pilot technique at landing and take-off,

The characteristics of flaps in increasing th2 1ift of sweptback
wings will now be discussed. Figure 9 shows, for the case of a typical
flap installation, the increment of maximum 1lift coefficient due to
. flaps plotted as a function of sweepback (rcference 18). It will be
noted that the increment of maximum 1ift coefficient decregscs with
incrcase in sweepback, becoming zero at about 60 degr:es of sweepback,
Flaps ncverthcless offor a considerable advantage cven on viry highly
swept back wings, This advantage can be explained by refercnce to the
diagram in the upper right in which 1ift coc{ficient is plotted as a
function of angle of attack for the casc of a wing with no flap and
- for the case of a wing with a2 flap. It may be observed here that the
increment of maximum lift coefficicent is nol indicative of the incre-
ment at any given angle below the angle of attack for meximum 1iit,
This is true even for wings of swecep back up to 60 degrees and higher.
As has been pointed out carlier, the maximum 1ift that can be utilized
will be at some argle of attack below that for maximum 1ift, Thus, even
though no increment in maximum 1ift coefficient is available from flaps
on.highly swept back wings, zn appreciable increment is avalilable at
the values of 1ift that can be used, A curve of thc incremcnt of 1ift
coefficient due to flaps at some angle less than the angle for maximum
1ift would be at an increment of 1ift coefficient about .2 above the
curve shown and roughly parallel to it.
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Although flaps are useful on swoptbick wings, and slats and
drooped loading-edpe arrangoncats are @ means of controlling leading-
edge scparation (refuronces 19, 20, ard 21,, their combined cflect is
nct sufficient to provide conplutely satisfactory choracteristics for
highly sweptback wings, Twisting a sweont wing from the root to the
tip so that the tip is at a sralloer aigle of attack and varying the
cailber along the span also h=lps to d.lay separaticn cn o sweptback
wing (refcrence 22), but mors help is noeded,

The use of leading-edge suction is a mothod for the improvement
of swent-wing characterisiics that shove cousiderablc promise. He-
duction of drag is also poziiblc by the usz of suction, hut this
phenomenon will not bz discussad hery importont as it is, The
application of suciion will be considerad primarily in regard to
its usefulness in irproving the nitciiing-momcent characvi:ristics,
Figure 1G shows a 48-dogree swepthack-wing model having en zspect
rabio 3.4, A slov of (GC5 chord length was located at th. leading
cdge as is ghown in thoe plan form and zectional views, #dr was
drawn in through the slot and dischorged through the wing by means
of the duct shown in the sccticonal view, The =2ffect on the pitching
moment of sucking a modcrote amount of air thrmugh the slot at the
leading edge is shown on the curvis, HNote that without suction the
curve of moment coefricient shouwed an undersircely large nosing-down
tendency above a 1ii't cocrficient of .9, and thot it showed zn-unde—
sirablc abrupt pitching-up tendency at a 1ift coefiiciunt of about ‘1.0,
It will be noted thet the pitching-up tendency &t stall was changed to
a pitching-down tendency by use of suztion in a slot of 50-percent of
the span, ond thut a higher valuc of 1ift was obtained by use of the
suction, The use of a 74-perccent-span slot increased the lift obtain-
able before 2n abrupt pitching tondency occurred, but it did not elimi-
nate the pitching-up tendency. Further r.scarch on the use of suction
for the improven:nt of the low-spe:d characteristics of swept wings is
in progress and it is showing considerable onromise,

Other mezns of obhtaining satisfactory low-speed churacteristics
for swept-wing airplenes are those of cmploying a wing of vorinuble in-
cidence or of variable sweepback, OSuch mans of eliminating the un-
satisfactory low-sp2cd characteristics of highly swept-wing airplanes
are being invistigated, but ther offer considerable mechanical diffi-
culty and will not be discussed here,

Figure 11 illustrotec some points of interest with rerard to
lateral control at low specds (r-farences 23 and 24). The lower curve
shows the rolligg ability of ailcrous, as sweep back is increased, in
tiems of helix arngle at the wins tip of the swapt wing in comparison
t~ the helix angle ot the wing tip of the wing of zero sweepback, It
is secen that swecpbuck reduces the 2bility of the ailerons to craate a
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large wing-tip helix angle in roll, However, for thc case shown in
which the airplane aspect ratio and consequently the clamping in roll
is reduced as sweepback is incrcased, the actunl rolling velocity in
degrees of roll per second does not change appreciably with swoeepback.,
in the upper curve, the total aileron anglc rvqulrod to prevent roll
when the nirplane is at 7 degrzes steady sideslip is chown cs o func-
tion of sweepback, Notice that, ns swocpback is inereascd, the ability
of the aileron Lo hold tne ¢ 1rplan\ in a steady sideslip is reduced.
This reduction is due to both a reduction in ailercn ¢ffcctivencss and
to an incrcasc in dihcdral effectivencss at the highor valucs of 1ift
coefficient as sweepback is inercnsed. The characteristics hure ill-
ustrated may cause ul“llculty in effecting cross-wind landing »nd take-
of f, thereby resulting ia cross-wind-landing and takc-off conditions
being ong of th: criticual conditions detormining aiicron cffcctiven=us
requiremznts. rigure 12 illustrates some «ffects of swoepback on

the lateral dynamic characteristics of airplanes, The number of os-
sillations reuired to danp a lutergl oscillations to one hi” F em-
plitude ic plotted &s a function of sweepback. It may pbe s..n thet

as swecpback increases, any leteral oscillation that may occur, siuch
a8 that due to o gust will be less rapidly dump.d ~nd actually be-
coming unstable as indicated by infinite timc beirng r:quired for damp- .
ing, at some value of .wecpback, tha.cxact value depending on other
factors, The cquestion as to whether or not the oseillation must bo
rapidly or nced be only medarately .damped depends on the period of
the oscillation and the flight conditicns (reference 25), At land- )
ing approach, the period is long, and, in gencral relatively low

damping can be tolerat:d because the pilot can stop the oceillaticn

rather easily by use of his conirols, At cruising : pocd 3, howcver,

low damping cannot be tolerated because the period is short and it

becomes difficult for the pilot to stop the oscillations.

Considerable research has been completed and cdditional work is
being carried out relative to the problem of obtnoining satisfactory
lateral dynamic characteristics for swept-wing airplancs. Generalized
studics have shown that much can be done by relatively simplce changes
to airplane configurations, Also, rcsearch studies have shown that
the use of servomechanisms rusponding to various signals offer much
promise as a means of providing satisfactory dynamic stability charac-
teristics (refercnce 25), This work may be likenzd to that of em-
ploying apparatus somewhat similar to that of an auto-pilot for im-
proving the dynamic characteristics of an airplene when flying under
direct human pilot control.

In summary, thin wings 2nd high valu:s of sweepbea ck 1ntenolfw
the landing and takcoff problems of airplines, .Up to 35° of swcep,
the problems of landing and takzoff of airplancs can be dealt with
by more or less comvenlionnl means; that is, by flaps and sluts, -
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Above 350 of sweep, more exhreme . mzans are necessary, Droopod
loscing-cdre srenngonents, canber anag twist, leading-cdge suction,
varisble-incidence arrong wents, cna varisble-swe.p arrangements
offer considereble rouwis.. Considerabl. rosearch wnd development,
however, will b. n.cosoars.
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AFRODYNAMIC CONSIDERATIONS FOR HIGE~SPEZD TRAJSPORT AIRPLANZES
13, SPEED BRAKES FOR HIGH.SPEED TRANSPORT AIRPLANES
By Jack D, Stophenson
Amos Acronautical laboratory
The devolopment and opcration of largo airolanes cavable of high
spoeds at high altitudes have indicatced the cxistence of now problems

that must bo met before the performance possibilitics of thesc airplancs
can bo fully ocxvloited, :

Onc problem that has gaincd importance is that of descending from
high altitude vhon the timc of the doscent must be reduced to a minimum,
Imporoved aerodynamic design which has offectod substantial reductions in
drag of transport airplanes has added to the dangcer of cxcessive diving
spceds, Tho combination of low dra~ and high onginc power availablo at
high altitudo has brought practical cruising spcods near to the maximum
placard spced, For turbojot airplancs the cruising spced has bcon esti-
ma’ .4 at as high as 95 porcont of the maximum pormissible spoed,

Thc permissibla spzed at the higher altitudos for most airplancs is
. datorminad by comprossibility cffocts and is spocificd in torms of the
airplanc Mach number, With only a narrow margin betwecn the operating
spocd and tho maximum allowablc Mach numbor, -overspecding may occur un-
dor conditions which would precipitato scvers stability changes and
buffeting before there is time to take proventivo mesmsures,

At lowor altitudos, tho diving speed of most airplanss is limited
to thc indicated spced for which the structure is designed, At this
spced the maximum dive angle of an aorodynamicelly clean airplanc may
bo quite low, and tho ratc of descont consideorably less theu that desired,
The most important usc of acrodynamic brakes on transpori airplancs is - :
then to avoid oxcessive diving spoeds and pormit high rates or descent,

Tho amount of aerodynamic braking that is considered cssential to
somc transport aircraft is bascd upon criteria that mocan extreomely high
ratcs of descont, Ong such critorion is the roquiroment intcnded to
minimizo the ootontial dangor of flight at altitudes wherc cabin: press-
urization is noccssary, If tho cabin preossurc should suddonly be lost
as a result of damage to the pressurized compartmeont, first consideration
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would be giveon to descending with minimum delay to an altitude where
prossurization is unnnacossary, In an cmergency dcscint such as this
thore is rvidcace that rates of desecent acs high as 15,000 foct per
winute or higher arc 4e bo desired, Similar high rates of drsocnt

would be sought if brakes arc provided as a safcty dovics to allcw an
cmerganey dascont and landing, occasioned, for cxomole, by the discovery
of firc whilc in Tlight,

An cdxample of the descont performonce of a transy ort airslen. with
an acrodynamic brake of a sizo that appcars to bo s*ructurally fcasihie
is illustratod in figure 1, Tho dotted curve is the flight path of the
airplanc descending wibhout bralics, and the solid curve is the patn ihat
mizht be iolloweu 1f braz:s ar~ cmoloycd, -

By uss of air brakcs, the time for desceont from 35,0 OD fcet to sea
lovel has been rcduced from 18 minut~s to 7.1 minutes, e chenec in
ith~ dg¢scont porformance shown ..erc connotv de¢ consicdercd as a scnerel in-—
dication of brake veorformance, howover, '

The performance of any particular bra%c depends not onlv uooun tho
brake itsclf, but also upon alrplanc characteristics, such &s wing load.-
ing, drag, and cngine thrust, and upocn fiignt conditions at the timo when
the braking is roquircd,

The rats of descent of an airplane undor any ~iven sct of conditviom
ray be usod as a measurc of braie performance, since tha drag incromeout
dug to a particular bralze can bo ostimoted foirly closelr and thus re-
lated to rate of descont :

It has beoen 1ndicatnd that th- sored of & lelna alrolqnﬂ is nor-
nally limited by comprcssibility effects or -structural loedings. The
rate of doscont of an airplanc having thesc speed limitations is sho'm
in figure 2 for throe diving attitudes, Tho-solid carves are the cal-
culated vertical soced -as o function of altitude for axn indicatcd air-
specd of 300 miles pcr hour and -the dotted curves are for a Mach number
of 0,7, The graph may Ve used to show the offect of altitude on the rate
of decscent of an airvlanc for which the sonced is at first held at a con-
stant Mach numbors at the altitude where the maximum parmissible indica-
ted speed is attaincd at that Mach number, the descent is then wade at
constant indicated airsveced. Theo dive angles that were chosocon, 200, 250,
and 700, are beasecd upon the airplanc attitudo as determined from tho
flight-path angle and angles of attack, assumins a wing ioading of 60
pounds per squarc foot, The airplans atititude that is accoptable in an
cmergency descent is a factor tiaat must b~ further cvaluatod wiih regard
to transport airplancs, Thc disconcerting offecet upon the passongers of
exporicneing a force tonding to witch thom forward mey ba a major factor
in limiting the ratec of doscent,

With the airvlanc noscd down 20°, a ratc of descent of more tran
10,000 fcet per minuto is attainable at all altitudes adove 5,070 feet,
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For stoopor angles, the vertical soceds incrcasc approximatcly in prow-
portion to the diving attitude,

The attainmont of the rates of descent shown is vossiblce, however,
only if thorc is availablo the mcans of producing a considerable drag
force, Without such a drag, the spccd could not bo restricted to the
valucs shown,

Figurc 3 shows as a function of indicatcd alrspeed, the drag cocf-
ficicnts required to prevont increascs in the soeed of the airplanc for
the same throo dive angzles, The drag cocfficient vlotted herc is the
calculated valuec for the comolete airplanc with braking dcvices, and,
if theore is a rosidual tarust from tho cngine, tho drag must bs further
increased to balance such thrust, The dottoed curve in this figur~ 18
thc variation of the drag cooefficins with indicatcd airspeed for 2
tyvical high-specd *ransport, A comgarison of the latter curve with
the curves of drag coefficient requirod for descent indicetes that if
the spced is low, very high drag increments must b> nrovided by the acro~
dynamic brakes, '

Drag rcquircments arc rolatively moderate if the descent moay be made
at a high forward svced, In figurc 4, varticsl speed is prosontod as a
function of altitude for threoo indicated airsyeecds, 300, 350, and 400 mph,
and two Mach numbors, 0.7 and 0,8, An airplanc attitudc of 20° and a
wing loading of 60 pounds ver squarc foot havo b.cn assumed, It is cvident
that high forward snced permits tho highest rates of descont,

Although the most rapid descent results Irom high spcede, the =bility
to maintain a low forward spced often would be extromely advantagoous,
For cxample, the ride-roughness lovel misht then be kept within satis-
fzctory limits for passcnger airplancs, Yhese limits arc discussed in
refercnce 1, If an cmergency descent werce mado during cxcessive atmos-
pheric turbulence, high forward spaeds might casily result in dansgerous
gust loadings.

The coffcet of airplane wing loading on the drag cocfficiont re-
quired for cd-.scont with an airvlanc dive attitude of 20° is shown in
figarc 5, The curves, waich compare wing loadings of 40, 60, and 80
pounds ncr square foot, show that the drag cocfficicont vi ied practlically
in proportion to tho wing loading, The rossibility of ir _cascd cruising
spoeds of transports is loading to substantially higher wing loadings and
is orc of the primary reasons that the braking »Hrobdlem is now gaining
such importance,

Another factor indicating the inercasing importance of braing is
the rapid dccrease in indicated spced, or dynamic oressurc, as the alti-
tude increases for any given Mach number, Present designs for ‘ransports,
particularly thosc with turboject power, arc aimed at high oporating alti-
tudes to takc advantage of the inercascd fucl cconomy, With the low dy-
namic preossurc corrcsponding to the allowable Mach number, drag coefficicnts
must be incrcascd many times over tho valucs for the cleen airplanc,
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If a fusclreon-typc acrodynamic braze wirs cunloycl to praduce wn
alrplanc drag cocofficiont of 0.1, which is th- viluo shown correscondinag
to an indlentced airsneed of 290 milas per hwour and 2 wing lealine of OO
oownds por sourre foot, tre brake would hav' an arci of ot lorst T ner-
cent of ths wving arca, This would meun for a prascnt-dey £C-riwconror )
transporl, whizh did not have available the braxing due to its wropcilors,
tho total arcs of tho breke would bo about 100 squerc fuet. The larec
sizc indicaved here is a result of the cvtreme descent worformence co-
quircacats, and corrasvouds to a vertical sposd of 15,000 foot oor mln~
wse at an altvituds of 30,CC0 feot, At 10,000 feot &1tltud“ the rate of
descont would be 10,60C fect por mlnutb\

The preceding discussion of air braius has bron based won a €ir:li-
cation of th- brﬂklnb prowle m, in ordcr to o2stnvlish some of tho mrxinvw
limits of brak-s pertormaace, assuning tint the attainnsnt of very high
vertieal spoeds is the nrincipal problom, The cxtent to which thess soccds
way ba possible, howover, dovonds upon ouhcf factors besidas tha abilivy
to provide suffici»nt drag, ' ‘

ln an cmergency rosultin~ from less of cabin yrossure ot high alti-
tude, the passcngors would be at the oulside pressure altitude, & high
ravb of pressure incrensc recsulting Irom hi~h vorticel wvolocitics in
mown to be objectionable, Even when cabin decompression has not cavur. ud. .
the allowable rate of pressarc chanse would lTiamit a degecont at low alt.-
tudes sincs, below 8,000 or 9,000 foet, the cabin pressurc would zeain
te aboat cqual to thb ourside pressurc, '

. The value of acrodynamic brakes cannot be gauged by considerction
of thoc cmérgency-d-scont vrobled alone, 4As an auxiliary soecd control,
bralzes have.proved to be particularly valuable to turbojet aircraft,
which leck the brezrinz cffcet provided by an cergiuc-propcllor cembinatia
during a throttlo~back glide, During a lrnding letdowm ard ancronch,
thoy may bo vsed to qu1'fl* reduce the spoed so° thet tho lendiog soec
and flaps may bc op-ratcd, or that the airplene mav botter conferm to
traffic-control-zone conditions, :

*Brakes may be employed so as to alleviate soma phases of the range
problem of turbojet zircraft, 1ln order to arrive ot the decstiration
with the required rescrve fuel and ad-itional rancs, durirs tho latter
portion of tho flight, tho pilot misht meintain high altitude instead
of making = nradu11 descent at & spoed for nigh lift-drae retio, Thce
amount of rescrve fuel renuired to rench an alternatl. airvort would
thea o cornsiderably less than that required if the flight to tiun al-
ternatce alrport woere mrde at low altitudes, or if such a flisht involved
climbing again to a morec efficliont. altitude, Undcr such cornditions,
when the let-own iy finally made, it provobly would be accumplisncd as
rapidly as practicable, consistont withi oas anser-comfort requiremcnts

Although vnluecs might be chosen to rcuresent satisfrctory svoed .
contrcl and glide-path cohtrol, *hc significancc of thes» valuss can
be cstablished only from operational a»xporicnce, Obviously, tic drag
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inercmonts reauired of ths brekes in thosc apolicmtions ar: considnrably
loss t19n those requirecd for comrrzonc:s deoscrnis,

icrodjnnrlc brak\o hove baon successfu'ly er-loya2d or many ti-es
of nirplanss, Thoeir usc with transports is rc”+*vglv reesnlt, bat o
pericnde with othor timocs of airplancs crovides a oo baeic for their
cvaluationn

Since acrodvnamLC brekes arc }rlmar11J only o dovice for inarcrsing
airnlone drng, and are rnot otherwisce groatly restrictad, thor heves a
wido varioty of goomotric charﬂctcrictlcg( for the sam: roason Lhoy
have boaon locatud on airplencs in a veriety of ~lrces, In gsom~ cascs tho
laniln' gear ha cn cdesirned to sarve ags an air bralze, whon ortonded,

¢ commonly, tnc brakos have consisted of hingo¢ vlatos or flevps
(somotimus-porforﬂtcd) on th: wing or large retractable vencls on the
fusclage side or belly, Figure 6 shows somc of thosy tvies of sir brrkes:
{2} a vorforated brake of the split flap type on the wing, (b) three plaia
nanais on the fusclags aft of tho wing. (e) a largs folding vancl on cach
side of tho fusclaze and (a) spoiler~-tyoce bra’*v on the wing,

Acrodynamic brrkos as shown on tha upcer surface of the wing have
beon found to cause increrscs in the alrglane dras emountins to more
then twicc- -the drag of an isolated vlate of the same sizo, The hich
effecviveoness of this type of brake is due-to its goo0iler tyue of actlion:
caasing flow scoaration cover tha wing, This type of bralze has thoe ad-
vantage that the alrolanc anmle of atteck may be inercessd, roeducing the
diving attitudce in o stcop descent, 4 spoiler type of brake may be un~
fovorably afficcted by compressibility, incroasing buffcot ne tondoenciocs
or stebility chanses to which an airplens may be subject nt high Mech
numbers,.  Acrodynecmic charscteristics of this typs of bral are proscntad
in refercnces 2 and 3, '

(.)

Tho fuselage type of brnke, if cxtondud to ¢ posiltion approximrteoly
peroendicular to the alr streem, has been found to vrotuce a drig in-
crease atout cqual to that due to the brake alone (sco refercnce %)

Ey designing this type of brake instellation so that th:z wekc is a suf-
ficient distance from tho tail surfre-s of the airclane, it is wossible
to avoid buffoting duc to the brekes, and nrovent avpreciable chenges
of stcbility when the brakes ars extended, e¢von at Mach numisers greatbor
thon O 9,

Another typc of br-.ing is vrovided by roversing crowellar T'tch
in flight, In rofcreonce Y tests arc revorted indiceting that the t
vorsed thrust from the vrooeller offers a very poverful means of brq:nng
propsller-driven airplencs, This paper deseribes tests of a mulii-engine
trensport airplano during which rates of doscont of 12,000 feot peor min-
ute were obtaincd at an indicated airsceoed of 200 miles por hour, woll
bolow the maximum placard spced. The remarkable dcscont performances
that were obtained indicatc that ihis tyre of braing should bc dovcloped
for tho geoncral use of airploncs for which the doascont problem is import-
ant, and if possidle adented to turbopropeller raialis%ti-ng,
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Plights of o singls-engine turbojet ~irplrne were mndo at tho
NACA Amns Acronauticnl Laborsatory to monsure th> time required for
dasct from 33,000 froet without ~crod, mamic brakcs and with brakes
of the fusols e-3ide tpe. Tha first clhart ic fisure 7 is a cone-
parison of the deng co fficionts just ~rtar the start of the descents,
A large vart of tha vourrl dro la bobth cesos wes not nveiloble to assist
in th. dise nt, bocause it wos conesllzd ty the thirust of the oneine; as
shown b thc cross-hatehed portion of this groch, This largo thrust,
which romeined vhen the cngine was throttled bacls, is charactoristic
of prosont jct on~inns,

The sccond chrart is a comporison of the time recauirad for tho two
doreonts, Without nrok:s, the doscent to 10,000 foot; which was made
ot an in'icat~d sored of 365 miles per hour, required 15,7 minutes.
W:th th~ bralz.s axtonded, thko time for the descent ot thic samc indicated
spocod was reoduced to 2,5 minutces,

The acrod:mamic proolem of »Hroviding ~ir braloes for a particuler
airplanc esnters primnrilyr unon the delormiaseion of th~ renuired
brakzing force, Tais force deoends uoon tho wing lo~ding of the airplanc,
the air spend, and =ltitude at which thn drakes arc ncoded, as woll as
the deccleration or the rnle of tho flight pnth which rosults from tho
use of tho brak:s, If thes: factors can > soecified, rvoilablc data
from wind-tunn~l and flisht teosts may be uscd to dotormino the brake-
size requircments, The tests of thna specific conficuration meoy be neceded
to soc thet the brokas do not introducc adversce stebility or trim coffceets
or ctuse buffeting,

Expericonce in the operation of various tyves of eirplanas hres
proved that aerod;namic brakes aro o valuable ~ddition ns nn ~rwriliary
control of flisht characteristics, Ilcsearcl. on broks effcctivencss has
made it vossible 4o scleet bracs that are acrodynemically suitable to
provide tha control important to the operation of transgort-type air-
plancs, &lthough there remnin mochenical and structural problems
associated with thc addition of brekcs to any ~ivon transport, benefits
possible throuzh the use of acrodynamic brelzes cern be realized by judie.
c'ous usc of the availsrbl:s rcesults of tests and expericnca,
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AFRODYNAMIC CON3IDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES

14. RETIEW OF HARDLING QUALITIES REQUIREMENTS
IN RETATTON TO AIRFLANE OPERATING PROBLEMS

By Christopher C. Kraft, Jr.

Langley Acronautical leboratory

The handling quelities of an alrplanc are deflned as thc stabdlity
and control cherecteristics that have nan important bearing on the safotvy
of flight and on pilots' improssions of the casc of flying an airplene.
Some timo ago the NACA realized the neod for establishing some quanti-
tative dosign criteria for describing what conatltutes satiafactory
hand1ling qualities of an airplone. It was necossary to obtain a great
deel of informotion from the flight tests of many different airplaneas
in order that some basis could be formulated for those requirements.
Through the cooperation of the military services and the CAA, a large
numbor of airplencs weroc msde evellable to the NACA for this work; the
airplanes varied in sizo from the light alrplenc class to the medium
and heavy bomber type aircraft. Following the teoats of quite a large
group of these airplancs, a roport entitled "Requirements for Satisfac-
tory Flying Qualities of Airplanes" by R. R. Gilruth was published as
a clagsified report in 1941, It should be noted that this publicetion
is an evaluation by tho NACA of the handling qualities deslrnble of a
gatisfactory alrplene but the NACA has no power with which to enforce
these requirements. A short time after thils classified publication
both of the militery services ndopted a similar group of requirements
based on tho NACA work. The military services specificatlons have
since been ugsed a3 a basis for acceptance of newly designed airplanes
for both the Air Force and Navy. The CAA Airplane Alrworthiness require-
monts also contein certaln standards for stability and control charac-
teristics, but thosc are less deteiled and not as quantitative as the
military sorvices roquirements. Theso 3pecifications as adopted by
the military services are also uscd as a standard for airplanes in the
design stage. Proliminary design calculations, wind tunnel tests and
finally flight tests erc neceasary to ensure that tho airplane doos
moet the atandards. TFarly in 1947 tho original NACA publication be-
came available to the goneral industry. Since the original NACA pub-
lication, tho handling qualities of & great many more alrplanes have
becn measurced, and only a fow minor additions not originally includod
in thoe roqulrements have been neceaasery.

A workable group of roequiremonts nccessarily contains a descrip-
tion of the technique nocsssary to measure the characteriatics of the
airplanc and what characteristics aro reasonable to rcquire of an alr-
plane without imposing pennlties on the airplane performance. pPilot
opinions were 93ovecially important in determining the control force
charactoriatics that o satisfactory sirplane should have. For example,
the elevator control forces experienced by tho pilot in performing an
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accelerated menouver must be low enough to allow the pilot to mrneuver
quickly and cfficiontly, but on the ovher hand rus*t be large ernoupi o
allow the pllot to vwrecisely rcgulate the loed con the airpline. !luny
other important concepts contained in the requiremonts werc obialired by
the correlaticn of pilot opinions with the measuremenis mede on the air-
vilane. I% should slso be.noted that <he tvesuing technigues that anve
been get forth by the NACA publication were so arrenged as vo allocw for
deta that couid be repeated and resulzs which werc quantitative.

. The handlins gualil®:iss grenifileations are Jubdlvided under “he head-
ings of 10'gi;udi:ul.snu;1li,a and convrel, lateral stebllity and coatrol,
ard stalling charachoerzsuics. £s an cxemple of what ie coverod unders
these titles the Quuhecuings covered under longitudinal siability exd
control are dynamic gtatiiity, _:tatic stetlliiy, elevator coutrol in nc-
celerated flight, elevetor concrel in landing and take-off ccrdlrtioni,
limit3 of *trim change due to power and finps, and the characteristics
of the trimming devices. The handling quelitied of the nirplane which
come under thu other headings are covered in e 3imilar manner, but the
entire handling qualities specifications are too numercus io alicw dig-
cusaion in thig paper.

In order to 11lua*zate the rpp41cacion of the hendling qualities
roquiremen»s a brief discussion of scie of ithe teats made on typlcel
largs-scale transnort alrplanes ls presenited herein. Figure 1 shows
the characteristics of a test airplere in accele:: ased fiight for +he
power-on clean condition. These toats werc msde 11 steady turus at a
constént speed and acceleration. The curves show the elovazor angle
and elevator force . a3 a function of normal eccelzraiion for vhree dif-
ferent indicated airspeeds, 200, 150, and. 120 milsz per hour at a center-
of -grevity positlion approx1maJely midwey veiuween the apecified limittas of
this airplane. The requirements for the airplanc of this perticulnr
class and load factor states that the force per g in accelierated mrneu-
vers shall te between 20 and 60 pounds ard that =he elevator shall be
capablie of producing eivher maximum lift coefficient or maximum load
factor. The variation of elevator engie with normal acceleratiion is |
e2lso required to have a sfable slope and in meneuvering flight the rear-
ward movement of the stick shall nct be lssa than 4 inches when ihe air-
plene 1ift coefficient is changed from 0.2 to the maximum 11if+t coerfi-
ciens obtalnable. It 13 avpacent from Ihese data that the force per g
of this alrplane at *hi3 center-of -gravity position 13 exceseive ac all
of the spesds investigzzed since the curves show <hat the force required
to reach 2 g accele”au¢on is i60 pourds or more. The curves also show
thet the variation of clevator angle with normal acceleration 13 in the
correct dircction, that is, & thcure slops, and thac the maximum 1itd
coefficlent or maximum load factor could have been reached if the elo-
vator forces had not been excessive. In addition the pilots rapcred
that in all cases more than U4 inches of stick travel would have been
required o reach maximum lift coefficient. From thedse dete, it can be
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geen that the atick force charecteristica of this airplane in accelerated

Plight were below the standards set forth by the nnndling qualities speci-
fications, but that tho elsvator control was entirely satisfactory.

Figure 2 presents the sileron control characteristics of a typical
large airplane. Shown on the slide are the ailleron force and allerr-n
effectivensss paremeter, pb/2V, as a runction of total eilleron angle.
The perameter pb/2V 1is the helix engle generated by the wing tip es
tho alrplane rolls. The deta shown are for the power-on clean condition
at 150 miles per hour and the flap3 and geasr down condition at 120 miles
por hour which would be comparcble to a landing epproach configuration.
These deta were obtained by meking rolls cut of arns with various amounts
of alleron deflection cnd with the rudder held fixed. The handling quali-
ties specify that the allewon effectiveness paramster, pb/2V, shall be
at leest 0.07 with a maximum wheel force of 80 pounds. The teats show
thet the maximum pb/2V that could be reached at 150 miles per hour
without exceeding 80 pounds wheel force was approximately 0.07, but in
the flaps and geocr down condition at 120 miles per hour the meximum
pb/2V that could be obtained with this wheel force was 0.06. Therefore,
the airplane met the requiremcnts in the power-on clean conditlon, but
was 3lightly below the utandards 1n the fleps and gear down condition.

It 1s interesting to note the pilot's opinion of the alleron effeoc-
tiveness in the flaps and gear down condition. This configuration cor-
responds to a landing approach and the pilot was dissatisfied with the
high alleron control forcea necessary to roll the airplane because both
hands would be required to exert this amount of force. During a landing
approach. the pilot is inclined to hold only one hand on the wheel while
the other 18 used to adjust the throttles and other necessary controla,
and for this reason the pilot would desire lower alleron force to obtain
an equivalent asmount of lateral control.

An important end very often overlooked chereacteristic of an airplane
is the amount of friction in the controls. The Air Force and Nevy hand-
ling qualities requirements specify that the maximum allowable friction
force in a transport type aircraft should be 15 pounds in the rudder con-
trol, 8 pounds in the elevator control, and 6 pounds in the alleron con-
trol. It was possible for the airplane from which these data were ob-
tained to change the friction from twice these limits to about 1/2 of
these allowable values. This afforded a good meesure of the effects of
friction in handling the airplane during flight involving small control
displacements. '

Filgure 3 prescnts a time history of the rudder engle and rudder force
during two different landings, one with high friction forces in the con-
trols, and the cther with low friction. The verticrl lines indicate the
time at which the airplane made ground contact. In both casez the pllot
. was able to safely land the airplene, but the pillot disliked the landing
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with high friction. It is obvious from the time histery of “ho landing
wlth high friction in the controls that there was llttle reapornse of the
rudder to the pllot'e {.lce cpplication. The laading with i1ow “riciilon
in the controla st1ll roquired the seme amount of force application Yy
the pilot but the rudder responded and all~wed the pilot to make a2 nuch
more satlefactory landing.

The megtitude of friction force tecomes exceedingly important dur-
ing precision fiying such as in an iretrument spproach aince the cer:-
dynemic forces are luw and small control movements are desired. If ths
friction forces are too large, the followlng undiseratle charncteriatica
ere created: (1) the aercdynamic forces cannct be accuretcly *rimmed
to zero, thus allowing the conirols to "creep" and necessitating con-
stant retrimming of the airplens, (2) the conyrecls when displrced from
trim will not return when the control forces are releescd, (3) the pilot
no longer ha3 control fzel for small control dlaplacement becrusze the
deflectlion is not proporticrnal to the applied force, end (4) it is ox-
trerely difficult to make swall control adjustmenta without urderakoct-
ing or overshooting the desired poesition.

Turing the past several years there has been some question as *o
the need for rovision or amendment to the handling queiities requiroe-
ments. The NACA hes made several hendling quailtles investigations
during the past few years with the special intent of secking items not
covered by the present requirements. The resultc of these teats have
indicated that had the airplanes teated met the requirements e3 they
now stand, the airplanes would have been considered acceptatle.

As en example or the tests made by the NAC.. to 2eek items rot
covered by the present requirements the specifications for ecsaymmeiric
power conditions require the rudder to be powerful encugh to limit the
angle of bank to a maximum of 5 degrees and the yawing velocity to
zero. Thils perticular airplane met this requirement, but the question
was ralsed &s to whether the pllct would have sufficient time to take
corrective action following engine fallure.

Flgure L4 shows a time history of the angle of tank and angle cf
31deslip follewing fallure of the number one engine of e four-engined
trarsport airplane. Two flight tosts are shown, one where the controls
were held fixed and the airplane was allowed to roll off, nrnd *he other
where corrective action was teken by the pilot. .These perticuler tests
were made 1n the take-off configuration. Th~ curves for the case where.
the controls were held fized indicate that the angle of tark increased
et a slow rate and that six seconds was requirod for the alrplene to
reach 40 degrees bank. This was considered ample time for the pilot to
take corrective action. The dotted 1lines on this figure are the reuults -
obteined when the pilot applled the controls following. the engine faili-
ure. It is apparent that the pilot had 1ittle trouble in controlling
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tho airplene. These tests proved that the alrplrne characteristics were
satisfactory following ~n engine failure. Another oxanple of the recent
handling qualities teats are the problems involved during a landing op-
proach. During o landing approach, especlally an instrument landing,
thore hag been somes doudbt as to the moat officient technique that could
be used to correct for lateral displacement from the runway. From a dis-
cussion with quite & number of pilots, iwo maneuvers were suggested, one
was coordinated turne, and the other level sldeslips. Some of the pilots
felt that they would not bank a large nirvplane during the final epproach
and would only use the wings level manocuvor; however, a large number of
flight records of simmlated instrument approaches indicated that coordi-
nated turns with limited angles of berk are more frequently used.

Figure 5 presents some of the results that were calculated for a
large four-engine transport to determine which tochnique would be the
most effective. The abscissa of this plot i3 the distance in feet from
the end of the runway, and the ordinr~te is the leteral distance in feet
from the centerline of the runway. The two solid curves presented here
are not flight paths but a serles of asterting points of a flight path
such as that shown, where the airplane was originaliy flying parallel
to the runway end this given amount of lateral displecement was required
to bring the ailrplane to the center line of the runway. In other words,
if tho alrplane were 2000 feet from the end of the runway and performed
a coordinated turn mencuver, tre pilot would be able to laterally dis-
place the alrplane about 200 feet following this type of flight path.
Similarly, if the level sideslip maneuver were used, the pilot would be
able to displace the airplane about 100 feet, agein following & flight
" path such as that shown. In neking the cnlculations for the level side-
8lips maneuver, the pllot was assumed to use firat full left rudder and
then full right rudder followed by enough left rudder to return the air-
plane to its original heeding. The coordirted turns were assumed to be
vorformed in a similar manmner, thet is, using first left and then right
rolls to loterally displace the nirplane. Also, in mnking the calcula-
tions of the coordinsted turn method, the maximum amount of aileron
effectiveness waas assumed, and the angle of bonk was limited to a meaxi-
mum of 17 degrees, which would be the angle at which the wing tip and
the landing goar of this particular airplane would touch the ground at
the semo time. It can be seen from thess data that the coordinated
turns maneuver will correct for greater displacement than will level
8ideslips for all distances from the end of the runway. In fect, from
2000 feet on out, the coordinnted turns maneuver is two or more times
as effective as the level sideslips maneuver. 3imilar calculations were
made limiting the alleron effectiveneas parameter to about one-helf, and
the rudder deflection to one-half full rudder. These values would be
more clesely related to the amount of control normally applied by the
Pilot. The results showed a similar comparison betwecn the two tech-
niques, the amount of diaplacoment obtainable being adbout one-half those
shown on the figure.
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It sppears then that a good basis for satisfactory handling quelities

has beon osiablished for the present conventioral transport eirplane, but
with the coming of transonic and supersonic speeds, the problem of yproduc-
ing 2irplancs with gatisfactory handling qualities 1s a sericus one. AL
the convenilonal sirplance of today approaches transcnic speeds meny new
problems are irntroduced which ere completely divorcod from thoso at sub-
gonic sveeds. Large chengesa occur in trim, stebility and hinge moucont
characterlistics due to compressibvility effedts. If the alrplere config-
uration is selected to minimize *these adverse effects, undesiravie low-
speed handling qualities may be introduced. In order *o provide satis-
factory control forces on transonic airrvlanes, the use of conirol Loo3ters
wi%h mechanical devices to vrovide control feel may cffer a sclution.
Complicated stall-control devices may be required %o obtain gatiaficicry
low-speed handling qualitics.  The present handling qualities recuire-
ments provide the designer with tho requirements for perforrance of théase
mechanisms that will result in satisfactory hendling qualities of the
alrplanc. However, as higher speeds ere reached and airplane dosigns
depart further from the conventional design of today, & great deal more
recearch will be recuired {to establish whet the aercdynamic charecier-
igtice of an airplane must be to meet the haudling quaii<ies apeciiica-
tlons.
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AERODYNAMIC CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES
15. A STUDY OF REQUIREMENTS FOR POWEn-OPERATED CONTROLS
AND MECHANICAL FEEL DEVICES
By B. Porter Brown

Langley Aeronautical Laboratory

Large control forces are necessary in operating many current
airplanes because of recent increases in size, maneuverzbility, and
speed. Somc designers have already incorporatcd power-operated con-
trol systems as a means of reducing pilot exertion. The basic pur-
pose of any power-operated control system is to supply a large force
to the control surface when a relatively smell force is applied by
the pilot to the booster. Various types of boosters such eos elec-
trical, hydraulic, and pnecumatic have been designed, with hydraulic
systems being the most commonly used.

A test booster of the hydraulic type has been investigated by
the NACA. It was installed in the elevator control system of a large
four-engined airplane weighing about 110,000 pounds. This booster
was adjustable in flight so that the totel control effort could be
distributed in any proportion between the pilot and the booster. The
tests werc organized to investigate three major problems connected
with boosters: (1) the amount of control effort that cshould be left
to the pilot to obtain best airplane handling qualities, (2) the
speed with which a booster should control a surface in order to avoid
objectionable lag in airplane response, and (3) the allowable limit
of friction in the booster valve.

The first problem is illustrated in figure 1, in which the
maneuvering-stability parameter, stick force per g, is plotted against
indicated airspeed. The area between the two dashed horizontzl lines
represents the range of stick force per g for large airplanes con-
sidered satisfactory by the military services. Curve A, obtained for
the test airplane without boost, shows the stick forces were much
larger than those considered satisfactory. These heavy stick forces
are typical of nearly all large airplanes without boosters. Actually
there has been very little flight experience in the satisfactory -
range. When the booster in the test airplane was adjusted to give
values shown by curve B, all of the pilots noted a marked improvcment
in their ability to handle the airplene. Adjustment of the booster
to give a variation as shown by curve C gave no objectionable charac-
teristics but the pilots felt that this was not as desirable as the
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B setting. When the stick force per g was adjusted to vury us

curve D, the pllots fel* that the forcee were tuo light and this
lightness resguited in over-controlling of the airplere. Cr the
tlree gradients ves%2d, the pilots preferred tne B setting, felt
tnat the C setting was acceptable, eand considered setting D unsaiis-
factory. These resulbts indicate that the lower limit of the speci-
fied range could be lowered slightly. It should be noted tha+t the
foregoing ovservations are based cnly on flying qualities with no
consideration teing given to the possibility that light forces

might lead to inedvertent excessive accelerations being occacionally
applied to the airplane.

Apprecistion of what correct control forces mean to the pilot
is readily obtained by comparing the control forces experienced in
a ianding without boost and a landirg in which the pilot's ferce
was adjusted to fall along curve C. In the landing without cvonst,
the pilot exerted about 80 pounds force just before ground contect.
This force is large enougit to be annoying 4o the pilot especial’y
if ore hand is adjusting throttles or trim tabs. With boost, how-
ever, this force was reduced to sbout 15 pounds.

The second prcblzin, proper rate of control motion, will now be
discussed. The rate of motion required is of major concern to tae
designer because low rates measn less powerful and therefore lighter
boosters. The bouster tested was capable of producing a very high-
maximum rate of elevator motion, about 10U degrees per second, bub
could also be adjusted for any lower rate. For this invectigation,
the data were obtained in landings. pecause uhe ru te of ‘elevator .
motion 1s critical in this msneuver, :

The history of a landing mede with unrestricted makimum rate of
control motion is shown in figure 2, in which con*rol position and
elevator rate are plotled against time. There are two curves shown,
a dashed one representirg the control position called for by pilot
action and a solid one representing actual contrél position. Thase
curves nearly coincide which means the control was positioned very
accurately with no perceptible lag. Tre curve shows that the aigaest
rate used by tke pilot was about 30 deégrees per second, a typical
value for this airplane. Demands for such high rates are, Lrever,
of extremely short duration. Since the airplaae cannot respond in
attitude appreciably in these short times, good -landings may be
possibie with a much lower maximum. rate of control motion. Such a
case is indicated in figure X,} in which the maximum available control
- rate was restricted to slighitiy less than 10 degrees per second. In
spite of the restricted control rate, the pilot could still move the
stick as fast as he wished up to & limit where the error between the
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stick position and control surface position was a certain value.
Occasionally the pilot called for rates higher than that available
as shown by the flat spots, and this excessive demand caused some
lag in positioning of the control. Because the demands for the
higher rates were very brief, however, this lag never got large
enough to be objectionable to the pilot. Consequently, the pilots
thought the airplane handled Just as well with the restricted rate
as with the unrestricted rate.

This result indicates that for large airplanes, satisfactory
handling qualities can be obtained with boosters having maximum avail-
able elevator-control rates less than that used in the unrestricted
case. Of course, the conclusion that a rate of about 10 degrees per
second is satisfactory applies only to the elevators on large air-
planes. Higher rates may be i:equired on other controls or on smaller
airplanes.

The third problem, allowable limit of friction in the booster
valve, will be discussed next. It should be pointed out that the
friction considered in these tests was the friction in the booster
control valve and not the friction in the normal control system.

A schematic drawing of a boost system (fig. 4) indicates the normal
operation of the system and the effect of friction in the control
valve. The arrows show the direction of fluid flow to and from the
booster valve. During steady flight of the airplane the control sur-
face is held fixed by the piston, which has fluid on each side and

is in equilibrium. If the pilot pulls back on the stick, the vertical
link attached to the stick rotates to a new position because its lower
end is restrained by the link connected to the control surface. Motion
of the upper horizontal link to its new position opens the booster
control valve, allowing fluid to go into the Jjack. This induction of
fluid moves the piston in such a direction as to pull the elevator up.
The upward motion of the elevator actuates the lower horizontal link
vhich then rotates the first link about the pivot point in its center
because the pilot is holding the stick fixed. This rotation moves the
link back to vertical again, closing the valve and stopping the flow
of fluid and thereby establishing a new equilibrium position of the
hydraulic jack. If friction were present in the valve, it would tend
to hold the valve open at the end of the operation thereby allowing
fluid to continue to flow into the jJack and move the elevator until
the pilot applied corrective action by moving the stick in the
opposite direction. This friction effect differs from the effect of
conventional control friction in that the valve friction tends to keep
the elevator in motion while ordinary static friction tends to prevent
the elevator from moving. It had been suspected that friction of this
type, even in small amounts, would be highly objectionable to pilots.
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Tests were therefore made with several known values of touster-valve
«friction *hat were intentionally introduced into the system. One
part of the tests consisted of steady runs.in which the pilos

vtempted to maintain a given specd. Data from two of these steady
runsare presented in figure 5. ZFach curve shows normal acceleratlion
pPlotted egainst time. The upger cuxrve is for negligible valve ’
friction And the lcwer one is for a valve friction value of 1-1/2 pcuncs
of pilot's stick force. Compariscrn of the peaks of acceleration
experienced makes the flying difficulty caused by valve friction quite
obviotis. Some landings were also made with different amounts of fric-
ticn and it was noted that here also corrective control was applied
more frequently as & result of this friction. In all of the test
maneuvers the pilots felt that any amount of friction was znnoyiwg
because it resulted in continual overcontrolling. The results of
these tests indicaté that the sllowable limit of this type of friction
-is much lower than the 8-pound limit of normal elevator contrcl fric-
tion of %the type which tends to hold the control fixed and extrems
care should be taken in the design of any powered control systew of
-this type in order to eliminate as much friction as possible in the
booster control wvaive. S i .

All of the tests discussed thus far were made with the booster
allowing & portion of the elevator-hinge moments to be fed back to the
pilot's stick to provide the necessary control feel forces. High-
Mach-number effects ceouse undesirgble hinge-moment variations, how-
ever;, making it very difficult if not impossible to.balance the con-
trol surface aerodynamically. Boosters alone in this case can not
alleviate .the problem.. A much simpler .apwroach So e proklenm is,

" however, quite epparent. If the vooster were designud o al.iow no

- force feed back from the elevators and anovher device were included
 to ¢reate the feel forces mechanically, .then the p oblem of undesirable
xhinge-moment characteristlcs would be - eliminated ‘

Some-present-day high~speed‘airplanes are equlpped,with feel
"devices but as yet transport airplanes do not need them because they
- -are operated at relativcly low Mach numbers. In jet- transport gesign,
however, feel devices will probably be employed :

The NACA has made tests on a feel ‘device to gain experience with
this type of control ‘system and to investigate “the de81gn features
that should be incorporated in such devices.

With the aid of figure 6, the component parts of the test feel
device and their functions will be explained and compared to the
similar parts and functions in a conventional control system.
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In the actual test installation there was a link not shown in
tigure 6 that connected the pilot's stick to the booster and of course
the booster was connected to the control surface. These linkages were
omitted from the figure because the tests werc concerned only with
stick forces and the booster purposely eliminated all aerodynamic stick
forces; therefore the drawing represents the complete unit as far as
pilot's force is concerned.

In a conventional control system, when the surface is deflected,
hinge moments are created that tend to restore the surface back to
neutral and hence supply the pilot with a control force. This restor-
ing tendency increases as the square of the speed. In the feel device
system, the restoring tendency is supplied by the spring connected to
the trimmer and to a variable lever arm, which is so adjusted by dynamic
pressure, as to make the restoring tendency in the system increase as
the square of the speed. In the conventional system, if the pilot wishes
to change airplane attitude by use of elevator deflection, the new atti-
tude. is maintained with zero pilot's force by use of a trim tab. In the
fecl device, this is accomplished by means of the trimming device shown.
The part to which the spring is secured is really a movable base that
the pilot can move in either direction to relieve the tension or com-
pression in the spring and thereby establish a new zero-force stick posi-
tion, The variable lever arm controlled by the manual force gradient
adjuster has no comparable part in the conventional control system. The
only reason it was included in this design was to provide a convenient
way by which the control force gradient could be varied. In the con-
ventionsl system, damping is supplied aerodynamically while in this
.system, it is supplied by the viscous damper attached to the pilot's
.stick.

This feel device was installed in an airplane in conjunction with

~ "the previously men*tioned booster in the .elevator-control system. As

previously mentioned, the booster could be adjusted to allow any por-

tion of the elevator hinge moments to be fed back to the pilot and for
these tests the bocster was adjusted to alJQW'no force feed back from

the elevators.

Static and maneuvering longitudinal stability tests on the air-
plane were made with the feel device and without the feel device for
comparison purposes. Figure T shows two flight records of normal
acceleration that were obtained in pull-ups and releases to determine
- 1f the device introduced any oscillating tendencies into the system.
" The upper curve is for the case without the feel device while the
lower one 1s with the feel device. The only portion of these curves
of Interest to this analysis is the part following the time at which
the pilot released the stick, shown by the vertical lines, which
occurred in these two cases at approximately 2 seconds. Comparison
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cf the two curves beyornd this point . in the two records indicaves that
the device did not introduce anytundBSirable'osoillating'tendent‘es
Data obtained in stabic longitudinal stability runs are prescnted in
figure 8. Pilot's force is plotted sgainst indicated airspeed for the
_two cases with and without the feel device. In this type of plnt a
"pull force should be required to.decrease airspe=d in order for <he
airplane to be ¢*able. The point emphasized in this figure. is that

the feel device &'d not alter any of the characteristics of the air-
plane except the magnitudes of the control forces. This can be pointed
out by tne fact that a> the higher speeds both curves indicate that the
airplane was stable down to a speed of zbout 160 miles per hour. A%l
his speed, lowever, the slopes of both curves reverse, indicating
instability. This instability in-the stick forces ocecurred-in boti
cases because the elevator angle variation was unstable. This charac-
teristic demonstrates that if the variation of elevator angle wifh .
speed -is unsatisfactory, the feel device.cannot provide completzly

. _satisfectory stick forces. 1In the case in which elevator deflechicn

. does vary satisfactorily, however, either with'speed or aCCelera\-on,

'i even, though the -aercdynamic hinge-moment variation may be uhdesi b'e,

'the feel dev1ce will. provide satisfactory control forces ThlS polnf
1s 1llustrated in flgure 9, ) o

f Maneuverlng stablli+y data are precented in. figure 9 to compare
. cases. with and without the, feel devite for a condition at which the

" _elevator angle -variation with acceleration was: satlsfactory but: the
aerodynamic hinge-moments were unsatisfactoryi .Pilot's stick force -
is plotted against normal acceleration. In a plot-of ‘this type, '
satisfactory characteristics are:reccgnized by tue fact that. vull
forces should be required to produce positive acceleraticns and-push
forces are required to produce negative accelerations. In the case
without the ‘feel device, shown by the solid line, the force charac-
teristics were satisfactory at high normal accelerationq, ‘but at low
normal accelerations eleator overbalance was: encountered, which
.indicates unsatisfactory rforces, ‘because: eventually, pull forcesd were
required to prpduce negative accelerations. The 'dotted line shoms the
performance of the feel device under similar conditions and it is’
obvious that the overbalance is completely eliminated because the
forces are aliways in’ the~r1ght directlon.r The* forces furnished by
the feel device. in.this cése were satisfactory becauSe the Varlatlon
of elevator angle wlth acceleration was satlsfactory.,

In summary, .t snould be remembered that both the booster system
and the mechanical feel ‘device have been evaluated with no con31dera--
tions being given to: such things as Iellabllity, mechanical failure,
or weight.. The booster tests, “however, provide de81gn 1nformation on .
the control effort that should be left to tne pilot The results also
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show that the rate of elevator motion to be supplied by the bhooster
can be limited to values lower than those normally used by pilovs.

In addition, friction in the booster control valve deserves cur.-:ul
design attention, The feel device investigation indicated the device
to be savisfactory and, in eddition to yroviding valuable experience
with this <yre cf con*rol svsvtem, the tects showed several features
that would te dusirzable in ihese systems,
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PROPULSION CONSIDERATICNS FOR HIGH-SPEED TRANSPORT AIRPLANES
16, SOME CONSIDERATIONS OF AIRCRAFT NOISE
By Yarvey H, Hubbard

Langley Aeronautical Laboratory

Studiocs of aircraft noisc are comple: and have g grcat many ramifi-
cations, In addition to the woll known nuisance aspocts a person may
suffor tcmoorary deafncss, communications of all kinds may be disrupted,
and various oclectronic devicas may bc caused to malfunction,

In the vropeller, the recivroceting engine, and the twurbojet engine,
the aircraft industry has somo of the most prolific noisc g-ncrators the
world has known, In addition to thesec accessories the airframe itsclf is
a source of noiso as it moves throush tho alr,

It is tho purpose of this pspor to introduc: ani to indicate tho scope
of soms of tho aircraft noise problems, 3Brief rovicws of rescarch in ro-
gard to thc various phases of tho problam will be treatod in thz following
order; propcller noise, enginc-cihrust noisc and mufflinz, and jet-cngine
noise, Sinco a portion of this rescarch was sccomplished by pcrsons not
connceted with the M-CA, I wish to acknowlodge contributions from the work
of Dr, Horace O, Parrack, Mr, Konncth R, Jackman, and various groups at
. .the Bell Tclephono Labvoratorics, and tho Aeronautical Jcscarch Foundation,
. Fgurc.1 (roforance 1) illustratcs the ranges of frequeoncy and inteonsity
concerned in this papor,  The horizontel scale is frequency in cyclos
.per sacond, The vertical scale is in dceibels, whore a dzeidbel is a
convenicnt logarithmic unit of sound intonsity, The shad -d portion in-
dicates the frequoncics and corrcsponding intonsitics nacossary for nor-
mal spcoch, 3Ixporiments at thc Bell Telophon: Laboratoriocs (roforence
2) haveo shown that thc oar docs not respond cqually well to sounds of
all freauoncics and intonsitics, This non-linear response of the car is
not a2 function of intonsity or froquency alone but dcponds on both of
those together, Tho car is most sonsitivas to frecquoncies in the order
of 1000 cyclsos per sccond and the sensitivity drops off for the region
of low frequoncics and intensities, Normally, for aircraft noisc, ad-
vantago can not bo takon of this phonomcnon b:icausc the associated in~-
tonsitios aro so greoat as to b2 in the ran~c where the resvonsc of the
ear. 1s flat, It is only aftor somec reduction of the intonsitics has
takon placo or unlcss thc observer is at a great distancs from the
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source that much bonoefit can be derived at the low frequencies from tho
froquency responsc of the car, It was also found at tho Bcll Telcphono
luboratorics that a low frequoncy was offcctive in masking any higher
frequency, Bocausc of this phenomecnon communications and spcech are
vory difficult in thc precence of a low frequency background noisec,

Thus, figure 1 suggosts that as the intensitics of tho low fre-
quencles arec increascd, comnunications arc probably the first to be
affected, Many scicntists think that a person may be contincously cx-
poscd to levels of 85 decibels, as indicatod by the dotted line wita-
out any lasting 11l cffects and the Air Force has adonted this level
in order to standardize its facilities, &t levels above this a persvn
will oxperience morc and more discomfort until pain or vhysical damage
is oxpericonced, It is quite generally agresd that persons should not
be required to withstand intensities above izO decitels and for condi -
tiong involving long-term expcsures the limit is probably in the order’
of 85 declibels or below,

Since it is well known that moises are less intense as the distance
from the source is increased, it is of interest to evaluate ihis effect
of distance ou aircraft noise. Figure 2 is a plot of the reduction iu
decibels as a function of distance in feet for various frequencies iu
the audible range (reference 3). The solid curve is an incication of
the reduction in intensity due to the spreading of the wave as distance
Increases, Due to this phenomenon which holds true for.no atmostheric
losses. there is a decrease of scund intensity of 20 decibels each time _
the distance is increased iten fold, The dashed curves indicate tne awount
of measured reduction as a functior of distance that is ottrined for -
various frequencies, The difference between the solid and dashed curves
1s the atmospheric attenuation, where atmospheric attenuation is reduc-
tion in intensity due to couversion .of the sound energy to heat energy
by viscosity, conduction, waier vapor, etc, For a freguiency of 10,000
cycles per second which is near the limit of the audible range, there is
considerable attenuation al 1000 feet while for frequencies of 1000 cycles
per second or less there is a negligible amount even at 10,000 teet,

Sound measurements on an A1-6 airplane in flight fell near the sound
curve, thus indicating that for that particular configuration little

or no atmospheric attenuation was present. Thus, it is seen that for
high frequencies or large distances the atmospheric attenuation may be
appreciable while for low requencies or small distances it 1s neg*J “ble,

Since it is seen that not mu,h benefit 1is derived by the sow:d re-
duction characteristics of the hunan ear and -of' the atmosphere it is '
necessary to turn to ‘other and more ef fective means, Sound reduction
is usually accomplished in two general ways. One of these is to reduce
the sourd at the source and the other is the enclosing by means of a
suitable structure of either the sound source or those persons to be
protected, Both methods of souvnd reducticn are important and are prob-
ably most effective when used to complement each cther,
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The amounts of reduction svailsble from various schemes of sound
proofing are dependent to a large extent on the frequency of the im-
pinging sound, Figure 3 illustrates the amou:t of noise reduction ob-
tainable in an airpleone furelage by usc of some uf the sound proofing
techniques in common use today, Decibels of reductiou are plotted as a
function of frequency. Tha curve represents the cwount of redaction ob-
tainod at various frequencies by the addition of vrim cloth, carpeting,
and absorbing material such as glass wool over that obtained with the
bare fuseclage (reference 4), Thnose results indicatc that at freauencies
in the order of 1000 cycles per second and a2bovs, considerable reduction
may be obtainod by uce of standard sound proofing tecianiques, A&t lower
frequencies. the reductions obtaincble are relatively small,

Now that there is an esvaluation of some sound proofing techniques
thot may be uscd to reduce the noise after it has been generat-~d it is
appropriate to investigate the significant parameters in noisc genera-
tion to deternine what may be done to reduce the various nois- comnonents
at the source; ané cspoecially the lower frequencics that are most diffi-~
cult to reduce by cthor means, Any r~duction obtained at tho soure~ is
imrortant brcause it bencfits the persons on the grounl as well as those
in the airblane.

Fiwure Y4 is a vclar Aiagram showing the two sources of noisc from a
propzllor and ~ives an incdication of the relative intensities and direc-
tional charactoristics of cech for a typical presc-nt-day configuration
(refercnce!S) The rotational noisé vhich is a funetion of the forces on
tho blads is sean to hove greator inteasity than tac vortex noire which
is associated with the turbulont wako of the bladss. Both sourct s ra-
diate noise in a dircctional momner, The rotational noise is wore in-
tonse near the plane of rototion and is weakest on the axis of rotation,
The revarse is truc of ths vortex nolse, The freaucney spectrum of the
rotational noise consists of dlscrete Ziequoncies which are multiples of
the bledc-passage froauency. Tho frequencies then are dctermined by the
rotational speed and the number of blucc,s° For vip Mach ﬁumbg*s up to
0,50 the fundamontal frequency is usually the most intens £t supcr-
sonic tip soceds some of the higher harmonics becoms p“edominanbo Vor-
tox noisc consists of a vide band of raudoa frequencies extending from
some lew value to soveral thousand cycles por second, In reduc.ug pro~
peller noisc tho rotationsl noisz is first roduced since’it is PicComi-
nant, P¢ocudures for reducing the rotablopa‘ noisc will usually also _
reduco the vortex noise but at a slower rate. Thys for quiot propellers
the vortex component may be a large par of the total

Two effcctLvo way« iﬁ wh1ch Dropol‘er noise may be reﬁucod are
shown in figure 5 whore the sound 1nvensxt1ﬁs arg plotted as g function
of ttha tip Moch number at constant power for a two- end a six blade
single-rotation propeller, [t should be noted that the tip Mach number
rather than the rom is a 51gnltic(nt paramﬂtcr in roise gﬂnora*ion, It
is avparent from the figure that intensities goneratad by tho. 51x—b1ade“
prcpeller are lower tnan those for the tvo—blaue oropeller at all tip
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Mach numbers cven though at suporsonic tip Mach numbers those differoncoes
are rolatively small, It can bec scen then that an increasc in thc numbor
of blades is always bencficizl in reducing the noise produced,

Another very effoctive way in which bfopellér noisc may be reduced
is to lowor the tip Mach number, Figure 5 shows that the noise intcnsi-
ties reduce at a rapid rate as tip Mach number is reduced,

In practice it follows that if a larger number of.bladQS‘is'used the
tiv Mach number may be lovered becausc of the additional blade area avail-
ablo, Points "A" and "B" represent two typical operating conditions where
tho samo power is absorbed by these two propcllers at different tip Mach
numbers, The reduction of approximately 30 decibels thus obtained illus—
trates the bonefits available from multiblade propellers,

Figure 5 also permits comparison of suporsonic propnllers with con-
ventional ones in regard to noise generation, MNoise levels arec secn to
bo very high and since by definition the tip Mach numbers for operation
are abovge unity, ways of noisc reduction are greatly limited,

In the oscillating pressurc field surrounding a propeller, the in-
tensity decpends on thc distance from the source, At pointe away from
the propeller these oscillating pressurcs are recognized only as noise,
At points in close proximity to the propcller they produce intense noise
and arc also cavable of exciting destructive vibrationg in nearby air-
craft structures (reference 6); The froquencies of these préssures are
a function of the rotational sveed of the propellar and the numbﬁr of
blades,

The study of these intense oscillating pressure fields and their
associated vibrations is of interest as an important related subject,
Figure 6 1llustrates schematically some typlcal pressure measurements
near the proveller where the points of measurement are.indicated by
the check marks, Flow through the propeller disk is from top to bottom,
The pressure distributions ahead of the propeller.in the region where a
wing mlght be located are shown in the top-most shaded area, 'The maximum
pressures were measured near the 3/U station of the blades, These pres-
sures under certain conditions may have caused failures of the secondary
structure of the wing, The shaded portion on the left indicates the pres-
sure distribution in the region where a fuselage might be located, The
peak pressures occur near the plane of rotation, These pressures under
certain conditions have caused failures of some parts of the fuselage
wall structure, In general, procedures for reducing the propeller noise
will also be beneficial in reducing the propeller-excited vibrations,

An increase in the clearances between the propeller and the wing and
fuselage is especially beneficial in reducing the effects of these pressures,

Since reciprocating engines are still very much in the picture for
aircraft propulsion it is of interest: to investigate the characteristics
of exhaust noise from this type of engine. The solid curve of figure 7
shows schematically the composition of a typical exhaust noise spectrum
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where intensity is plotted as a function of frequency, The fundamental

firing frenuency 1is the strongest one present and the intensities of

the higher order frequencies are considerably lower in amplitude, Some
. confusion exists as to which frgnuencies. should be reduced, The task of
.- reducing-the overall exhayst noise is apparently one of reducing the low
frequency comconents since they are of greatest strength, however, some
obsorvers feel that the higher order frequencies are most objectiouable.

For any given engine we -gan look to .the exhaust muffler ‘as a meens
of reducing this exhaust noise, 4 very 31mule muffler design for small
personal-ownerstype aircraft is {llustrated in figure 7, :The exhaust
go>scs pasgs straight through the ceantral pipe to eliminate.excessive en-
gine back pressures, ‘4 chamber is built around this central pipe in
such a way that it will store up energy at the pealk of a pressure wave
and return the energy :at a trough of.the wave, thus ternding to smooth
out the -pressure vrulses and reduce the oscillating pressures,

The effectiveness of this muffler :is shown on.the figure where the
space betwoen the curves represents noilse reduction, Even though .a
muffler may be designed to provide greatest reduction a2t a given. fre-
quw.acy it can also provide considerable reduction for a band of frequene -
cies on each side of the design point, Hence in this case where the de-
sign is near 250 cps:it will provide some reduction for both the higher
and lower frequencles in order to bring them down to some desired level,
From the standpoint of muffler design it is benoficial to keep the firing
frequency as high as vossible since that tends to keep down the size and
welght of the muffler. P : :

—
To this yoint methods have been “sHown by which nropeller noise and
-engine exhaust noise may be reduced, .In an effort to-determine the
~ practicability of applying. these schemes, the NaC4 in 1948. modified a —__ _
. small airplane to roduce the noise reaching the.ground (references: 7 T
and 8), The results of this experiment -and other subseguent research
at the hLeronautiecal Research Foundation (reference 9) indicated that:
by known methods of noise reduction a personal-owner-tyno aircraft may
be made quiet, perhaps more so than necessaryo ;~ e .

Following successfyl- noise-reduction tests with the small airplane
1t was: thought advisable.by the-NACA to. .make & preliminary. study of .
modifications required to the propellor and:engine exhaust system. for
a large transport~type aircraft,. The typevof modifications ‘that were
estimated, bascd:on.-an exxrapola*ion of data for small .airclenes.are.
those shown in figurg 8,. If the.number of blades were. incroased from
3 to 6 while holdinz diamoter.constant .and tho rotational spced was re-
duced from 1400 to.650 rpm tt. was estimated that. the.propellcr noise.
could be reduced by about 25 db, It should be noted thet the proposed
modifieation would :require a.change in. the goar ratio, It is.estimated
that with the modified propeller.the take-off and climb performance.will
be reducod slightly dbut oruise performance would.be comparaole. It is of
1nterest that propellers dosigncd to onerate at lou rotational spoeds to
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delay compressibility lossos appcar to be the optimum design asrvuynam-
ically for specds in tho U450 - 550 mph rangc, Hence the sound requiro-
monts and acrodynamic recuircments of propallers for transport type air-
craft appear to be in harmony,

dstimﬂtes of tho exhaust noise level of the R-2800 engine indicated
the noced for a 20-decibel reduction in ‘the overall noise lewl, - The
skotch of figure 8 shows the type and size of muffler cstimated to
accomplish this result, This design embodics tho results of rescarch
on light airplane mufflers and a limited nombor of cold air tosts, The
design is a multi-chamber resonator with an elliptical cross secction,
It. was thought that it would fair into the rcgion in the top of the
nacelle behind tho carburctor air intake scoop in a manner shown by the
sketeh where the shaded portion indicates tho path of the eéxhaust gascs,
This installation was designed to reduce the noisec reachlng the ground,
‘Modifications of present-day aircraft to incorporatc noisc reduction
foatures will probably involva a weight porelty, Hence the gains in
comfort and utility must bo weighed agalnst lossce in performence caused
by thesc modifications, -

The turbojet engine is one of the most prolific gener. tors of a-
random noise spectrum, <Figure 9 1llustrates two different spoctra ob-
tained in open ailr for the 1G6.-190 engine at take off  TFruquency in
cps is plotted as a function ot docibels at two points in the yet noise
ficld, The solid curve represents dava recorded in octave bands at 90°
to the jot axis and at a a.stance of i2 feet, It is scen that there is
.-a large amount of energy present in all the audible range and beyond, to

frequencies above the audible range, The dashed curve was recorded at

300 from the axis of the jet and at the same distence from the orifice,
*This curve shows a much grecator concentration of the energy in the fro-

. quency range bolow 1500 ¢ps, but with the—inte;sitiés”fall?ng off rapid-
-1y as frecuency increases, The noisa.field is spen to bo highly direc-
tional, with wakimum intcnsities occurring ncar the jet. To tho person
inside the airpianc the noise will very widely according to has nesition
relative to the jet orifice, The main source of jei-crgine noisc is the
Jet itself and there is some cvidence to--indicate that ithe noise generated
decreases with increascd forward speed of the iirplane, - Although the
subject of aerodymnamic noise is not treated in this papcer it is signifiomnt
to note that at high forward gpeeds this component may be predominant in
the forward ¢ompartmoents of some Jet aircrafst, Studies are continuing

*n an attempt to determine. the variation of jet noise as ‘'a function of
various parameters such. as thrust, velocity, temperature, etc,,before
aeffective noise-reduction tochniquus may be apnlied,

Since ‘the turbodet is destincd Yo comnetc with nropellers onerating
.at supersonic tip spceds for nr0pulsion ‘at very high spcads, there is
great interest in comparing the noise spectra produced by them,-. In or-
der to provide such & comparison, curve "A" from figure 9 is replotted
on figure 10 along with an estimated frequency spectrum of a propeller
operating at a tip Mach number of 1,20 and producing thco same thrust at
tako~0ff as the turbolet, Thec data arc for comparable distances and
positions in tho sound fieclds, for thc opon-air condition,
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We can ses that the intensitioes generated by both are in the range
likely to cause grcat discomfort, The intensities in the low-freauency
range are such as to interfere strongly with communications and will be
difficult to soundproof against, Maximum intensities gecnerated by the
propeller are secn to be in the order of 20 decibels higher than those
of the turbojet, The noisc levels rcsulting from the usc of propellers
operating at supcrsonic tip speeds arc secn to create a serious opcrating
problen,

In summary the following observations may be notedt (1) for flight
Mac.. numbers up to approximatcly 0,70 it appcars that quiot propellcrs
may be used at good acrodynamic officicncy; (2) orgine oxhaust muffling
of small aircraft enginces has proven technically foasible and it is
thought that the same techniquos may be avplicd to larger cngines, ‘and
(3) the use of the turbojot enginc and propellers operating at supersonic
tip spceds will give rise to scrious noisc reduction probvlems,
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17. PROPELLFR CONSIDFRATICNS FOR HICH-SPEED TRANSPORT AIRFLANES
By Blake 4. Corson, Jr. and Jchn L. Crigler
Langley Aeroneutical Laboratory

The problems associated with prorellers designed fcr improved per-
formance &t high speed 1iffer from those for low gpeed propellers not
8o much in character as in severity. klade centrifugal stress,
flutter, vibration. ncise, ebresion, and icing are old problems. As
increased power and speed rejuire a greuter degree of aerodynamic
refinement, these probizms in general become mcre difficult and change
perhaps in relative importance, but othsrwise cre already familiar
to the designer and cpu.cator. In looiling ahead to scme of the problems
to be encountered in the desiyn and oreration of propellers for high-
speed transport aircruft it ie interes*ing to review some propeller
develorments of recent vears.

Figure 1 illustreates recent progress in the development of high-
speed propellers. Tie curves show the variaticn cf efficilency with
flight Mach muaber for propeller types intended for epnlication in

- three different spesd ranges. The sketch on the left indicates the
kind of propeller which was in general use sbout a decade ago. The
propeller is characlterized by cylindrical blade shanks and by wowking
blade sections about 10 percent thick. In a typical application a
three-blade propeliler of this type 10 feet in diameter would absord
1700 horsepower at a rotational speed of 1700 rpm and flight speed of
350 mph. Such a propeller is intended for application at speeds up to
Mach number of about 0.5, and for this speed range it is still the
type of propeller most commonly used.

The breek in the efficiency curve at Mach number 0.5 denotes the
speed at which the adverse effects of comprqssibility cause an incresase
in drag of the cylindrical shanks and thick blade sections which leads
to a rapid loss of efficiency with further increase in speed.

The second sketch indicates a more recently developed propeller
type, now coming into general use, in which the major faults of the
earlier type propeller have been eliminated. For this propeller the
thickness ratio of the working sections has been reduced to about
7 percent, and the cylindricel shanks have been replaced by airfoil
sections which extend to the spinner surface. The essential feature
of this propeller is that it operates at relatively low values of
rotational speed by which means the adverse effects of compressibility
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are delayed untll higher forward speeds are attained. These changes
have resulted in a propeller which will operate efficiently at flight
speeds up to Mach number 0.7, and in the lower speed range it 1is
slightly mcre efficient than the older type propeller. In this case a
practical application would be represented by use of a l4-foot diemeter,
4-blade propeller turning at a rotational speed of only 800 rpm at a
flight gpeed of 500 mph, end absorbing 3000 horsepower. In comparison
with the eamlier type propeller note that the larger dismeter in this
case 1s a result to some extent of the increased power, but arises for
the most part from the decreased rotational speed. Reducing rotational
speed is an effective method for deleying the adverse effects of com-
pressibility but requires greatly increased propeller size.

The upper right hand sketch indicates a propeller type which 1is
still in the development stage. It is essentially a highly refined
version of the best modern propeller previously described and its
characteristic feature is that its blade sections are extremely thin.
For this type of propeller the designer accepts the fact that adverse
compressibility effects can no longer be avoided by reduction of blade
gection speed, and therefore mekes every effort to reduce the magni-
tude of the loss which he knows must occur. Reduced blade thickness
has been found to be the most effective means for minimizing compres-
8ibility losses at high speed as illustrated by the consistent trend
toward reduced thickness ratio shown on this chart. The shank sections
of such a propeller are perhaps 7 percent thick, while the working
portions of the blade may be no thicler than 2 or 3 percent. Also the
relative width of the blades is greater than for the other two propeller
types considered. For this very thin bladed propeller the speed at
which the efficiency begina to decrease is appreciably greater then for
the modern conventional propeller, but the interesting fact 1is that the
efficlency does not decrease rapidly with increasing speed. At a flight
Mach number of 0.9 the efficiency of this propeller remains greater
than 75 percent.

A typlcal application for a propeller of this type is represented
by the absorption of 5000 horsepower with a four-blade propeller
13 feet in diameter turning at 1400 rpm at a speed of 600 mph. Note
that in comparison with the previous case elthough the power is
Increased more than 60 percent a decrease in diameter is mede possible
by the Increased rotational speed. This trend at least indicates the
possibility that for the high powered turbine engines soon to be
‘avallable propeller sizes may not be greater than those now in use.

Included on this chart 1s a curve showing the variation of Jet
efficiency with flight Mach number. At the time when jlets became
popular the best available information on propeller efficiency similar
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to the two curves op the left, indicated the definite superiority of
the Jet for speeds above 500 miles per hour especially when the
lighter weight and simplicity of the Jet were considered. For cases

in which high speed was the deciding factor the Jet was naturally
chosen, but for long range alrcraft capable of cruising at relatively
low speed the propeller would give better performance. From infor-
mation now availeble it appears that the thin high-speed propeller will
compete with the Jet at speeds up to 600 miles per hour, and for
cruising at about 500 miles per hour offers 20 to 25 percent greater

range.

. The problems associated with propeller operation are ccmmon to
all three propeller types described. The severity of the problems,
however, increases with speed and degree of refinement. Many of the

- problems were solved for the older type propellers simply by the use

of rugged comstruction. For the new propellers the refined aerodynamic
design 1s not compatible with rugged construction and the designer's
problem is becoming increasingly difficult. Because the high-speed
propeller is still in the development stage, many of the operating
problems are not completely defined. The remainder of this paper
deals with some of the aerodynamic and structural trends associated
with propellers suitable for application at speeds of S00 to 600 miles
per hour to provide an indication of the sort of problems likely to
occur in operation.

. Figure 2 presents the variation of efficiency with flight Mach
number for two propellers of the thin blade type having diameters of
10 and 16 feet respectively, but operating at greatly different values
of rotational &peed. Each of the propellers will absorb 5000 horse-'
power at a Mach number of 0. 9

If the important operating condition 1is high speed, for example,
Mach number 0.9, or if most of the time will be spent in flight near
maximum speed, the small diameter propeller turning at high rotational
speed. would. be chosen because of its lighter weight and more simple
gearing reQuirements 71e differenee in efficiency of the propellers
at high speed 1s negligible. On the other hand, i1f Mach number 0.7
is the meximum design speed, or if high spesd is only an occasional
requirement and most operation will be with reduced power at lower:
speed, say 5C0 miles. per. hour, then a larger diameter propeller would
offer better economy. ~For exemple, where crulsing flight is main- '
tained on half power or less by cutting out one unit of a double
engine the larger propeller would operate with about 87 percent effi-
clency which is about S percent better than would be obtained with the

. smaller prOpeller Except for having unusually thin blade sections”

this larger diameter propeller would in other respects be similar to -
the most reflned propellers now in use.
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While efficiency is one of the prime factors affecting propeller
selectlion practical aspects of propeller application such as size,
welght, and structural Integrity are more often the decisive factors.
Figure 3 presents the variation of diameter with power and rotational
speed for propsllers having design values of advance ratio of 2 and 4.
Advance ratio, v/uD, is essentially the ratio of flight speced to
propeller rotational tip spced end defines the aerodynamic geometry of
Propeller operation. For each curve thc rotational tip speed 1is con-
stant as shown by the second column. The points indicated on the solid
curvea cite the example chosen for the previous chart and show that as
diameter is increased the rotational speed decreases rapidly. The
column on the right shows typlcal values of maximum centrifugal stress
for solid steel blades. These values show that the trend toward small
size and high rotational speed 1s accompanied by a rapid increase in
centrifugal stress which is a limiting factor in this direction. On
the other hand, for very high powered installations mere size and weight
of slow turning propellers makes the trend toward high rotational speed
desirable.

A comparison of the two upper curves shows the effect of design
speed on diameter. The curvespresent the variation of diameter with
power for propellers of similar geometric design, the solid curve for
& flight Mach number of 0.9, the dotted curve for Mach number of 0.75.
The example illustrates & fortunate trend toward smaller diameters as
flight speed is increased.

Another factor which critically affects propeller diameter is the
variation of air density with altitude. For a given power, the
propeller dlameter required increases with altitude. However, because
turbine engine power decrecases with altitude the relation between
propeller diameter, engine power, and altitude is a spscific problem
for each individual application.

While no criterion for the selection of propeller diemeter is
offered by this dlscussion, the material does illustrate that come
promises must be made between size, weight, and structural integrity
which from the practical viewpoint are more important than the small
differences in efficiency. To absorb large amounts of power at
moderate speed with best efficlency, the trend toward large diemeter
slow turning propellers is limited by physical size and weight. For
the small diameter high-speed propellers the limiting factors are
high blade stresses and poorer performence at moderate speed.

Of very great interest to the alrcraft operator is take-off per-
formance. Figure 4 presents the variation of thrust with air speed in
the take-off speed range for the 10-foot and 16-foot diameter propellers
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considered in the previous figures. For static conditions at sea lsvel
the power available for teke-off was assumed to be 6900 horsepower.

In general it would be expected that a large diameter propcller
would producec wore thrust for take-ofi than & smaller propeller
absorbing equal power. In this case, hLowever, & larger propeller,
which with no additional gearing would normally turn at 860 rpm,
would be operating in a badly stalled condition and would produce a
static thrust of only about 7000 pounds. The poor performance merely
reflects the inability of the propeller to absordb the available power
at low rotational speed without becoming stalled. This propeller
under such operating conditions would also be very susceptible to
stall flutter.

The improved performence attainable through use of a two-speed
gear is shown by the dashed curve at the top. The same 16-foot
diameter propeller is assumed, but for take-off its rotational speed
is assumed to be increased to 1300 rpm by provision of & two-speed
gear. For this condition the blade sections are no longer stalled,
the static thrust is increased to 16,000 pounds, and the tendency
towards stall flutter is greatly reduced.

The smaller high-speed propeller, 10 feet in diameter turning at
2760 rpm, produces close to 10,000 pounds static thrust. Because of
its high disk loading and unavoidable compressibility loss the pounds-
thrust -per horsepower is much smaller then the commonly quoted figure
of 2.5, but it does operate without being stalled. This fact togsther
with the high rotational tip speed make for a propeller type for which
the stall flutter problem at take-off is alleviated. Also because
normal operation of this propeller requires extremely high rotational
speed no additional gearing for speed change at take-off is required.

These limited observations indicate that aircraft designed prin-
cipally for high-speed flight, Mach number 0.9 or greater, may well
use relatively small high-speed propellers, and obtain satisfactory
performance in take-off without the complicetion of a two-speed gear.
- For long-renge aircraft required to crulse at moderately high speed,
"Mach number 0.7, consideration of efficiency demands a trend toward
the use of relatively large propellers turning at low speced. For .

such aircraft take-off performance tends to become criticel. 1In view
of the very great increase in thrust for take-off made possible by, the
use of a two-speed gear, the practicability of such a feature is |
.worthy of consideration. :

To. this point the discussion has been confined to a few of" the
aerodynemic aspects of propeller eeloction and operation. Of more
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concern to the operator perhaps are the problems of flutter and
vibration, because, these, if not solved, can lead to structural
failure.

Flgure S5 shows the veriation of flutter speed coefficient with
blade section angle of attack for two approximate values of tip Mach
number. The flutter speed coefficient is the ratioc of resultant
speed to the product of blade width and blade torsional frequency,
the resultent speed and blade width being mecasured at a typical section.
Note that the denominator, the product of blade width and torsional
frequoncy, 1s detormined by physical characteristics of the propeller
which to some extent cen be controlled by the designer. TFor a given
propeller this product is a constant and the ordinate scale therefore
represents section speed, or for the static case, reprcsents rotational
speed. In the region below either curve the propeller will operate
free from flutter.

For small values of section angle of attack, at which the blade
cannot be stalled, flutter does not occur until a large value of the
flutter speed coefficlent i1s attained. In this angle range the flutter
1s of tho classicel type. At higher angles, however, between 8 and
24 degrees, the blade sections become stalled. Flutter is encountered
at relatively low speed and is of the type designated as stall flutter.
Because the flutter speed coefficient roaches 1ts lowest values at
section angles of attack, frequently encountered in take-off, the most
serious flutter problem apparently will be stall flutter during take-
off and climb.

Note that as the tip speed 1s 1ncreased the flutter boundary is
raised, and there 1s. good indication that at tip specds somewhat
greater than Mach number 1.0 flutter will not occur at all. In some
cases & propeller which i1s safe for operation at a value of tip Mach
number near 1.0, may be susceptible to stall flutter at low values of
tip Mach number and therefore could not be brought to full rotational
speed at a high value of section engle of attack required for take-
off. In such a case 1t may still be possible to operate the propeller.
The section angle can be reduced to & degrees, or less, where there is
no danger of stall flutter, and the rotational speed increased to the
normal rated value. For example, if this value of tip Mach number
is approximately 1.0, the higher flutter speed boundery then applies,
and stall flutter will not occur even at high angles of attack. It
is then safe to increase blade angle to the value required for take-
off and climb. When this critical phase of operation is completed
there is 1ittle further danger from flutter because at higher flight -
speeds the blade section angles of attack are well below the stall
range. For such a marginel propeller design, however, the same




procedure in reverse must be followed at the completicn of a flight
when the engine is shut off.

Another type of propeller vibration, illustrated in figure 6,
is the so-callcd firast-order vibration causcd by operation with the
thrust axis inclined to the air stream. First-order vibration is
expericnced by all propellers, but is most serious for those having
large diametcr and thin bledes.

The figure to the left illustrates the nature of the exciting
force which 1s the variation of thrust exerted by the blade as it
turns through one revolution. When the thrust exis is inclined to
the alr stream a blade on one side of the propeller disk operated at
increased angle of attack and experiences an increased thrust; on
the other side of the disk the angle of attack of the blade is
decreagsed and tho blade suffers a logs of thrust. For each blade
the changing load cycle is completed during each revolution and the
frequency of this excitation is equal to the propeller rotational
speed.

The angle of thrust axis inclination, aT, jllustrated by the
upper right hand sketch, is determined by all factors which can
produce a skewed air flow, sideslip as well as angle of attack, also
upwash shcad of the wing or unsymmetrical flow created by the engine
nacelle and fuselage. There have been cases in which taxiing in a
cross wind gave rise to first-order vibration. If the effective angle
of inclinstion is known the vibratory stress can be calculated.

The blade stresses produced by the oscillating load increase
directly as the product of the angle, %p and dynamic pressure as

shown in the lower part of the figure. The product, and » hes an

appreciable value over most of the operating range of the alrcraft.
At low speed dynamic pressure is small but - GT is large, at high

speed the reverse is true. Excitation can occur under all operating
conditions, though it may be alleviated at high speed or cruise if
the designer can achieve a small —alue of qT for these conditions.

The only encouraging aspects of this problem are that the cause of

the vibration is known, and that the blade vibratcry stress can be
calculated if the flow field in the propeller disk is known elther
from calculation or from wind tunnel tests of a model. In the lower
figure the solid line prcaents calculated values of stress for a
propeller used in a wind tunnel investigation; the points on the curve
arc measured values.




The problem is sufficiently serlous to make necessary special
operating techniques for some propellers now being used, and the
futuro application of very thin propellers does not promisec to ease
the problem. Operation near resonant spced should be avoided. Also,
in the case where a long poriod in climb is required, or for level
flight with a Heavily loaded alrcraft, operation with pertially
deflected flaps will help to reduce the angle of attack and thereby
minimize propeller vibration.

The noise croated by the small diameter high-speed propellers
operating at supersonic tip speeds will certainly be objectionable.
Conceivably, the sound pressures could be sufficiently grecat to
cause structural demage to en aircraft. If this should be the cese,
noise would become a limitation to the use of small high-speed
propellers. The noise problem is not at all critical for the large
slow turning propeollers. v

Becavge of the imvroved efficiency at high specd attainable by
the use of very thin biadss, serious effort will be directed toward
the development of thin-blads prcpellers.

For the speed range near Mach number 0.9 the trend will probably
be towerd the use of relatively smell diemeter propellers turning at
high rotational speed. At this speed such a propeller will operate
with efficiency better then 75 percent. The small size results in &
lighter weight propeller, and high rotational speeds meke possible
the use of smaller and lighter reduction geers without the necessity
for additional gearing to improve teke-off. For the small high-speed
propeller the flutter and vibration problem will probably be less
critical than for large, slowly turning propellers.

Where crulsing at reduced power and speed is important, the
favorable trend is toward the use of learge dlameter, slow turning
propellers because these operate with better efficiency than other
types in the moderate speed range. For these propellers, however,
flutter and vibration will be critical problems. Also to obtalin best
take-off performance may require the development of two-speed gears.
In cases where flutter and vibretion are critical, these problems may
be avoidable by the use of special operating techniques.
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Figure 1. - Variation of efficiency with flight Mach number for three
different propeller types.
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Figure 2. - Variation of efficiency with flight Mach number as affected
by diameter and rotational speed.
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PROPULSION CONSIDERATIONS FOR BIGH-SPEED
. TRANSPORT AIRPLANES -
18, POWER PLANTS FOR HIGH-SPEED TRANSPORT AIRPLANES

By Bruce T. Lundin and Eldon W. Hall

'Lefie“Flight"Propulsion laboratory

The intrcduction and subsequent development of the gas-turbine
power plant within the receni postwar period offers possiblities
of greatly improved transport aircraft performance and, at the
same time, introduce many new and complex problems of both engine
and aircrart operation.. Both the perrormance and cperational
characteristics of the gas-turbine eng.ne differ greatly from
those of the Tamiliar reciprocating engine, and these differences
will have a marked effect on transport aircraft performence and
operaticnal procedures. Although the application of the turbine-
propeller and turbojet engines to transport aircraft has been
actively studied and discussed from a periormance point of view by
meny investigators in recent months, rapid progress o:i engine
development necessitates constant revaluation, and many difficulties
of engine operat.on remain to be adequately defined and solved.

The main performance characteristics of the turb.ne-propeller
engine that are of interest to aircraft operation are illustrated
in figure 1, where the thrust per unit engine weight and the thrust
specific fuel consumption are plotted against flight speed. These
curves are for an altitude of 35,000 feet, although the general
trends are the same for any altitude. The principal characteristics
illustrated by these curves are the decrease in thrust and the
increase in gpecific fuel consumption as flight speed is increased.
At a speed of 600 miles per hour, for example, the thrust is Just
aboyt oneshulf as great and the specifié fuel consumptlion is
nearly three times as high as at a speed of 300 miles per hour.
This decrease in engine performance with increasing flight speed
is a direct result of the frequently mentioned constant- horsepower
character.stics of the turbine-propeller engine. In other words,
if the engine performance is expressed in terms of horsepower
instead of on a thrust basis, the brake horsepower per wnit engine
welght and the brake specific fuel consumption would be approxi -
mately constant over the range of flight speeds presented and
numerically equal to the values indicated at a speed of 375 miles
per hour. ‘ ’ ‘ . .
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The main performance characteristics of the turbojet engine
are presented in figure 2 where the thrust per unit engine weight
and the thrust specific fuel. ¢onsumption are plotted against the
flight speed. The solid curves refer to the turbojet engine and
the dashed curves show, for comparison, the characteristics of
the turbine-propeller engine that were illustrated in figure 1.
In contrast to the constant-power characteristics of the turbine-
propeller eng.ne, the turbojet engine 1s essentially a constant-
thrust device, with both the thrust and the specific fuel consump-
tion remeining substantially unaf ected by flight speed. A com-
parison of the performance characteristics of the turbine-
propeller and the turbojet engine reveals that, at low flight

5speeds,"the thrust of the two engineg is about the same but that
the fuel consumption of tihe turbojet engine i1s about three times
that of the turbine-propeller engine. As the flight speed is

- incéreasecd, however, the tarust of the turbojet ong.-ne becomes
much greater than that of the turbine-propeller engine, and the
difference in specific fuel consumption of the two engines

-becomes small

' Although the engine periormence characteristics illustrated
in figures 1 and 2 afford some appreciation of the potentialities
of these gas-turbine power plants, an adequate cvaluation of their
_utility for transport aircraft must consider the aerodynamic and
- 8tructural. characteristics of the airplanes In which they are used.
‘One such .analysis 1s a study of the range or d1lstance each type of
power plant may cerry a-given pay load at various flight speeds

-and altitudes. An 1llustration of the results of suca a range
* study is shown in figure 3, where the flight rangs is plotted
" ‘against the flight speed with the two curves indicating the cape-

"~ - bilities of the turblne-propeller and of the turdojet engine.

~ The power plant providing the greater range at a given flight

speed 18 obviously the superior engine even 1f that value of range

1s longer than desired because shorter ranges could be covered

- with that engine with elther a smaller fuel expenditure or a

- larger pay load. These results are based on design-point studies,

that 1s, both the airplane and engine are varied to obtain optimum

~performance at each point, in order to illustrate the potentialities

- of these two types of" engine and to evaluate their relative ranges
- of appiication-_ Some of the main airplane assumpticns that were
used.are a pay load of 10 percent of the gross weight,-a structure

weight of 40 percént of -the gross weight, & Breguet flight plan,

' and a paxipum wing loading of 60 pounds per square foot. -As would

be expected from thé performence characteristics of the turbine-

" propeller engine,»the'range provided by this engine decreases
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rapidly as flight speed 1s increased. The range provided by the
turbojet engine, however, increases with increasing flight speed
until the high drag.region of compressibility is reached. The

" turbine-propeller engine is superior to the turbojet engine for
flight speeds up to about 520 miles per hour and, at higher flight
speeds, the turbojet is the better engine. From the standpoint

of range and pay-load capabllities, the most effective application
of these engines is in the region of 400 to SO0 miles per hour for
the turbine-propeller engine and in the region from 500 to 600 miles
Per hour for the turbojet engine.

As indicated in figure 3, these results are for an altitude
of 35,000 feet for both engines. Analycls for other flight alti-
+1dés resulted in somewhat different values of range, but the

>sg -over point between the turbine-propecller and the turbojet:

4ine recmained essentially the same for all altitudes. This .
study of various altitudes of operation also indicated that the
optimum altitude Tor both types of power plant was between 30,000
to 40,000 feet. The flight range at an altitude of 20,000 feet
wag of  the order of 80 percent of that shown in figure 3 for an
altitude of 35, OOO feet.

In order to illustrate the characteristics of a given airplane
over a range of flight ccnditions, the performance of a selected
airplsne and powor plant was analyzed and 1s summarized in
figures 4 and 5. The design flight condition was thosen as .-
450 miles per hour at an altitude of 30,000 feet for the turbine-
propeller engine and as 600 miles per hour at an altitude of
35,000 feet for the turbojet engine. For both types of power
plant, a gross alrplane weight of 150,000 pounds was assumed’ and
a pay load of 15,000 pounds, or 10 percent of the gross weight,
is carried. The airplane structure was taken as 40 percent of
this gross weight, and the fuel tank weight as 10 percent of the
total fuel weight. The analysis included the fuel required to
climb to cruise altitude, and a reserve fuel of 10 percent of the
‘total fuel was allowed. This value of reserve fuel was chosen
instead of the more conservative current CAA requircments in the
belief that present stacking procedur s {or landing or resort to
alternate landing fields in event of poor weather camnot be tol-
erated if the full potentialities of these gas-turbine power
plants are to be realized. 'The wing loading was assumed as
60 pounds per square foot for both airplanes. This rather mod-
erate value of wing loading was'used in considerat.on of the
landing problem and to assure sufficient volume in the wing to
carry the fuel. Both airplanes are considercd to be powered by
four power plants,
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The performence of the turbine-propeller-powered airplane
is presented in figure 4 as a plot of range against flight speed
for various altitudes. The design point is indicated by the
circle at a speed of 450 miles per hour and an altitude of
30,000 feet. At this design condition, a flight range of slightly
over SO0O0 miles is obtained. The power plant was taken to be of
sufficlent size to fly the airplano at this design condition at
normal continuous rating. With this size of power plant, the
airplane is capable of flying at altitudes S000 feet over the
design altitude, but the meximum continuous flight speed is lim-

. 1ted to about 450 miles per hour. The range remains essentially

independent of flight speed over a range from 300 to 450 miles per
hour, but falls off as the flight speed 1s reduced below 300 miles
per hour. This reduction in range at low flight speeds is due to
the combined effects of the reduction in airplane lift-drag ratio
at off-design-point flight and the increase in specific fuel con-
sumption of the engines at part throttle. At a speed of 300 miles
rer hour at an altitude of 20,000 feet, it is possible to fly the
alrplane on two engines, and the lower specific fuel consumption

of the two engines at full power compared to four engines at

50 percent power results in the discontinuity in the range curve
at this point. If it is necessary to depart from the design alti-
tudc because of unfavorable weather or head winds, an increase in
altitude will permit attainment of the design range at a slight
sacrifice in flight speedy If, however, it should become necessary
to reduce altitude, either the range must be decreased (fig. 4) or
the pay load: must be roduced. A comparison of the various altitude
curves Indicates that a reduction in altitude from 30,000 to

20,000 feet will result in a rsduction in range of 25 percent. The
dot-dash curve indicates the airplane-flight limitations on three
engines, that is, the performance that would be obtained if an
engine fallure occurred near the.start of the flight. In this
event, the flight speed would bo reduced about 50 miles per hour
below the design value, but attainment of the deslgn range is

st1ll possible.

A cimilar set of performance curves for the turbojet-powered
transport is presented in figure S where the range is plotted
against flight speed with the various curves referring to different
flight altitudes, and the circle indicating the airplane and engine
design point. At the design speed of 600 m!les per hour, a range
of slightly over 2200 miles is obtained. In this case, the engines
chosen wore slightly larger then necessary for cruise operation at
the design point in order to permit flight at slightly higher
altitudes and to partly relieve. the take-off problem; which will




“be subsequently discuased in detail. The range provided by the
turbojet-powored airplane ‘1s somewhat more sensitive to flight
specd than that of the: turbine-propeller airplane; the range
decreasss ‘from the design value as the flight speed is either
increased or decreased .- The effect of a change in altitude on
the range is about the same &s that of the turbine-propeller
airplanec with a decréasé in altitude of 10,000 fect below the
design value necessitating a decrsaso in range of about 25 per-
cent. In event of an engine failure, not only ig a reduct.on
in flight epeed required but, unlike the turbine-propeller
powered airplane, a reduction:in both altitude and range below
the dosign values will be:necessary.

The' engine-performance characteristics used in the pre-
cading enalyses were the same as those illustrated in figures 1
and 2 and were chosen to be representative of the performence of
engince that are elther available or in final deveclopment at the
prosent time. As such,.these analyses are in substantial agree-
ment with ‘the results of many other investigations that have been
actively discussed within recent months. It is therefore of
interost to investigate how this pilcture will be changed if the
improvements in engine performance that are indicated by research
and development now in progress are reallzed. These improved
engines shall be designated as future engincs and are viewed as
the type of power plant that may be available to the transport
industry in the near future. :

The characteristlcs of the turbine-propeller engine are
shown in figure 6; the values without the box around them refer
to present engines and the values within the box are fordfuture
engines. All the values shown refer. to engine .operation at con-.
tinuous or normal cruising conditions. Both the compressor-pres-
sure ratio and turbine-inlet temperature would be somewhat higher
at maximum rated engine conditions. The compressor pressure
ratio Ps/Pz was increased from 6 for the present engine to 8
for the future engine, and a turbine-inlet temperature T, of
1900° R'was taken for both engines. The use of turbine cooling
to permit higher turbine-inlet temperatures for the future engine
is not considered because analysis indicates it to be of only
minor benefit for the range of engine and flight conditions
presented herein. ,The component efficiencies were each increased
3 percent for the future engine, giving a compressor efficiency
Ne Oof 88 percent, a combustion efficiency Ny . of 98 percent,

and a turbine efficiency Ny of 91 percent for the future engine.
The variation in propeller efficiency with flight speed is - '
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illustrated in the small plot in figure 6. For the present engine,
the ef{iclency was assumed constant at 85 percent up to a flight
Mach number of about 0.6, after which the efficiency dropped to
50 percent at a Mach number of 0.¥. For the future engine, the
efficlency was increased to 80 percent in the low speed range and
was agsumed to drop to 75 percent at a Mach number of 0.2. The
engine air flow Wg/Ac &t sea-level conditions was taken as

15 pounds per second per square foot of compressor frontal area
for the present engine, which was increased to 20 for the future
engine. Only moderate increases in component efficiency and
Pressure ratio were considered for the future engine with prin-
cipal emphasls being placed on engine alr flow and propeller
efficlency because analysis has shown these factors to be of
greatest importance. All these assumptions are considered to be
fairly realistic and possible of attainment without extensive
development.

The characteristics chosen for the present and future turbo-
Jet engines are illustrated in figure 7. The compressor pressure
ratio of this engine was somewhat lower than for the turbine-
propeller engine, being 4.5 for the present engine and 6.0 for
the future engine. For both engines, the turbine-inlet tempera-
ture was maintained at 1300° R and an exhaust-nozzle efficiency
of 95 percent was used. The ccmponent efficiencies are the same
as those previously indicated for the turbine-propeller engine.
The air flow was taken as 25 pounds per second per square foot of
compressor frontal area for the present engine and 39 pounds per
second for the future engine. All these assumpticns, in particular
the engine air flow and pressure ratio, may be considered ratner
conservative when compared to the anticipated performance of some
engines now under development for the military services, but were .
B0 taken in the belief that. they would thus bes most representative
of engines that would be availabie to the transport industry in'
guantity production at moderate cost.

The improvement in airplane performance afforded by the
future engines is illustrated by a design-point-range study in
figure 8. 1In this figure, the two so0lid lines refer to the future
turbine-propeller and turbojet engines and, for comparison, the
dashed lines indicate the performance of present engines. This
comparison between present and future engines shows that the
range performance of both the turbine-propeller and the turbojet
airplane is greatly lmproved by the future engine. At the design-
point speed of 450 miles per hour for the turbine-propeller
engine, which is indicated by the vertical line, the range is
increased from about 5000 milee with present engines up to
8500 miles with the future engines, or an increase of 70 percent.




As previously mentioned, these range capabilities may be con-
sidered as a relatiye rating, or figure of merit of the power
plant, even 1f ranges as large as 8500 miles are unnecessary.

For example, it was c.mputed that, for a range of 5000 miles

for both engines, the pay loed that could be carried could be
increased from 15,000 pounds with the present engines up to over
38,000 pounds with the future engines, or an increase of over

two and a. half times. This increase in airplane performance with
the future turbine-propeller engine is largely the result or
higher component efficlencies and air-flow capacity at low flight
speeds and nearly half the gain at high flight speeds is due to
the higher propeller efficlency. For the turbojet-powered air-
plane, the range at a design speed of 600 miles per hour, shown
by the vertical line in figure 8, is Increased from 2200 miles
with present engines up to 3100 miles with the future engines,

or an increase of about 40 percent.

Although large improvements in performance are thus pre-
dicted for both turbine-propeller--.apd turbejet«powered aircraft,
the magnitude of these future gainc is somewhat greater for the
turbine-propeller engine than for the turbojet engine. As a
result, the cross-over point between the turbineupropelier and
the turbolet engine is extended from about 520 miles per hour for
present engines to over 600 miles per hour for the future engines.
Although the exact value of this cross-over point is admittedly
sensitive to.the assumptions used, the fact remains that the anti-
cipated’ future development of both the turbine -propeller and tur-
bojet engines will be of greater benefit to the turbine-propeller
engine.

As previously mentioned, the size of the power plants used
in the preceding performance analysis was chosen to be jJust suffi-
cient to fly the airplane at the design flight condition with, in
the case of the turbojet engine, a small increase to permit flight
at a higher altitude. It therefore becomes necessary to investi-
gate the take-off situation with both turbine- propeller and tur-
bojet engines. This take-off problem is the same for both the
present’ and future engines because the airplane gross weight and
the total thrust output of the engines are identical.

One factor that aggravates the take-off problem is the decrease
in thrust of these engines at high ambient air temperatures. The
magnitude of this effect is shown In figure 9, where the ratio of
take-off thrust to rated engine thrust lis plottéd against the air
temperature. Curves are shown for both turbojet and turbine-
propeller engines, with the effect of air temperature being most
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Pronounced for the turbine-propeller engine. At an air tempera
ture of 100° F, the take-off thrust of the turbine-propeller
engine is reduced to about 'S percent of the rated value and the
turbojet engine has lost about 10 percent of its rated thrust.

In spite of the large reduction in take-off thrust of the
turbine-propeller engine with 1néreaslng ambient temperature,
the inherent large horsepower of this type of Pngine affords
satisfactory take-off performance even at high air temperatures.
For the turbine-propeller airplane, which was equlpped with
sufficient power to fly at 450 miles per hour at 30,000 feet
under cruise engine conditions, the take-off distance with an
air temperature of 100° F is only about 3500 feet.

For the turbojet airplane, however, which was provided with
engines that were slightly larger than necessary to crulse at
600 miles per hour and 35,000 feet, the take-ofi distance was
computed to be about S000 feet. In order to reduce this take-off
distance to practical values, the engine thrust at take-off must
obviously be increased. Increasing the number or size of the
engines to obtain this increase in thrust would penalize the
cruise performance of the airplane. The magnitude of this loss
in airplane performence when the engines are increased in size
1s shown in figure 10 where flight range is plotted against take-
off distance. The take-of. distances (fig. 10) were computed
for design aircraft gross weight and an ambient temperature of
100° F and are sufficient to clear a 50-foot cobstacle. Current
. CAA requirements were used which permit all four engines to be
used at full rated power for the initial ground run but, after
a critical point is reached, require the take-off to be com-
pleted with one engine dead. As previously mentioned, the attain-
ment of the design range of 3100 miles, which is indicated by
the dashed line, requires a take-off distance of $000 feet As
the take-off distance is decreased by increasing the size of the
engines, the range is decreased because of the greater weight
and size of these engines and because of the h.gher specific
fuel consumption associated with part-throttle cperation. With
sufficient engines to provide a take-off distance of 3000 feet,
the range is reduced to 2200 miles, or about 30 percent below
the design value.

The loss in range illustrated in figure 10 need not be tol-
erated if the normal engine installation is retained and if the
additional thrust required for take-off is obtained by some other
means. This extra thrust for take-of. can be obtained by rocket-
assist units; but this method is rather expensive and has other




obvious disadvantages for widespread commerc’al use. The use of
opecial methods for augmenting the thrust of the turbojet engine
for short periods of time therefore becomes cf particular interest.

Experimente . and analytical investigations of various methods
of thrust augmentation have been in progress at the Lewis labora-
tory for several year=, and a summary of the results of several of
the investigations is presented in I'igure 11. 1In this figure, the
ratio of augmented to normal thrust is plotted against the ratio
of liquld or fuel flow with augmentation to the normal engine
Tuel flow Three different methods of thrust augmentation are
illustrated, each oi whicn is advantageous for variocus ranges of
application. The use of tail-pipe burning, or the burning of
additional fuel in the engine tail pipe to raise the exhaust-gas
temperature higher than permitted by the turbine-bliade materials,
is obviously the best method from the standpoint of low liguid
consumpticn and provides a thrust ratio of up to nearly 1.5 for
a liquid consumption ratic of about 3.5 This point is very close
to maximum possiblities, which are reached when enough fuel.is
injected into the engine tail pipe to completely burn all the air
that passes through the engine. The water-injection method is
lim.ted to thrust ratios of the order of 1.25 and requires con-
siderably higher 1liquid flow rates than the tail pipe-burn.ng
method. Because of the extreme simplicity and small additional
weight ol this method, however, it is probably the most desirable
if only moderate thrust increases are required for short periods
of time.

Because the use of water .njection increases the compiessor
vressgure ratic¢ and because the use of tail-pipe burning increases
the exhaust-gas temperature, these two methods work well together
and actually augment each other. Thus, these two methods may be
used in combindtion when very large thrust increases are required.
Scme of the results obtained by this combination method are also
indicated in figure 11 for two dif.erent rates of water injection.-
This type of augmen*ation may be used to cover the range of thrust-
augmentation rating from about 1.5, or the maximum possib.lities
of tail-pipe burning, up to nearly 1.7. Thus, these effective
methods of increasing the thrust of the turbojet eng.ne may be
used to help solve the take-ofi problem.

The reduction in take-off distance permitted by these methods
of thrustc augmentaticn is illustrated in figure 12 where the take-
off distance is plotted against the ratio of augmented to normal
engine thrust. AdJjacent to the abscissa scale is shown the range
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of applicabllity of each of the three methods of thrust augmen-
tation. The take off distance decreases raplidly as the amount
of thrust augmentation is increased; the use cf water injection
alone provides a reduction from 9000 tfeet to 5600 eet. For a
take -of° distance of' 4000 feet, a take-off thrust ratio of 1 45,
which is near the upper limits of tail-pipe burning, is required.
The extra fuel required to operate the tail-pipe burner for this
amount of augmentation during the take-off period was computed at
about 2.5 percent of the total fuel lcad, of whicnh the largest
rart ls consumed d'ring the ground run. The use of the combina-
tion of water injection and tail-pipe burning, which provides a
thrust ratio of nearly 1.7, would permit a further reduction in
take-of f distance to 3000 fcet.

This brief survey of some of the performance characteristics
of gas-turbine power plants has indicated that the constant -power
characteristics of the turbine-propeller engine result In its most
effective application at {light speeds between 400 and 500 miles
per hour and that the constant-thrust characteristics of the tur-
bojJet engine make this engine most effective at speeds from 500
to FOO miles per hour. Very large increasss in tune capabilities
of both of these power plants are indicated by anticipated future
development, part.cularly for the turbine-propeller engine.
Desirable cruising altitudes are of the order of 30,000 to
40,000 feet for both engines, w.th bcth eng.nes being about equally
af.ected by departure from the design altitude. The turbine-
propeller engine was found to have sufficient power to take offl
on a hot day with engines properly sized for cruising conditions,
but the take-off characteristics of the turbojet engine were such
that special thrust augmentation methods will be necessary for
take-of . use 1f the full potentialities of this engine are to be
obtained. Adequate thrust augmentation methods are available,
however, with the tail-pipe-burning method providing a take-off
distance of 4000 feet with an engine installation designed for
most efficient use at cruising conditions. ‘
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PROFULSION GONSIDERATIONS .FOR HIGH-SPEED TRANSPORT AIRPLANES
19. .OPFRATIONAL CHARACTERISTICS OF TURBINE ENGINES
By VWiilliam A. Flening and Reece V, Hensley

Lewis Fiight. Propulsion Laboratory

The applicability. of turbine engines to transport airecraft
has been discussed from the aspect of engine and aircraft per-
formance ard range characteristics, In addition to these factors,
there area number of engine operational characteristics that have
been encountered in operation .of turbine engines during the last
several years. Some of the operating problens stenming from these
engine operational characteristics are reviewed herein with respect
to their effect on the operation of tranSport aircraft,

The operational characteristics that have been encountered
and considered to be of main importance are: The altitude oper-
ating limits of the engines; the ability to restart the engines
during flight at the cruise altitude; possible methods of oper-
ating the engine during landing approach, with a view toward
maximum thrust reduction with rapid recovery of full thrust in
the event of an unsuccessful landing approach; and requirements
of an engine-control system for all altitudes. These character-
istics pose more severe problems in some engines than in others,
amd in engines of recent design some of the problems have been
essentially elimlnated. '

Investigatlons of the. ‘altitude operating limits have in-
dicated that the maximum altitude at which a turbine engine will
operate is limited by the combustor. As the altitude is increas-
ed, the pressure in the combustor becomes lewer and thereby adversc-
ly affects combustion, As a result, the combustion efficiency
decreases at high_ al’dtu.des unt.ll an altitude is reached vihere the
pressure in the combustor is no’ longer high enough to sustain suf-
ficient burn:mg ahead of the turbine to maintain engine operation
and the flame is extin,tyished. L.

An example of the al&itudé operatlng limits of a current tur-
bojet engine having a compresscr pressure ratio of about 4 is shown
in figure 1, Operatlon of this éngine at any altitude was possible
only over the range of engine Speeds between the minimum and max-
imm-speed-limit curves.. lith t.his engine it was possible to
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operate at engine speeds as low as the normal idle speed up to an
altitude of 38,000 feet, At higher altitudes, the pressure in the
combustor at idle speed was too low to sustain combustion. It was
therefore necessary to increase the engine speed as indicated by
the blow-out limit so as to retain the pressure in the combustor
sufficiently high to maintain burning. The decrease in the max-
imum-speed limit at high altitudes was caused by a reduction in
compressor efficiency which is genarally encountered at high al-
titudes and results in a rise in turbine temperature at rated
speed; therefore the speed must be reduced at high altitudes to
avoid overheating the turbine, Altitude limits are not indicated
over the intemediate speed range, inasmuch as these limits were
above the altitudes covered in the investigation,

Also illustrated in figure 1l are the probable ranges of cruise ~
and let-dewn operation. .The probable limits of cruise operation are
well within the altitude operating limits of the engine., Operation
of this engine during let-down at high altitudes wauid be dangerously
close to combustion blof-out. : :

With continued research and development , the oparating limits
of most current engines are well above those shown in figure 1,
Means for exteming the blcow--out limits to higher 2liitudes and con-
sequently to lower burner pressures include modifying the combustor
liners to alter the introduction of air into the burnnog region and
using variable-area fuel injectors, which permit opev 4;;rg with high-
er injection pressures at high eltitudes and cons=oucnt™’y with better
fuel atomizatjon than is obtainable with filed-ares 1in jectors. Also,
as the conpressor pressure ratio of. the: engine is raised, the altitude
operating limits will be corresoondlngly extended

The turbine-propeller engine does not suffer from the maximum -
and minimum speed or thrust limitations of the turboJet, because 1t
can be scheduled to operate from maximum to minimum thrust at or
Near rated speed by changing the propeller blade angle._ The maximum
altitude will be limited by the.combustors in the $Same manner as the
turbojet engine, Altitude limits of current turblne—propeller en-
gines are in the v1c1n1ty of 50,000 feet or hlgher. C

Another extremely important operatlng problem, which:is under
intensive research a the present time, is that of restartlng an
engine in flight at the cruise altitude. The necessity for restart-
ing the engine may be due to combustion blow-out resulting from mal-
functioning of the 'engine or improper controlling of the engine.
Also, it may be either necessary or desirable for best economy to
shut down some of the engines during part of the flight. Failure
of the engines to restart might require a let-down of as much as
10,000 to 20,000 feet. A subsequent climb to cruise altitude after
restarting the engineswould result in an undesirable cost in terms -
of fuel consumption, as well as a loss in time,
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The problem of restarting a turbo jet engine in fllght can be
illustrated with the aid of figure 2, MAny cuarent engines are of
the type shown in figur® 2 with a nuaber ‘of, tubular -combustors. -
Spark.plugs are generally placed 1n only two o.f the combustors., In--
terconnecting tubes provide a path for the' flame to travel to the )
other combustors, . Altitude starting can be divided into three steps'
ignltlon, propagation, and acceleration, Ignition-is obtained.by
supplying a combustible mixture of fuel and air in the region of.a
spark_that has sufficient energy to ignite 1t. Once the fuel is
ignited in one or both of the combustors contalning spark plugs,
corditions must be favorable for the propagation or spreading:of the™
flame through the interconnecting tubes to each of the other com— «
bustors. ilith engines having annular combustion zones, propagatlon
or spreadlng of the flame is generally no. problan, '

R

With the fuel burning in all the conbustors, ltris then neces- -
sary, to accelerate -the engine from the windmilling starting - speed,-
which may be only 10 to 20 pércent of rated speed, to the normal -
operating speed range, Acceleration must be accomplished without -
exceeding the turbihe<temperature limits“.or withéut. gquenchingithe >
flame. in.the, cgmbustors by increa31ng the'fue; flow. too - rapldly. :

dn order to 1llustre£e how' ignition, flame propagatlon, and
acceleration limits are imposed on a turbojet. engine, an example of
the altitude-starting limits of one engine'investigated is shown in
figure 3, 'Successful starts of the gngine could.be made only at al-
titudes: below the acceleration—lxmit turve up to .a Mach nusber of O 6
and below the prOpagation llmlt at- h:gher Mach‘numbers.:. :

. For exmmple, ab a Mach number of O.4 and.an altltude of 28 000
feét, tirning could be obtalned in all the combustors, ‘but the engine
limits, At a Mach number of 0.7 and an altitude of 35,000 feet, the
fuel~afr mixture could be ignited in the combustors containing spark :
plugs; however, the flame would: not” propagate through the inter-.
connectlng tubes and-ignite ‘the remaining combustors.

Although starting of thls~engine vias marglnal at the cruise -~ -
altitude of '35,000 feet, some - current engines have somewhat higher'-“'- o
altltude—startlng limits. f , . -

A program is now in progress at th¢s laboratcry to ;mprove al—F
titude starting. . The d4im of ‘this program is to raise the altitude
jgnition and propagation limits to approxlmately the altitude oper-
ating limits, Variables being studies to improve ignition -at d1- -
titude include the location of the” spark Ain the combustor, the type
of spark plugused; the amount ‘of" energ* dleanteo -in the spark, -
and the fuel-°pray pattern.: The size and ‘iocation of the intai-
connec&;ng tybes ' are belng varied, to 1mprOVe prOpagaulon or -the -
ability.of the flame to Spread from combustor to combustor,:

1
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Preliminary experiments with single combustors have shown that
when the spark energy is increased from the standard value of 0.025
Joule to a valne of 10 joules, both high and low volatility fuels
were ignited at much higher altitudes than those shown in figure 3,

One factor that can limit altitude acceleration is poor com-
bustion., In order to accelerate the engine, the turbine-inlet tem~
erature must be raised., The stability of some combustors at altitude
starting conditions is so poor that when the fuel flow is increased
to raise the temperature the flame is quenched., With other combus-
tors, an increase in fuel flow at starting conditions results in
lengthening of the flame through the turbine into the tail pipe,

The additional restriction to the gas flow caused by this burning
downstream of the turbine results in a rise in pressure in the tail
pipe. Therefore, althaigh 1imiting turbine temperature may . be reached,
the available pressure drop across the turbine is insufficient for
engine acceleration, :

Another factor that can limit altitude acceleration is compressor
stall, There is a pressure rise across the compressor accompanying .
the increase in temperature for acceleration, This increased pressure
rise at windmilling starting speeds can stall the compressor blades .
and result in a speed reduction,

One method for increasing the altitude acceleration limit is by
the use of a variable-area exhaust nozzle, When the exhaust nozzle .
is opened, less restriction is offered to the gases flowing through
it and hence the turbine-outlet pressure is lowered, Although gains
obtained with the variable-area nozzle are limited, the maximum al- .
titude for engine acceleration has been raised by 5000 to 10,000 feet
with this method.

Continued research to imorove the combustor performance should
permit a further increase in altitude acceleration limits,

The altitude starting problems of the turbine-propeller engine
are the same as those for the turbojet engine. When the propeller -
is geared to the compressor-turbine shaft, the turbine-propeller
engine can be windmilled to as high as rated speed with the propeller
even at low airspeeds, Ignition and flame propagation would there-
fore be the only problems in startlng at altitude with thls type of
engine, .

During the landing approach it is necessary.that the engine
thrust be reduced as mch as possible; however, the engine fust be >
able to regain rated thrust in 2 to 3 seconds if necessary in order -
to regain flight speed and altitude in case of an unsuccessful approach.
The amount of thrust reduction depends on the aerodynamics of the air-
plane in the landing ~configuration, Whlch is discussed in a previous

paper.
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With- the turbojet englne, a considorable thrust reductlon is
possxble during the approach by reducing engine speed, as shown in
figure L, Operation at aboat 55 pereent of rated -speed permlts a
thrust reductlon to only 10 percent or the rated value,

: “Although this thrust reduction is. satlsfactory for approach,
.Jthe large mass of the rotor makes the éngine inherently sluggish to
accelerate when rapid thrust recovery becomes. necessary, as shown
in figure 5, With the engine operating at 10- percent, of rated thrust,
~about 7 seconds are required to accelerate the engine to rated thrust,
In order to keep the acceleration time within the acceptable limits
of 2 to 3 seconds, the engine must be operated between 35 and 50 _percent
of rated thrust during the approach, E ST
‘One method of obtaining wide thryst control w1th a greatly re—
duced time for thrust recovery is by the use of a,variable-area ex-
haust nozzle, Thrust control with the variable-area nozzle is com-
pared to that with a fixed nozzle in figure 6, By increasing the ex-
haust-nozzle area 50 percert, the thrust at rated speed can be lowered
to 40 percent of the rated value, "In order to obtain 10 percent of
the rated thrust, the speed need then be reduced only to 77 percent
of rated speed as compared to 55 percent of rated speed with the

. fixed nozzle,

Thrust recovery from this higher speed is then much more rapid
as shown in figure 7., Recovering from 4O to 100 precent. of rated

. thrust by-closing the: exhaust nozzle requires- only aboit 1/2 second

as-compared to 2% seconds by varying speed with a fixed-area nazzle,
Furthepstore,; the time required to increase the thrust from 10 to

.100 .percent of the rated value requires only 2 seconds with the var-

. 1ab1e—area nozzle as compared to about 7.seconds with the fixed nozzle.

Other methods of thrust reduction for landing approach are:

. _;jibleeazng air from the compressor, throttling the engine inlet, and
) .dlvertlng the exhaust Jet 81dewavs or forward with jet-thrust. -spoilers.

There is essentlally no thrust-control problem with the turbine-
Apropeller engine inasmuch as the engine. can be scheduled to operate
from reverse to -maximum. thrust at or near rated speed by'pmoneller-
blade-angle charges, . ,

Consxderable *rouble. has been exoerienced at hlgh altitudes with
‘ control systems of some turbine eéngines,  dost . -engine controls are

designed to operate at sea Yevel, 'Difficulties arise, howsver, when
.‘the controls are taken to .altitude because of the increased acceler-

"H_ation time of. the engine, whlch is''referred -to as an 1ncrease in time

constant,  The time constant of the ‘oontrol must. be changed accord-
ingly to avoid instability, An éxample.of- operation with.a control
that has not been properly cotpensated for' a: change in englne-tlme
constant is compared in figure 8 with a control that was properly
compensat ed,
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The dashed line in figure 8 indicates the change in set or
desired speed as the control lever is advanced. The uncompensated
control had previously becn operated satisfactorily at sea level.

When the control lever was advauced at 25,000 feet, the control
response in supplying fuel flow was the same as that at sea level.
That is, the control anticipated the same acceleration as at scza
level, whemeas the actual accelération required about three times

as long. Becausc the acccleration was slow, the control called for
more fuel to hasten the acceleration, The result was an acceleration
with excessively high turbine temperature followed by a severe over-
shoot beyond the set speed. The control, anticipating a quick re-
sponse in speed as at sea level, then gave the signel to reduce fuel
flow, Since the engine rcesponse was slow, the fuel flow was decreased
too much. An under shoot below the set speed then occurred, The
control continued to increase and decrease the fuel flow, resulting

in undamped owvershoots and undershoots. Such operztion could readily
lead to engine destruction and was stopped by shutting down the engine.

The compensated control was. set to anticipatz a slower acceler-
ation response at altitudc. The fuel flow was therefore increased
more slowly, This acceleration was slower and withia the allowable
temperature limits., As the control anticipated the slower acceler-
ation response at altitude, only a slight oversheot and under-
shoot, which were damped out aftcr the first cycle, occurred.

Because the turbine enginc must be operated within a narrow range
of conditions for maximum economy, the control must be able to accurately
hold the sct condition, .Also, bccause the operating condltlons for
maximum economy-are near the operating limits of the englne, the con~-
trol must be very sensitive'to.overspeed and overtempecrature conditions
to prevent overheating the turblne blades or overspeeding the .rotor
for any length of time.

It is also des1rab1e to have a control that will operate with a
single lever that has a fixed schedule at all altitudes, . That is, to
have altitude compensation built into.the contyol so that at all al-
titudes a glven control-lever position corrcsponds to a given percent
of rated thrust for the turbojet engine or percent of rated power for
the turbine-propeller engine, This relation between control-lever
position and power level becomes extremely difficult to obtain be-
cause the fuel flow at cruise is only one-fourth to one-sixth of the
fuel flow at take-off,

A number of current turbine engines now under development have
controls that approach these requirements; however, much remains to
be accomplished beforc the control.system can be completcly relied
upon to meet the demands imposed on it., Studies of a number of engine types
are being carried on to utilize the engine characteristics in the .
analysis of controls and thereby determine the basic: factors leadlng
to improved control rellability.f
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In conclusion, solutions to some of the enginc operating problems
are currently available and research is being continued to clinincte
the other problems that still exist., It should be kept in mind that
the demands of the military on these engines are in most respects morc
severe than those for transport anplication, Therefore, because these
engines are being used and will continue to be used even more widely
in nilitary aricraft before they find their way into transport appli-
cation, many of thc problems will be solved for the military. The
result will be that, as in the past, solutions to the most important
problems will be available when the engines are finally used by the
transport industry.
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EXAMPLE OF TURBOJET-ENGINE OPERATING LIMITS
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THRUST CONTROL WITH FIXED NOZZLE
SEA LEVEL 150 MPH
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THRUST RECOVERY WITH FIXED NOZZLE
SEA LEVEL, 150 MILES PER HOUR
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THRUST CONTROL WITH FIXED AND VARIABLE NOZZLES
SEA LEVEL, 50 MILES PER HOUR
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THRUST RECOVERY WITH FIXED AND VARIABLE NOZZLES
SEA LEVEL 150 MPH
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EXAMPLE OF CONTROL INSTABILITY
ALTITUDE, 25,000 FT
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