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INTRODUCTION

This volume contains copies of the technical papers presented at
the NACA Conference on Some Problems of Aircraft Operation on October 9
and 10, 1950 at the Levis Flight Propulsion Laboratory. "This conference
was attended by members of the aircraft induatry and military services.

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

A list of the conferees is included.

NATIONAL ADVISCIRY COMMITTEE
FOR AERONAUTICS

'il
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1. EIMEUNTS OF THE FATIGUE PROBLEM

By Paul Kuhn
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AT`.'3SPYT ETRTC TURV1 TOiC At) .[DT EFFECT

01 AIRC•r'AF' O. b'0,'1ON

1 - EI,1)L.THTS C? 'rTf FAiTJGIDE 1.O2I!•,..,

By P-tul Kuin

.ngle. �A•eronnutica? LDboratory

Sore of the probloms associLated rrith atmospheric turbulence
and its efecLs on airplane opern'tion can be appreciated readily
ýrithout aily b'ckcrour'd of rpecia'l ,m-owledge. Eveni a lar.!an with- *
out ant, r o-e' of flying can a-prec'.te the effect of turbulence
on pass-nrMer co.;iaort. With n little -- jiinntionr, he can understand
thit very vioent tuirbile:lce may b.eal- the airpLane. The most
irnsidious effect of turbulence, however, and potentially at least
the ijost i•mportaiit, cin be appreci'•ted only with some background
o1 spec.Lalized luiovledge. It is the promotion of fatigue failure.

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

Nov., it is not impossible to build machincry that will live,
perhaps not forever, but certainly to an astonishing age. One-
l1nfer boat enginos half a century old are not uncommon, and steam
engines even older are still going strong without fatigue failure.
IHoviever, if the age of such engines is. a.stonishing, their weight
is even more astonishing. Airplane cngines and airplane frames
built on similar principi s v:ould most certainly be safe against
fatigue failure in the air, because they would never leave the
ground. .Tf nmn insists on his mavchinewry leaving the ground, he must
.ccept some risk of static or fatigue failure.

R T:-ST].T CT TrD
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Static failures in the air were common in the earliest days of
aviation. This situation was greatly irprovod by the use of more
careful stress analysis, accompanied by strength tests and by the
use of high load factors. With relatively7 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. Houever, ovwr 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 longtime, engines
were notorious for developing fatigue troubles. Intensive efforts

-were made-to decrease these troubles by improving design methods and
features, materialsand 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 now type of engine.

Consideration has been given to fatigue tests on airplanes
comparable to the acceptance runs of engines. Assume that the air-
plane is to have a life of 50,000 flying hours. The fatigue test
would have to duplicate the fraction of that time that is spent in
turbulent air. A widely used number for that fraction is one-tenth.
The fatigue test would thus require 5,000 hours, or about 7 months.
That would be 2h hours a day rurming 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
values 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 o'ne.

In any event, a procedure for testing a coftPleted airplane is
obviously not a gCod 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
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prediction, just like P. prediction of static strength, requires that
three questions he answer,.?d:

(1) Vlhat are the repeated loads?
(2) What strcs,7-,s arc causcd bythese loads?
(3) What are the allcvable stresfes?

The first 4uestion, thit of repnated loads, is dealt with in sub-
sequent papers. Attention.should be called to the fact that the
loads can be dt;'fired onl"y rn a s••tist ical basiS. *This muans that
it is impossib]- to prudict the ]ifi> of one ,:ivrwn airplane. It is
only possibl2 to predict scinethii:g liKc. the nverag-, life of a large
fleet of a:.-Jaiies, a h-ndr,,. for o.xamplr,,. Some -1irpiamn.s aill live
longer than L, aver.gc, om-, not uo lon-. The 'operti.on of any
given airp1.nc; tbler;f.oro riec4_.ss-.ri1.v Lnv ,lv..s some risk. For design
purpos,•s, it is recýc:ssýry to put - ntnaber on this risk, in order to
make it a.cilct-ited rirk. I:w to ( rr:.Vt ac this number is one of
the many open *juo-ustic"ns. T')- oa•:s;ngv airolhans, perhaps as good

.a suggestion as ýlny is to inku th.is risk uqý:nl to th-ý rijk of uvery-
day lifP on the- ground as rieasur,-d by the preyfiii rates of life
insurance compa•itics.

On the second question, that. of stresses caused, by loads, it
should be noted that a rcasonably rcliable pmediction of fatigue
life would reuire ,1 much i.ore complete and accurate stress analysis
than is currently customary. Much can be d6ne by more complete use
of available l'nvrledge. A considerable portion of'th_, NACA research
on structures has always been devoted to stress analysis. However,
much additional research is needed on such items as stresses around
cut-outs, sudden changes of cross section, and the large complex
of problems usually lumped in the term "sccondary stresses." This
term --ras coined in the days when only static strength Yas of concern.
W•hen fatigue comes into the picture, the so-called secondary stresses
often assume primary importance.

The third question, tKit of the allowable stresses, is rather
easily answered for static strength design, but not so for fatigue
design. A number of factors th,7t are unimportant or non-existent
in the static case become very important in the repeatcd load case.
The main factors 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 maxim.um stress,
S, experienced by one 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 nmaber of spccirens wrre tested. The averige lifc for the
group is denoted by a circle. The circles fall fairly close to a
smooth curve, and in this particular case, this curve a.rcs very
closely with the correspon'ling one established by the Alumiznum
Company of America, Howevwr, tho life of the longest-lived specimen
at a givwn stress level, denoted by - tickmark, differs from that of
the shortest lived one by a factor of about ten, In other tests,
this scatter may bc worsc,, and the average curves obtained in
different laboratories often differ by quite a margin.

This scatter has often been attributed to variation of material
properties, but no correlation with any material property has been
established to date. It is known qualitatively that the machining
procedure used to make the specimens is quite important. There is
also a school of thought which holds that at least part of the
scatter is associnted with the fact that the atoms of the ratcrial
move about in a random fashion, which is of course beyond control.

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

Pattern Four has a number of amplitudes, arranged in a block
or sequence. The entire block is repeated until failure occurs.
If the number of cycles at each amplitude is made to agree with the
statistical distribution of gust loads, the test is known as a gust-
spectrum test. It is the closest approximation to the actual load
ppttern in the airplane that is now considered practicable. At
present, there is no fatigue machine in this country capable of per-
forming such tests efficiently. However, a medium-capacity machine



of this type is undergoing calibration at th3• NACA Langley 'Pro-
nauticil Laborstor'y and a larger (-n, is ui.&dr contr-ct. An irrpor-

tant phase of th, r:,so¶rch work iill be to sec hew well test results

obtained u1d&:r Pattrn Four can be nredicted from. the design allow-

ables obtlainld iunder Pittorn Tv.o. Ltor, the electrcnic control on

the first machine will be ch-ngec1; the no:-. control will use a one-
hundred hour grust locd roecý.:rd as basic control ,edium to apply the

actual complex load pattern to the test speocimens.

In the past three years, a large amount of w.rork has been dcne
under a l.rge-scle program to Dstabli:sh desigi allowable stresses
for airfrime materials. This work is c'.rried out in part by the
Battelle N,4erioriol Institute, in part by the !,A*CA Langely Aeronautical
LIboratory. It includes duterminrtion of allowable strcsses on the
most important airfrare matcrials, th- eoCfects of stress raisers,
the effe.ct of size of str:'ss raiscrs, and the effects of yielding.
A large amount of work re;nains to be d'.ne, hrxeover, to cestablish
these effects quantitativo.y. ne of tho grat difficulties in
this work is the inherently largo scatter in all fatigue tests
which mrakcs it necessary to test large nudbers )f specimens.

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

The problem of detecting fatigue failures -s c.arly rs possible
is one of great interest to rcsearch ntn as .;ell as to oprators.
The failure starts as n very small crack, which growrs slowly or
rapidly until the part breaks statically. In sirmple specimens, at
least, the crack does not form in the majority of cases until 50
to 90 percent of the fatigue life has been exhanstod, tha.t is, the
major part of the fatigue damage is done before there is any crack.
Although much effort has been devoted to the problem of detecting
fatigue damage, there exists at present no method for detecting
damage short of an actual crack. Once a crack has formed, it is
possible to se the damage, provided that the crack is located some
place where it can be seen. There are various methods for facilita-
ting the detection of cracks. On an airplane structure, many parts
Pre unfortunately not accessible to visual inspection. There are
methods for detecting intcrnol cracks, but there seems to be little
hope that these methods ccn ever be applied to anything but extremely
simnple individual pieces.

Fatigue tests being made on transport airpLanes are another
exanple of NACA research in thu fatigue fild. Twenty C-46 airplanes
were obtained from w.ar surplus. The central portion of the fuselage
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is mounted between two suppnrts. The outer portions of the wings
aro removed. A concontrettd mass is attached to the new tip of
each wing to produce in the root region stresses of the soMe
magnitude as the I g stresses in level flight. Pushrods f-stened
to the wring tips produco an oscillating load of 0.625 g at the
natur-1 frequency of the wing, 101 cycles per minute. The distri-
bution of the flight strnssPs is approximated fairly closely over
a spanwise distancc of about one-third of the original spin. From
these tests an effort will be rmade t- deternine v.hether the scatter
in tests on complex structures is greater, less, or the same -s in
tests on simple specimens.

It iLPy sCum tbht the fetigue problem is a somew-hat hopeless one.
Unquestionably, a verr ltrgo aiount of work romains to be done and
it must be admitted t1at thu nicture doý:s look confused at present
in some respects. Ho, ev.,r, there is good reason to believe that the
situation wJ.ll ijprcve considerably witnin n few years. iviethods of
accounting for some of the disturbing factors, such as -iz; effect,
have been proposed that secr. to offer good pro-mise, and the elimina-
tjon of any one disturbing factor greatly helps .o spe.d up the
task of cleaning up the remaining ones.

in conclusion, a pirallel may be drawn. The fatipgre life of a
structure is analogous to thpe life of a human b3ir;- in that it is
finite, and that it cannot be predicted for -ny one individual with
great cartainty or accuracy. Advances in medical research do not
constitute a gu!nrantee that the life of one zilen individual will
be increased, but they do guarantee that the average life span will
be incrensed, other things being equal. The same nppli-.s to fatigue
research.
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ATMOSPHERIC TURBULENCE APD ITS EFFECT

ON AIRCRAFT OPIMATION

2. INTRODUCTION TO THE PROBLEM OF

REPEATED GUST LOADS

By H. B Tolefson

Langley Aeronautical Laboratory

The problem o± repeated gust loads is to define the gust load
experience of" an airplane during its life. The problem is general
Jn that it coveiVs all the many gust load experiences of the air-
plane without specif ic re6ard to the occurrence o' single large
loads or to the sequence in wh!.ch the loads are applied. The solu-
tion to this prcblem is required 3o that the effects of gusts upon
airplanes can be designed for, reduced, or avoided The purpose of
this paper is to present the elements o2 the recurrent-gust-load
pr:hblom and to provide some background for subsequent papers on
gust loads.

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

Before taking up the three parts of the problem, a review will
be made of the concepts of gusts and of available methods and instru-
ments for measuring gusts. It lo obvious that gusts in the atmos-
phere have a wide variety of dimensions, or sizes, and that the vel-
ocities may have any vertical or lateral direction. From the
standpoint of wing loads, however, past work has indicated that the
vertical velocities are most important. The work has also indicated
that significant gusts are those roughly the size of the airplane,
although quite wide variations exist. The two basic elements of a
gust used in this work are therefore considered its vertical com-
ponent of velocity and its size. These elements are illustrated in
the first figure, which shows the velocity profile of an average
gust. As indicated, the velocity is directed upwards and the profile
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is assumed to be symmetrical. The exact shape of the profile is
not too important for most work, and In somo cases a s no wave .-s
assumed while in others a peaked gust is used. The distancj H
i-. which velocity increases to a maximum is used as a muasure of
the size of the gust and is called the gradiLnt diKtanc. The
vort cal velocity at any point within the gust is assumed to be
uniform across the airplaao span.

In reducing the calculation of gust loads to Its samplest
form, consider the condition in which the airplane is travol:.ng
at velocity V and suddenly encounters the ve2tical gust velo-
city U. The gust equation in figure i for this condition indi-
cates that the maximum acceloration increment experienced by tho
airplane is a function of air density, slope of lifL curve, vertical
component of gust velocity, forward speed, and wing load ng (refer-
ence 1). The factor K accounts for the vertical movement of the
airplane in the gust and for the fact that full lift is not real±zed
immediately for a sudden change in angle of attack.

In routine evaluat on of large amounts of data with the equa-
tion, it has been found convencint to base the value of K on a
gust with an average gradient distance and to use sea lowvl air
density and equivalent airspeed. The gust veloc.ty obtained with
these substitutions in the c:quaticn is called the eo'fective gust
velocity (reference 1). This is a fictitious value, but since it
is a measure of the load producing capabilities of the gust and is
quite easily obtained, the effective gust velocity is widely used
in loads work.

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

In order to illustrate the method of measuring thuse various
gusts, flgure 2 shows a portion of an NACA accelerometer record
taken during flight in rough air. Vertical deflections of the
trace indicate magnitude of the accelerations and the horizontal
scale, denotes time. Some imagination and exper.Lence is required
in interpreting some of these 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



9

llne of unity are read for evaluating the gust velocities and the
grad.:ent distance is obta'ncd by measuring the time to reach peak
deo lectlon

The NACA accelerometers used for open time scale reccrds of
the type shown in figiure '( are used primarliy on spec-al gust inves-
tigations. In view of the relatively short recording t-me available
w~th these inst-cuments, other instruments have been used Lor
obtaining data on gust characteristics for operations where longer
recording t~mes are required.

A large amount of the avaliable effective gust-velocity data
has been obta-ned from the fam:.liar V-G recorder (reference 3).
A samole of the type of recurd obtained frcm the recorder '.s shown
in the figure 3. The record consists of an ea•ca vwhich ýs erased
from a smoked glass plate by a stylus within the Instrument. During
flight, changes in airspeed cause the stylus to move horizontally,
and cilanges in acceleration cause the stylus to move vertically.
The boundary, or envelopo lne of the resulting area on the smoked
plate, represents the maximum piositive and negative accelerations
that occurred throughout the speed range for the period of operation.
The period covered by the record of figure - was about 100 flight
hours. The type of record obtained from the instrument does not
permit the many small acculcratLons that fall w~tnin the erased
area to be identified. The V-G recorder Is therefore unsuited for
obtainIng a statistical count of all the accelerations to a low
threshold, such as might be desired for fatLgue studies, but only
the outstanding large values bt any speed can be determined. When
these maximum positive and negative accelerations and the corres-
ponding a&rspeeds from figure 3 are substtuted in the gust equa-
tion of figure 1, the maximum effective gust veloc-ties encountered
by the airplane are obtained.

In order to obtain a statistical count of the accelerations to
a low threshold, an instrument called the VGH recorder is used.
(See reference 4 ). This instrument i' shown in figure 4. The

VGH recorder gives a time history record of airspeed, acceleration,
and altitude, from which comes the term VGH recorder. It consists
of an accoleration transmitter that is installed near the airplane
center of gravity, a recorder base that contains airspeed and alti-
tude units, end a film drum. With the VGH recorder it is possible
to obtain approximately 100 fllght hours of record with the film
supplied with each drum.

As an illustration of the type of record obtained from the
VGH recorder, figure 5 shows a portion of a record taken from a
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commercial transport dur'ng flight n rough a'r. The t-me scale
i§ given on the abscissa, and the lower trace "s aýI'sgoed, the
middle trace acceleration, and the uppei' trace aiti Lude. The fine
acceleration peaks are gusts. The peaks arE very cicoe together
because of the slow film speed used with this "n-trument. The
film could be speeded up, but the i'ecoA'dMn shown .n f-gurF 5 has
b3en found satisfactory for obtaining stat:st. cal data ±rom trans-
port operations. Ln uvalua_•ng these reco..ds for. t-c loads, the
magnitude and number of the accelearation peaks are -ead. The air-
speed is also read for converýin8 the acceleration data to eI'fec-
tive gust veloc'tles. •rom the uhrce traces, the l1ad and gust
history of the airplane, together with pertinent operating sta-
tistics, such as airspeeds and altitudes flown, can be obtained.

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

Samples of data on gust intensity and gradtent distance are
shown in figure 6 (from reference 1), in which intensity of gust
is plotted as the ordinate, and average gradi(.nt distance as the
abscissa. The average gradient distanco is used to obtain a repre-
sentative value for the spread that is usually measured for any

- gust velocity. It may be noted that the gradient distance in
figure 6 is given in terms of airplane wing chord rather than in
feet. Gradient distance is usually expressed in this man-ler
because of all gusts in the atmosphere, the size of siLmificant

-- grsts is selected by the airplane on the basis of the airplane
size. This selecting process of airplanes is analagous to the
case of large and smll boats on the 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 long-period
swells that make rough going for the battleship give only gentle
vertical motions to the rowboat. The airplane rýacts in a s.milar
manner to the disturbances in the atmosphere. In figure 6, then,
in which data have been plotted for airplanes varying in size fvom
the Aeronca with a chord of 4 feet to the XB-15 with a chord of
18 feet, it maybe seen that the gradient dlistancos in chords tend
to fall within a band and Increase somewhat as gust intensity
incrtases. The curve in the figure was drawn to agree best with
the XC-35 data which is considered tha most extensive Cample. In
view of the large variation in the size of the airplanes, it lo
felt that the relation provides a suitable basis for relating gust
size to airplane size.
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Other characteristics of gusts not illustrated in figure 6
are that, on the average, the velocity compononts in the three
directions are the samr. In addition, dusts are randomly dis-
tr'buted according to size and intensity in any stretch of rough
air. While an individual gust can have any conceivable shape,
both in the longitudinal and spanwise dlr-ctions, a shape as was
shown in the first figure is generally assumed in treating large
masses of data. The number of gusts and their intensities vary
with the weather encountered, and so far as is known, the number
would decrease with altitude.

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

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

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

The factor in gust response of airplanes that has probably
received the most attention recently is the effect of airplane
elasticity on the loads and stresses. It Is well known that under
transient conditions, vibrations of the structure can cause higher
stresses than would be obtained from the same load applied under
static conditions. Data on the magnt'de of these vibrational
effects wore 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 tranbport airplane (reference 5).

Records taken in rough air showed dynamic response effects
by vibrations from the wing on the records. Figure 7 presents
some of the acceleration data vs an indication of these effects,
which are borne out by the stress measurements as well. In
figure 7 peak acceleration for individual gusts as measured at
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the center of gravity of the airplane 's plotted as the ordirutte.
The accelurations at the wing nodal points wero found to be free
from the effects of primary vibrations. Tnose values were taken
a; a measui-e of the applitd load and are plotted as the abscissa.

Inspection of figuro - ind-catGs that local accelerations at
the center of gravity were higher than thu nodal-point accel].ra-
tjons by about 20 peircent or more. This am'Liflcatlon of thIe
center of gravity measurements due to wing vibrations gives ev'-
dence of significant dynamic response effects for modern airplanes.
These effecte of the wing vibrating when loads are rapidly applied
are continually being investigated.

The final part of the repeated loads problem Is concerned
with the influence c operat'ng conditions on the loads., It is
evident that the operating conditiono, such as weather encountered
or route flown, determine the gust6 that are encountered. It is
also evident that the ioads from these gusts depend on other opera-
ting variables, such as flight speed. With the use of dofferent
typos of equipment by the airlines on dif•-'erent routes many combi-
nations of operating variables can1 exist. Bucause the gusts and
lcads are influenced by tlese variables, isolated research i£llghts
canuot be expected to produce data that can be generalized. The
only method of obtaining statistically reliable information on the
repeated loads actually experienced by the airplano is the collec-
tVon of data from service airplanes.

These data are collected with the V-G and 7'GH recorders,
which have been described. In order to illustrate how some of
these records are considered, take another portion of a VGH
"record. in this record (fig. 8) the airspeed and altitude
traces have been deleted and the record has been enlarged so that
many of the individual ac-elerations can be seon. Much of the
detail has been los', but it can be seen that the record consists
of a random series of positive and negative accelerations of
different magnitudes. When these peaks are evaluated fo¢r effec-
tive gust velocities, the gust hIstory of the0 airplane. is there-
fore a series of gusts of difLerent intensities. The first stop
in obtaining some sort of a picture of this series of gusts is
to count the number of gusts that have given intensities Thus,
for a given record there might be a hundred small gusts, below a
quarter g increment, that are in the solid black regions, And
only a few of the large values over 1/2-g increment., Actually,
the count is made to a finer division of gust intensit-Les, and
if these numbers are plotted, a frequ..ncy dis ,ibution is obtained.
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This type oi" count has been used to determ'ne differences in the
Cust experience for different typos of operations, for instance in*
comparing high- and lowaltitude f'lights.

Since a count of the gust velocities, such as that described,
shows that small gusts arc much more frequent than those tf large
value, the average number o: mile'- flown 'or the occurrence of' a
small Bust is low as compared to the average number of miles before
a large gust is to be expected. Uilng. this concept of average
miles flow before given gust values would be expected, the ire-
quency d'stributions are transformed into what are called miles-to-
exceed curves to give an indication of the loads. Typical examples
of these curves for spec'al research flights in such conditionc as
thunderstorms and low-level clear-air turbulence are Ehown in
f i ýure ,.

For these curves 'gust velocities are plotted as the, ordinate,
and the logarithmic ec•.e o: the abscissa represents the average
number oi' miles that wnr,-d be flowin before gusts of given inten-
sities would be encountered. The plot may be considered as repre-
senting the chance of encountering dif.erent gust intensities in
terms of miles of f'light. The plot has no significance as to the
order in which different gusts may be encountered and does not
Imply that for the thunderstorm sample a 16-feet-per-.secona Gust
was measured in the 10th mile or a 24-feet-per-second gust in the
100th mile. In fact, the 24-feet-per-second gust might have been
experienced in the 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
air represents a combination 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 data, it is necessary to take the measurements during flight
of commercial transport airplanes.

In summary, the repeated gust loads problem embraces different
aspects of the characterlstics of atmospheric gusts, airplane
reaction to these gusts, and incidence of gusts encountered in
various types of operation. Information obtained to date has been
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the basis for much of the current gust-load requirements, although
changes in airplane design and operation conditions are accomwx.l.ed
by many new gust load problems. Continued research, particularly
in reference to higher operating altztudes, is in progress.
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ATMOSPHERIC TURBUTMECE AND ITS EFFECT

ON AIRCRAFT OPERATION

3.. GUST LOAD EXPERIENCE IN TRANSPORT OPERATIQOIS

By John R. Westfall. and Roy Steiner

Iangley Aeronautical Laboratory

In the flight operation of transport aircraft, atmospheric gusts
constitute a principal source of loads. These )cads might be, for con-
venience, pit Into two main categories: one Is the large but relatively
infrequent load wbich may cause structural damage or failure by a single
application. The other is a smaller load which, in itself, will not
cause failure, but because of Its greater frequency of occurrence,
affects airplnne fatigue life and passenger comfort. A knoilledge of the
magnitude and froquencj of both types of loads and of the factors which
influence them, is of concern to the airline operator.

The number and intensity of gust loads Imposed on an airplane is
influenced br certain operating conditions and practices such as airspeed,
altitudes flown, ro'ute, and season. The best way known to obtain data on
the effects of these factors is to measure the loads and associated oper-
ating conditions on airplanes in routine commercial flights. To do this,
the NACA utilizes two instruments, the V-C recorder and the VGH recorder.
It is impossible to predict the gust loads experience of any given air-
plane on an absolute or precise basis since in transport operations there
exist a great many possible combinations of gust intensity, frequency,
and sequence, airplane speed, altitude, terrain effects, and so forth.
An airplane's gust load experience can be predicted, however, on a sta-
tistical or average rrobabllity basis.

Where statistics are involved one question that Immediately arisea
concerns the amount of data necessary to achieve a desired accuracy of
reliability. The answer !o that question, of course,'largely determines
the sample size to be taken and scope of the programs of V-G and VGH rec-
ord collection. In statistical analysis, the reliability of the results
depends primarily on the number of measurements. In any sample of gust
loads data, the number of measurements of different values of acceleration
may vary;! unduly, as illustrated by figure 1. These data were obtained
from about 700 hours of VGH records from one set of operations. The num-
ber of accelerations of a given value is the ordinate, plotted on a log-
arithmic scale, and the magnitude of acceleration increment, in g units,
is the abscissa. A value of O.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 VGTI records so that the count of the smaller values of acceleration
probably would be inaccu:-ate. It is evident that the frequency of oc-ur-
renf.-e decreases drastically as we go from 0.3g to the higher values of
loading. For example, there are some 14,000 accelerations of O.5g, but
only about 200 of 0.rg. and only 5 equal to 1.0g. It Is apparent there-
fore that with so few points the reliability of the data for the hMgher
values of acceleration Is much less than that for the smaller values.
Assume it is desired to determine the loads which the airplane will expe-
rience, over a rarge of accelerations from 0.3g up to the limit load fac-
tor increment (i.5 to 2g). If a reliability of the distribution of the
largo loadings comparable to that given by 14.000 readings at 0.7g uere
desired, it would require about 70,000 hours of data from each route or
set of o;erations instead of 700.

It is riot necessary, however, to collect and aralyze such large
masses of VGH data to obtain a complete distribution of gust loads for any

set of operations. A more practical method Is to supplement a mcderate
amount of VGH data with large quantities of V-G data, which are re'atively
simple to obtain and analyze. The method of combining VCIH and V-G data
to yield the gust loajs distribution is shown in figure 2. Acceleration
increment in terms of g is plotted as the ordinate, and the nzmber of
miles which must be flown to encounter a given value of acceleration
increment is the abscissa, plotted on a logarithmic scale. It should be
pointed out that each symbol does not necessarily represent a sIngle meas-
urement but rather revresents a single point on a frequency distribution
curve such as shown in figure 1. In other words, each symbol may repre-
sefit a few or a great many measurements. The VGH data. shrwn by the cir-
cles, were obtained from about 170,000 miles of flight, which is believed
to be adequate to give the desired reliability over the lower part of the
curve,- U# to values of say 0.8 or 0.9g. At higher g's, the number of
measurements from the VCH 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 likewise
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 loads at the same airspeed and
hence the count is 1/kely to be too small. The higher values of load,
say above l.;g, are not likely to be obscured in the V-G envelope, so
that the count of those values is good. At the extreme upper end of the
curve iwhere the number of loads is small, there may be some deviation
from the general pattern of the distribution, as illustrated by this
point which is a single maximum load. While such points are true values,
they cannot be given as milch weight in fairing the curve as others which
occur more frequently.
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Data such as these are of value in many respects. As has already
been pointed out, the information they give with regard to repeated loads
has a bearing on the fatigue problem. Even though it is not yet possible
to make an accurate quantitative analysis of the fatigue life of an air-
plane, the data pý.rmit studies of the relative effects on fatigue of
some design and operating parameters. Such data can be used to determine
the effect on fatigue life of one important operating variable, namely,
speed in rough air.

In figure 3 the same data shown previously have been transposed into
somewhat different form. The magnitude of the acceleration increment is
the ordinate, and the number of times a given value of acceleration incre-
ment was equaled or exceeded is the abscissa, plotted on a logarithmic
scale. The upper curve represents the distribution of acceleration
increments ,hich 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 precedling paper (Part 2), the reduction in load and load frequency
for any given reduction in airspeed can be calculated. Results of such
calculations are shown in the two lower curves. The middle curve repre-
sents the situation when the airspeed is reduced 5 percent In rough air,
or from 200 mph to 190 mph. The magnitude of al.l loads is reduced by
1 percent, but the number of loads of a given magnitude is reduced about
10 percent. If the speed is reduced by 20 percent, or from 200 mph to
160 mph, the magnitude of all loads is reduced 20 percent, but the fre-
quency is reduced 80 percent. Two apparently identical airplanes may
have a difference of several hundred percent in their respective fatigue
Mives - one may have a fatigue life of two years and another a life of
10 or 15 years. Assume the use of an airplane which 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 5 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 fattgue life to
nearly 30 years.

Besides indicating the nature of the over-all frequency distribution
of gust loads, VGH data disclose a number of other important facts relat-
ing to the detailed 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 been evaluated in terms of time spent in three flight condi-
tions; climb, en route, and descent, and each of these in turn is sub-
divided into smooth and rough air. Rough air was defined as any portion
of the flight path in which acceleration increments greater than t0.*g
were encountered.. The table also shows the average speed in rough and
smooth air for the three flight conditions, so that the effectiveness of
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speed reduction in terms of relative fatigue life can be studied. Other
Informat ton includes the maximum loads encountered, and the lo¢ad
frequcncies.

In the lower table the data are evaluated in terms of percent of
flight -ath for different altitude brackets. It can be seen that in this
particular samnple the greater part of the operations was at alt•tarles
less than 5000 feet above terrain, which probably accounts for the rela-
tively high percent of time spent in rough air.

Samples of gust load freqyencies available at this time are largely
confined to low-altitude operations such as typified by the data i-a f'g-
ure 4. It is of great importance that similar samples be obtained for
operations at higher altitudes, in order that the effect of altitude on
the gust loads exper-ence of present and future high-altitude transports
may be appraised. Designers hava hcpeI that the frequency of gust lopads
might be substantially less at t!he higher altitudes than at the lower
altitudes. This seems like a fairly reasonable assMvOtiori since at the
higher altitudes the airplane avoids sone turtulence associated with
convective-type cloud formations, and also the mechanically-generated
type of turbulence associated with surface winds and rough terrain. At
present there is available only a small sample of VOH data taken on one
high-altitude airplane. The trends Indicated by these data should Tnot,
therefore, be taken as well established. In figure 5 altitude in thou-
sands of feet is plotted against the number of accelerations per 100 miles
of flight from a sample of 120 hours of VGH data. As can be seen, the
frequency of loads decreases rather markedly as the altitude increasee.
The short soction of data at the right is from low-altitude operations
of another airplane over rcughly the same route, and may be regarded as a
partial check on the load experience of the high-altitade airplane when
it was operating at the lower levels.

Little has been said here about V-G data other than to point out
that these data, in effect, supplement the VGH data by providing fre-
quency distributions of the larger and less frequent gust loads. Besided
thus extending the picture on repeated loads, the V-G data serve to estab-
lish the probability of occurrence of the large single loads thlvt may
cause failure of the airplane structure by simple overloading - a type
of failure which has nothing to do with fatigue. V-G data also show the
maximum speeds encountered under actual operating conditions, which is a
matter of considerable structural importance.

As with repeated loads, the probabillity of encountering single large
loads depends upon a number of operationrl factors. These include route,
season. dispatching practices, forecasting, and piloting practices,
especially speed reduction in rough a'r and circumnavtgition of large
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cumulus clouds. An illustration of the type of information obtained from
analysis of V-G records may be of Interest. The difference in gust expe-
rience for airplanes of the same type, flown by the same operator but over
different routes, a trans Pacific and a Caribbean - South American route
is shown in figure 6. '2ffective gust velocity in feet per per second is
plotted as the ordinate, and the number of miles to equal or exceed a
given value of gust velocity is the abscissa, plotted on a logarithmic
scale. Gust velocity instead of acceleration was used as a criterion of
roughness to eliminate any effects of differences in operating speeds and
weights. For a given number of miles flown, the Pacific route was less
rough, by about 15 percent. Analysis of data from routes in various parts
of the United States indicates thdt, all things considered, there may be
a difference of 5 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
single large loads under actual operating conditions is of importance to
the designer and the operator of transport airplanes. Both the V-G
recorder and the VGi recorder are essential to such load determinations,
as these instruments are complementary to each other. Data collection
must be a continuing process, because operating conditions change and
the loads experienced are affected to an important extent by these
changes.
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ATMOSPhFRIC TURBULJT.NC', AND) ITS EFFECT ON AIRCRAFT OPERATION

4. THE DETFCTION AND FORECASTING OF TIJRBULEITCE

By James K. Thompson

Langley Aeronautical Laboratory

Previous palers have discussed the problem of repeated gust loads
and have indicated that satisfactory methods for :-educing the gust-load
experience of the airplane are desirable for both future and present
transport operations. One method of i'educing gust-load experience of the
airb:lane is throu:'h choice of a flight altitude and path that will avoid
turbulent regions. Tlhe methods considered here are the prediction and
detection of the location and intensity of regions of atmospheric
turbulence.

Al though methods for predicting the l-cation and 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 meterolo,-ist usually simplifies the problem by
treating the intensity of tu'bilence accord'ng to the predominate source

of energy. Thunderstorm turbulence for example, is usually analyzed
according to some measure of the buoyant forces within the storm. The
methods of prediction now available are simple cmpirical relat.ons based
on observations of turbulence intensity and meterological fV ctors.
Although the methods do not permiu precise forecasts of both the location
and intensity of atmospheric turbulence, they do provide some estimate
of the intensity of turbulence that may be encountered by airplanes
operating in the region of thunderstorm activity or at low altitudes in
clear air,

Low-level clear-air turbulence is seldom critical from the stand-
point of single excessive gust loads. Su2ch turbulence is significant,
however, to the fatigie L.fe of the airplane and to passenger comfort.
This clear-air turbulence is associated with atmospheric fl,'-w over the
earth's surface and is located in a layer usually extending to an alti-
tude of about f._r thousand feet. Data obtained from a recent flight
investigation in Ohio have been utilized by ITACA to continue past studies
of the gust experience of airplanes operating in this turbulent layer.
One of the quunt*tics examined in the study was the- product of total
solar heating received on a unit horizontal surface during the flight
day and average wind shear. WInd shear is defined here as the rate of
change with altitude of wind direction and velocity in the turbulent
layer. The product of these two variables was found &o yield reliable
estimatos of the gust experience of an airplane operating at low alti-
tudes under certain conditions.

RESTRICTED
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A measure of observed gist exper-ence as a function of tis I"ndex
of clear air turbulence is shown In fig'lre I 7' r. , 4s

velocity a-ld the abscissa (turbulence index) is the product. of w';:d ,;hear
and solar heating. Each of the points represent one of t•.:onty-threo
flights made by the airplane during sprnig, f:ill, and w'ntor scascno.
The solid line represents the line of b :1 i':+t deterr_n(;d b, a m-_tAod of
least squares an3 thLe cOashed lires define Zhe er -or' tbnd. About `wo
thirds of the o.bsiervations may he -- JCC-:.d o f;_li bcAtwcn tihee error
bands.

The figure shows that the average mnximri- effective gust veloc-'y
per mile of flight was usually .termined withTin less than one foet -i,-,-
second and that the meteorolcgical index of turbuilence it-e,.i,. . s
re~ated to the g'ust experience of the air-31ane for the :A½st corditlons.
The relation has been ebtair.oi emp-ficai..v and .i.,ecr! a•upic*:_,io.n of' t'e
results to other re~iUr. is not '.antod. Tho value ez' the i-. - r
other locea.ities Is for -.he 1,,prpse of timatXn• tVie ru.ative inte-nsity
of low-level clear-air turbulence unider cert.ain conditions.

The index may be used to best advantage in connection with ztdAies
of' airplane behavior 4_1 flights arc to be made in clear air at low alti-
tudes and over a given route or area. FPc this type of an inigstitn,
the index has enabled NAGA engineer-s to determrine 3f the prevailing tur-
bulence is a:,t to be suf'fiJiently .ntense to wurcant -,repratron for
test operations. Further ..nvestL..tionz ar-e recuired '3foru mete,-log-
ical predictions may be utilized to enable any significant reduction n
the gust experience of the transport airplane.

Large cumulus and thunderstorm clouds rep2.'csent an iai)ortant source
of intense atmospheric turbulence. The clouds may form ra'oeLy through-
out an air mass or in lines along frontal zones. Gust velocities greater
than those for which transport airplanes &re designed are known to occur
in these regions.

The results obtained from an investigation of a wrethod for pre-
dicting maximum effective gust velocity .n thunderstorms are prcýented
in figure 2. •The ordirnte is the maximum effective Tist veloc.:ty
encountered by an airplane during a large nunber of flight3 throi--h a
thunderstorm. The abscissa is the predicted ma::imTum relatU'e h3rTzontal
temperature difference between the ',armest and coldest air of the
thunderstorm. The points represent twenty-nine tkun!erstorms thtt were
investigated. The solid line is aeain the line of best fit determined
by a method of least squares and the dashed lines define the error band.

The index of thunderstorm turbulence is apiarently related to the
maximum gust intensity of the thunderstorms. The erý'or band shows that
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the msx:mum effective cst velocity is us'utliy predicted within about
flve feet per rucend. Althou.-h the qunlity of 'Le rel.ition *s not vs
Cotrd as tlaiu of figure I, the index has 5Ln determined from dntc that
would be avuilablo to f'eld personnel for ma,-ivng the flight icrocast.
A part of the er-or is obv;cucly connected with errors in forecasting
the toemperntu.e difference -;n Uhe scotvm. The errors are representative
therefore of those that would be nrndc b.y a forccuster. This index of
thunderstorm tiubiilencu represents one step In the development of u
method for detcrm:ning if rust velocit*.es greeter than that fer which
the a;rplano was designed are likely to be present in the storm. It
dous not however, attempt to predic . the intensity of turbulence that
wll actually be encountered on any ninCLle flijht through the
thunderstorm.

A reduction of the gust exporicnco of the airplane may also be
obtained by utiliz-.ng devices foi detecting the location of'rogions of
atmospheric turbullcnce. O.' the methods invest'goted by different
ajenc.Jes, radar prebably holds the only rensonable chance of success
in the immediate future. Eadj.i is not a true detector of turbulence
how.ever, and its use depends upon the exis-ance of relations between
turbulence nnd the water content of clouds.

'The lO-centirmctcr ground -.adar, the 3-centimeter airborne radar,
and the '*-centjme---r aiiborno radcr with an attachment for indicating
areas of light and of heavy rnin, have boon invectigated for possible
use in detecting the turbulent rogions of thunderstorms. Tho investi-
gations' represent the cooperative work of th:o Nivy, Air Force, American
Airlines, and NACA. 'Te resitts of those investIIgations may be moro
easily discussed if some elemunts of thunderstorm structure and radar
principles arc ftrst considerod. An outlInc of the raln core and visible
cloud of a large thunderstorm is shown in figure 3. Ili hatched area
represents the ratn core of the storm and the white area represents
portions of the st'orm in which the water content is low and the dro-s
arv suall. A projection of tiho hor;zontal area of the rain core onto the
earth's surface is also shown.

The ra*n core of a thunderstorm such as ';hti contains a multitude
of tiny rufloctin'r surfnces and may be concsdered as an echo source.
A por'ion of a radar slgnal dtre-ctcd Into the storm from some ,
posi t. 3 will be reflccted as on ecc;o to the radar oct. T'he dircction
and distancu from the radar nut tr .hu reflecting surfaces arc presented
by the rtdar in a form that may bu ut~l'zcd to locate the rain core of
the thunderstorm.
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The 10-centimeter ground radar has been examined for use in
detecting regions of thunderstorm turbulence by means of data obtained
from thunderstorm investigations conducted in Flori6a and Ohio. The

data were analyzed for differences between the gust experience of
airplanes operating with-n the indcated strcm area and at distanc,-s
of 2 to 5 miles from the indicated area of thunderstorm activity. T'he
gust experience of airplanes operating within the 2- and 5-mile 1.imits
was assumed to be indicative of turbulence intensities in cluar air
near the thunderstorms.

Some results of this analycis are presentcd in figure 4. Bc!
ordinate is effective gust velocity and the abscissa is average mil.s
flown to experience given effoctive gust velocities. The lower lint.
represents the gust experience of airplanes operating in clear air near
the storm. The upper line represents the gust experience of airpblaes
operating within the area giving a radar echo.

The gust velocities encountered in the indicated area of thunder-
storm activity are in all cases greater than those encountered dýýriiig
equivalent distances of flight outside the storm. For example, an
effective gust velocity of about 30 feet per second was encomntered, on
the average, once during every 100 miles of flight in areas giving a
radar echo. A gust velocity of only about 20 feet per second was
obtained however, for equal distances of flight in clear air near the
storm. This represents a substantial difference in gust experience,
and indicates that the ground radar sot is %f value as a supplement to
pilot judgment in avoiding regions of intense thunderstorm turbulence.

The 10-centimeter ground radar lacks mob ility and can cover only a
limited area about the location of the radar set. The equipment also
lacks the ability to define the altitude at which tho turbiience exists.
The instrument indicates the d.stance and the horizontal direction from
the radar set to reflecting surfaces, which may be at altitudes of 5 to
20 thousand feet. Some implications of these characteristics of ground
radar are shown in figure 3. Ground radar would indicate an area of
thunderstorm activity similar to the ground projection of the rain core.
An airplane flying above this ground projection of the indicated area of
thunderstorm activity may actually be in clear air outside the storm.

Airbornu radar is superior to ground radar in that its beam or
signal does not intercept the entire storm. AMrborne radar ,dicates
only the horizontal extent of the storm in a layer about 2000 feet thick
at the flight altitude. lor storms such as this, airborne radar would
detect the altitude differences in horizontal area of the rain core.
The area of the rain core is presented therefore in a form that is
particularly advantageous for turbulence detection. The relations
between areas of thunderstorm turbulence and alrborne-radar indications
of regions of thunderstorm activity hcve been investigated for the
standard 3-centimeter radar and a 3-centimeter airborne radar set
modified to indicate areas of light and heavy rain.
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Some results obtained from flights with the standard airborne
radar are shown in figure 5. A'2-e dace are presented on a mileage basis
as before. 'ac gust exporience of thc airplane is sLo w•'n for flights
within the region of clouds giving a radar echo, i.n the cloud but not
in the region giving ,,n echo, ond in the clear air near the clouds.
It may be noted that the resu;is agree with those for ground radar and
show that those areas of clouds giving a radar echo con~ain the more
severe turbulence. The gust v(.locitics are !o,,;er than those indicated
in figure 4, however, inasmuch as the clouds investigated vith airborne
radar were large cumulus clouds but not necessarily thuniderstorm clouds.
It may also be noled 'hat the large gust vulocities are sometimes
encounterud in clouds not giving r-adar echos. Some clouds or portions
of clouds contain large 6ust velocit'es but have too small a water
content to be detected by radar. This is especially true of small
building cumulus clouds such as are represented by the greater port-_ons
of this data. PIthough the standard radar sets enable u significant
reduction of gust erperioncc;, the instr~imentation does not deuect all
regions of intense turbulence. It is also ['-&own that very little
turbulence is encountered in some parts of thu areas giving a .
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 air-bo,_ne and ground ;-adar sets are unable to detect the
smooth and rough portions of the rain core. An at.;achment for indicating
areas of li-ht and heavy rain offers the most promising method for
enabling airborne radar to perform this tas1A. The device makes use of
variations :.n the strength of the return s>on•i or echo as it is usually
called. Since the strength of the echo depends upon the number and size
of water droplets in the cloud, the attachnaent may be utilized to block
or erase the stronger signals received from areas of heavy rain.

An example of this type of presentation is shown in figure 6. The
photograph shows the usaal radar method of presentin6 the indicated
area of the rain core. The dark crea represents the area of no rain
surrounding the cloud. The white portion of the slide represent the
areas of light rain, and the ci.,_clcs are the rngo marks. The White dot
in the very center represents tlhe o.o.'t~cu f the airpl!ne n t the time
of the photograph. The s-.jTn,. -,en co,.ie'riy erýic.d -n thi.
portion .f the storn- whore the hevvy rain i•s uc '"-

The cnlargcd inner portion of figure 6 is presented. .n figure 7,
with the airplane positlon indication removed. The ci.,cie is the
IO-mile-range mark and within it is the enlarged presentation of the
areas of no rain, light rain, and heavy rain. Thu interesting feature
of this form of presentation .,s the variation of distances between areas
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of no ra 4.n and heavy ra~n. 1. %)..i pca, t'oan of' Vic storia, the Contour
itidic'atitig the beginninqg of' liLght rain is mvory njar the co'J;,ovrt.
indicatriti 'the b:,,ýJ1-imia~ti of 1-it-r.y rain. In c-ther potcŽ e i the
storm the ýdistpaice 1,otvecu thes.e amr.N contours, thu coitlou: spacingý ab
it is usual:L1'y called, is several timea as great.

Greater shearing st-resses are generally associated with the rcTiors
of' thundersto--ms having a rapid rate of' change from no rain to h~:
rain. it- would appear reasonable, thcrefore, to expect more intenisc
turbulence in the rigion of narrow contolir spacing than in the region
of' wide contour spaci'ng. Ava~lable data havo therefore been antilyzcd
to determino if airborne rndar with the contour attachments lS of rany
assistance i~n locating the arcas of light and heavy turbualence in regions
of clouds giving a radar echo.

Some results obtained f-1-or this analysis arc prFesente~d in figure B.
The ordina-ce is -,hle avorage nl~mber (-f gusts greater thon 10 fcet p-cýr
second encountered in each mile of flight for contours of a given.
diistance. The abscissa is the distance between contours and the points
represent the average number of &usts per mile for various contour
spacings. The curve throuigh the points ind-icates a rapid decrease in
the number of gusts per mile as s-,aclng between contours 2ncreases. TheSe
&ata woulji ind.1cate that e substantial reduction of gust ex-perie.nce may
be obtained by avoiding regions hav'.ng a rapid rate of change of r,,in
intensity. The data would indicate that the 3-centimeter airborne radftr
with the contour attachment is apparently of value as a supplement to
pilot judgmenty in choosing the smoothest flight path through the front
or squall line where the pilot has no opportunityr to avoid the~ entire
area of the rain core.

The data shown would indicate that areas of intense precipitation
and turbulence are associated and thiat "severe tur-bu..fi:L-e- Ea,-;str, in
regions containing a rapid change from no rain to heavy rain. These same
areas are considered by some meteorologists to be most favoraýble for the
formation of hail. Since hail is sometimes the cause of severe damage. to
airplanes, it is also desirable to avoid refions having a serious con-
centration of hail. The dcmagTe to one airplane as a result of flight
throuigh such an area- amounted to vbout $25,000. Over an extua,-,,(d~
period, the actual cost of hail damage plus Lhe intangil cssreut
ing from having an airplane inactive might represent a sizable por'.ion
of the cost of installing nJ.rborne radar in the airplane.

in summary, the am,,ilabloinformation i~ndi~cates that thec loca-tion
and intensity of turbulent regions may be estImated upon the basis of

zot(.oiusogitrC,4 I ý.5 These egqtimrates, especi21ally of location.,
are rather crude and do not represent dependable, methods for reducing
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the gust exrerience of nn airplane. Preliminary evaluations indicate
that the greatest reduction of gust experionco may be obtairned thro'h
use of the 3-centimeter airborne radar with the atujchmrent for indi-
cating areas of light and heavy rain. This supplement to pilot judZ-
ment, although still in the prolLminary stages of dcveloprment, apjuors
to be of value in reducing gust experience by detecting the smoothest
flight path through fronts and squall lines.
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ATMOSPHERIC TURBULENCE AND ITS EFFECT ON AIRCRAFT OPERATION

5. SOME ASPECTS OF GUST ALLEVIATION

By Harold B. Pierce

langley Aeronautica l Laboratory

The effect of what flying through rough air does to an airplane
and the people in it is familiar to most persons. Gust alleviation is
ideally expected to eliminate the loads and stresses normally imposed
on the airplane by the rough air and to make the passengers feel as
thoug~h they were flying through calm air. Methods to fully accomplish
these ideals for the modern transport airplane have not been developed.
Although complete gust alleviation does not appear likely in the near
future, a partial attainment of either object appears possible and
would be of value.

In order to show what effects partial alleviation can have, a cal-
culation was made for a typical present day large transport flying at
15,000 feet on a thousand mile flight which had 90 percent smooth air
and 10 percent rough air. The results are shown in Figure I as the
average number of times an acceleration increment of ± 1 g would be
exceeded on this flight as a function of the indicated airspeed. The
cituves 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 percent. To give you an idea of how big a bump a 1 g
acceleration increment represents, a minus 1 g increment just starts
to lift a passenger from his seat. Thus, the number of accelerations
or loads counted in this way might be of interest to the operator as
a measure of meals spilled or of possible physical damage to the pas-
senger if his seat belt were not fastened. For the condition selected,
this airplane did not experience acceleration increments greater than
1 g until it flew through the rough air at about 225 miles an hour
(Figure 1). But, as the speed was increased from 225 to 400 miles an
hour., the number of acceleration increments greater than 1 g increased
rapidly 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 40 percent, the
effect on the number of accelerations exceeding 1 g is much greater,
For instance, at 350 miles an hour, 40 oercent alleviation reduces
the count from B8 to 2 or nearly 98 percent. Another use of partial
alleviation becomes apparent when consideration is given to its ef-
fect as the speed of the airplane is increased. If it is assumed
that the roughnhess of ride in the unmodified airplane at 225 miles
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an hour should not be exceeded at higher opeeds, figure I shows that at
3K miles an hour about 40 percent al.evtation of the accelert?.-ion "vo'ld
be required. It should be emphasized that theso results are fo-. •n air-
plano with all its charactorlst..s held cons4-ant, flying at :•f e "÷

s'needs, thrc..h the .,ao gust environment. In Q.-1 proLaa&iity, Lhe -fn-
creases of fo.rRard speed consldo'ýed hore would, in thi acmIF] ccos,, in-
volvo. arjonrg oth-i, thlngs5 operation ac higher alcltuc-3 wish sa& zj.-
quent reduction In -:,he number of gusts cncounLered. Hc'Lo•er, if pirtlal
alleviation cun be obtained, i1. can have a pronounced efeect on 'hEn arý-
parent roughness encountered in bad weather. In addit'.on it sLoi.d
reduce the loa&s .encountered uy the percezItage of alloviarcion nd ed
not only pro-ide a margin of safeiy for the largo loads but also.,
reducing The over-all level of the loaus, it should increase the fatigue
life of the airplane.

This paper is concerned primarily with the alleviation of •-,he !ýLcs
and the stresses caused by flying through rough air. It is often con-
sidered that an alleviation of the acceleral:ions caused by gusts "is
syrnonymous with the reduction of all the loacds and stresses. Thl ccn-
copt is not always true, because some metheods of alleviating the accel-
eration 1Teduco certain of the streases bu;; increase'other ctrece•3.
Therefore, although the amount of alleviation of acceleration iý d 7ond
preliminary measure of the alleviation of load, further analysis io al-
ways required to be s +u-e that the method use6. to alleviate theecce.e"-
ation has actualliy reduced the stressea.

The majority. of the loads caused by flying through rough ýLir occur
during_ rapid motions of the aiixplanes -,hat are characterized by quickly
applied accelerations or bumps and small but violent pitching and loll-
ing motions. Flight tests have shown that the lift changes causing
these motions can occur in as little as a tenth of a aecond adr'a' a
frequency of from four or five times a secont for a ruc:era'..F seed
transport to 10 or 11 per ecorod for & high speed jet fighter -'Z:s.s
a gust alleviator to reduce the loads must be able to detect the gusts
and act very quickly to counteract the lift changes.

To simplify the discussion., the methods of alleviatibn considered.
here have been reduced into three broad categories. These categ6ries
are: alleviation by use of a detevtor and servo system, alleviation
by a structural deformation, and alleviation by reduced lifting abi.lity.

Figure 2 shows several different methods of obtaining a!2eviai.ion
using a aetector-servo combination to operatO a lift reducing ,y. er.
Because it is so often proposed as a means of alleviatr:ng gust load.s,
the autopilot is considered first. The autopilot attempts to-m.inta'in
a constant pitch attitude of the airplane by measuring pitch angle
changes or pitching velocity and then correcting for the attitude change
of the airvlane by moving the elevator. Normally a change in the angle
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of attack of an airp.lane is the same as a change in pitch attitude, but,
in a gust, the angle of attack change is primarily a change in the direc-
tion of the relative wind and not a chnnge in the attitude of the air-
plane. Thus, if the gust pushes the airplane up or down without chang-
Ing its attitude, the autopilot can do nothing about reducing the load.
In addition, with the elevator being used to correct any attitude changes,
the whole airplane must be rotated to change the angle of attack of the
wing. Since the gusts causing most of the loads are quickly applied and
occur in rapid succession, it is unlikely that the elevator can rotate
the airplane beck and forth fast enough to keep up with the load appli-
cation. When tests were wade, no difference could be observed in the
loads and motions in rough air whether a human pilot or an older type
autopilot sensitive to pitch angle was controlling the airplane. No
quantitative data have been obtained with the newer rate types of auto-
pilot.

A more direct method of changing the effective angle of attack of
the wing than by rotating the whole airplane is to use a wing flap that
can move up to counteract an up gust or down for a down gust. Since a
wing flap weighs less than the whole airplane, it can be rotated much
more quickly and should be able to keep up with the rapid angle of at-
tack changes of the gusts. The remaining four illustrations of detector-
servo systems shown in Figure 2 make use of the flap to reduce the lift
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 a tendency for the airplane to
pitch violently, the next system indicates the addition of interconnected
elevator movement to counteract the pitching moment caused by 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 a promising gust load alleviator. Because
of their complexity. however, the model tests have not been made. The
last 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 Laboratory. The tests were made to
check our ability to predict gust 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 The curve represents the calculated results and the
circled points are test results obtained in two different gusts, one a
sharp-edged gust and one a gust whose horizontal distance to peak veloc-
ity was about 8 chords. The alt .ude or vertical displacement operated
flap system showed little alleviation when the load was quickly applied,
for the airplane model did not have time to move vertically before peak
load passed. However, as the time or distance to maximum acceleration
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became g-rcat~r, the model1 had more time to move' ver-ticrilly wtýsh 'he pin.t
and the allievt1ation Was greater. The othex f! pr sj~j111jin p;euwc
detect aor~e4Jration, or' angle of' attack should p~~iemoro le~J:i
in the spire tutS . 'The agreement ob Laiiri-d bo-.vcoer expo:.~i '.H c?','-
cu~fttion irndicarej tLhnt the alleviabion obtai.ned wi';i--h a flee *3yas'1! Call
to predictoed for the sln610. gust..

Although'f lams can reeduce. the accolerrtion, Ver-tiCnl loTe b era~
ing moz.ent eni -,-he wi~ng, examnination 2b-hw*tat large momon-ýz tens: o
twist thD wing are dpvcole 4 whnen -they vze dxofiected. Figure 4 .2hc-4o an
example of the torque, loads develorpQd by th:) iof'lec t4l)n of pjjfjaiVjt-_

ing flapp considered. for aTnplication, to a nar+.cular iipao Trio re-
salits a~re 'shcwu. as. the ai.plied torque as a function of flap deflortlon
in rer6ent .of -the, to:ýque prepont with no flapD deflection. Mhe circlod'
points on' thýe -curve ahow the- flap deflections and. appliod tcrquos for.ý
di LffYe:'ont -amounts. of acceleration iii~levivttion. It can be zeen ..hý-t
20 perc'cr.nt all)v.L~ation. (5 d,)grees of fla-P deflection) increrjeG h
torqueb over 100 pe.rcent. If the a~rp lan:3 Yo~ro already' sronge. o:t
withsyand this increace in torque load,. advanta-ge could to takcn of-. th a
alleytiation, cf ý the vertical load, and th.3 bonding momdenta In thIs. cneso
however', 'n~t'even percent alleviatLion. coul d be obtvalhied wi thout ad,-
ing uraterial to: the wi' ng and' a complet~e redesign would be r-ece-3saxy to
achieve any:,benet'its in -weight savIng if .20 percent alleviation wero
deqir'ed.

Considering detector-servo systems as'a whole, th e alleviation 'to
be o'btainled. a~b predicted quito. wenl for a si~ngle 6ust-. The1 verti-
cal. loads,; arpceleration, .betding momonta and -torqiitea are all rioa~ble'
to dalculation. Unfortunat-ely, the eoh .avior of a &o in 3oGtuefces
of gttats -extezndl i * be'ond. abou-t 20 or 30 chord leng'~ha cer-no ; be pro-
dic4--d satisf~actorlly at .een.I-n addition. detector -servo yto1
are 'potentia2. ooci.l1thtre and' thua mrey be 3usceptible to possible f ut-
ter or divergence-Teaictione Little wo.-k hes been done to hand~le th~lse*-
problemts.

Th6 torm,, aeroolastic effects, is used. to describe the atructural
deformations of an airplane winp In flight. In scire &i~so the 2Lt..UC;;
tural dofov -ions ero favor~le and, in othera iinfý.vor~nbij.,. Gus -lovi-
atlon by atructural deformation takeaj mhtag ofn~vorabl; it3ex-olfWtic
ef fects. An Illuatration "of 6n areroel.aotio effect from whichl a;trlle-
viation 1i3 obtain~ed is e 3wepntback wing. Since thie center o -f atir load
on the' wing: is 'outbord ,onj tho wlngi.-ýrd behind -the wing rcot.t when'the
wing ispushiea ul) as thouh ain up gust were oenunte red, the wing tip
-Cwiatý dow'n and rediices the angle of.Fittnck (Fit,,uro 5). The reXiiltof
thid downward .twibtý In.i ft up gusit -Is .ar± alleviation of the -lotidiPnd.
momenlts on the wing. Tests Vwefre me~de. in the guat tunnel on a mdo
having a siweptbjack wing with a atiffznie.sa repreaentative of the. wihga
of la~rge transport airplanes. The experimental result agre~ed with trio
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calculated result of 20 percent gust alleviation. However, since there
is more reduction in angle of attack at the tip than near the wing root,
when the wing bends tho cantor of lift on the wing shifts inboard on the
wing and forward. In the model tests this effect caused a nose up pitch-
ing motion that reduced the alleviatz.on from 20 percent to about 8 per-
cent.

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

There probably wouJd be a considerable amount of difficulty involved
in designing an actiual 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 that is, that
once designed for end incorporated, it is a property of the airplane it-
self and is not dependent on the operation of detectors and servos to
achieve the desired alleviation.

In contrast to the detector-servo and the structural deformation
categories of gust-alleviation systems which move flaps or twist the
wing to reduce the load, the third category, reduced lifting ability,
reduce.2 the load by a change in size or shape :,f the wing. Figure 6
shows two possible ways of reducing the lifting ability of a wing. On
the left is shown the effect of a reduction of aspect ratio, and on the
right is shown the effect of sweep. The area of all the wings shown is
the same. These curves of lift versus angle 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 lift
for a given angle of attack change by 46 percent and sweeping the wing
by 45 degrees, as in this case reduced the lift about 30 percent. Since
the wing was swept by rotating the wing panels, the aspect ratio changed
from 6 for the straight wing, to 3 for the swept wing, and a major por-
tion of the lift reduction is probably due to this change in aspect ratio.
All of the wings shown in Figure 6 have been investigated in tho gust
tunnel and it was found that the alleviations obtvined could be predicted
satisfactorily and corresponded roughly to the reduction in lift shown
in the figure. Of course. these large values of alleviation were obtained
under ideal test conditions where only the wing planform shape was
changed. In actual practice, the wing area might have to be increased
to obtain the desired high lifta necessary for reasonable landing speeds.
An increase in area would also proportionately increase the loads in
gusts with a consequent reduction in the amount of alleviation to be ob-
tained.
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Another method of reducing, the lifting ability that +o
considz-red i' a spoilor '±wt can be left ex-endei whi~o fiyin thr'Uch
rough air. rests in te gust t'ir.nel indica`.ed, 4.'wevor, that th'
ponse 6f' thz spoilr to t.he :ransient a-gle of at'-a:k charge of a
was not fast eonougha to provide much alleviation.

The s~atus of knowledge on gust load. alleviation cen be 3u:=T. up
as follows: The alleviation to be obtained in a single gust bv, 'Le of
almost any method or device can be p-edlicied to a fair dcgree of ac.ix-
acy and the reaults of some mcdel tests are available as corfirrnat•,A:.
At present, there is not sufficient knowledge to predict the rcsporne
in a succession of gusts. As far as is knovown, the;.-e are no quafnltasI-
t_.ve data available from t4sts of Oust alleviatIon devices on a fu:l--
scale airplane..
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6. ANTALYSIS OF MEANS TO INCREASE THE SMOOTHNESS OF

FLIGHT THROUGH ROUGH AIR

By William H. Phillips
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By William H, Phillips
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This raoer is based on a theoretical study of means to improve
passenger comfort by increasing the smoothness of fli-ht through rough

air (reference 1). The paper is intended simply to give an indication
of the tv-oes of device that would have to be incornorated in an airplane
in order to provide smooth fli.ht through rough air, Many practical prob-
lems in connection with the actual design and operation of such devices
require further study before it can be determined whether the attairnment
of relatively smooth flight in rough air would be poossible in practice.

Records of the motions of an airplane flying in rowgh air indicate
that normal accelerations are .relotively la.r,-e, whereas lateral acceler-
ations and chan.'es in orientation are relatively small, Rleductions .in
normal acceleration would therefore appear to be the most promising method
of improving passerner comfort,. in this usnner the tendency of ai"-olane
motion to cause airsic'-ness will be used as a criterion of passe,__.-'r com-
fort. Some research was conducted at 7'Tesleyan University in Connecticut
to determine the relative Importance of oqcillations of various fre'uencies
in producing airsickness (reference 2), In these tests a large group of
men was subjected to vertical oscillations in a device similar to an eleva-
tor, Some of the results obtained in-these tests are shown in figure 1,
This figure shows the percernta!e of men who b)came 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 of about
i/4 cycle per second caused the most sickness, and that oscillations with
the highest freouency tested, about 1/2 cycle por second, caused relatively
little sickness. It is unfortunate that the data do not extend to still
higher freauenciý-s, of the order of 1 or 2 cycles per second, inasmuch as
many of the oscillations porcuced by.rough air are in thic; highnr frequency
range. Nevertheless, these data appear to in~icnte that oscillations of
relatively low frequency, or long period, are more likely to cause air.-
sickness than oscillations of-high frequency, or short -xeriod., In the
design of a device to im-prove pDssenger comfort, therefore, it may not be-

• :RSTRICT,
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necessary to emphasize the reduction of response to gusts of very high
frequency,

Two methods of accploration allevintion will be considered from the
standpoint of imforoving passenger 'comfort, One of theýse mothois is .c-
ing the whole airplane by means of the elevators to mainrtin a Cora .I..
aný,le of attack during passage thrcuigh gusts-. The other is thi operation
of flaps on the winZ by means of an autowatic conteol system Lo offsat
the lift increments caused by gusts,

In. calculations of the response to gusts, the lir-olane was a-- s 1u
to fly through sinasoidal gusts of various wave lengths. TheorctIcally,
any actual gusts could be resolved into sinusoidal comooncnts of this
tyrpe and the resulting accef,.'ration of the airplane could be com-uted by
adding, these. offects of the sinusoidal gusts separately,

For comparison with later calculations that show the effect of dd-
vices intended to reduce the accelerations caused by gusts, the:ý respcrnze
of a ty-pical trans-port airplane to gusts is shown in figure 2, This fig-
uro shows the normal acceleration and pitching velocity of a conventional
transport ai.rolane flyinp nt a speed of 200 miles per hour encountering
vortical gusts of various wave lengths, The amplitude of the gusLs was
taken as 5.1 feet per second, a value which produces an ar.glecof -attack
chpge of l10 degree at 200 miles per hour, The accelerations caused. by
gusts of any other amp-litude would, of course, vary in proportion to the
amplitude. The figure indicates that for gust froeuencios graator than
1 cycle per second the airolane experiences accelerations approaching a
constant magnitude equal to that which would result from the lift impoosed
on the wing by an angle of attack equal to that resaltinr from the gustý
At lower frequencies the acceleration decreases as a result of vertical
motions of the airplane. The pitching velocity resulting from the gusts
is low.

In order to study the possibilities of different syst•:ms of accel-
.oration alleviation it is helpful to consider the control motions that
would be reouired theoretically to produce zero acceleration of the cen-
ter of gravity during flight through gusts, Elimination of the vertical
acco.lerations does not nec:ssarily avoid pitching of the airplane. There-
fore pitching motions resulting with the different methods of control are
also of intoresto The elevator motion required to produce zero acceltera-
tion of the center of gravity in flight through gusts of various frei:uen-
cies and the resulting pitching velocities are shoom in fi-ure 3. The
elevator motion required increases almost linearly with frequency and
reaches very large values at high frequencies. In addition it is found
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 reason for the inability of a human pilot to successfully counteract
the effects of gusts, The pitching velocities shown in this figure also
reach very high values, These high values of pitching velocity result
from the fact that with elevator control it is necessary to rotate the



whole airplane to maintain a constant an-lo of attrck cluring ?assage
through the gusts. Those largo pitching velocitics arc undesirable bo-
cause the accompanying pitching accolorations cause changes in vertical
acceleration at points some distance from the center of gr~qvity• For
example, in this case the amplitudes of vertical acceleration at a point
two chord lengths from the center of gravity would be greater than that
of the basic airolano with no acceleration alloviptor at frequencies
greater than two cycles per second. The use of elevator control there-
foro does not appear very promising as a moans for nroclucing smooth flight.
There is a possibility, however, that the use of elevator control might
have n beneficial effect in offsettin, the low-froquency comeonents of the
oscillation which wore shoi-m previously to bo primarily res-eonsiblo for
airsickness.

It might be thought that opor-tion of the, flaps to offset the lift
increment caused by gusts would overcome those objections because the flaps
can -oroduce lift increments without the necessity of rotating the entire
airpl~no. The flap motion reauired to *eroduce zero acceleration of the
center of gravity and the resulting pitching volocity are shovm in figur
4. For those calculations it was assumed that the landing flaps !-,wrc
used as the acceleration alleviating device, Those results show that the
pitching motions producod by the use of the flaps are oven larger than
those oroduced by the eluvator. Those largo pitching motions result
mainly from the action of the downwash from the flaps on the tail. This
downwash acts in the same direction as the r-usts anCL th-•roforo croduces
largo -pitching motions of the airplane. Fhrthormoro, in certain frequency
ranges the phase relationship of those ritching motions is such that the
anglo-of-attack change of the airplane adds to that of tho gusts and as

/ a result still more flap deflection is required to offset the acceleration
incromonts, These results indicate that the use of conventional trailing-
edge flaps for acceleration alleviation is not likely to prove successful.

An understanding of the flae characteristics required to offset the
accelerations caused by gusts may be obtained by considering the sequence
of events that occurs when the airplane penetrates a gust, The eir-lano
is assumed to fly into a region in which a verticni gust velocity cxists,
When the wing penetrates the gust the flaizs must move up to produce lift
in the opposite direction. In order to avoid undesirable pitching motions
of the airplane, however, the moment about the wing aerodynamic center
caused by the fla-o deflection must be zero. Then when the tail oonetrates
to the region of the gust the downwash from the flars should be just equal
and opposite to the gust velocity so that no additional moments till be
applied to the airplane by the tail, Such characteristics ar, not ob-
tainable with ordinary flap designs, The provision of _oro pitching me-
mont about the wing aerodynamic center might be obtained by linking the
elevator, or a portion of the elevator, to deflect in phase with the
flap in order to offset the flap pitching moment. The drsircd. downwash
at the tail, which is oppositi from that normally resulting from flap
deflection, might be obtained by linking a portion of the flap near the
fuselage to deflect in the opposite direction from the main part of the
flaps further outboard.



37

In order to calculate the reduction of accol-raetion~s caused, by
automatic o-ooration of the flaps during passage 04hrough 6usto, the guast-
sensin., device roauircd to o-ocrato the fla.n-s must b,ý consiaderua, S tild ies
haver been macic of the use of a vane ouat ahcac! o-f the1c airv,-., n.ý to do-
toct gusts and. of the uso of an accolororalutcr to cl.ct-ct the ai.-":i1-1o mo-
tion caused by Ca~sts., Tho typo of moch,5.nism cneeTtc.uz~irg lthc. a

type sensing e-C7icc is shoim in figure 5,, The mecharisra sl~olvn is
one of many pcss-iblo 7,rrangemonts that might be uý-.cd.0  I-f the alyiej.~11c on-
cour~tors a '~sb he vano deflocts u-pward. and opf.rat(;s a booster moch,...Xijsfl1
whiich cause-s the fla'ss to move u's ward,, Thno linkage to the controll stick,
shown in this fig7ure requires f-arther e-_-lanation,, Ilormrilly, cont~rol of
the airplane is acoin-oiished. by7 cn,-.nging thr: anr3.e of attack as a ýoat
of ,lovator de-fincti on,, -ny Cdevicc 1,mhic> offseýts the lift incrci-'-r~ti_
(Iuo to change in angle of attach1 ,-ill -oroq-.nt the pilot from merneuvz- aeg
the airplane by means of the aluvator,. Th-i-s difficulty may be ov,:rCOeMO
by iinking theý control stick to the flt-of as well as i~o tho Oieveýtor,
11thon the 'silot makes a pullu~p with suach an arraiignment, a rcear-dawcL mot.1ion
of tho stick causes thi, f~apG to movue downm, proO.ucing lift in the Oresirud
Oiroction, Thenp, as the a!~nUres-ooncs, the, fl,)ncs move bazk -to t~i-ier
neutral- -oosition as a resultr of the an,.eo.atc chUe:rdcdb
the vane,

The reduction of accelerations causc-d by rougch air obtrainoblo by use
of such a device is sho~wn in firure 6,. The char acterisntic s of th,- bas-i.c
,a; r-o.lane are shown for comparison, 'It ils see:n that the acenlera.,tion n,-ay
be re&d.ced to about o-n.-*fifth. of the valacs (r,-prirencad by th-, Lasic ai.r-
]plane while -oitching velocitios remain loý-,,

The stability and control characteristics of an ai rolano0 equipped
with a device of this kind are sholw.n by thoe res'sonso to an abrupt control
mov-emcnt0  It is desirod that following- such a control m,.v:em.cnt the air-
plano should ouickly reach a steady value of acceluration without over-
shooting or oscillating.

Thi response to control movement of an airplane equip-pod with the
vane-typo acceleration alleviator is shown in fiegure 7. TIhe elevator
is assumnd to be suddenly deflected and hreld in tho new position. The
resulting motion of a typical transrort eirplano is indlicatedA by the
dashed lino for co-qarison, e-in the airplane is oaui-ozod ,!-th the de,-
vice discussed previously, a much more ravoid res-ponse is obtained be-
cause of the -oroduction of lift im-mediately when the flaPs are deflected,
flevertholess, the motion is very stable and shows no tondency to o-ver-
shoot the final acceleration. The reduction of lag, followtng, a. control
deflection is thought to be an arlvantaC.eo though cectua~l fli-ht testss
would be required to determine rilots' opinion eof this c~haractoristic,

It is a-cparent that the incor-,oration of a 0-evice whiich provides
smooth flight in rough air woule. rocquiro rathe~r cemrllicate.d additional
mechanisms not provided at preýsent though theý external r-,pearance of
the air-olano would be little changce4., The: zos,_ibility t' iat inte-raction
between the flap-operatinr- mocha ism and. structural oscillations might



produce flutter requires further invosti-ation. Novertheloss, the
promising results obtainod in the theoretical investigation indicate
that experimental work to verify those results would be dosirabloe
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HIGH-ALTITUDE TRANSPORT AIRPLANES

By william Leiis
U. S. 'eather Bureau

The first successful thermal anti-icing systems were designed and
built without the benefit of exact knowledge concerning the physical
characteristics of the meteorological conditions in which they were
expected 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 measurements have been made to
allow approximate definition of the characteristics of the most severe
conditions likely to be encountered in certain types of weather situa-
tions. At the same time, methods have been developed for the determin-
ation of heating requirements for various airplane components when the
meteorological variables are specified.

With these developments has come the realization that it is not
feasible to provide sufficient heat to prevent all ice formation in all
possible icing conditions. It il 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 a given severity
Is obviously dependent upon the operating conditions, including such
factors as geographical area and preferred flight altitude. It is also
dependent upon the extent to which flight procedures are modified in
order to avoid icing conditions or minimize their severity. This latter
factor, in turn, depends upon the effectiveness of the anti-icing system.
It is evident therefore, that the problems of design and operation are
c'osely interrelated. The question of the extent to which it is prac-
ticable and desirable to reduce the design requirements because of reli-
ance on the ability of the pilot to avoid the most severe and extensive
icing conditions demands careful consideration. This matter is especi-
ally important for high-altitude airplanes.

The principal difficulty in a determination of the ice-protection
requirements of high-altitude airplanes is due to the fact that nearly
all of the data on icing conditions now available are from observations
at altitudes below about 20,000 feet. It is necessary, therefore, to
mako an estimate of conditions to be expected at higher altitudes,
which will serve as a tentative basis for anti-icing design until actual
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measurements, taken if Doozibie during normt.o operations, can prcvise
more exact inforzmtion.

'"he metoorological fa.ctors which rizb in.ortnnt in a ccnoldorat.,n
of icir•g coi.dit:,ons a°:e liquid water 'con-ont. cloud drop size, air tom.
pe:ature nd ainr denji'.y. The severity of icing is obviously directly
proportional to *he liquid water content when all other f..c',ors E-re re-
gardod as conitant. Further-rore. for any 'nnxticular vi.lue of lIaldQ
water content, the rate am which watýer is intercepted by a •ving ob-
ject. the area Cver which the mipingcment occurs, and the dij,.,r.bulion
of water collection over this area are dependont upon a combination of
factors including the average drop size, *'he distribution of drop s~.zes
about this average, the air speed, the altitude, and the siZe ar-nd shane

of the object. :The rate of water' interception, or the rate of ice
formation, per unit area. normal to the flight, path, is equal to- the
product of the liquid. water content, the true airspeed and P. ftlt-,;c..
called the collection efficiency, which is a function of drop size,
aisopeed, and the geometrical configuratlon of the airni±ne compcn-ent
Since pilots customarily observe the thickness of ý.ce in inches an.3
values of liquid'Tater- content are usually expressed in gram, pe.- c•.bic
Treter, it may be noted thiat the thicknets of ice in inchei, which is
collected 'during 13 nz ls of flight is approximat:,ely equal to -The
liquid water content 'in grams per cubic meter times the collection, effi.-
cionQy.

Unlike liquid wnter content -nd drop size, the effect of tempera- .

ture .ojn the severity of icing as experienced by an unheated alrplane i.3
quite'"different *rom its effe.ct on the difficulty of ice prevernL'Qon by
means, of heat. In terms of .thermal' ice prevention, `te sever!>.y of
icing In~ceases continuouely as the tempera-;ure is reduced. On nit un-
heated. surface, on the o't.her hand ice which forms at very low tempora-
turesa usua.lly has. a smooth and..pointed form, and has a less unrfavorab.le.,
effeQt on the performance of the airplane than the rough and irregular
shapes which form at-only a few degrees below freezing.

In the case of high-speed airp~lanes, the effect of kirietic heating
in mariitainiin', the temperature of the airplane abo49 the freeA-aLr" torn
perature is quite important. Tests have ihown tha t in hitr conta.ining
water drops, the amount of the kinetic, -temrerature rise as about
90 perqent of that which would be produced by bringing the aii to re.3t
by a @•turated-adiabatic proceas. This effect is illustrated in Fig-
urel'l. In th6 construction bf this'f igure. it wvas. assumed that the
freezXng level was at.10,.000 feet pressure altitude and the lapse rate
of air containing liguid water drops was moist-ndiabatic. ' Under these
conditions the curve -indicates the relation between true airspee& and
the temperature and pressure-altitude at which the leading-edge surface
would be at 320 F, which of course, is-the. criticfl conditlol.-for the
onset of icing. It is seen 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 60 F
before icing would be experienced.

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

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

An examination of available data on mean-effective diameter, taken
in various parts of the United States shows the existence of a signifi-
cant variation with geographical location. Measurements made along the
Pacific coast show larger values of drop diameter, both average and
extreme, than are observed in other parts of the country. -This effect
is believed to be due to &ifferences in" the: kind an'd number of conden-
sation nuclei, the .bypothesis being that ait which comes from over the
ocean contains a small concentration of large condensatio'n nuclei,
probably composed of sea salt. If this is true, a tendency to large
drops would be expected generally over the sea and along coasts having
prevailing on-shore flow.

Data from cumulus clouds in all areas and from layer clouds on the
Pacific coast do not reveal any significant vwriation of mean-effective
diameter with altitude. Observations in layer clouds in eastern U. S.,
however, definitely indicate an increase in drop size with increasing
altitude. These results are shown in Figure 2.' On this figure are
shown smoothed distribution curves for observations of mean-effective
diameter in layer clouds in eastern U. S. at altitudes above and below
10,000 feet. The ordinates represent the percentage of observations
lying within a 2-micron range. It is noted, that the observations from
above 10,000 feet show a higher average diameter and a greater varia-
bility, with higher frequencies in the range from 14 to 30 microns.
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The characteristics of theae distribution curves nry be dejcribed
by means of certain statistical parameters as shown. These r.re the mode,
or moat frequent value, the median, a value such that half the observn-
tions are above and half below, and the fifth and ninety-fifth percen-
tiles which mark the lowest and highest 5 percent of the objervrtions.
It is also .oted that, although the higher-altitude observationa have a
greater median and mode the 95th percentile is nearly the same,, indi-
cating that there is little change with altitude in the probability of
encountering very large drops.

Figure 3 (table) shows values of some statistical parameters for
the distributions of observations of mean-effective diameter in cumulus
clouds and layer clouds 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 coast are not greatly
different from' the higher-altitude observations in the eastorn U. S.,
but the range is much greater. The 95th and 99th percentile values are
44 and 67 microns for the Pacific -,oaat as compared with 23 and 29 for
higher altitude layer cloudb in the east. Cumulus clouds show larger
median and' modal values than layer clouds in both areas, but in the
Pacific coast area, the largest extreme values, are in layer clouds.

Due to inaccuracies in the multicylinder determinations of large
vallies of mean-effective diameter any indicated values over 35 microns
are quite uncertain. The shape of the distribution curves, however,
gives a reasonable basis for inferring that values of mean-effective
diameter exceeding 50 microns occur in about I percent of Pacific coast
clouds, although the actual values cannot be reliably measured.. The
fact that precipitation sometimea occurs in maritime climates without
the appearance of the ice phase Is further evidence of the possibility
of the formation of lorge drops. In view of these °facts, it is believed
that valued of mean-effective drop diameter exceeding. 100 or even 200
microns might occasionally be encountered in coastal areas or over the
sea.

It has been observed that unusually large values of mean-effective
diameter are associated with low values of liquid water content and that
the values of drop diameter associated with high values of liquid water
content do -not differ greatly from the average. Hence. the designer of
ice-protection equipment must provide for two types of conditions: high
valuies of liquid water content associated with. average values of drop
diameter-, and high values of mean-effective diameter associated with low
liquid water content.

Since the maximum heating requirements for ice protection ar'e asso-
ciated with maximum values of liquid water content it .would apnear
reasonable to use an average value of drop size, for example, 15 to 20
microns for the calculation of total heating requirements. On the other



43

harnd, since vnlues of drop diameter from about 25 to 40 microns occur
in about 5 percent of clouds it would seem advisable to consider drop
diameters of 30 to 40 microns in determining the extent of areas to be
heated.

In view of the facts that accurate and reliable measurements of
extreme values of drop diameter are not now available and that the fre-
quency of encountering such conditions is uncertain, it would probably
not be necessary to consider values of mean-effective diameter greater
than about 50 microns as design criteria until reliable !t8 become
available, unless experience should indicate that designs based on
smaller values are inadequate.

In a study of the distribution of liquid water in clouds as a fac-
tor in aircraft icing, it is convenient to divide all clouds into two
general classes, cumulus clouls and layer clouds. Cumulus clouds are
large in vertical extent, small in horizontal area, and cover only a,
relatively small fraction of the total air mass. Layer clouds may be
further divided into three types; first, stratus and strato-cumulus
which generally form near the surface and rarely extend to more than
6 or 7 thousand feet above the ground; second, alto-cumulus, consist-
ing of layers at higher levels which mry be quite extensive. These
layers are usually less than 2,000 feet in -ertical extent and only
rarely exceed 3,000 feet. The thicker layers usually show a strong
tendency to change to ice crystals. The third mrin type of layer cloud
is alto-stratus. Theso clouds are usually associated with large storm
areas and are often very large both in vertical and horizont~l extent.
Alto-stratus clouds do not cause apnreciable icing as they are composed
almost entirely of ice crystals.

Figure 4 presents frequoncdistributions of observed values of
liquid water content in layer-type clouds. These data have been dividoA
into three groups on the basis of altitude: first, observation from
below 10,000 feet pressure altitude, sea:Dnd observation above that level,
and third, the highest altitude range for which enough observations were
available to give some idea of average conditions. Looking first at the
data for eastern U. S., it is noted that a large majority of the obser-
Vations were at altitudes balow 10,000 feet, due to the predominance of
strato-cumulus clouds formed in the upper part of the surface turbulence
layer. Actually more than half of all the observw 'ions were in the al-
titude interval between 3.000 and 6,000 feet. Th, .ito-cumulus clouds
in the region above 10,000 feet show a lower average liquid water con-
tent and low relative frequencies of high values. This tendency toward
lower vwlues continues in the small groups of 12 observations from above
14 ,000 feet.

The data from the Pacific coast and Plateau area show the effects
of higher terrain. The zone of strato-cumulus clouds evtends to above
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10,000 feet in this area ar.d as a result there 13 not n.y,!h d'fforencu in
the di'strtbution for aL!it•ades above and belou 10,000 feeL. 2• oLI :-
vations froa the highes- altitudes at vhich data are avaibile, h1",acvcr,
show 'de same tenOaen(y towards lower ialaos of li,•juAd wa-te ccr-n-,. wh',t
was noted in the data for casern U. S.

In order to make a reasonable estimazo of conditions to be ,•zrcted
at higher altitudes it Is well to consider the phrysical zoces~cs 0
cloud foarma',ion in search of some r-Liable btanI for eitrapoJA'.A 2om
the available data. TJith the exception of alto-stratus cloud sycteos,.
layer clouds are genera!ly for:ed by 1if-Ing -ýrough a ll.mi -aiiAfude
range, rarely exceeding 3,000 feet aloqc the ,on--enzatbo:. 1evel. If i i

is assumed that the average vev-rIcal displaceraent !hich occurs dur'iL-ý
the formition of layer-type clouds Is iidependent of al tltuiie . nd. telr-
perature, then the liquid water content would be expected to k1initri1h
with temprratuxe in confoCrmity with the decrease in water wa]u, avail-
able for condensation.

It is also to be expected that average ani extreme valuoe of 'lui.qui.
water content should be Influenced by ý.I-e probabiit*y of"o
of ice c:rystals, since the tr~insformtlon of water -to ice results in an
irmae!oato and rapid reduction in the liquid water content. I T.re is con-
siderable conLroversy at present conccz-rn, g the mechanism of 4ce form-na-
tion in clouds, but it is generally agreed that the relative trequency
of occurrence of ice crystals increases as the temperature is rediuced.
At the temperatures which pre-vail a-t altitudes al'kwT 20,000 to 25,000 feet,
layer clouds are usually composed of ice crystals. The super-cooled cloud
layers which do occutr at these levels are usua-.,. of samail. vert~cal ex-
tent and low liqaC.. water content. There ajopeazs ino be a s i:c'ng tenctency
for thicker and more densie layers to go over into ice crystaLS.

'igure 5 shows the percentage of layer clouds containing meonsurable.
liquid water in which ice crystels were also present. Unfortunately,

quanti'Ative data are not available on the relative frequency of layer
clouds corposed entirely of icr crystals, but the. general improuslon from
many observations is that at low temperatures these are more prevnlent
than with. mixed or liquid clouds. These dota indicate that in the tern-
peratixe range near l00°F the frequency of ice crystal formation in-
creases rapidly.

'These considerations would lead us to expect that The liquid water
content of layer clouds would continuously diminish with lower, tempern-
ture, this decrease being especially rapid in the neighborhood of +100 F.
Figure 6 presents the results of an vnt.lysis of data from layer clouds
in eastern U. S. Frequency distributions of the greatest value of liquid
water content observed during each encounter with icing were obtained
for temperature intervals of 100 F. These distributions were fitted. to
Gubmel's extreme-value dlstributicn curve to obtain the. most probable
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mnximum value per encounter (the mode) and the greatest value to be ex-
pected in 20 encounters (the 95 percentile). These quantities were then
plotted ns functions of temperature and the curves extrapolated to -40o F.
The results are about what was to be expected except for the decrease 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
temperature were often so close to the Sround that there was not suffi-
cient lifting to produce high values of liquid water content. The de-
crease in liquid water content at temperatures near 100 F is shown very
clearly.

The extrapolated portion of these curves covers the temperature
interval from -100 to -400 F which is the range in which icing is rmst
likely to occur at altitudes between 20,000 and 30,000 feet. This extra-
polation is, of course, uncertain biut it gives a rough idea of conditions
to be expected at high altitudes. The curves are terminated at -400 since
recent laboratory investigations have shown that ice crystals are almost
certain to occur at temperatures below - 4 00 F. Since the liquid water
content in layer clouds is primarily dependent on temperature rather than
altitude, a considerable variation with season and latitude is to be ex-
pected. It is estimated that in tropical regions and in the U S. during
summer maxim-um probable values would be .5 gm 3 at 20,000 feet and .1 g/mn
at 30,000 feet. in northern latitudes and in the U.- S. during winter,
the estimated maximim values are less than .2 g/mr3 at 20,000 feet and
zero at 30,000 feet.

Consider now the problem of estimnting the liquid water content of
cumulus clouds at high nItitudes. Frequency distributions of liquid
water content in cumulus clouds are 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 a tendency for high extreme value evident
even above 14.000 feet, although the average is lower in this case.
These data 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 seldom extend to altitudes much above 15,000 feet.

In the data from eastern U S. and the plateau area, the number of
observations from below 10.000 feet were too small to provide a repre-
sentative sample. Dpta from higher altitudes from both areas were com-
bined since both contained observations extending to considerable alti-
tudes and together they provide a sample large enough fcr
analysis. These distributions, unlike those from the Pacific coast.
show a tendency for lower extreme as well as average values at the maxi-
mum altitudes.

The problem of estimating the maximum liquid water content at high
altitude is more difficult for cumulus and cumulonimbus clouds than for
layer clouds. Since cumulus clouds are composed of air which has been
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lifted from near the surface, the limitation on moiisturo e.cn'ýet cLue to
low co_.aenriation tetirerature which exists in laoter cloud3, ices flo , aI-
ply in this case. Calculations, based on adiabatic liftinL-, withou t I-x-
ihg or preoitaTi n, ir.ndicate that ex-Lre-eIy high valves of Icquld
wateir contern wouli be found .L altiLudes of frcm 20 to 30 •housand feet.
In actual clonds, however, mixing with dry air from the ervirofewerit and
"the formaLion of solid precipitation both act to redluce the li~:it water
content, so that in practice, the theorecally-ossible high v,:. are
very unlikely to be encountered. TFt hns been estimated that tho i,.rimu
valu6s of liqui- water content likely to occur under extreme c.irctuna .nr.es
are 5 g/m 3 at 320 F. and 4 g/M.3 at i4o F. Such cor.ditions could. ooc.r
only in cumulus clouds formed of extromcly warm and mroist-, air criiting
near the surface and extending to 20,000 to 25,000 feet wIthou. p•ccp 4 -
tation. They would be highly localized and of brief durationl and limitea
to certain geogr'aphical areas and seasons.

At lower temperatures, the reduction of liquid wcter content due to
the formation of ice crystals is a factor of increasing importance, as
shown in Figure 8. This fig,_,re gives the fzequency of obsoxvatio:n of
ice crystals in. cumulus clouds, expressed as the percentage of the to •, al
number of observations with measurcable liquid. wacor cn-eat. A hi&th
probability of ice formation is indicated for temperatures below about
_50 F. Vieual obser-vations of irivicdual cumalus clouds ard a study of
lapse time motion pictures of g-'owirig cumulus clouds indicate tha% when
the rising columns reach an alti-udc wh.3re the tempern ture i2 in the
noighborhood of 00 F, the transformition to ice crystals is usuelly
evident within about 10 or 15 minutes, unless the cloud is dissipated.
in a shorter time by mixing with the environment. Under con&itio-_s of
strong convective activity, extending to altitudes w-re the temps)ature
is below 0° F, the u~pper portion of most clouds are composed cf ice crys-
tals or ice and water mixed, while only the most recently for..med and
actively-growing are composed mainly of liquid water.

Additional information concerning the Icing conditions to be expected
in summer cumulus clouds at high altitudes is contained in the report of
the Thunderstorm Project. Icing was reported in only about one-holf of
the traverses at altitudes of from 20,000 to 26,000 feet, while he.vy
icing was reported in about 5 percent. It may be inferred from th1.s
that in about one-half of the clouds, the liquid w.ter hrd been almost
entirely transformed to ice, while only 5 percent were relaivolwy unaf-
fected by ice formation. Moreover, concerning heavy icing, tho report
states "Heavy icing was encountered very infrequently, and on no occasion
during the two seasons of operation did ice accumulate to such an extent
as to make impossible safe flight in the P-61-C airplanes. In almost
every instance, the airplanes were in the clear air between traverses
for a period sufficiently long to allow the ice to evaporate.." The prin-
cipal reason for the small total ice accumulation is the small size of
the individual areas of heavy icing.
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Radar data analyzed by the Thunderstorm Project have been used to
estimate the total percentage of cumulonimbus clcud cover at various
levels in conditions of airmass Thunderstorm formation. The results
are shown in Figure 9. These curves should not be regarded as precise,
due to several approximations and assumptions involved in the analysis,
but they are believed to provide a reliable indication of the order of
imrgnitude of cumulonimbus cloud cover ard its variation with altitude.
The solid curves represent average and imaximum radar cloud coverage,
while the dashed curves represent visual cloud area on the basis of the
somewhat doubtful assumption that the r.verage ratio between radar ard
visual area, as determined by airplane flights at 10,000 feet, is ap-
plicable at all P1titudes. Since heovy icing occurred in only 5 per-
cent of high-altitude. traverses, it may be inferred that areas of heavy
icing amount to only 5 percent or less of the areas of cloud cover shown
here. Thus, under conditions of strong convective activity, heavy icing
conditions would cover less than 1.5 percent of the airmass at 20,000 feet
and loss than 0.5 percent at 30,000 feet.

Another important point in connection with icing conditions in cumu-
lus clouds is the effect of kinetic heating. For example, at a true air-
speed of 400 mph, kinetic heating will prevent icing at temperatures
above 160 F. The formation of ice crystals, on the other hand, may be
expected to reduce greatly the frequency of occurrence of high values of
liquid water content at temperatures below .50 F. This leaves the inter-
val from 160 F to _50 F as the most probable tempereture range for severe
icing for high-speed airplanes. Under conditions favorable for the growth
of summer cumulus clouds, the corresponding pressure-altitude range is
from about 20,000 to 26,000 feet.

Although it is believed possible that values of liquid water content
as high as 4 g/m 3 may sometimes occur in this temperature range, it is
very highly improbable that such conditions would be encountered during
normal operetions.

Figure 10 shows the values of liquid water content and drop size
chosen for use in the calculation of heat requirements in the following
paper (Part 8). These values are based on data for layer-type clouds.
The first condition is somewhat milder than the heaviest icing condition
to be expected in layer clouds below 10,000 feet, but it is 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 second condition is conservative
in view of the fact that it, too, applies only to climb and descent. The
third and fourth conditions apply to the high-altitude region for which
conditions must be estimated. They t-oth ara believed to be quite con-
servative as to liquid water content but perhaps not as to drop size.

An ice protection system designed for these conditions would in all
probability function adequately in prnctically all icing conditions likely



to be ern.ountored in layer-t-pe clouds. It shouIld be remomhn r(-,1, hmwovcr,
that occasional ncuiulus clo..3 .ry cczu&. 2,1, .... "1
oncountera wcouldbe infrequent and of ohort dure,:.on, thcy woud -
a very severe over .oa~~�n�f�~ ~'hbe anLi-icin: ' and would pro-,; cjr
resiult in the fori+,tionr of reesidual ice on wins and tail .surface. bhr.aok
of the heated. areas. The question3 off what effect such ice formiatlons
might have on performance, a:-d how they ir'ighc be removed if the cff-ct
is seriou3, are p-oblemp deservirng careful conjideretion. 3ii.la..r p''rob.
lems may azise in Lzonnection wiT.hnirfrcq-ent encounters with cijou4_ '>n-
posed of very laige drops.

To aur•amrize, Icing conditions at high -ltitude3 occur in two cloud
types; alto cunwlus layers w!th large horizontal oxtentn, ,.mall va•ic'.l
thickness-, and. iov liquid. water con., ent; anrid cumulus and. cumulo~niP.rLi
clouds. wit.h 6ma.ll horizen.al area, grerit verticrl ex2tont, and highly
variable liqid water content with a sa.all percentage of clcuda having
bigh maximura valued of liquid water content.

Prolonged f~lpght -In alto-curilus layers mry easily be avoidoJ in
miost cases by a change of nl-citude, since the layers .rzoe s.ali in Icrnl-
cal -thickness. On the other -...and, the young, rtpidl.-gr.owing cumulus
cloo~s. with high liquid water content -re easily recogrn.7.e.d by their
appearance, and since lhe-y covex: only small areas, they probably c-tn be
circumnavigated in moss case3, at leash during 1aylight hours.. The total
percentage of time in ic.lng conditions during high-.altitude flighta, can
thus probably be reduced. "•o very low values by suitable meteorological'
navigation.

Just ho-. much can be accomplished in thi s manner in reoa.cing both
the x..IrYnnm inter.:!.:y and total duration of icing encuunters must te
determined by flight ecxperience In actual operating conditions. It Is
therefore highly aesirable that records of liquid water content be ob-
tained during reg•ular transport operations. Such records would provide
the data necessary-for the accurp.te determination of the probabiliy of
encountering varl.ouo values of liquid water content, the probable extent
of icing encounters and the percentage of flight time In icing.

To meet the need for date. of this kind., the Lewis Flight ?iropulaion
Laboratory has developed. two types of recording imitrumerfts fo- measuring
liquid water content. These instruments are now being installed. 'on 6ir-
line planes for the Collection of data during nox'nial flight operations.
Figure 11-shows one of these instruments, which is a- modification of the
rotating-disk type of icing rate meter which was origilacted at the Masa- "
chusetta Institute of Technology. The ice which forms on the front edge
of a rotating disk ismeasured by a thickness gageo and removed by a
scraper as it passes .round the rear side.



Figure 12 aliows thro other inetrumont, a presjuro-type, ir.-j ru-i~nt
develop1,od at the Lerwio Flight Propulaion Laboratory. This dovico coni-

3ig40 of' a tu-be with a aeries of imall holoa facing the u2ir at%-oam- Whor.

ice currea.nt pilh s c holea,' the decrentse in preasuro turnis on a h-aýt-
ing urret, 4hi m ertsq the ice. dhon the h1oles are clear, the increa-3c)

~.0- P-casu-, t-, rnL% off the heat and the cy~cle ij repeated. Tho leng+th of
timc reguizeý- for the ice to form i~s used. as a measure of the icln;~ -ý'-tje.
'Eri heating c;yýý2o s1 roorxrdod on a film -,nd is also indicatod by a- li~ght
on the ii rxetpannI i hich g1.voo the pilot a- useful visur.1l r"Aca-*ion
of the icirng

'Ihese, and; ohrx o4;her instruments, when used durrane regular o-or-
atioris, wi!)- r'..: the ~i~.roceosary for the design of anti*--'cit4_
Systemswr hwi ~o:~g>~: aiate protection with the lowest poaaible
ponzalties in ter.,Nj ot ~x-on~ioand payload.



CRITICAL CONDITIONS FOR ICE FORMATION

ON AN UNHEATED AIRPLANE
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Figure 1

FREQUENCY DISTRIBUTIONS OF CLOUD-DROP DIAMETER
IN LAYER-TYPE CLOUDS IN EASTERN U.S.
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STATISTICAL DATA ON CLOUD DROP SIZE

CLOUD NOOF ALTITUDE DROP DIAMETER, MICRONS
GEOG. AREA PERCENTILES

(U.S.) TYPE OBS. RANGE MEDIAN MODE 5TH 95TH 9rH.
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Figure 3

FREQUENCY DISTRIBUTIONS OF LIQUID WATER

z- CONTENT IN LAYER TYPE CLOUDS
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FREQENCY OF ICE CRYSTALS IN LAYER CLOUDS
WITH MEASURABLE UQUID WATER

80-

•.60

L•w 40-z 00

0- 2o00

* 00
~IN 20 I0 -N0 -20

TEMPERATURE °F

Figure 5

RELATION BETWEEN MAXIMUM LIQUID WATER CONTENT AND
TEMPERATURE IN LAYER-TYPE CLOUDS (EASTERN U.S.)
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FREQUENCY DISTRIBUTIONS OF LIQUID WATER
CONTENT IN CUMULUS-TYPE CLOUDS
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Figure 7

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 ICING ATMOSPHERE
FOR GAS-TURBINE POWERED TRANSPORT

ALTITUDE TEMP. DROP SIZE LIQUID WATER
(FT) (OF) (MICRONS) (GM/CU M)
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ICING RATE METERS ON B-25
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SOME ASPECTS OF AIRCRAFT SAFE7TY - I•T NO

DITCHING AND FIRE

3. THERMAL ICE PROTECTION FOB HIGH-SPEED

TRANSPORT AIRPLANES

By Thomas F. Gelder an-; Stanley L. Koutz

Lewis Flight Propulsion Laboratory

The need for protecting aircraft a,-ain•.t icing and the,• opera-
tion of current thermal methods of DroT_(Ai,._n _n '-e air-transport
operatoon field are well known. The advhi& c:"f the high-speed,
h.gh-alt:tude, gas -turb.no -powered tr:ii S'9 pocents ceŽrtai n new
con,'idealations in the attainment of prctccticn and thie operation
of these aircraft :n icing conditions. The ipurposo ýof thLs paper
-s to discuss and evaluate these probms b'. re-examining the
methods of protection and the heating rc'quirements, aiLd th±en to
determIne the cost in terms of airplane er..'crmance and operational
pentltles of providing icing protectivn.

The ef'ect of speed on the icing prctection problem should be
considered. The variation in airfoil hlating requircment in
Btu per hour per foot span w.ith li~lrlt ,e-cd is illustrated in
figure 1. The speed at which the minrrla surfaco temperature
attains 320 F because of frictional o2 aelirodynamic heating also
:ndicated. Attainment of this temperat'L'e due to spoed alune wcould
eliminate the need for icing protectic~n. A flight speed of approxl-
mately 64:0 miles per hour is necessary in an icing cloud at
1.,)tO feet and 00 F to real.ze this free nrotoct'on. Inasmuch as
this flight speed is above that presently being considered for
turbine powered transports, protect.on p•'obably will be required
in cruise as well as I.n climb and desceýnt. Below the critical
speed, the heat required to evaporate the wate.r increases w. th
increasing fl'ght speed. These requir<;ments aru based on evapo-
rating the water upon fmpingemont with th•. airfool in an icing
cloud with a liquid-water content of C.4 gram per cubic meter and
a drop size of 20 microns. Becauso of the direct increase in rate
of water interception with speed, lhe heat requ'rod at 500 mIlcs
per hour is about four times that at a flight speed of 2cO milos
per hour; this lower speed is representative of several current
transports. When the same icing condition and a fixed flight speed

RESTRICTED



are aseumed, the total he~at requi;,ed to evaporato the) w~.tcr can
also bi showni to increase w.ý th a lt- tude. At alti ý-ud, , a gr(;at ý
perccnta.3e of wator will ,;tri-ke the a~rfoili becauce t1-h.. roduc;d,
drae, 2Lorces on the watcr 6ro,ýlets act to de~loct Lhc-Li o~ft of 4Ye-t
'Path uf the, advancling airfoil. Foituiatel;y, t'ie cloud liquid-
w~ater content gene-.ally decrt~azes w~th Increas-1n, aititud-, and
the maximiu- heatinG rejquiremrent Locr complfte- evaporation of the
intercetotd wate-r usually ocrurs in the medium altitude range,
that is, about 15,000 foet

Since pre~lint hot-gas wineg-heating desiois provide p:'otec-
tion by evarnorati~nG the iJntE~rcepted water over a .1inite areso, a
warked i7ncroase in heat 1requ_'red w*th spee"J and altitiude 1s rep-~
resuntative of that to be expected from apply~ng ,_;ch a system
to p-rotect the high-specd turbine--toweýred transopc.ýt. It is
appjarent that the 400 pcrcenIt increa:.,:e 1in h.ating requ~ire:ment
duo to incre)asing the cpe-ed from 25E Oto 50' mile13-s raer hour irakec
.*t desi-rable to obtain a morc economi2cal mneof protcection ar
utiliz;e a heat source that has a m-n.'mum Effecct on airplane opc~r-
atien. Current robeai-ch at theý NACA Llý-wis laboratory has. indica-
ted that. a largeo savings in heat can bz- re-alized by the uee of a
cyclic de--si~ng system. With this system., .-nstead olf Covaporat~jng
thi iLnte-rcepted watr,_c small amoun-.-c of 'Lce arze aiLlowed to form
on the suzrý,ace; heat is then appliecd to medlt, quickly the bc i.
between the ice and the surface thureby allowi-ng the 4ce to be_
removed byý aterodynamic 'forces. Afl"ter r_;moval of thte icC-, heating
is terminated, the surface tem 'oeratur-u drops, and ice, re1forms.
Wh,.ýn this process is repeuted in a regular cycle, smaill portiens
of the entire airplane can be dc-icod. in succession.

A short movie presenteýd at the conl'ýr~ncr ill-strat.es
electric cyclic da-ic'Lng in the i c ýlng research tunrýel of cnu
Lewis laboratory. The first scene shows theý rcesultant _I*ce forma-
tion on the leading e~dge. of a lor drag aifrfoil after an Icing
period of 15 minutes w.ith no heat. The_ noxt se~quence, prese.nts an
unsucc(;ssfLul attempt at de-~clng. Fe~llowilng a ý1-minuts- icing pe-riod
at 217S m-las per hour, 11010 F, and 0.'. gram pur cubic mettr, the heat
.s turned on for l'- seconds. Faii12irj to remove the ice was due to
inadequate heat-ing which amounted to 8 watts per square inch over
the first 10 percent chord. In the next- suquence, successf'ul
do-icing is achieved at the same conditions but w-th a different
he-at inneut. In this case., the ht~at de~noit_*es varied frcm 14 watts
por square inch near the leading kdgu to 8 watts per. squarc3 inch
at the aft portion of the heated area. A continuously heated strip
1/2 inch wide at the stagaat_ýon point was also employed w.,th a huat



RESTRICTED 50

SOME ASPECTS OF AIRCRAFT SAFETY - ICING,
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8. THERMAL ICE PROTECTION FOR HIGH-SPEED

TRANSPORT AIIPIANES,

By Thomas F. Gelder an2. Stanley L. Koutz

Lewis Flight Propulsion Laboratory

The need for protecting arcrlaft aiain, t icing and thn opera-
tion of' current thermal methods o' pŽ. ti~ n .n the ai--tz'anzpcrt
oparaton field are well known. The •diut c.' thc:.ý high-specd,
h-gh-altltude, gas-turb.nu-powe:-ed tGr----cv. c..cents certafn new
con:ýid31ations in the attainment of pxctc a and tiic opcrati.,n
of these aircraft :n icing conditions. The u•urposc of this paper

to discuss and evaiuate these prcblýn.MS b" re-eyamininn. the
methods of protection and the heating rojuirc:ment., and then to
determine the cost in terms of airl~iane per-'ormance and operaticnal
pcnaltles of providing icing protection.

The ef 'ect of speed cn the icing prc.tection problem should be
considered. The variation in airfoil h3atn.g requirement in
Btu per hour per foot span w~th light sneed is illustrated in
figure 1. The speed at which the mnh. i•i: surface temperature
attains 320 F because of frictional o:' aer'odyrnamlc heating "> also
"-nd cated. Attainment of this temperaturwe dua to speed alone would
eliminate the need for icing protection. A flight speed of approxi-
mately 640 miles per hour is necessary in an icing cloud at
15,u00 feet and 00 F to real'ze this free orotect'on. Inasmuch as
this flight speed is above that presently bef'ng considered for
turbine powered transports, protection 'pl'obably will be required
in cruise as well as In climb and desce1nt. Below the critical
speed, the heat required to evaporate the water increases w th
increasing fl'ght speed. These requ:r-'•ments are based on evapo-
rating the water upon ýmpingement with tllu alrfoll in an icing
cloud with a liquid-water content of (1.4 gram per cubic meuer and
a drop size of 20 microns. Because of the direct increase in rate
of water interception with speed, th_- heat required at 500 miles
per hour is about four times that at a flight speed of 2O m.les
per hour; this lower speed is representative of several current
transports. When the same icing condition and a fixed flight speed
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are asisurad, the total heat requi.-cd to ervapcvat,,_ tiýe w'tcr can
also bu shown to increase w~th alti~tLude. At. alti ud-i, ,, gruat, r
perocnta ýo of water will str.~ke thc. airfoýil bocauý:e t~he recduc--10
drag, _Lorcos onl theý water droplets act to de~bect 'ýheta out of i1le
path of the, advanc-Ing airfoil. Forturatuly, tile cloud liiquid-
v-atcr cont ont generally decruases with lncreaslng alt. tude,,- tuici
the ma.ximum heatinG roquir'~ment fo.r- completo evaporation of the;
Ijntorcootud water usually occurs in the medium alti'Lude range,
that is, about 15,000 faet

Sin.ce pres-ent hot-gas wing -heating del~sprovide plrotcc -
tion by uvaporat inE; the lntcrceiptred watcer e,.vter a CLiniteý area, a
nvarked increase, in heat cequirud with speedi and altitude ls ivOp-
ieserita-ti~e of that to be expected from apply~ng ouch a system!r
to proteUct thle, high.-specd turbine-Douw~red tranqport. It is
app)arent that the 400 percent increa-ie 1-a h: atinag roquirem,_nt
duo to Ancreasing the opeed from 2-10 to: 50C0 riloz perý hour makes
-It desi~rable to obtain a more; econom~cal m,;an.,- of prute;-ction or
utilizc a heat source that has a m-n.nmum *.2ii!.cct on airplane; op(-r-
ation. Current research at the NACA 'Licwis laboratory has indica-
Led that a lar-ke savines in heat can bcý realIzed by the u,ý,o of a
cyclic do-.cing systeam.. With this s~ystem, .nst,3ad of evaporafting
the izntei-ctpted watL2, small amounts of ice arc; a.Llowe::d to form
on the surtace; heat is thcn appllkd. to mE~lt. qullkly thu bond
between the ica and the surface, theureby allowing thce ice to b!.
removed by aorodynamic forces. After r-nioval of the- ic-e, neatinC
Is tLerm"Inated, the surface tom ' eraturu drolps,, and ico t%,forms.
Whe.n this process is repouted in a regular cycle, sm-ll portie)ns
ot* the entire a~rplane can be dc-.1cod. in succession.

A short movie presuntA- at -the conf,..-rence. illustrat~ee
celectric cyclic da-icIng in the ic.;ng reslarch tuncL,.l of thu
Lewis laboratory. Tho first scene, shows theý resultant _'ice forma-
tion on the leading chdge. of a 1or drag airfoil a-fte-r an ic~ng
period. of'L 15 minutes with no heat. Th-j nex-t sequennceý prose:.nts an
unsuccessfCul attempt at do--;cing. Following a 3-minutea icing pe.riod
at 275 miles per hour, 100 F, and 0.5,' gram ocr cubic meter, the heat
.s turne~d on for _15 seconds. Faliure to rk:movc the; ice was due to
Inadequate heating which amounted to 8 watts per square inch over
the flrst 10 percent chord. In thc. next., soqutnce, succcssf'ul
do-icing is achievcjd at the same conditions but w-ith a different
he-at in.)ut. In this cast,, the heat densities va~ried from 14 watts
por square inch ne.ar t1he le.ading edgu to 3 watts per square3 inch
at the aft portion of thb heated area. A continuously heated strip
1/2 inch wide at the stagnat-on point was also employed w:Lth a heat
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density of 8 watts per square inch. The ice is quickly and
cleanly removed within S to ]0 seconds after the heat is turned
on.

In order to evaluate the effect of ompioying a hot-gas or a
cyclic electric de-iclng system on the operation of a turbine-
powered aircraft in icing condiTions, a hypothetical turbojet
transpý.rt (fig. 2) illustrates the magnitude of the problems _nvolved.
This airplane is assumed to have a go-c~ss weigt of 125,000 pounds,
a wing esan o 158 feet, and a cruising speed of 500 miles per
hour fi"om an altitude of Z0,000 feet. The 2lane is powered by
-our axial--low turbojet eagines placed in two nacelles, and each
engine has a compres6-r pressure ratio -f 5 and a rated thrust of
6000 pounds. It is assumed to climb to its cruising altitude at
maximum thrust and the fl.: ght speed to give maximum rate of climb.
This spe-ed is approximately 350 miles per hour foo all altitudes.
The descent is also at 350 miles per hour. The leading edges of
the wing and tall, the elements within the eng.ne inlet, and the
windshield are the critical components requiring icing protection
considered in this discussion.

The icing atmosphei'e discussed in the prbvibus paper through
whLch th-s airplane is assumed to fly is summarized in figure 3.
The variation in ambient temperature, liquid-water content, and
drop size with altitude represents a compromise between the most
frequent and extreme values obtained from the available icing
data. Altitude up to 30,000 feet has been divided into three
parts, the 30,000-fcot condition represents cruise. The meteoro-
logical values in figure 3, taken for the purpose of illustration
and, based on present flight data, provide a reasonable basis for
the calculation of heating requirements and the evaluation of
associated performance and operational considerations for the
high-speed, high-altitude transport.

The total and component turbojet transport heating require-
ments in Btu per hcur for three altitudes and two methods of
thermal protection are presented in Cigu-re 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 tail requirements be.ng computed for a
t,7pical double-skin chordwise flow system designed to evaporate
the intercepted water by 10 percent of chord. The engine components
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and windshield requirements ar3 based on maintaining the mini-
•im surface temperatures just above freezing.

The electrical heating requirements are based on a concer-
vative estimate of the performance of' a cyclic do icing system
for wing and tai), and continuous electrical heat-ng of' engine
components and windshield.

in all icing conditions invectigation, the total airplane
requirement using a cyclic electric system, varies from a ninimum
of about 10 percent at 15,000 feet to a maximum o. app-roximately
30 percent at 25,000 Teet of the hot-gas requirement. The maxi-
mum cyclic electric raquirement occurs at 25 000 feet and is
about 1,000,000 Btu per hour or Z00 kilowattc. A considerable
savings also appea.-'s possible for a cycled hct-gas system and the
economical performance indicated for a cyclical method of protec-
tion prompts further study and development.

At present the cyclic system entails certain installation,
maintenance, and operational problems. Pending the perfect-on of
this method of protectIon, the requirements for continuous heating
wiLth hot gas w-ll be further examined.

The cont.inuous hot-gas requirement varies from a maximum of
approximately 7,000,000 Btu per hour at 15,000 feet near midpoint
of climb to a minimum of approximately 3,000,000 Btu per hour at
25,000 feet, The higher speed cruising condition requires
4,000,000 Btu per hour. For both the cyclic electric ana contin-
uous hot-gas requirements Illustrated, the wing and the tail com-
prise over 80 percent of the total airplane requirements.

A suitable source of these large amounts of heat must be
provided. Approximately 25 combustion heaters of the size used
in present aircraft would be required to satisfy this maximum con-
tinuous heating load and obviously this would impose an unacceptable
space and weight penalty. Because the turbojet engine generates
large amounts of heat, it should be considered as a source of
energy for icing protection. Hot air or gas may be bled from the
compressor outlet, turbine inlet, or 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 source, however,
imposes performance and operational penalties. During climb,
when the turbojet engines are operated at maximum power, the
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extraction of energy results in a decrease in thrust and a conse-
quent decrease 'n rate of climb. Figur3 5 illustrates the decrease
in rate of climb restating from the use of seaeral turbojet-engine
energy sources at an altitude o!' 15,000 feet and a flight speed of
350 mlles per hour. For the continuous hot-gas system, the climb
penalt*es vary firom about 40 percent using compressor-outlet bleed
to approximately 4 percent using taIl-pipe bleed. Less than
1-percent decrease in rate of climb results from use of shaft
pcwer to Lperate a cyclic electric system. Although turbine-inlet
and tail-pipe bleed sources have a small effect on rate o'" climb
as compared to the compressor outlet bleed source, the presence
of products of combustion and the necessity for mix'ng the hot gas
with colder air will complcate their use in an antl-iclng system
In contrast, the compressor-outlet a..r is uncontam'nated and avail-
able at directly usable temperatuires.

Because the v-ertical extent of several layers of icing
clouds as genevally less than 6000 feet, a turbine-powered aircraft
during climb would be in an icing condftion only a short time. The
large loss in rate af climb entailed in the use of compressor bleed
suggests the possibility of ma king the climb through the icing
cloud without protection except for the engine components and then
upon reaching the cruising altitude the protection system would be
turned on and the ice 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 .s therefore apparent that little or
no benefit can be derived in rate of climb by allowing the aircraft
to 1ce for even a short period of time. Also, because the duration
of' icing in climb will be small, these seemingly severe perfor-
mance penalties will be experienced only briefly.

In the turbojet transport cruise condition, the engines are
normally operated 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 fuel flow. This increase !n fuel flow together
with the installed weight of the ice-protection equipment reduce
the allowable pay load. The reduction in pay load as a function
of the percent of flight time in which the anti-icing oqulpment is
in operation on a long range high-altitude flight is shown in
figure 6. The reduction in pay load at 0 percent flight time is
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due to the installed weight of the equ-*pment, and the -lope of
the curves is a measure of 'he fuel consumed in prov-diag _cing
protect on The performance penalties for mhe hot gas systems
are based on continuous heating; fur the electrical system oper-
ating f'rom shaft power, c~clic 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 tions do exist, the horizontal extent 7s believed to be small
and the possibility of avoidng such clouds fiavorable. The anti-
icing t~me will therefore be but a snall percentage ofC" the total
flight time. Thereifore, the merits of a heat souvce fur provi-
ding protection during cruise should also be evaluated on the
basis of short bcing encounters where the instailed weiht: .'s the
primary consideration. On this basis, the hot-gas system operated
from compressor-outlet bleed, tail-pipe bleed, or turbine-inlet
bleed appear most favorable- The turbine-inlet curve, omitted for
the sake of clarity, falls only slightly above the tall-pipe curve.
The pay-load penalty indicated for a cyclic electric system
employing shaft pcwer is based on present weights and power
requirements and if these can be reduced in future development,
the use of a cyclic electric pystem will be more attractive.

The auxiliary power unit indicated in f'ggure C consist of a
small gas turbine unit cperating as a gas generator. Although :t
is the lightest of the several auxiliary units invzstigated, it
is obviously too heavy to make this source attract-ve. If, how-
ever, such an auxiliary power plant is needed for uses other than
icing protect on, a portion of Its weight might be otherwise
chargeable.

Ice rrotectlon has been discussed herein for climb and
cruise conditions. Protection, however, may also be required
during descent. AssumIng the descent is at about the same flight
speed as the climb, the heating requirements for each attitude
would be approximately the same. The use of the turbojet engine
as an energy source during descent presents more of a problem
than previously ind cated *or the climb because of the decreased
power and thus the decreased availabilIty of heat during descent.
A cyclic electric da-icing system could provIde adequate protec-
tion during descent provided that the generators are designed to
operate over a wide range of engine speeds, and the turbine-inlet
and tail-pipe temperatures were sufficient to provide protection
even with low engine power. Although use of compressor bleed in
descent is inadequate to protect the entire aircraft, because of



the very low temterature available at the compressor outlet,
ser our icin,3 iLi the e-ng".ne could be prevented with this method.
The vertical extent o' poss bie 1c.n6 clouds is small and the
norrial ra.,e of des.,ýnt large: therefo-e thu time 7ri icing dur-ng

descent i:u ewvn lec3s than dur-ing climb. Furthe:rmore, It would
be possible at any time dur'ng de~cent to level out :or a shoet
per'od, *ncroase the eng'ne powtr, and de-ice th.fe ai:'vlano.

A)tCiough '-he penaltyV on rate of cl.`mb is large for the com-
oressor bleed sou)rce, Its use with a hot-gaz prctect en system is
desirable because ( t the low ins:talled weght and the freedom
.from orcducts of combu.st.on. The ccmLresso'--outlet bletd per
formance *nenaltieo just pa.'e-ented were based on a current turbojet
engine with a rated comp.essor pressure ratio o.' 5. Engnes to
be developed for future use may operate at conciderably higher
pressure ratios. FPgure 7 shows the cifoct of Increasing the com-
pressor pressure ratio on the change !n rate of climb at
1.5,000 ieet and 550 miles per hour. Tho penalty Iwposed en rate
of climb l.essenz as the niressuru rat'o is increased, varying
from about 40 percent o:; a nrossure ratio of 5 to about 25 per-
cent .."or a uressure rat. of 10., a changc o' 40 percent. The
penalties on rate _f clliab due to use of turbine-inlet bleed,
tail-pipe bleed, and shaft powe.- extract'on aý,e inapprectably
affected by vac"at on in prersnu'e rat-o. Increasing the oressure
rato -from 5 to 10 also i'esults in a slight imprcv•wmunt in pay
load during the cruise condition. It appears, therefore, that
compressor bleed should become even more attractive as a source
of heat for ice protýection of' )uture turbojet transports using
higher p-ressure ratio engines.

The preceding discuss on has been related only to the
turbojet-powered transport. Cons'do*a..ion o0' the icing .rotec-
t'on oroblem of a turb'ne-propeller a*rcraft is also of interest.
The primary difference in the icing protection problem between
the turbine-propeller transpco.t as ccmpared to the turbojet
involves thu use of the tu:.b.ne-prcpe•ller engine as an energy
source. In 6 turbine-propeller engine the low pressure existing
in the tail pipe is probably inadequate to force the hot gas
through the anti -icing system and the extraction of enurgy from
the remaining engine sources is mere costly in terms of' engine
performance because the mass flow through the turbine-propoller
engine will be leos than that of a turbojet.

Evaluating an icing protection system for the tuxrbine-
propeller transport therefore warrants greater conszderation of
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the low pcrformsancc -ocna ity sourxcos such as shiaft power tý_,o pera-
ate a cyclic electric system oi- hot 6as from heturbh±- ni&j

In conclusion, icing protect.oii is raqu red i'oi, th-, hig~h.
snood, high alti tiade, gas t-urbine-j powered ti-anpo-t. Alt'qouý7t
the airplano heating requir-cmento :'vv-e been rnnirkýd]. icra,
fr:om present day values by the introduction co" tLhe tt,,rb*nc-;,,-wýýred
transp.ovt, several _factolrs tecnd to alle. iat 4'his _ac.ý'ac-,d v.-
in-~ load. A s'zea'ble reduction *n tiicsc)l rcrcet ic sos:'bl1o
by the satiufact.o-.y development ofcycl..c sy-st~rn, us ng either
eloctA ical heating cr hot. gas. A bLe uTu~e IC02- thi*S1 enor-_y
is read..ly ava~lable in tha turblno on,,7Ine -toolf. The resul4,ti-mt
peorformanc-e or operat-onal penalties incurred in extrac~t~ig energy
from the engine will be dependent on Lhe sour1ce Cmployead. Tile
dif'ficulties ari~zlng frt-m the use of any one soucce can be ob'.' latcd
by employinS a su'itable ccmb.nat'ori of sou-rces, a,. foýr example :
engn,:,ne prcotcti'on from tturb ne-ilnlet bleed; or shaft power in con
junction wi1th ccmpressor bleed .-ýr cyclic or continuous protection
o:' the wing and tail sur.faces.

Although t,-he perfbrmanice penallties associatted with pr-ovlding
ici*ng protect--on fr:om so)me Of 4the a~vallablu enorgy sourc-cs appear
large during climb and descent ofL tht. ai1rcraft, these -vý.nalties
will probably be In effect for only a short tinme; and tile 1cing
conditions,, .7.f any, dur'Lng cruise, will be of small extent and the
possibility of avoiding them -favorable.

The exact nature of the ice protection --ystem, its o,.erati .2on
and cost will be dependent upon the c-p-c.f-c character st os oi
the airplane and engine, the flight plan, and the icing co-ndi tions
it may encounter.
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SOME ASPECTS OF AITCRAFT SAFETY - ICING, DITCHING. AND FIRE

9. AIRCP,*'T OPERATIONAL PROBLEMS INVOLVED IN DITCHING

By L)oyd J. Fisher

Langley Aeronautical Laboratory

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

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

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

Three types of motion are used herein to describe ditching beha*.-
ior. One type of motion is called a dive. In this motion the airplane
assumes a negative attitude and partially submerges. The decelerations
are generally high. This is the most undesirable motion encountered
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 gradual2y settles into the water'
as the forward speed decreases. 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 be such that all the desirable
features shown here cannot beachieved in every ditching. For example,
if all engines have failed the ditching must necessarily be made with-
out power. However, if fuel is running low and it is known that a
ditching is inevitable the landiag should be made 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 speeds
possible are desirable as damage is intensified by increased 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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landing speed all disposable gear and cargo should. be jottisonid,
Remaining gear and cargo should be secured and no hatches or doorc
should rertain open in the lower part of the fuselage. Tho laadi.....
gear should be retracted as an extended gear will cause high decelera-
tion and diving. Generally a nose-h!gh attitude is desirable. A near.-
level londing attitude sometimes causes en airplane to dive but in any
case the high speed associated with a level landing usuclly produces
high bottom loads and consequent damrnIge. Crre should be exercised to
prevent stalling to avoid lack of control and the possibility of iniiing
onto the water. This might produce excessive structural damage 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 making touch-down at the best
point. The sea may be so irregular that a great amount of judg~m~eut
will be needed in determining the predominant wave form. Hc-dcver,
some principles that should be followed can be ilhustrated on a s2iple
wave system, figures 2 to 4. It is usually best to land parallel to
waves or swells unless a very strong wind is blowing in which cae6 a
landing into the wind may be best. In a landing parallel to the vaves
(fig. 2) the contact should ideally be made near the crest on the
leeward side so that aL the wave progresses the airplane will remain
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 enough so that a cross ýave landing
(fig. 4) is best, the ideal situation 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 or. the upwar(I slope
will result in higa impact loads and if the force is appliod near the
tail it might cause the airplane to nose into the next wave. The
principles illustrated in figures 2 to 4 ndmittedly are difficult to
follow, but the Coast Guard considers them feasible and has Written
them into its pilot's operational manual.

In a heavy sea even an airplane with very good ditching charac-
teristics-can be thrown into violent motions and-receive ex', nsive
damage if touch-down is poorly executed. Figure 5 shows typical
longitudinal etcelerations for a transport model landed across waves
and in Calm water. A maximum value of about 6g is shown for 6..foot
waves but this value-can be exceeded in steeper waves. The =!ximum

deceleration in 2--foot waves is about 4g, practically the same as in
2

calm water. For landings in calm water, across small waves, or par-
allel to large waves transports generally make fairly smooth runs and
subtain 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 requirements of cargo floors and prussurizatlon
add to the fuselage strength. It would seem that much better ditching
characteristics are needed in transports than in bombers because of
the large number of untrained transport passengers involved.

In order to safeguard against injury oven in a mild ditching,
consideration needs to be given to the location of passengers in the
airplane (fig. 6). No ditching stations should be just aft of a
weak door or hatch in the fuselage bottom, as such a position is
likely to be overwhelmed by water entering through the opening. The
safest position is in the forward part of the fuselage, facing back-
ward with one's back against a bulkhead or preferably in a seat faced
backward. A properly tightened seat belt may be sufficient restraint
even in seats facing forward but a much greater margin of safety would
be obtained if the seats were faced backward. Seats and safety belts
of course need 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 that is tolerable to the human body if
it is properly restrained. In those transports that have two decks,
the uper deck provides the better ditching station. There is little
likelihood of the floor of this compartment being flooded quickly since
it probably will not be damaged and the wing will provide enough buoy-
ancy to keep it above the water for a reasonable length of time.

When the airplane has come to rest it is important to get out
promptly 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 total
damage to the airplane. The only safe course is to get out quickly
and rapid escape may be complicated by panic among the passengers,
particularly if the escape hatches that are available 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 a rapid escape of a full
load of passengers.

Design parameters having an influence on ditching character-
istics (fig. 8) include wing location, landing flaps, tail-surface
location, fuselage shape and strength, and protuberances. It is
realized that an airplane is not designed solely for ditching. How-
ever, in any design the choice of parameters is made for a variety
of reasons and it is intended here to show how such choice may effect
ditching. Actually there have been airplanes having generally similar
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air performance but with considerable diffurence in ditch tng perform-
ance so it is sometimes pcssible to obtain ,mprovýenrnts in ditchl',S
without lo~j in other respects.

Figure 9 shows typical wing:-;nd-fuselage combinations. Since a
major portion of the buoyancy available for keeping the airplru
afloat comes from the wing, it is undesirable to have rhu wing phced
high with respect to the fuseilnge. This location causes no d&triucntal
motions but offers no buoyancy before the fuselage is submerged. Tests
have shown, however, that under sone circumstnnces, a wing lceated at
the bottom of the fuselage may have an adverz-e effect oa hydrod;r.zmJc
behavior. Flaps, nacelles, or the wing itself, may enter the water
at high speeds, causing high decelerations or diving. These consider-
ations lead to the conclusion that the safest position of the wing
is slightly above the bottom of the fuselage in a low-mid-wing
position.

Landing flaps have had a noticeable *cydrodynamic effect on aout
25 percent of the models tested. In a majority of these cnscs they
caused a slight nose-down motion but in no case was a flaps-up coA-
ditioa advantageous. It is prefer Z2.e to have flaps down in a ditching
in order to obtain a low forward speed and so decrease the chances of
fuselage damage but on low-wing airplanes the flaps should be weak
enough 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 little effect on
ditching. It has been found, however, that a low position of the hor-
izontal tail surface can prevent excessive trimming-up where the fuse-
lage has a shape that produces this motion.

Some recent transports have unusually large amounts of sweep-up
on the after fuselage while others have high transverse curvature or
perhaps a combination of both (fig. 10). A high degree of fuselage
curvature causes a suction and the airplane will trim-up in the water.
Trimming-up is not in itself detrimental but if it is great enough the
airplane may leave the water and then reenter at an unfavorable *tui-
tude. Model tests have shown motions of this type in which the model
trimmed-up so high that it stalled and fell back into the water out
of control. Another disadvantage of trim-up is that if the suction
breaks suddenly the airplane may trim down fast with the resulting
impact causing damage.

Fuselages having moderately curved cross sections (fig. 10)
appear to be as stable dynamically as those with nearly flat bottoms.
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S2ince flat bottors vru subject to much higher bottom pressures and are
structurally less efficient for carrying loads, it is advantageous to
use mode:½ly curved ,cctions.

The strength of the bottoym of the fuselago is probably the most
important facto2 influencing ditching behavior. A majority of air-
planes would diLch well if uLe fusel"1ge bottom did not sustain large
damage. In order to dcterm.ine the effect of this damage models are
tested with approximately scale-stirength bottoms. Damage always
occurs and. sometimes produces undesirable motions and decelerutions
and of course the resultant water inflow is detrimental. If there
are doors in the bottom 'hey are usually weakor than the surrounding
fuselage and so fail more easily with Creater total resultant damage.

In general protuberances below the bottom of the airplane, by
virtue of their water drag, tend to cause a detrimental diving
moment. Exceptions to this occur when the protuberances are of such
shape that they produce substantial hydrodynamic lift forward of the
center of gravity or when the atttachmont is so weak that the pro-
tuberance tears off. Engines mounted low on a low wing or slung under
the fuselage Ls on some recent jet airplanes (fig. 11), probably will
not tear off and will be detrimental. It is best for engines to be
well above the bottom of the fuselage if they are rigidly built in.
However, when a strut is employed (fig. 11) the strut could be weak
enough that the installation would tear off without causing trouble.
This was true of the one model of this type that has been tested.

Fuel tanks (fig. 12) installed under the wing will have an effect
similar to that described for engines except that tanks are not as
rigidly attached and so tear off more easily. If a choice is available
it is best to jettison such tank3. Tip tanks probably will not enter
the water 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 even
a very poor ditching airplane or to further improve the ditching
characteristics of a good one by the addition of a ditching aid
(fig. 13).

One method of preventing diving or nosing in during the high-
speed part of a ditching run is the use of a hydrofisp, a device
near the nose that has sufficient hydrodynamic lift to furnish the
required positive pitching moment. Of a variety tested, a narrow
planing surface, having a trapezoidal plan form, and set at an
incidence of' about 300 to the fuselage was generally the most effec-
tive. The hydroflap offers Ln opportunity for keeping the nose out of
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the water and reducing the lorids on that part of the fuselage by
concentrating on a small strong area the high water pressures present
at landing speeds. SomeAtimes it may be possible to use a hatch or a
speed brake to serve the additional function of a hydroflap with less
additional weight than wc(uld otherwise be required. One type Navy
airplane has employed a modified hatch as a hydroflap.

Another possi.bility for a ditching cid is a planing surface that
can be extended on struts so that in landing the iiirplane rides on
the planing surface with the main body of the airplane not subjected
to high water loads at planing speeds. Almost any degree of effective-
ness is possible with this device, depending on its size; and the
hazardous motions and structural. damage associated with ditching can
be eliminated. For airplanes with solid bottoms such as transports a
single planing surface retractabl2 into the bottom would be suitable
or twin surfaces rotrectable into the sides of the fuselage or into
the wings could be used. rlie twin-surface arrangement would-be most
desirable if doors were required in the fuselage bottom.

In concluslon, it may be stated that the dynamic behavior and
structural damage during ditching can greatly influence survival. The
hazards involved can be reduced by proper selection of operational
parameters during the approach and landing. They can be further
reduced in the design stages of tlhe airplane by. proper consideration
of features affecting behavior, ditchiug stations, and means of escape.

In 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 run.



-POWER
FLAPS DOWN

I-. - -. LOW FORWARD
000 SPEED

LLANDING GEAR
RETRACTED

JETTISON DISPOSABLE GEAR AND CARGO
CLOSE ALL HATCHES, ETGCs IN BOTTOM---

Figure 1. - Landing configuration.

WAVES

*,De*:

* 0

Figure 2. -Parallel waves (crest).

- * • 0. . . . ... ... .. . .. . . - - - - . , m m m m lr ll



WIND
WAVES

WING TIP IN CREST TO%

let*

S.0

Figure 3.- Parallel waves (trough).

WIND

WAVES

LOW IMPACT

HIGH IMPACT0

TAIL THROWN UP

Figure 4. - Across waves.



4 CALM WATER

0601

0••••: ACROSS
Soo* LONGITUDINAL 4- 2 1/2-FOOT WAVES000.: DECELERATION, 0 2

00 0:

7 •ACROSS
4 6-FOOT WAVES

0 I 2 3 4 5 6
TIME, SEC

Figure 5.- Deceleration curves.

SEAT FACED BACK AGAINST
BACKWARD BULKHEAD

=0"0*
* 00

WATER INFLOW

Figure 6. - Ditching stations.



ESCAPE HATCHES IN
UPPER FUSELAGE

Figure 7.- Escape hatches.

WING

LANDING FLAPS

TAIL SURFACES

FUSELAGE SHAPE

FUSELAGE STRENGTH

PROTUBERANCES

Figure 8. - Design parameters.



S,

DESIRABLE

s.0.
* 0000

0000

. --. :F A IR

00:

* S•

UNDESIRABLE

Figure 9. -Wing arndt fuselage combinations.

HIGH LONGITUDINAL CURVATURE

HIGH TRANSVERSE CURVATURE

MODERATE TRANSVERSE CJRVATURE

Figure 10. - Fuselage shapes.

* . . .0w m . = i m m m m n nm n un n ll n n n lN l ma n i



ENGINES UNDER WING .'

ENGINES UNDER FUSELAGE

ENGINES ON STRUTS
Figure 11. - Engine arrangements.

' 5
eec.

FUEL TANKS UNDER WINGS

FUEL TANKS AT WING TIPS

Figure 12. - Fuel tank arrangements.

" m rn, am an U~im~ nm mmal lln llll l I l I I I I I I I.



* 00.
* 00

* 0

00ue1. icin is

o0



10. SOME ASPLETS OF T RA1SPORT AIRPLANE FIR POBIM1.

By Irving Pinkel



RESTI TE D 64

COME ASPECTS OF AIEChRFT SAFETY - ICING, DITCHING, AND FIRE

SOME ASPECTS OF THE aRANSPORT ATARPIANE FIRE PROBLEM

!0. By I. Irving Pinkel

Lewis Flight Propulsion Laboratory

Recent stildies 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 laboratory of the NACA has engaged in a study of fires
following take-off and landing crashes of survivable intensity. One
phase of this work is the 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 way of a progress
report that will consider the knowledge of the mechanisms of crash
fires gained from work already completed and the approach 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 fi-es 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 is 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 simulated take-off conditions. Tha
instruments provide:

1. A record of temperatures at selected stations within the

nacelle, wings, and fuselage.

2. Detection of combustible vapors throughout the airplane.

3. Time and location of fuel line rupture.

4. Time and location of electrical short circuits.

5. Gas samples of cabin atmosphere.

6. The acceleration of the airplane in the crash.

A crash site (fig. 1) was developed to permit an airplane to accelerate
from rest under its own power constrained by a guide rail to arr*L9e at
the crash barrier with take-off (or landing) speed. Details of th._
barrier are shown in figure 1 which shows the airplane runway and g,.ide
rail in the foreground. 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 thz wing tanks
are severed outboard of the nacelles by poles. After crash the air-
plane slides along the ground beyond the-barrier. This arrangement
provides a severe crash from the standpoint of fuel spillage and igni-
tion source exposure.

In the conduct of these studies, it was appreciated that a con-
sidezrble 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 factu-.i 1.1sis those commonly considered
ideas on crash fires which actually apply. The work completed thus far
has provided information on the various ways fuel is released in a
crash, a positive identification of several important types of ignition
sources, details on-the rate <if spread of fire through fuel dispersed
within and around the airplane, length of the ;' c cK &La priLL th-fU
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 engine induction system, as liquid from broken fuel
lines Lnd tanks, and as mist if the spillage occurs from an airplane
in moti.on. In the last case, the aeeodynamic forces on the fuel rip
it to mist to form a highly flammable fuel aerosol that moves with the
air around the airplane. A picture of such a fuel mist taken during
an actual crash is shown in flrgure 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 thio type of fuel spillage in
the crash fires it will be discussed in detaiL. :irst, an illustra-
tion (fig. 3) is given of the rapid develoapmert of the fire through
the fuel mist. This demons ;rates the fire propagated by atomization
to mist of the fuel lost f an airplane 1-c~se vring fuel tanks have
been exposed while the airplane was in motirri. In the crash that
produced this fire the pole lar-iers were CAr:-rged to smash the landing
lights on the wing and tear open the tanLts behind them. The ignition
that occurred at the damaged landing light, as shown in figure 4, is
evidence that a damaged electr-.cal system can oer4e as an ignition
source. The fire clearly originates at tha locetion of the lending
light before the airplrne is displaced its oin length 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 immedinte. 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 5. This
figure shows ignition by exhnust gases 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, nacelle 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
1

within 2 seconds of the crash. This picture was taken 4i 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 comie 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 occur. The tendency for the fuel to disperse span-
wise (perpendicular to the air stream) is responsible for the contact
between fuel and ignitor. A detailed study of this sidewise fuel
spread conducted with taxiing airplanes and simulated fuel spillage
shows the following mechanism of fuel dispersion. When fuel is lost
from a decelerating airplane, the momentum 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 appreciable time to spread before
such interception and can extend to the nacelle. Likewise, high
airplane declerations will produce high-velocity fuel jets that
extend well ahead of the airplane and acquire high spanwise velocities.
The combination of reduced airplane speed and high deceleration rep-
resents V,. critical conditions of airplane motion frocm the standpoint
of ignition by a source located at the nacelle. This effect correlates
the facts that ignition by the broken landing light adjacent 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
crash. Wetting patterns produced on an airplane by the mist in the
taxiing tests show these effects clearly (fig. 7). Typical 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 correspcnds to fuel spillage t.c
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 bnclose 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 fNel is airborne in these mists, a cross wind from
the wing tip to nacelle will d.splace the mist pattern toward the
nacelle and increase the probability of fire. This applies to the case
shown in figure 7, with the relative wind as indicated. If the wind
were 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 ign'ted 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-:r-iuretor 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 wing 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 damaged 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 eitter several hundred feet per
minute or just 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. Those figures
are important in a crash only if the pool of fuel covers a significant
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area around the airplane. If the fire begins before appreciable fuel
has beer exqposed, the flame propagates to the opening from which the
fuel is issuing, and ignites the fuel as it leaves. In this czis;,
fire development is controlled by the rate of fuel effiau, with fuel
vapor pressure playing only a secondary role. The rate of burning
within an enclosed space such as a wing ccntaining fuel is often
controlled by the rate at which air c&rculation brings oxygen to onhe
fire; fuel volatility I s then of secondary importance. Fire spreti
along the exterior of the airplane follows the pattern of the ground
fuel spillage and the zones of the airplane wetted by the fuel. Within
a minute after ignition, the wetted skin of the airplane can be burned
away. Magnesium engine parts will ignite in airplane fires and cintillue
to burn after the surrounding fuel or oil fire is extingdished. The
aluminum airplane parts will burn only when heated by an external source.
Radiation will ignite paint on exposed surfaces at locations 20 feet
from the perimeter of an intense fuel f.re.

The discussion will proceed from a consideration of the seotc-ate
events involved in a cr-sh fire to a complete study of a full-scale
crash. A fully instrumented airplane, carrying a take-off load of
1000 gallons of fuel and moving at a ground speed of approxinately
80 miles per hour is involved in a crash that is quite severe from the
standpoint of fuel spillage and exposure of ' gnition sources. A
schematic view of the engine nacelle of this airplane (fig. 8(a)) shows
the oil cooler located at the bottom of the nc.,?lle immediately behind
the exhaust colljctor ring. Following the usual airplane damage ;t
the barrier the airborne plane hits the ground and slides. Impact of
the nacelle with the ground breaks the oil cooler lines ard the exhaust
collector ring is wetted by the released oil (fig. 8(b)). Other oil
spillage takes place from a broken nose gear housing. Ab-1t two seconds
after impact, the instrumentation indicates oil fire on the exh',2st
collector ring. Condensed oil vapors now issue from the nace.le. 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 has 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 a 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 area. After two minutes, the fire has the
distribution shown in figure 8(f). The smaller solid area represents
the fire after 10'seconds, and corresponds approximately to the
original fuel spillage pattern.
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After two and one-half minutes, the airplane cabin was completely
gutted. Air temperatures within the cabin reached 3000 F, considered
the maximum survivable 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 airplane speed appreciably. Severing
the landing gear from the airplane caused a somewhat smaller deceler-
ation of 3.2 g for a longer period. The highest deceleration of 4.0 g
was associated with damage to the wing le4ding edge, main 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
survivable 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
ignitlon. Declining potency of an ignition source is illustrated in
figure 10, which shows the rate of cooling of an exhaust collector
ring from a temperature of 12000 F, corresponding to take-off power
employed at the moment of a crash. It requires 50 seconds for the
exhaust system to cool to 9000 F, the lowest temperature at which
gasoline will ignite and 200 seconds for the collector ring to cool
to 6000 F, the lowest temperature at which lubricating oil will
ignite. A somewhat similrr 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 oil 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 crash fire hazard of current
airplane types with present-day fuels will be made. Fuel ignition
requires the coexistence in one environment of fuel, oxygen, and
an ignition source. The prevention of fire involves the elimination of
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one. of. these tbrtie factors at every zone. Fuel li~nes, anid t'r.nks
capable of' withstanding the -crash would provide complete Lire .protter-
tion.*by-elimi~riatiug aviiilable fuel. Such fuel systems tire t~ot ', h.-,,ever.,
curre~ntly .iavilable*. Likewiseý.. experience to dlate thow's that nn
unacceptable weight of extinguishing agent 'Vould be r~eqUlrjed to incort
the atmospheres around all ignition sources over the period thrit n-
tion.is likely.. Theref'ore., preseit, efforts are directed tovtrd.
reducing-.the Tiurabe~r of ignitionr aources and inert ing the a~tmosphere*
around-tho~epethat, canavt be elimiinated. The effectivrenosg of'rhis
approach- can be apprai-.ed by testing-an installation simi.16r to '.h t
shown schematically in figure 11..

This install1ation includes the following elements activated at the
moment .of-crash.

.ý,a. A fuel ..ut-off va~.ve aft of the carburetorý to stop fuel flow
and bring the engine to rest.

b. A two-pound charge of methyl bromide or-other suitable fire
extinguishing agent discharged into the induction system of the en~gine
to inertVthe fuel-air mix~ture entraprcod in the. ý,nduction'systemiwhen
the tuel.valve is close'd ',. The e:.. e'a.iahi~ng -agent would also ýsweep.
through the, e.3gine-to inert gr ses in, the- exha~ust -disposal system -as
we~.U1.. ThiR would- prevent backl'.res .and the torching-of flamies from
the. exhaust s~tack,,

c.;.An electrical-* system cut.-off swi~tch to prevent the development
ofnrcs "and, short.-c i cuited -wires....

d. A, -simplp rapray systen: arranged around the exthaust-disposal
sysit~q e~mploying water-or other suitable liquid, to wet. and cool the.
exhaust--disposal system.. The heat capecity of the exhaust system -4s
not ).ar 6,. Preliminary experiments indicate the psiiiyo
coo~aýi~g the epxhaust system to safe temperatures -with -less. than .4 .gallons
of water4;,..Thpe steam generated'on the hot exhaust'system-woul.d inert
the. iupdiate neighborhood and-'ignition would'.not occur whilb the-
exhaust-sykrtems .emperature is being reduced.

Application of this system :or Itny of its. componenits-:t6 aly ac'tual'
airplane crash safety system would require a manual override fbtý-.the-
pilot on the fuel valve and on the electrical-system switch. All such
systems~shpuld provide tbat in~no'inal a irp lone-.opdrat oi-;`theý'ci'ash-
sensittVe element that actuates thiB system -would.,be. -noperativ6- to:
preven~t., ki~a-fertant funqtiont~ng .of" .the system. When' t1be'pilot. beilieves
a crash.i iuimineut,.thie system.,canr-be alerted ;for; the briee daiiger6ub
'Period.-with no 1085. inj pilot -control. ':.
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The question of the benefits to be derived from the use of fuels
of low volatility, the so-called safety fuels, is not answered com-
pletely by the studies conducted so far. On the basis of laboratlry
experience to date, however, in which fuels having a wide range of
volatility atomized to mist in jet-engine combustors have burned
satisfactorily, it appears that in those crashes in which dense fuel
mists are ignited by contact with a potent ignitor, little advanrtage
would be gained by use of a fuel of low volatility. Experience with
coal and other dust fires is consistent with this point of view. The
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. In this field,
assistance is available from the work of the CAA and other agencies
that are approaching the crash-fire problem with the point of view
that if the fuel system can be made to remain intact during crash and
prevent the spillage 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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AERODYNAMIC CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES

11. REVIEW OF AIRPIANE CHARACTERISTICS PERTAINING

TO HIGH-SPEED PERFORMANCE

By Ralph P. Bielat

Langley Aeronautical laboratory

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 subsonic speeds: perhaps 500 or 600
miles per hour.

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

Some data obtained from reference 2.are.presented for a.present-
day, four-engine transport airplane shown in the lower left corner of
figure 1. The wing Is 18 percent thick at the root and tapers to 12-
percent thickness at the tip, The itali section. is 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 aerodynamtc:components of
the transport are satisfactory and efficient'for the speeds at which
transports operate today, that is, in the range of.300 to 350 miles
per hour.

Plotted in figure 2 is the variation of the drag coefficient and
lift-to-drag ratio with Mach number for leyel flight at altitudes of
20,000 feet and 38,000 feet for the four-engine transport for a wing
loading of 65 pounds per square foot. If this transport is flown at
either of these altituder, it can be seen that the drag decreases up
to a Mach number of approximately o.65, after which it rises markedly.
This Is the typical variation of drag coefficient for a given altitude
as the airplane flies through Its speed range. The reduction of drag
coefficient with Mach number up to 0.65 is caused by the large reduc-
tion of the induced drag as a result of the decreasing lift 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 given range
depends upon 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 feet
altitude, it can be seen that the lift-to-drag ratio is falling off
rapidly, but this is due to the fact that the transport is now flying
at too low lift coefficients for maximum L/D. The higher lift coef-
ficients corresponding to maximum L/D for the higher speeds occur
at high altitudes where the air densities 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 0.6o, the L/D ratio of this
transport can be increased approximately 56 percent when the altitude
is increased from 20,000 feet to 38,000 feet.

Here we can see how the modern power plant, where the term
"modern" refers to the turbo-engine, fits naturally Into the opera-
tion at higher altitudes. First, the turbo-engine, when compared
with the piston engine, has the necessary extra power which is needed
to fly at faster speeds. Second, its efficiency is best at the high
altitudes and high speeds where the airplane is also aerodynamically
efficient.

Out in the speed range above Mach number 0.65 (fig. 2) the L/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 severembuffeting 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 lift coefficient with angle
of attack for a series of Mach numbers. .It can'be seen that, for a
Mach number of 0.5, the lift exhibits no unusual characteristics for
the range of angle of attack shown. At a Mach number of 0.65, it
breaks over sharply at about a lift coefficitent of ý0.60. 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, It can be seen that
the lit coefficient has dropped abruptly. -
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Also shown on figure 3 is the variation of pitching-moment coef-
ficient with lift coefficient for the same series of Mach numbers. Up
to a Mach number of 0.65 and a lift coefficient of o.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 airplane at these speeds.

If transports are to operate efficiently and safely at the higher
speeds, that is, 500 to 600 miles per hour, we must consider what mod-
ifications must be introduced to avoid these difficulties. The wing
is 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 is desired to fly faster than a Mach number of 0.65, or
•00 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 bf 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-thickness-chord ratio. It
will be seen for the lift coefficients shown that the Mach number of
the drag rise increases by approximately 0.015 or about 10 miles per
hour for each one-peroerit reduction in wing-thickness ratio. If the
wing-thickness ratio Is reduced to 10 percent, the flight Mach number
can be increased from o.65 to approximately 0.73 at a lift 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 weight penalty
would have to be taken for these thin wings if the strubtural strength
is to be maintained. The reduced wing thickness would introduce a
trend towards increased wing-chord and in reduced wing aspect ratio with
a corresponding reduction in aerodynamic efficiency.

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 appreciably 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 500 mph is about the
lJmiting flight speed that can be obtained by decreasing the wing-
thiclmess ratio and int.oducing camber for unswýept wings,

In order to fly at Mach numbers above about 0473, the wing imiust
be swept. The tv'ansports shown in the upper right corner of figure I
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 appLOx-
imstely-35 0°. The conventional fuselage is replaced with one having
increased fineness ratio and a rather sharp pointed nose. The nacelles
are the, long tapered nacelles. The reasons for these aerodyrnamic changes
are discussed below. What can be accomplished with sweep is indicated
in figure 54 Shown here are some data for the same wing which hi:s been
sweptback from 00 to 300- and 450 by rotating it about the root. Thus
the wing section measured perpendicular to the leading edge remained
unchanged. The data. plotted in figure 5 show the variation of maximum
L/D wi-th 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. Sweeping the wing to 300 delays the L/b decrease
to a Mach.number of 0.82. At 450 sweepback the lift-to-drag ratio
starts to:decrease at approximately 0.90 Mach number. The improved
characteristics in L/D for the sweptbadk wings at the high Mach num-
bers are the principal reason for employing sweep on these transports
shown on the chart. in order to realize the full adv'antages of sweep,
the wing thickness should be kept low.

Besides improving the lift-to-drag ratio char acterilstlcs, t:hfe use
of sweep also reduces the adverse effect o f ,compressibility ori the
stability-and-control and buffeting problems at .hig'h' .peeds.

There are a number of di-sdvahtages associated with the use of
wing sweep. One limitation on the use' of sweep iS its inheiently high
landing speed resulting from the cfat that: the si4eptback wing stalls
at a much lower lift coefficient than does a straight wing. The prob-
lem of getting satisfactory landing characteristics is further aggra-
vated for the swept wingsby the instability that develops at high lift
coefficients. The elimination of such: nstability, requires a trend
toward lower aspect ratio which of course will reduce the aerodynamic
efficiency. Some low-speed characteristics of thin-wing and swept-wing
configurations are-discussed in 'a. subsequent paper (Psrt12)."

L . • • ? .: " ."•
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In addition to the maximum lift instability problems, there is at
least one other limitation on the use of swept wings, This is the
effect of the sir forces in distorting the wing and thereby affecting
its aerodynamic characteristics. The wing lift 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. This reduces the lift at the tip, and
the center of load usually called the aerodynamic center, moves inboard
and therefore forward. The effect is proportional to the dynamic pres-
sure and is affected by both speed and altitude. Illustrated in fig-
ure 7 is the aerodynamic-center shift for a typical high-aspect-ratio
swept wing, The figure shows the variation 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 feet
and 500 mph the forward aerodynamic shift amounts to 13 percent of the
mean aerodynamic chord and at 40,000 feet the fordard aerodynamic-center
shift is only 6 percent. Thus, it can be seen that high-speed flight
is 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 lift due to aileron deflection tends
to twist the wing, reducing its angle of attack. This effect is aggra-.
vated by the previously mentioned effect, since the aileron lift 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 dynamic 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; howeve;
reasonable solutions to some of these problems have been obtained for
the speed range considered here.

Another aeroelastic effect is the simple wing divergence which is
of importance only for. the unswept wing Since the center of lift is
ahead. of.the torsion axist,;the lift increases the angle of attack and,
if the dynamic pressure is very high, the wing wIll have to be very
rigid if 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 reduc.tion of
the adverse compressibility effects on wings. Components of the airplane
other than the wing may well become the critical factor in determining
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the limiting normal opereting speed of the airplane.

Figure A shows the variation of the drag coefficient based on Lody
frontal area' with Mach:.number of several streamline bodies of revolu-.
tion, ,which for all practical purposes .can be considered as fusclag~s
or nac:eles. The data were obtained from rocket-powered models anj,
hence, the tail surfaces on the models wore necessary in order to obtain
stability'in flight. The bodies ha-e. fircness. ratio of 6.0 and 9 0 and
differ only in the location of the maximum diameter. By incrcasing the
fineness ratio from 6.0 to 9.0 with the 'maximum body diameter located at
.20 percent -of the fuselage e.ngth, the Mach number for the drag rise can
be increased from 0.82 to 0.38, I the position of the. maximilm diametcr
is moved rearward as shown by the bod-ies -in the'lover portion of tne
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. risefor these streamline bodies of revolution are due to the three-
Z.. mclisional type of flow over the bodics. It can be concluded that
fuselage Shapes can be d'esigned which will operate efficiently at .igh
speeds.

"Flying-boat huliS can, be".'onsidered in cdnnection with the subject
of fuselages. The sh'ape of ,the flying-.boat hull is not necessarily
inconsistent with highýspeed-flight. The high fineness ratios, or high
length-benm ratios, that -have been found ve.ry advantageous for flying-
boat hulls, are precisely what hav.e just been concluded as being
helpful for high spe'eds (references'5 and 6).

With regard to nacelles which cdoe in all shapes and si,:es, the
problem is basically similar to that for .fuselages, except that there
tends to be an esoecially critical problem with respect to the wing-
nacelle inte'rference (roferences .7, 8, and 9). In the case of the
fuselage,. or"the 6ýdtboard side of the nacelle, figure 9, there is
fortunately a favorable pressure gradient along the intersection, which
tendstp prevent flow separation in this region. On the Inboard side
of the nacelle,.there ls an unfavorable pressure gradient which tends
to spoil the flow in that region Careful design may alleviate this
difficulty, but there remains the fact that the combined velocity incre-
ments-dueto t.he wing and the nacelle tend to reduce the drag--rtse Mach
number.,.especially along the joint of the Inboard-side, It is important
that the combination..be arranged so that the regions of highest velocity
on the wing and na'clle separately do not fall together in the combina-
tion.

There does not seem to be much basic aerodynamic 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 pyJon is 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 nacel.le is preferable, and
also the pylon needs to be swept about 300 or more if the highest
drag-break Mach number for the arrangement is desired.

The air inlets on these nacelles offer no special difficulty in
the speed range that has been considered as is 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; but reasonable solutions for these inlets have been obtained
for the speed range that has been discussed.

To conclude, a rather broad discussion of some information which
is applicabl.p to the design of transports to operate efficiently
aerodynamically and safely in the speed range of 500 to 600 miles per
hour has betn given. In order for the transport to operate in thc.
speed range of 500 to 600 miles per hour the wing thickness ratio was
reduced to 10 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 large-diameter, blunt-type
nacelle was replaced with a smaller-diameter, long, tapered nose
inlet. Some discussion of the aeroelastic problems which occur to
make the design 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 hi~h speeds. But,
essentially the aerodynamic factors which were discussed determine to
a great extent whe'her this transport will operate Elif`c1.cnLty and
economipally.
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By Lawr,=cc A. Clousing

Ames Aaronautical Laboratory

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

For thin wings and wings of small values of sweepback, that is,
for Yings not exceeding about 350 of sweepback, the problem of ob-
taining satisfactory low-speed flying qualities is not very diffi-
culL of solution. A nuiber of airplanes having sweptback wings of
about 350 are operating with relativel.y satisfactory low-speed char-
acteristics, the main differenccs in low-speed handling from those
of conventional aircraft being due principally to the characteristics
of the jet power plant rather than to the aerodynamic characteristics
of the airplane. As sweepback of a wing becomes larger than about
350, however, aerodynamic 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
serious cornideration being given to the use of highly swept-back
wings on other than research airplanes, even though high values of
sweepback offer corniderable advantages at high speed.

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-winp 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 created at low speed by use of thin wings are
those of an increase in landing speed and a tendency tonard undesir-
able stalling characteristics. Figure 1 show'vs the general trend of
the variation of maximum lift coefficicnt with thickness ratio (ref-
erences 1, 2, and 3). This variation is shown for an airfoil with
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no flaps, andi for an airfoi I with a split flap. Note that mv.:iiTum
lift coefficient of the air'foil ,dth flauLx dec:r•:ases coi-xiuci,!y
with dec2.,eaý;es in thickness ratio throu-.tuut th', rang sho, and
the decrease is mort, pronounced than for the airfoil without flaps.
In terms of stalling speed, these data show that in thr3 case of the
airfoil with flaps, a 17-percent increase in stalliri, speed would
result from decreasing the thicknes- rutio from 16 percent, which
is typical of the thickness ratio on cont,ýmporary transport airp2anes, to
9 percent which is probably typical of fuLurc. airplanes. Ee].ow approxt-
imately 12-percent thickness ratio, a change in thu nature of the in-
itial flow separation at stall occurs (see reference 3). Instead cf
separation starting at the trailing edge, it may be expected to start
at the leading edge. On airfoils of about 9 to 12 percent thickness
ratio, this results in abrupt separation of the flow from the entire
upper surface at stall v•ith adverse effects on the nature,• of the stall
and stall .warning. Thus it is apparent that if maximum lift and satis-
factory stalling charactcristics are to be preserved on thin airfoils,
leading-edge separation must be prevented or controlled.

Control of leading-edge separation is possible to a limited ex-
tent by use of camber arid by making the leading edge more round, and
to a large extent by use of slats, drooped leading,-edge arrangements
of varioue types, and suction. in figure 2 sectional forms of some
types of leading-edge devices that have been studiuj4 wit*h respect to
their ability to control separation at the leading edge are shown
(references 4, 5, 6, and 7). Their effectiveness in combination with
several types of trailing-edge devices is also indicated, Although
the values given are for airfoils of 12-percent thi-ckness ratio,
rather than for the thinner airfoils being discussed, comparable data
on thinner wings not being available, en6ugh is known to indicate that
these data 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 side have slight
camber. It is apparent from a comparison *ith th6 plairi Airfoil'sec-
tions that camber increases maximum lift coefficient. On the air-
foils on the right, two types of drooped or extensible leading edges
are shown, and it may be seen that each increases maximum lift co-
efficient whether applied to a plain wing or to a wing with a split
flap. It v&lU be observed that one type is much better than the
other, pointing to the possibilitythat 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 increase 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 lift can be obtained by removing part of
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the boundary layer by suction, in this case through a slot located
at 40 percert of the chord.

Foom this brief 3umniry of tests on high-lift devices, it is
apparent that means exist for bringing the naximum lift of thin
wings up to and in Excxss of the. values that exist for wings of
present-daV conventional valucs of thickncss ratio, but at the ex-
pen:;e of adding Vadgets to the lcadi.ig edge. Thz addition of
leading-edge slats or other devices need not, haiever, complicate
piloting tclhnique, as thu•se devices nay be made to operate auto-
matically. Considerable satisfactory flight exrperience with auto-
matic operation of slats has already been obtained.

If swept wings are used, the usable stalling speed tends to
increase. The reasons for this are somewhat complex, and will now
be explained. In actuality, ma:dmum J.ift does not nec-s sarily de-
crease with sweepback. In figur; 3 the relative maxi-mum• lift as
detennined bv experimeint (references 8, 9, 10, and 11) and as pre-
dicted by simple theory is plotted as a function of sweepback angle,
.,lso shown on the chart is the angle of attack for maximum lift plot-
ed as a function of sweopback. The relative maximum lift shown is
the ratio- of the lift of the wing at a given angle of sweepback to
the lift of a similar wing at zero sweepback. Notice that simple
theory predicts a decrease in maximum lift vvith increase in sweep-
back. This simple theore is based on the fact that, as a wing is
swept back, the component of velocity normal to the wing leading
edge varies as about the square of theý cosine of the angle of sweep-
back. Lxper'iment shows that increase in sweepback is accompanied by
a decrease in relative midjmam lift smaller than that predicted by
simple theory or even by no increase. This is one case, howevqr, as
will be expl-.ined, where simple theory is fairly representative of
the practical aspects of the sitiuation in regard to the usable lift
of an unmodified sweptback wing. In itself, maximum lift cannot be
used to evaluate the h4 .ghcst lift at which a s-wept-wing airplane may
operate. The influences of attitude, pitching moments, and drag due
to separated flow limit the usable, lift of a swept-wing airplane.
The influence of altitude, pitching moments, and-drag will be dis-
cuscsed in turn, followed by a brief discussion of research work di-
rected at modifying the sweptback wing to extend the limits imposed
by these factors. Th• upper curve indicates the, extent to which
angle of attack of a sweptback wing must be increased to attain max-
imum lift, and is based on experimcntal data for wings of the plan
forms shown (referenceas 10 and 11). This curve shows that an angle
of attack of about 37 degrees would be required to obtain maximum
lift of a wing swept back 63 degrees, and that about 20 degrees angle
of attack would be required to obtain maximum lift of a wing swept
back about 45 degrees. .4 lthough no definite figure 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 airplane will be less than the value of 37 degrees. There
are means of mini.rizing thu attitude problam here posed, and they
will be mentioned ltcr.

The limiting v!1.uo of thi lift of a sweptback wing is in essence
a Pfnction of the nature and extent of separation of airflow that
occurs prior to reaching maximum lift. S-paration affects lift, pitch-
ing moments, rolling moments, and drag. The separation pattern showa
in figure 4 is typical of the searation jxittrni of moderately swept-
br.ck 'wings (r-fercnces 12 and 13). iire the separation p-tttrnz at
three angles of attack indicsited at AB, atd C are shovin, and each
pattern is correlated with the valueý of lift coefficient and pitch-
ing moment corresponding which are plotted as functions of angle of
attack in the diagr=n above. Consider first the effect. of, a stall-
pattern sequence of this type on the pitching momut that occurs as
angle of attack is incrcasked. .s rough flow first occurs at A a
nosbig up tendency develops as shown by the change in the shape of
the pitching-moment curve, As angle of attack is increased the up-
ward trend of the pitching mom.ent curve continu.s, And the extfent of
rough flow enlargus till the condition shown at B is reached. ns the
angle of attack is increased beyond the value at B the outer portion
of the -wing complet:ly stalls abruptly, follovwing a very small change
in angLc of attack; the center of lift moves abruptly forwiard, and an
abrupt nosing-up pitching moment is produced as wal as a loss of lift.
The abrupt pitching up motion is very undesirable. It limits the lift
value that may be used in practice irrespective of whither maximisuiu
lilt is attained. On vings of higher values of sneop back the abrupt
pitching up motion devlops before m-zr'_Lum lift is rciached,, This is
illustrated in figure 5, in which pitching moment is plotted as a
function of lift coefficient for wings of O, 45 and 63 degrees of
sweep back. iiote that on the 6 3-degreoL sweptback wing the pitching-
up tendency developed at a lift coefficient of bnly .5, whereas the
45-degree sweptback wing it developed at a lift coefficient of .approx-
imately .7. In each case it is considerably below the value of max-
imum lift coefficient. Idote Also, in contrast, that the wing of zero
sweepback developed a slight nosing-.down tendency when separation
occurred and that separation occurred at the maximum lift coefficient.
Another point of intereet is that the wing of 63-degrees sweepback
developed an unduly large nosing-down tendency at a low value of lift
coefficient. ilthough this nozing-down mor.-ent can be dealt with from
the stability standpoint by the horizontal tail, the large nosing-
down pitching moment would cause a consid.erable down load being re-
quired on the horizontal t2.il 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 rcduced in
magnitude and may be eliminated if aspect ratio is reduced sufficiently,
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but .inasmuch ý.s ].ow-Lespoct-r.atio wIngs would not afford economical
opcration thiý m arns for ýolution of the pitching moment problem
* wll not b- discussceo.

V'Irious dcvices may be used to control sepiration on swept
wings Q•d thereby eliminate th,. advwrs• pitching moments just dis-
clisoed. Some of th-se devices, on wh ch re,.arch st'uies have been
carried out, r re illustrated in figur. 6 and the effect of each on
the pitching mome2nt of a 4?-degiree sw-ptback wing is shown (references
14 and 15). i•otj thit when a normal split flap was used on th-• con-
figuration shown to the left, th.. curv. of pitching momunt as a func-
tion of lift coefficient broke in a nosing-up direction at the max-
imum value of lift coefficient. The addition of a leading flap as
shown, however, caused the pitching moment to break in a desirable
direction, and eAtended the waximwii lift coefficient as well. When
a slat was used the end result was favorable, but an undersirable re-
gion of instability cccurred just before riaximum lift waj developed.
This unstable region was removed by the addition of an upper-surface
fence located at the inwarc end of the slot.

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

:The results of separation with regard to rolling and buffeting
tendencies (figure 4) 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 undursirable roll when this occurred, and
that there would be a loss in aileron effectiveness. On another more
highly sweptback wing, however, as shown in figure 7, separation
progresses rather gradually with charge in angle of attack, inasmuch
as a 12-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 might exist, and that roll-off might not
occur abruptly. The probable stalling characteristics of swept-wing
airplanes are not yet fully predietable. Evidence to date indicates
that the roll-off tendencies at stall on airplanes with highly swept
wings may not be as adverse as once thought, and flight data to date
in general indicatc relatively good stalling characteristics are
possible of attainment on sweptback-wing airplanes.

As pointed out earlier, the occurrence of separated air flow,
should be considered also because of it., effect on increasing drag.
The effect of separation is to cause an unduly large increase in
drag before amximum lift is reached. Th½s increase required greater
engine power to sustain level flight than would be the case if there
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were no separation, or putting it another way, soparaXX*on incroeses
the powcr-off glide angle. The lift-drag ratio, an important factor
to consider in rz-ard to the -lide_ ang.e and sinking spcvd, is zshown
in figure 8 as a function of lift coefficient for ;'in's of conetant
wing panel aspect ratio set at sweepback Lnules of 0, 45, and 63 de-
grees. It will be noti ced that the combined effects of ý;wecpback,
decrease in aspect ratio, and scparation cause thý lift-drag ratio of
the sweptback winps shown to be Ouite ].oW at the lift coefficiernts
probable during approach and laiding.. It is known that the value of
the lift-drag ratio of an airplane during approach and landing has a
significa&-t bearing on the ease with which a pilot caa effýct a land-
ing (references 16 and 17). If the ratio is too high, the glide path
is too shallow and the airplane tends to float during landing. Ii'
the ratio is too low, the power-off sinking speed and glide angle be-
dome large. Flight tests have indicated that if the. lowveit possible
power-off sinking speed during approach L: greater than 25 feet per
second, pilots will have difficulty in making consistentl.y good power-

off landings. However, pilots have larndea researh airplanes satis-
factorily with power off even though sinking speeds were considerably
higher than 25 fe•et per seoond. In these cases, hoiever, large areas
were available for landing so that the need of landing at a g'.ven spot
was eliminated. The lower limit of lift-drag ratio, as det xrmirn.e, by
landing considerations, has not yet becn established. Sufficicn:
information is available, howuver, to indicate that lift-drag ratio
will have a definite. btaring on pilot technique at landing and take-off.

The characteristics of flaps in increasing the lift of sweptback
wings will no be discussed. Figure 9 shows, for the case of a typical
flap installation, the increment of maximum lift coefficient due to
flaps plotted as a function of sweepback (reference 18). It will be
noted that the increment of maximum lift coefficient decreOsCs with
increase in sweepback, becoming zero at about 60 degr* 6f sweepback.
Flaps nevertheless offer a considerable advantage evJn on v:ry highly
swept back wings7 This advantage can be cxpiaired by reference to the
diagram in the upper right in which lift coofficient is plotted as a
function of angle of attack for the case of a wing wi.th no flap and
for the case of a wing with a flap. It may be observed here that the
increment of maximun, lift coefficient is riot indicative of the incrt,-
ment at any give.n angle below the angle of attack for maximum lift,
This is true even for wings of sweep back up to 60 degrees and higher.
As has been pointed out earlier, the maximum lift that can be utilized
will be at some argle of attack below that for maxinrim lift. Thus, even
though no increment in maximum lift coefficient is available from flaps
on.highly swept back wings, an appreciable increment is available at
the values of lift that can be used. A curve of the increment of lift
coefficient due to flaps at some angle less than the angle for maximum
lift would be at an increment of lift coefficient about .2 above the
curve shown and roughly parallel to it.
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Although~ flap. are aseful on swýýptha,.ck wings, and slats and
drooped l-;a-1irng~-f,( rr .r,-~t a maan;3 of cont.-olling- leading-
edge sceparationi (rifka'k~nceýs 1.9, 20., and 21)., th,;-,r combinedA effect is;
net suffIcieit, to provIde corapltely sat'isfactory ch-racteristics for
highly sweptback: w-ings. Lwzii asVIeet wing from the root to th,2
tip so that the tip i., at a aiJr le_ of attack and varying the
cambur along th,, soan also h-.1p:3 to d-;J-)y sclparrýt ion on a sw.eptback
wing (refýrence 122, but MCor.t: hdp i3 I~edd

The uso of'ldi-eg suction :1s -a m.-ethod for the improvement
of swept-singý characterisU(i c thlat s hui,;E cois i-lerablel promis e. fie-
duction of drag is a'ls-o nos-,iblt, by th(.. us-e of' ;_uctior., but this
phenomenon will not bej diseuss--cd her..y 1moortranti as it., is. The
applicatlion of' suc'k-ion v4ill be colc-idoJred primaiyi eadL
its usefulncess in irorrnving the ichn-toetch, ract ;ristics.
Figure 10 showns a 48-1dýgreýe swp kwing model having an laspect
raLia 3.4. A 3lot of .005 chord lenoth wivas locatedj at th. loading
cdge as is shown in th.. plan form an!! ce~iional viw . hir was
drav'mn in through the slot and diz'chu.rged through th n b n
of tho, duct shown. in the secti.ond. vioev0  Th,.---ffeýct on the pi-tching
moment of sucking_ a mdrteainount of' ai~r thmouggh thce slot at the
luading edge is shov;n on tho curv;es. Note that without suction the
cut-ve of mnomcent coefficient Jio1.#-cd an unk.erosirz:cly large nosing-down

*tendency above a lift coe.fficienit of .9, nnd that it showkjd an-unde-
sirable abrupt pitchinpg-up tendei-cy at a lift coef ficiený_rt of' about *1.0.
It will be: noted that the:, pitchinrg-up tendýency at stall was changed to
a pitching-do-,,n tendecncy by use of' suction in a slot of 50-percent of
the span., and that a higher value of l-ift was obtaýined by use of the
suction. The u3," Of a 74ý-percent-spaa slot incrteasced the lift obtain-
ablo blefore aýn :abrupt pitching t enidency occurred, but it did not elimi-
natu the pitching--up tendency. F~urther r..,search on the use of suction
for the improv~an.:nt of the lovi-cpe :d ch'-ract.eristic.- of swept wings is
in progres-s and it is s1hv,-ing conjiderable promise.

Other mei*ns of obtaining satisfactory low~-speed characteýristics
for sweýpt-wing airplanes are3 tlhose of employingý a aing of vaýriable in-
cidence or of variable swcepback. Such ,P.ans ofL, e-imi'nating the uin-
sati~sfactory low-speecd chkaracteris1-tics of' highly sviept-wiLng airplanes
are bc-ing inv,_-stigatWrd,, but th.r off'fr coilsidurablc mthn~aldfi
culty and will not ba, discussed here.

Figure 1-1 illustrAtes some, points of' interest with re!-ard to
late3ral control at low Speecds (frncs23 and. 2/j). The lower curve
Lshows the- rolliQý ability of ailcrols,, as siveep black is increased., in
t~rrmi; of' hclix angle at th,. iwinr- tip of thc sweýpt wing in comparison
t-) tho, helix angle at thz; wing tip of th,. win~g of' z(ero swe~epbac!k. It
is seen that swe,-epback reduces thce --bility of' the ailerons to create a



I a:

88

large wing-tip helix angle in roll. However, for the case shown in
which the ail-plane aspuct ratio and consequently the.- clamping in roll
is reduced as sncepback is increased, the actual rolling vwlocity in
degrees of ro.'ll per second does not change appreciably with ::,vcepback.
in the upper curve, thu total aileron anicl rcqulircd to prevent roll
when the airplane is at 7 degrees steady sideql;ip ;.s ihown ,s a furic-
tion of s;aieepback. Notice that, as swucpback i-ý inrcr(ýasvd, thk. ability
of the aileron to hold the airplan, in a •t.ady sideslip is ruduced.
This reduction is duo to both a reduction in aileron uffectiveness arid
to an incrcase in dihedral effectiveu.~ss at th., highe.r vrtlucs of lirt
coefficient as svveepback is increased. The charactcristics h.rc ill-
ustrated miy cause difficulty in uffccting cross-wind landing -!nt take-
off. thereby resulting in cross-wind-landing and take-off conditions
being one of th- criticzl conditions d,termining aii,..ron ceffectivcnLss
requirements. iigure 12 illustrates some e.ffects of sweepback on
the lateral dynumi.c charactcristics of airplanes. The number .oý os-
sillations re:iuired to daiap a lateral oscillation:' t,) one h,' ".P m-
plitude is plotted as a function of ivjeopback. It may uo s3n that
as sweepback incrcases, any l-teral oscillation tlht may occur, such
as that due to a gust will be less rapidly dam&pd and actually be-
coming unstable as indicated by infinite time being r.-quired for damp-
ing, at somre value of :,wecpback, the-cxact value dtpending on other
factors. The question as to whether or not the. oscillation must be
rapidly or need be only moderately .damped depends on the period of
the oscillation and the flight conditiens (reference 25). At land-
ing approach, the period is long, ann, in general relatively low
damping can be tolerated because the pilot can stop the oscillation
rather easily by use of his controlso At cruising speeds, however,
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 additional work is
being carried out relative to the problem of obteining satisfactory
lateral dynamic characteristics for swept-wing airplanes. Generalized
studies have shown that much can be done by relatively simple changes
to airplane configurations, Also, research studies have shown that
the use of servomaechanisms responding to various signals offer much
promise as a means of providing satisfactory dynm.nic stability charac-
teristics (reference 25). This work may be likene.d to that of em-
ploying apparatus somewhat similar to that of an auto-pilot for im-
proving the dynamic characteristics of an airplane when flying under
direct human pilot control.

In summary, thin wings and high values of sweepback intensifyr
the landing and taketoff problems of airpla.ncs. Up to 350 of sw;ep,
the problems of landing arid tak;•off of airplanes can be dealt with
by more or less conventional means; that is, by flaps and slats.
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Above 35 of sweep, morc oxtreme w,.ans are necessary. Droopc.d
l~<4r~- cir~. ~-ciL~ nu t i c~,ladinkg-Crge suctiuc,

vari1_.blG-inr.ci' nce !.i-r-rig n !1t s, ,%r v`r;_ablE-;wC -p :rrangements
offer crons-iad.bie roias.l. Co'isidcr.bl r searc:1i ý,a devlopinýnt,
however, will b- n • r.-
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13. SPEM BRAKES FOR HIGH.-SPEED TRA1TSPORT AIRPLANES

By Jack D. Stophenson

Amad Aeronautical Laborat6ry

The development and operation of largo airplanes capable of high
speods at high altitudes have indicated the existence of now problems
that must be mot before the performance possibilities of these airplanes
can be fully oxploited,

One problem that has gained importance is that of descending from
high altitude when the time of the descant must bo reduced to a minimum,
Im-orovod aeroft-namic design which has offected substantial reductions in
drag of transport airplanes has added to the danger of excessive diving
speeds. The combination of low dra!' and high engine power available at
high altitude has brought practical cruising speeds near to the maximum
placard speed, For turbojet airplanes the cruising spcod has boon osti-
ma' .d at as high as 95 percent of the maximum permissible speed.

The permissible speed at the higher altitudes for most airplanes is
determined by compressibility effects and is specified in terms of the
airplane Mach numbero With only a narrow margin bet, Teon the operating
speed and the maximum allowable Mach number, overspooding may occur un-
dor conditions which would precipitate severe stability changes and
buffeting before there is time to take preventive mosuros,

At lower altitudes, the diving speoc of most airplanes is limited
to the indicated speed for which the structure is dusignoi, At this
speed the maximum dive angle of an aorodynamicall., clcan airplane may
be quite low, and the rate of descent considerably loss thou that desired,
The most important use of aerodynamic brakes on transport aVrplanes is

thou to avoid excossivo diving spneds and permit high ratus of descent,

The amount of aerodynamic braking that is considered essential to
some transport aircraft is based upon criteria that moan extremely high
rates of descent, One such criterion is the requirement intended to
minimize the :ootontial danger of flight at altitudes whore cabin press-
urization is necessary, If the cabin pressure should suddenly be lost
as a result of damage to the pressurized compartment, first consideration
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woal& bo givon to dosconding with minimum delay to an nltitu~do tihero
pressurization is unnoc~ssary. In an cemrgoncy, 0_csc,1nt such as t'his,
thoreo is-r~vVAc.ace that rates of descunt ac high as 15,000 feet Tper
wiin,--to or higher are ',-. be dogircd. Similar high rates Of 0CiZý-Lft
would Ire sought if-L brakeos arc; -provided as a safety di1,riC to a1.iow an
cmorgoncy descont and 2:tndin,-, occasioned., for cxbmlc,rb th-e 0-i-c-carr
of fire while in f'li~ght,

An 61axn'alo of the! de7scont performonco of a trans-ceert aiirelann pyth
an aorodynam1c brake *of a size that app%;ars to beý structurally fcasillie
is illustratod. in figure 1, The dotted. curve is' the flight path of t-nc
airplane dcscond-inr without brakog, and the solid curve is thoe path -That
might be -followod. if bra!k;'-s are- cemeluycd.,

By use of air brake_-s, the time fur nC._sonnt f-om 35tO00 foot to oca
.;.0ve1 has boen :.educed from 18mnu~ minut miuts TAhe ciwn,7, :nr
th-' doscent performance shown -cre -.oe con~siclorcd as a. i-Cnc~cel in-
dication of brake nerformance, howovor.

The perf ormance of any, particuiar, b~akc dopencis not. only t-oon the
brake itself, but also upon ai~rplane characteristics., such &s winf- load.-

,,,g drag, and engine thrust, and. u-pcn flit-ni conditi.ons at tho. timict ahen
tho braking is required.,,

The rato of descent of an airplane under anyi Pgive-n sit o f c ond -. U---o,-
rday be used as a measure of bra:o -performance, since th3 drag: incero-ient
duo to a narticular brake: can be estim-tod- fiairly closely7 and thus rp-
latod to rato of descent.,

It has bcen indicated. that thei s:.eeeod of a. divin- aireh,,no is nor-~
mally limi.ted by comprcssibility effects or strtict~ural loadings, The
rate of dosc-nt of an airplane having the-.e speed limitationes i1 sho'rn-
in figure 2 for threo divin- atti~tudis:, T'heýtolid car-vcs are t-(- cal-

-uaed vertical soood-as a functionofttdeorainict ir
speed of 300 miles per hour and the dottud curvos are for a MAach number
of 0.ý. *ThQ gravoh may be used to show the effect of altitude on the rate
of descent of an airrlane for which the s-oeod is at first hold at a con-
stant Mach numborv. at the altitude where the- maximum pe)rmissible irdica.-
ted speed is attained at that Mach number, the Ooscent is then made at
constant indicated airs-eeed, The dive Anfglesý that were chosen, 200,. 250,
and 300, are based uvPon the airplane attibudo as detnrmined from the
flight-path angle and anglos of attack, asswainr- a winp ioaO~ing of 160
pounds per sauare foot, Tho airmlano attitude thnt is accenotabiti ii an
emergency descent is a factor tlh-at must b'i further evaluaitcd wil.1 regard
to tranwoort air-Planes. The disconcerting offect u~pon the pass-noers of
oxperioncing a force ti-ndingr to pitch t~i.,.m forward vny- b:- a major factor
in limiting the rate of descent,

With the airpolane nosed down 200, a rate of descent of moreý th-an
10,000 feet per minute is attainablo at all altitudes above 5,OflO feet..
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For steeper angles, the vortical spoced increase a',•roximitoly in pro.
portion to the diving attitudc.

The attainment of the rates of descent shown is possiblc, however,
only if there is available the moans of producing a considorablc drag
force, Without such a drag, the spood could not be restricted to the
values showm,

Figure 3 shows as a function of indicated airspeed, the drag coef-
ficicints required to prowvnt interoasos in the s oeod of the airplane for
the same threa, dive nnglos0 . The drsg coefficient ilottod hero is the
calculated value for the comoletr airolano with braking devices, and,
if there is a residual thrust from the engine, the drag must be further
increased to balance such thrust. The dottod curve in this figurn it
the variation of the drag coafficieýnt with indicatcd airspeed for A
typical high-speed transport, A comearison of the latter curve with
the curves of drag coefficient required for descent indicates that if
the speed is low, very high drag increments must 'b provided by the aero-
dynamic brakes.

Drag requirements are relatively moderate if the doescont mny be made
at a high for,.:ard spoedo In figure 4, vertical szood is presented as a
function of altitude for three indicated airspeods, 300, 350, and 400 mph,
and two Mach numbers, 047 and 0.9o An airplane attitude of 200 and a
wing loading of 60 pounds per square foot have b on assumed, It is evident
that high forward seood permits the highest rates of descent0

Although the most rapid descent results from high speeds, the ,-bility
to maintain a low forward s-oeed often would be extrc~mely advantageous.
For example, the ride-roughness level might then bo k ept within satis-
fectory limits for passenger air-lanos. These limits arc discussed in
reference 1. If an emergency descent wore made during excessive atmos-
pheric turbulence, high forward speeds might easily" result in dangeorous
gust loadings,

The effect of airplane wing loading on the drag coefficient re-

quired for d..scont with an air-olane dive attitude of 200 is shown in
figaro 5. The curves, which compare wing loadings of 40, 60, and SO
pounds per square foot, show that the drag coefficient v. led practically
in proportion to the wing loading. The possibility of irz--;cased cruising
speeds of transports is loading to substantially higher wing loadings and
is or.e of the primary reasons that the braking :problem is now gaining
such importance.

Another factor indicating thi increaing importance of braking is
the rapid docroaso in indicated speed, or dynrmic pressure, as the alti-
tude increases for any given Mach number. Present designs for transports,
particularly those with turbojet power, are aimed .t high operating alti-
tudos to take advantage of the increased fuel economy. With the low dy,-
namic pressure corresponding to the allowable Mach number, drag coefficients
must be increased many times over the values for the clean airplanc.



1ff' a fusolz c-e-typco aerodynim-1c braO-c -w-ro -'~~yto pFr:O~uco -,n
air-olana drag coe'fficiont ofr 0.1, which is th, v-ýlur. s'-own corros--ond.-'i,'±
to a ýintcnlcd eirs,)-od of 290 ml~ls no(,r haou axi8 a wire- Ofix /' "D
Lpo~imd~s -o.r ooae-ro foot, t',c b-:ake wroald hay' an ar&'-:, of at 1-,ý ,t7 r-
ccrit of the vrine area, T .1h i wzoad. meoon 'for a prei-a _0>2. Z~
transvorL, wh!i.2e did. niot !.!.vc rrva~llab12' thca brok.-in, clue to ito L1rs
the total arc,- of tho Tbrv-k eould. b2ý about 100 scrware f -C~et, The a'c
si'ZO indicatod here7 is -I result of thc1, Cto'tien deaýccnt zncrfrorm-rne £o--

qoarc-nonts, and. o''aid to a 'vertical s'e.d. of '15,0)0 f-eet crm
~.aL an aittoof' 309000O foeat, At iM~CO feet altitadre the~ ra-te, of

descent woulcl be 10,60C foot pcr !Llflto,

The preced~ing di-ccussion of -)ir br~i'Uecs hen; b'-n bedu-ýon a ci*;
1',Lcatlon of' theý br:~ki~a(, problem, in oreeor to *e-stablish somoe of thr i-ie'i
lin-its of brake-1 poriorm.-ucc, asso.",ing thnt th.- attainment of very hig,zl
-vurtical. ed,,oC is the prinia -problan., The ex_,tunt to hchthee os -nooc d s
mayr b6 -possible, howeývoýr, de%5ndrs troon othýe- fa~ctors beside:s th-0 ab,1LD'
to provideo sufficieýnt drag.

1n an cracrgoncy rosultinL_ from loss off cabin Tr:essuro at hic~h al iA-
taide, the passonF-ors would. be at tho Ou~tside Prcssurre altitudutu A21.g
ra'U* of prcst~uro increa-se roý'ultine- -Crom h-,Iih veDrticol -rloczLtie's
3-moivm to be objoctionpb~o., Erog~. when cabin docc npru~scior h-as not C'
theý allowiable rate of' pressure chaný.c wouxld limit a doe-con~t at low- a:lt,
ýud~cs sincc, below 9,000 or 9,000 foit, the(, cabin pressure would (Ii
I-o aboat ociual! to the outsld~o pressure.,

Tho value of aerodynnmic brakos cý-ninot be gau.-ud by considora-t ion
*of the omergonc-r--s ont 'uroblzm alono0  As an auaxl 1ar-,'o~ control-

bral-cs have ...pi-ov,)0 to bo - articalarly valuable to turbojot aircraft,
which lackc the brEak-ing, effect provided by an ong'inc;-Proprclor cemTb ina t !,
during a throttle-back Glido, Durin.- a lr~ndling lutdow.n andJ. n:~
they may ben asod to quitukly roe-ucz the syeed so. tixat th!!, la,-pf &e
qand fla-ps may be op-ratecd, or that the airPl~ano a bettor confo;rm to
txaffic--control.-zorne conditions,

Brakes may beo mpolo-ed, so as to, alleviator: some- -hases. of the range
probicia~-i oturot icat, In ora.or to arrive rat the desti1nation

*with the required resorvo fuLel and. ad' i tional ran,,ý-, e.urir_, the latter
* portion of tho fl!Fht, tho pilot m ight manintain hieh att~eised

of -making a gradual deoscenit' at a spee,,d. for hihlift-drap ra-tioa ThýU
amount of reserve fuel rervuired. to re,:achn an alternate- air-tort would.

* then bo considerably less than that required. if the fligit to ti_,e al-
tomaintQ airport we7re m-od at low altitudes, or if such a fliV-,hb iivoliod.
climbing again to a 'more efficient, altitude, Under ouch cord.citions,
whein the lot-,own i- 'finally made., it 'u~robably m;oulalj be , cc,)RrlLSned as
irayidly as practi.cablc, consiste-nt, wi~th- 'eas cneecr--co,,.fort ronuiruomnts.

* Although~~~~~1 values might be chosen t ersn aif~tr ne

control and. glide-path c'htrol, 'he sirnfcneo heevle a

be established, only from operational. expeorienice3 Obviously, theo 0rag



incrcnlonts renuirod of, th:1 brrakes in thýýsc aTmilicntions are, con-iicvýrably
lcoss tian thoso rocinirod. for omr!-enc:, dscena-s,

Aerodynarnic brakcs hav- bn:-n succesi-fu'.ly rxw.: Toy-d or many tv~
of aicavsTheiAr u~se with, transports is reltic,~ 't~z , It
porie~nce 1with othýýr t-ocs of elimlan:.s -,iovId-.D a roeo~ bnA'ýi lor their
ovalýuation,

Sinco aurod~ynamic brksarc prima'rily onl-' n C~eviccŽ for ip-rof'.sirg
airrl..,no draý, rind. aro not othorwiso Cr-,atly,7 r,'.strictec!, t yh; ye a
wide variety of geometric charnctoricticeo, For the sam:-: reason they'
havc been- located. on air'olzincs in a variety of :PeIn Gome cas-:s t-bo
landiin, -oar has- beon O.osif-nod to servo as arn air b';ra::e, waen e:..-tnixL~_

~&ccornmonlyr, the brake:s have- consisted. of hingedC -rlatcs or flpves
(comotimos perforntod.) on th., wine, or -,argce rotrnctenblc *eaPncl-s or, the
fuselage s'ide or belly.r,, Yipuro 6 t'hows ri:M" of the'ýse t-cecs of a-ir b~c"kus:
(a) a -6crforatcd brake. of thu sTIeht filrp typo on the winC, (b) three Dla~n

panels on tho fus-lage-, afft of the, win,--. (c) a large', folaing ytanecl on oach
sl1do of tho fusola-,m and (d) s-,oolor-ty-oc brake,ýs on the- Vwing-

Aerodynamic bra~kes as sl-o,ým on the, up-ser surface of thc in he:vo
boen fouýýid to cause incro.-sor in thc aiv~~u ~a moutitn.- to more
than twice the dra-g of an isolated t'late: of the same sizes Th hi'Jh-
effouctive-ness of this typo of brake is duo-to its s-ooilur tjcof a~ct!.o-n
caasin- flovi scoration ove~r theý win-, Thi's type of brclke has thce ad-.
vantage that the air-nlano an-le of attack may be incrcaseýd, ruduclng the
diving attitude in a stoop descent, A spoller type. of braýke may bo un-.
favTorably aff,.ctod by comoressibility, incrasine- bLaffe-t'np tendenYcios
o.- stability. chqn-es to wihichl an air-olpric may be su~bjecot at high yarich
numbbrs,. Aerodynamic charpctoristics of thin type of brako -are prosunt,-
in references 2 annd 3,,

Tho fusolage type of brrake, if c-xtondud to t. *Qosil"Ion mrxmtl
pcrrcendicular to the air stream, has boon foczid. to -oroOuce P. d~r-. i-.
crease aboat oci'al to that due to thei brake alu..ne (coo rufercncu )
Ey designinxg this tytpe of brake installation so thrat theý wake is a a-
ficiont distance from the tail surf-ac-s of the o zao it is --ossible
to avoid. buffoting duo to the brakes, and prevent a-morociabla? c'hcn.c7es
of stability when the brake,-s arD ex-tonded., even at Miach num neers groattz
then 0.9,

Anothor type. of 'br-.-n& is -c-rovidod by reversinC ecro-,Dller -Itch
in flight, In reference 4 tests are ro-,)orted indica-ting that thet, rc.*
vorsed thrtist from the -Lero-oollcr offers a vory ouru moans of brak:-ing

*prop -ller-driven airmlancsc. This p-aper due-cribos tes~ts of a multi-engine
transport airplane during which rates of descont: of !1-,OOO0 feet por min-,
ato wore obtainzd at an indicated airs-eu of20i0 e or u)

below the maximum pla-card spocd, The re;mnrkable descent pcrformrincec
that were obtained Indicate that this tyteo of brak:ing' should be d~velopod
for the general use of airplanes for which the desc-int problem is inr~eort-
ant, and if i~osslb..e adte.tod to tirbopercpoller r.a>i:3
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Flights of A. jing1-:-onx~ine turboJet riJrplrnc were mado at tho
NACA Amis Acronnuticatl Lrnborptory to c.,.Isuro th:e timc; rcquireC. for
dosc int from 33,000 fooet without ecroO.,/-nmic braktcs and with brakes
of t:ie feslr~ 0c-a1de %,mnc, Tb- f'irst _-'art ii. fi,7aro 7 Is a comn--
parison of ch. o~:c ffi1cionts jirt, .i't -,x the start of thQ d.c~cconts.

-i>rfc -unrt of V o t(;LC! O~n in both Ls weo IP r~ot ývr~ilblc to LiL-,st
In th. d,, se nt. b:ecaaso it vrocice-, b, the th-ruct of th_ý rcn?7inc, as
shown b-,r thec cross-h-atcheid po'tirin of Lhie ,'mc> This largo thrust,
which remained when the cngine was throttled bacl-, is characteristic
of present jot on!-inris.

The soconc1 . cl-lrt is a cornpnrison of thc, time renui--ed. for t'ho two
dnsconts, Without brnk-r, the descont to 2-0,000 feect, which was maceu

San in icat.-d sXeCd. of 305 miles per hour, rcq~iirod 15,7 minutos..
Wi.th th-' brv-!r.s extondud, ti-o time for the doscent t't the samec inuicatod
sý)cad was roduced to 2.5 min~utes.

Tho acrorlynsiric probl'ým of -:croviding i brakos for a particul~r
Pireolfnc ceýntors -,Driraaril:y ulon the dlcteýrmitna,,on of the- required
braking forec, T-his force riepends upon the- wing lon-dirv.g of the airplanie,
thc air spoia, and altituda Fit wh-ch the- brakes Parc needed, as well as
the Llecelcration or thc -nl of t',he flit-7ht prath which r-ýsults from tho
usn of th10 brake-s, If thes.., factors can lhe s")ocif led, vilbl daIta
from wind-tunnn). nand flir:ht tostsq may be ascil to O.Dtermino tha brnke?-
size reqairoments) The tests of thn specific con-f!.-uration mvey be needed
to see ths't the brnke)s do not intro~zuco -cvcrsc stnbility or trim effects
or ciuse buffeting,

Ezxporionce in the o-poration of various types of nirplane)s hPs
provok' that aerodyna~mic bra~kes P~ro a vniuablo -ddition as an -xriliary
control of fli,-+t charactcristics, ihcsonrcli on brnlre effectivenssha
maace it -oossible to select bralkcs that are aerodyrnamicall~y suitable to
provide th-, control important to the operation of trans-port-type- air-
pianos. Although there remain mochpanicnl and structural poroblems
associated. with the addition of brp'c--s to any r~ivzen transport, benefits
possible throug-h the use of aerodynamic brvilws car. be realized by Judi..
ctous use of the availablo results of tests and experience,
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AERODYNAMIC CON3TDERATIONS FY)R HIGH-SPED TRANSPORT AIRPLANES

14. I• ,EvrW OF HANDLING QJALITIES REQUIREMENTS
IN RETATION TO AIRPLANE OPERATING PROBLEMS

By Christopher C. Kraft, Jr.

Langley Aeronautical Leboratory

The handling qualities of an airplane are defined as the stobility
and control cheracteristics that have an important bearing on the safety
of flight and on pilots' impressions of the ease of flying an airplane.
Some time ago the NACA realized the need for establishing some quanti-
tative design criteria, for describing 4hat constitutes satisfactory
handling qualities of an airplane. It was necessary to obtain a great
deal of information from the flight tests of many different airplanes
in order that some basis could be formulated for those requirements.
Through the cooperation of the militnry services and the CAA, a large
number of Airplanos were rT:de available to the NACA for this work; the
airplanes varied in size from the light airplane class to the medium
and heavy bomber type aircraft. Following the tests of quite a large
group of these airplanes, a report entitled "Requirements for Satisfac-
tory Flying Qualities of Airplanes" by R. R. Gilruth was published as
a classified report in 1941. It should be noted that this publication
is an evaluation by the NACA of the handling qualities desirable of a
satisfactory airpln.ne but the NACA has no power with which to enforce
these requirements. A short time after this classified publication
both of the military services adopted a similar group of requirements
based on the NACA work. The military services specifications have
since been used as a basis for acceptance of newly designed. airplanes
for both the Air Force and. Navy. The CAA Airplane Airworthiness require-
ments also conta.in certain standardd for stability and control charac-
teristics, but those are less detailed and not as quantitative as the
military services requirements. Thojo specifications as adopted by
the military services are also used as a standard for airplanes in the
design stage. Preliminary dejign calculations, wind. tunnel tests and
finally flight tests are necessary to ensure that the airplane does
meet the standards. Early in 1947 the original NACA publication be-
came available to the general industry. Since the original NACA pub-
lication, the handling qualities of a groat many more airplanes have
been measured, and only a few minor additions not originally included
in the requirements have been necessary.

A workable group of requirements necessarily contains a descrip-
tion of the technique necessary to measure the characteristics of the
airplane and what characteristics are reasonable to require of an air-
plane without imposing penalties on the airplane performance. Pilot
opinions were especially important in determining the control force
characteristics that a satisfactory airplane should have. For example,
the elevator control forces experienced by the pilot in performing an
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accelerated maneuver must be low enough to allow the pilot, to =nerver
quickly and efficiently, but on the other hand rmust ba lcirge enroug.h o,
allow the pilot to nrecisely regulate the load on the airpl'ne. ?T,::a1y
other important concepts contained in the r'equiremonts wcot b;.KiNidd by
the correlation of pilot opinions witJh the moeasuremen.s -O it 2d on the air-
plane. It should also be. noted that the te3sAng techniques ihat h0e
been set forzh by the NACA publication were so arranged as to allow for
data that could be repented ani results which were quantitative.

Tro hanellir2. quali ,ej s5"rr, if'iaTionf are subdivided under the hefiA_-
ings of loigiudi:al s >C -r'll , . nrd .nrrl, a-iaera•l aebilit.y and control,
arid s talling cha.~acterý,QorIcs. As an 7xemple of what is covered. unde
these titles the subheadings coeiered under longitudinal stab il1y F :-A
control are dynamic stability, _.=atic stability, elevator coatArol in ".c-
colerated fl.qht, elevator conrtrol in laniing and take-off ccnciCfion.3,
limits of tzim change due to rower_ nrnd flaps, and the chara.teri•at• S
of .he trimming devices. The handling quc.lities of the airplane which
comrn under thu other headings are covered in a similar manner, but the
entire handling qualities specifications -re too numerous to allow dio-
cussion in this paper.

In order to illust-,ate the application of the h ndlirg quali tle
requirements, a brief. discussion of sere of the teats made. on typiccl
large-scale transport airTplanes is presented herein. Figure 1 shows
the characteristics of a test airplane In accelerai.ed. flight for the
power-on clean condition. These toots were made in steady turns at a
constant speed and acceleration. The curves show the elevator angle
and elevator force as a function of normal acceleration for three dif-
ferent indicated airspeeds, 200, I10, aid .120 miles 1;er hour at a center-
of-g:,ravity position approxima-tely midway bevoeen the .spezzfier limits of
this airplane. The requirements for the airplane of this particular
class and load factor states that the forc.o per g in accelerated. mrneu-
vers shall be between 20 and 60 pounds and that the elevator shall be
capable, of producing ei:,her maximum lift coefficient or maximum load
factor. The variation of elevator angle with normal acceleeation is,
also required. to have a stable slope and in ma.neuvering flight the rear-
ward movement of the stick shall not be less than 4 inches when the air-
plane lift coefficient, is changed from 0.2 to the maximum lift coeffi--
cient obtainable. It is appacent fcorn hese data that the force per g
of this airplane at this center-of-gravityi. position is excessive a-1 all
of the speeds investi.a.ed since the curves ahow that the force required
to reach 2 g acceleraTAon is iGO pourAs or more. The curves also show
that the variation of elevator angle with normal acceleration -is in the
coirect direction, that is, f L'4 6 l.pu, anzd that. the, maximuniz litit
coefficient or maximum load factor could have been reached if the elo-
vator forces had not been excessive. In addition the pilots, r.tAo,",.M.
that in all cases more than 4 inches of stick travel. would have been
required To reach maximum lift coefficient. From these da.ta, it can be



seen that the stick force charecteristics of this airplane in accelerated

flight were below the standards set forth by the nhndling qualities speci-
fications, but that the elevator control was entirely satisfactory.

Figure 2 presents the aileron control characteristics of a typical
large airplane. Shown on the slide are the aileron force and ailer-n
effectiveness parnmeter, pb/2V, as a function of total aileron anigle.
The parameter pb/2V is the helix angle generated by the wing tip as
the airplane rolls. The dt.ta shown are for the power-on clean condition
at 150 miles per hour and the flaps and geer down condition at 120 miles
per hour which would be comparable to a landing approach configuration.
These data were obtained by making rolls out of '.urns with various amounts
of aileron deflection and with the rudder held fixed. The handling quali-
ties specify that the aileron effectiveness parameter, pb/2V, shall be
at least 0.07 with a maximum wheel force of 80 pounds. The tests show
that 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 gear down condition at 120 miles per hour the maximum
pb/2V that could be obtained with this wheel force was 0.06. Therefore,
the airplane met the requirements in the power-on clean condition, but
was slightly below the utandards in the flaps and gear down condition.

It is interesting to note the pilot's opinion of the aileron effec-
tiveness in the flaps and gear down condition. This configuration cor-
responds to a landing approach and the pilot was dissatisfied with the
high aileron control forces 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 is used to adjust the throttles and other necessary controls,
and for this reason the pilot would desire lower aileron force to obtain
an equivalent amount of lateral control.

An important and very often overlooked characteristic of an airplane
is the amount of friction in the controls. The Air Force and Navy 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 aileron con-
trol. It wns 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 meosure of the effects of
friction in handling the airplane during flight involving small control
displacements.

Figure 3 presents a time history of the rudder angle and rudder force
during two different landings, one with high friction forces in the con-
trols, and the other with low friction. The vertical lines indicate the
time at which the airplane made ground contact. In both case- the pilot
was able to safely land the airplane, but the pilot disliked the landing
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with high friction. It is obvious from the time histery of -,;he landing
with high f'.iction In the conurols that there waj little rcsponie of therudder to -he pilot's f,,Zz .pplication. --pe pi!dng wIth 12w fr.Ci ion

in the cunti-ols still r,,quired the same amount of force applicatý.on 1.7
the pilot but Lhe rudider responded and allowed the pilot to make a rauc`.
more satisfactory landing.

Mhe magnitude of friction force becomes exceedingly important dur-
ing precision fiylng such as In an in-strument tpproach since the &,r.-
dynamic forces are low and small conm;rei movements are desired. If Tho
friction forces are too large, the following und-`se:•'atle chnr,!ctoristiCs
are created: (1) the aerodynam'iic force- cannot be accurately trinmmed
to zero, thus allowing the uon"rols to "creep" and necessitating con-
stant retrimnning of the airplane, (2) the contrcls when displraed from
trim will not return when the control forces are relevsjcd, (3) the pilot
no longer has control feel for small control displacement 1'ec;u-e the
deflection is not proportional to the applied force, and (4) it is ex-
tremely difficult to make sr-ail control adjustments without undershoot-
ing or overshooting the desired pooition.

During the past several years there has been some question ns to
the need for revision or amendment to the handling qualities require-
ments. The NACA has male several hanrling qualities investigations
during the past few years with the special intent of seeking items not
covered by the present requirements. The results of these te3ts have
indicated that had the airplanes tested met the requirements as they
now stand-, the airplanes would have been considered acceptable.

As an example or the tests made by the NAC..V to seek iterns not
covered- by the present requirements the specifications for ssyoiraetrLic
power conditions require the rudder to be powerful enough to limit the
angle of bank to a maximum of 5 degrees and the yawing velocity to
zero. This particular airplane met this requirement, but the question
was raised as to whether the pilot would have sufficient time to take
corrective action following engine failure.

Figure 4 shows a time history of the angle of bank and angle of
sideslip follcwing failure of the number one engine of a four-englned
transport airplane. Two flight tests are shown, one where the. contcols
were held fixed and the airplane was allowed to roll off, and the other
where corrective action was taken by the pilot. These perticular tests
were made in the take-off cohfiguration. Th- curves for the case where.
the controls were held fixed indicate that the angle of bank increase(d
at a slow rate and that six seconds was required for the airplane. to
reach 40 degrees bank. This was considered ample time for the pilot to
take corrective action. The dotted lines on this figure are the results
obtained when the pilot applied the controls following-the engine fai-
ure. It is apparent that the pilot had little, trouble in controlling
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the airplane. These tests proved that the airplrone characteristics were
satisfactory following an engine failure. Another examaple of the recent
handling qualities tests are the problems involved during a landing ap-
proach. During a landing approach, especially an instrument landing,
there has been some doubt as to the moat efficient technique that could
be used to correct for lateral displacement from the runway. From a dis-
cussion with quite a number of pilots, two maneuvers were suggested, one
was coordinated turns, and the other level sidealips. Some of the pilots
felt that they would not, bank a large air-plane during the final epproach
and would. only use the wings level maneuver; however, a large number of
flight records of simulated instrument approaches indicated that coordi-
nated turns with limited angles of benk are more frequently used.

Figure 5 presents some of the results that were calculated for a
large four-engine transport to determine which technique would be the
most effective. The abscissa of this plot is the distance in feet from
the end of the runway, and the ordinate is the lateral distance in feet
from the centerline of the runway. The two solid curves presented here
are not flight paths but a series of starting points of a flight path
such as that shown, where the airplane was originally flying parallel
to the runway Pnd this given amount of lateral displacement was required
to bring the airplane to the center line of the runway. In other words,
if the airplane were 2000 feet from the end of the runway and performed
a coordinated turn maneuver, the pilot would be able to laterally dis-
place the airolane 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 airplnne about 100 feet, again following a flight
path such as that shown. In making the calculations for the level side-
slips maneuver, the pilot was assumed to use first full left rudder and
then full right rudder followed by enough left rudder to return the al'r-
plane to its original heading. The coordinted turns were assumed to be
performed in a similar manner, that Is, using first left and then right
rolls to laterally displace the nirplane. Also, in making the calcula-
tions of the coordinated turn method, the maximum amount of aileron
effectiveness was assumed, and the angle of bonk was limited to a maxi-
mum of 17 degrees, which would be the angle at which the- wing tip and
the landing gear of this particular airplane would touch the ground at
the same time. It can be seen from these data that the coordinated
turns maneuver will correct for greater displacement than will level
sideslips for all distances from the end of the runway. In fact, from
2000 feet on out, the coordinated turns maneuver is t7vo or more times
as effective as the level sideslips maneuver. Similar calculations were
made limiting the aileron effectiveness parameter to about one-half, and
the rudder deflection to one-half full rudder. These values would be
more closely related to the amount of control normally applied by the
pilot. The results showed a similar comprrison between the two tech-
niques, the amount of displacement obtainable being about one-half those
shown on the figure.
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It Pppears then that a good basis for satisfactory hanedl ng q,:..lities
has been established for the present conventioral trnnsport airpl.'e, buit
with tlhe coming of transonic and supersonic speeds, the problem of oduc.
ing airplanes with satisfactory handling qualities is a serious one. A;ý
the conventlonal'li rpiane of today approaches trarnsonic speeds many now
problems ar;e introduced which are completely divorcod from those at sub-
sonic soeeds. Large changes occur in trim, stability and hinges mo-mnt
characteristics due to compreasibility effects. If the airplare corfig-
uration is selected to minimize these adverse effects, undesiraule low-
speed handling qualities may be introduced. In order to provide sat.is-
factory control forces on tranaonic airplanes, the use of control booo~er•
with mechanical devices to provide conarol feel may offer a iclutlion.
Complicated stall-control devices may be required to obtain satlfctry
low-speed handling qualities. The present handling qualities require-
ments provide the designer with the requirements for pnrforr~nce of Gh, e

mechanisms that will result in satisfactory handling qualities of the
airplane. However, as higher speeds are reached and airplane designs
depart further from the conventional design of today, a. great deal Iwore
research will be recuired to establish what the aerodynamic charac7-er-
istics of an airplane -must be to meet the handlirg qualitiles apeciflca-
tiona.
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AERODYNAMIC CONSIDERATIONS FOR HIGH-SPEED TRANSPORT AIRPLANES

15. A STUDY OF REQUIREMENTS FOR POWEh-OPERATED CO1TROLS

AND MECHANICAL FEEL DEVICES

By B. Portcr Brown

Langley Aeronautical Laboratory

Large control forces are necessary in operating many current
airplanes because of recent increases in size, maneuverability, and
speed. Some 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 small force is applied by
the pilot to the booster. Various types of boosters such as elec-
trical, hydraulic, and pneumatic 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 total control effort could be
distributed in any proportion between the pilot and the booster. The
tests were organized to investigate three major problems connected
with boosters: (1) the amount of control effoit that should 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 horizontal 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 improvement
in their ability to handle the airplane. 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 wv.ry as
curve D, the pilots felt that the forces were too light arnd this
lightners resul.ted in cver-controlli-i of the airplane. Of the
three gradient-s tested, the pilots preferred the B setting, felt
that the C setting was acceptable, and considered setting D unsa+i.a-
factory. These results indtcate that the lower limit of the speri-
fied range could be lowered slightly. It should be noted that tal_
foregoing observations are based cnly on flying qualities wi`h no
consideration being given to the possibility that light forces
might lead to inadvertent excessive accelerations being occasionally
applied to the airplane.

Appreciation of what correct control forces mean to the pilot
is readily obtained by comparing the control forces experlenced in
a landing without boost and a landirg in which the pilot's fcrce
was adjusted to fall along curve C. In the landing w-ithout boost,
the pilot exerted about 80 pounds force just before ground contact.
This force is large enough to be annoying .to the pilot especial.'y
if one hand is adjusting throttles or trim tabs. With boost, how-'
ever, this force was reduced to about 15 pounds.

The second problem, proper rate of control motion, will now be
discussed. The rate of motion required is of major concern to the
designer because low rates mean less powerful and therefore lighter
boosters. The booster tested was cspable of producing a very high
maximum rate of elevator motion, about i0%) degrees per second, but
could also be adjusted for any lower rate. For. this investigation;
the data were obtained Jn landings. because the ra±te of "elevratr
motion is critical in this maneuver.

The history of a landing made with unrestricted maximum rate of
control motion is shown in figure 2, in which control position and
elevator rate are plotted against time. There are two curves shown,
a dashed one representing the control position called,for by pilot
action and a solid one representing actuwa contr6l position. These
curves nearly coincide which means the control was positioned very
accurately with no perceptible lag. The curve shows that the highest
rate used by the pilot was about 30 degrees per second, a typ_.ca'2.
value for this airplane. Demands for such high ratesa &n:,".r,
of extremely short duration. Since the airplaze cannot respond in
attitude appreciably in these shott times, 'good lzandings may be
possible with a much lower maximum:rate of control motion. Such a
case is indicated in figure-X,3 in which the 'maximum available control
rate was restricted to slightrly 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 a 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 iequired 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 Jack. 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
which 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
hydraulio 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 Jack 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 booster-valve
,friction That were intentionally introduced into the system. One
partof the tests consisted of steady riuns in which the pilot
attempted to inaintain a given speed. Data from two of these steady
runs are presented in figure 5. Each curve shows normal acceleration
plotted against time. The up.er curve i.s for negligible valve
friction knd the lcwer one is for a valve friction value of 1-1/2 pounds
of pilot's stick force. Comparison of the peaks of accelerat.ion
experienced makes the flying difficulty caused by valve friction qufte
obvious. Some landings were also mad& with different amounts of fric-
tion and it was noted that here also corrective control was applied
more frequently as a result of this friction. In all of the test
maneuvers the pilots felt that any amount of friction was annoying
because it'resulted in continual overcontrolling. The results of
these tests indicate that the allowable limit of this type of friction
is much lower than the 8-pound limit of normal elevator control fric-
tion of the type whi. h tends to hold the control fixed and extreme
care should be taken in the design of ahy powered control syste: of
-this type in order to eliminate as much friction as possible in the
booster control valve.

All ofO theatests discussed thus-farv.ere made'with the booster
allowing a 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 cause undesireble hinge-moment.variations, how-
ever, making it very difficult if not impossible to.balence the con-
trol surface aerodynamically. Boosters alone in this case can not-o~ thse ucan In-ot
alleviate.the problem.. A much sfmpler iap5Yrcach to te .ob. e.L is,
howoever, qui.te apparent.. If the booster were designed to al.Low no
force feed back from the elevatdrs and another device.were included
to Create the feel forces mechanically,.then the problem of undesirable
hinge-moment characteristics would be-eliminatedý.

Some present-day high-speed .airplanes are equipped with feel
* devices but as yet transport airplanes do not need them because they
are operated at relatively low Mach numbers. In jet-transport design,
howeeVer, feel devices will probably-be employed.

The NACA has made tests on a feel device" to gain expexience with
this type of control system and to investigate the design 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
figure 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 were 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 trimer 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
feel 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-
ventional 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 mentioned bboster 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 booster was adjusted to allow 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 7 shows two flight records of normal
acceleration that were obtained in pull-ups and releases to determine
if the device introduced any oscillating tendencies into the system.
The upper curve is for the case without the feel device while the
lower one is 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



of' the two curves beyond this p~oint~in the 'two records 'indica-ues .hat
the, device did not introduce any -.unde~sirable 'oscil.lating' tonciendies.
Data obtained in statiC ýong.-Ltudina1 -ýtability runs are ýpresented. in
figure 8. Pilot's force 'is plot-ted.' gainst indicated airs~peed for the
two cases with and without the fe-el 3:evi~ce. In this. type 'of' plot a
pull force shou~d be .required. tCodecrease airspeed in or~der for he
airplane to be s~table. The po-Int emphasized in this figifre- is thn.t
the feel device C"'A~ not' a~lter any of the charactieristics of the a::-.
plane except, thve magr-toles 'of' the corntrol forces. .This con be roi.,med
out by the fact th-at a' the higher speeda 'both curves indicate that' thc
airplane was stable down to a speed d±' albdut,160 miler3 per hour'. At
this speed, however, the slopes of'-both curves reverse,. ind~icatin,-
instability, This- instab~ility in-the stick forces occurred-in both
cases because the elevator angle variation was unstable. This' charac-
ter~istic demonstrates that if the variation of:elevator angle with
.speed. is unsatisfactory, the feel device. cannot providý_ conplý_teýIy'-
satisfaEctory stick forces. In the case in which elevator deflecticn:
does vary satisfactorily., however, either with ýs~peed or accelerasion,
even. though the .aerodynamic hinge-momefit variation'i may' be. ilhdesirabl C,
t1he feel device will, provide, satisfactory control .forces. "ispoint
i s i32.ustrate4.. in. figure 9,

Maneuvering stalbility data .are presented 'in figur'e- 9 to comp~are
caseq. with and wi~thout T.'he, feel. devite -for a. condi-io Vt hc b
ýelevator angle.-variation with ,acceleration was-satisfactory but-the
aerodynamic hinpe-7mgments..were unsattsf'actory' --Pilot's stick force
is plotted agai-nst-normal acceleration.- In a plot ot' this type,,
satisfactory charac'teristitcs are: reccgni'zed by the f act thait --pull
forces shoomtd be required to pr-oduce positive accelerati-'ons and-push
forces are required to produce negative accelerations. In the case
vithout 'the -feel device, - .hown. bry- the *sol id line, the fo rce charac -
teristics were satisfactory at-htgh n~rmal ac~telerat.lon5Y, but at low
no ,rmal accelerationse- eLev,,ator overbalan:Ce was -encount~ered., which
.indicates unsatisf-actory forces, beýcause-eveaitually,, pull1 forcel were
requirecl to pzrpduce- negativ~e .acceleratk)-ons.' The-Afotteid line shows the
performance of the feel device under similar conditions and It is'
obvious that the overbalance is completely eliminated bQecause, the
forcts are always -in~t tu- iright .d rirection. The 'tbrcoO .furni shed by
the -feel. device -in,-this 'c8'se -were s'atisfactory,-becau'~e the variaiti'bn
of elevator angle with &ccelieration wa's sati'sfactory.,

In summary; it sliouid be remembe'red that both, the bo~osteir, system,
and thes mechanical feel ~device have 4b~een evaluated with no'conisiderA-'
tions being given to'such things as reliabili+ty, mechanical'failure,
or weight.. The booster tests, ho6wever,, provide design inforniation on.
the con-tzo-l effort that '6hould be. left to ,the pilot. The resul~ts J. lso6



show that the rate of elevator motion to be supplied by the booster
can be limited to values lower than those normally used by pilocs.
In addition, friction in the booster control valve deserves c,
design attention, The feel device investigation indicated the device
to be sat-sfactrry and, in addition to providing valuable experience
with this -y7e cf conrrol svs, em, the tescs showed several features
that wou-' be c1cia--•_e in tWhese systems.
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16. SOn CONSIDERATIONS OF AIRCRAFT NOISE

By Farvey H, Hubbard

Langley Aeronautical Laboratory

Studios of aircraft noise are comple:: and have a groat many ramifi-
cations, In addition to the woll known nuisance aspects a person may
suffer toeaporary deafness, communications of all kinds may be disrupted,
and various electronic devicns may be caused to malfunction.

In the propollor, the reciprocating engine, and the turbojet engine,
the aircraft industry has some of the most prolific noise g-nerators the
world has known. In addition to these accessories the airframe itself Is
a source of noise as it moves throW-h the air.

It is the purpose of this pnpor to introduce an& to indicato the scope
of some of the aircraft noise problems. Brief reviaws of research in re-
ga.rd to the various phases of the prob'!m will be treated in the following
order; propoller noise, enýine-e:Lust noise and muffline;, and Jot-engine
noise, Since a portion of this resoarch was eccomplished by porsons not
connected with' the 1T§'C.1 I wish to acknowledge contributions from the work
of Dr. Horace O. Parrack, Mr. Kenneth R. Jackman, and various groups at
the Boll Tclephone Loboralorics, and the Aeronautical Research Foundation.
,'iguro. 1 (roferenco 1) illustrates the ranges of frequency and intensity
concerned in this paper0  The horizontal scale is frequency in cycles
per second. The vertical scale is in docibelt, where a dccibol is a
convenient logarithmic unit of sound intensity, The shad d portion in-
dicates the froquencics and corresponding intonsities necessary for nor-
mal 3pooch. Experiments at the Boll Telophono Laboratories (reference
2) haveo shown that the oar does not respond equally well to sound's of
all froaoncies and intansitios. This non-linear response of the oar is
not a function of intensity or frequency alone but depends on both of
those together,, Tho car is most sensitive to frcquoncies in the order
of 1000 cyclos per second and the sensitivity drops off for the region
of low froquoncios and intensities. Normally, for aircraft noise, ad-
vantage can not be taken of this phenomenon b:-cause the associated in-
tensities are so great as to be in the ran,7o where the response of the
ear is flat, It is only after some reduction of the intensities has
taken place or unlcss the observer is at a great distance from the
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aource that much benefit can be derived at the low frequencies from the
frequency responso of the oar. It was also found at the Bcll Tolophono
Luboratorios that a low frequency was effective in' masking any higher
frequency,, Bocausc of this phenomenon communications and speech are
vory difficult in the prosence of a low frequency background noiso,

Thus, figure 1 suggests that as the intrnsities of tho 2ow ft;c.-
quoncios are increased, commanications are probably the first to be
affoctod. Mai:y scientists think that a person may be continuously uc-
posed to leveis of 85 decibels, as Indicatod .by the dotted line wt.ti.•
out any lasting ill effects and the Air Fcrce has adopted this loervl
in order to standardize its facilities, At leols above this a person
will exprienco more and more discomfort unLil pain or physical damage
is experienced. It is quite generally agree.l that persons should. not
be required to withstand intensities above l10 deuibels and for co~±&-.
tion* Involving long-term exposures the limit Is probably in the order
of 55 decibels or below,

Since it is well known that noises are less intense as the distanes
from the source is increased, it is of interest to evaluate thi.s effecý
of distance ou aircraft noise,. Figure 2 is a plot of the red-u.ction 'in

decibels as a function of distance in feet for various frequencies i'.
the audible range (reference 3), The solid curve Is an inC.icatton of
the reduction in intensity due to the spreading of the wave as distance
.ncreases., Due to this phe:-,omenion which holds true for. no atmospheric

losses there is a decrease of sound intensity of. 20 decibels each time
the distAnce is increased ten fold, The dashed curves indicate tne amount
of measuted reduction as a function of distance that isobttinied for
various freqaencies, The difference between the solid and dashed curves
is the atmospheric attenuation, where atmospheriLc attenuation is reduc-
tion in intensity due to conversion of the sound energy to heat energy
by viscosity,) conduction, waLer vapor, etco For a freqaency of 10,000
cycles per second which Is near the limit of the audible rang.e. there is
considerable attenuation at 1000 feet while for frequencies of 1000 cycles
per second or less there is a neglIgible amount even at 10,000 feet,
Sound measurements on an Alk-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 frequencies or small distances it is negligible,

Since it is seen that not much.benefit Is derived by the sot,.id re-
duction characteristics of the human.ear and- of the atmosphere it As
necessary to turn to 'other and more effective means, Sou-nd reduction
is usually accomplished in two general ways, One of these is to reduce
the sound 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 sound reduction are important and. are prob.-
ably most effective when used to complement each other.
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The amounts of reduc tion availý--le from various schem~es of sound.
proofing are dependent to a large extent or'. the frequency of the im-
pinging sound,0 Figure 13 i~llastrates the aniou.Lt of niotse redu~ction ob-

* tainable in an airplane fu-.elage by Lisa of sowtv ul' the sound1 proofing
techniques in common use today, Decibels of roduct:Loi± are plotted as a
function of frequxency, Tho curve represents the ~nount of redaction ob-
tamad, at. various~ frequencies by the ad~ition of trim cloth, carpeting,
and absorbing rmaterial suc.h1 as glass wool over that obtained i~.?th the
bare fuselage (reference I4~Those results inaicato that at frequencies
in the :order of 10.00 cycles per s~econd and. Pbov-e, considerable reduction
may be obtaine)d by uce of standn.M sounO. proofing Wc~uiqixes. At lower
frenuen~cips.the reductions cbta4in,-blo are relativcl:ý small.

Now that there is an evaluation of some sound. proofing techniques
that may be used to reduce the noise after it has been ronerat id. it is
appropriate to in-cstigate the SLgnlficant parametors iii noise genera-
tion to determeine what may be doun to reduce the various nois- com-ponents
at the source; an&. es-.ociaily the lower frequencies that are most diffi-
cult to reduce by o'thl-r ineens, Any r,ýduction obtained at the sourc-, is
imrortant bpcause it benefits the persons on the grouna~ as -,rell as those
in the airplane.,

Fi-~ur~e 4 is a -o.clar Aiagram showin.7 the ti",o sources. of noise from a
propiller and -i-vds an indic-atioa of t-_o r(-lative intensities and direc-
tional charact-nristics of arch for a typical preý, nt-day configuration
(reference' 5),. The rotational ao.lse* i-hich is a functi~on o-4 the foroes on.
the blad~is is sein. to ha-,ve greaIter interisity than tae.~r~- noire whi ch
is associated with the tur~u.13nt wqake of the bladeýs Both sourc( - ra.-
diate noise In a diroctio~iai maniner, The rotational. no.-ise is inoze in-
tonse near the plane o~f rotntion and. is weakest on the axis of rotation,
The raovrso *is t .rae of the vo~rtex not-se,, The franaoncy spectrum of the
rotational noise con-"ists of diiOcret e f,:equancles which are Multiples of
the- bledo-p aLs 'sage frciauoncyr, The) fruquencies then are dutormtneO. by the

rottioal peed and tho numbnr of b~nes.es For tip Mach numbersupo
0,')W the fuxdamýnrta~l frequrincy it usaally the most iintunso. .t supor-
sonic t'l-o s-occds some of the hig.her hairm-onics becomr. prodominantL, Vor-
tax nolso consists of a xvide bond of rarid~or frequencies c.-tending from
somte low, valaue to savoram. thousatid cyc,-jlo -Pcr seconid, In reduc:.ng pro-
pellor iioiso the rotational nos:e -is first reduuCed 84-nco'It is :c.u-
nalit., 'Pocudares for reducing the rotational noise wrill u~sually also
reduco thie vort Px-n:di-ao but at a slower' rate,. Thuqs for qaic~t 15ropellers
the vorte:; com-oonent may be a large I~artof the total,

Two effectivOe ways in which prpopller noise may be reOduced are'
* shown in figure 5 whore the souid. ixito-nsitie-s. aro. plotted As a function

of 4the tip i'Macil number at constant po,ýoir for a twio- and a six,- blade
single-rotation pr~opeller, It should be noted that the tip Mach number
rather thýan the r',om I's a significanit paramater' in no.Is--e .gororato.ion, .it
is apparent from the figure that iitntos-Mic gnrtnd by tho sixz-:blade
propellor arc lower than those for tho twlo-blad~e -ropeller'at, all 'tip



Mach numbers oven though at supersonic tip Mach numbers those difforonces
are relatively small. It can be soon then that an increase in the numbor
of blades is always beneficial in reducing the noise produced.

Another very effective way in which propellbr noise may be reduced
is to lower the tip Mach number. Figure 5 shows that the noise intensi-
ties reduce at a rapid rate as tip Mach number is reduced.

In practice it follows that if a larger number of.blades is used the
tip Mach number may be lotcrcd because of the additional blade area avail-
able. Points "A" and "Bi' represent two typical operating conditions where
the same power is absorbed by these tw0,o propellers at different tip Mach
numbers, The reduction of approximately 30 decibels •thus obtained illus-
trates the benefits available from multiblade propellers.

Figure 5 also permits comparison of supersonic propellers with con-
ventional ones in regard to noise generation, Noise levels are seen to
be very high and since by definition the tip Mach numbers for operation
are above unity, ways of noise reduction are greatly limited.

In the oscillating pressure field surrounding a propeller, the, in-
tensity doepnds on the distance from the source. At points away from
the propeller those oscillating pressures are recognized only as noise.
At points in close proximity to the propeller they produce intense noise
and are also capable of exciting dostructive vibrations in nearby air-
craft structures (reference 6)o The frequencies of these pressures aeo
a function of the rotational speod of the propeller and the number of
blades.

The study of these intense oscillating pressure fields and their
associated vibrations is of interest as an important related subject,
Figure 6 illustrates schematically some typical pressure measurements
near the propeller where the toints 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 might be located are shown in the top-most shaded area. The maximum
pressures were measured near the 3/4 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 locatedfi 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 frequency is the strongest one present and the intensities of
the- higher order freq-uencies are crsnsiderably lower in amplitude. Some

-. confusionexists as to which fr-Puencies. should be reduced. The task of
reducinng the overall exhaust noise is apparently one of reducing the low
frequency com-onents since they are of greatest strength, however, some
observers feel that the higher order frequencies are most objectionable.

For any given engine we.oan.look to the exhaust muffler as a means
of reducing this exhaust noise. A very simsle muffler design for .small
peronal-owner.-type ai4rcraft is illustrated in.figure 7. Th.e exhaust
gosos pas straight through the central pipe to eliminate.excessive en-
gine baqk pressureq. :A chamber is built around this .central pipe in
such a way that it -will store up energy. at the peak of a.pressure wave
and return the energy:at a trough of.-the wave, thus tending to smooth
out the-pressure pulses and reduce the oscillating pressures.

The effectiveness of this muffler :i-s shown on. the figure where the
space between the curves represents noise reduction.. Even thouh ,a
muffler may be designed to provide greatest reduction at a given.fre-
q__ncy it can also provide considerable reduction for a band of frequen-
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 frequencies in order to bring them down to some desired level.
From the standooint of muffler design it is beneficial to keep the firiqg
frequency as high as possible since that tends to keep down the size and
weight of the muffler.

To this point m.ethods have been shown by which propeller noise and
-engine exhaust noise may be reduced. In an effort to-degrmine the
practicability of applying these schemes, the MACA in 1949. modified. a-..
small airplane to roduce-the noise reaching the.ground. (references:T
and 9). The results of this experiment.-and other subsequent research
at the Aeronautical Research Foundation (reference. 9) indicated that-
by known methods of noise reduction a personal-owner-typo aircraft may
be made quiet, perhaps more so than necessary,

Following successfal4noise-reduction .tests- wi.th the small airplane
it was-. thought advisabJ'oe.by the,-NACO. to..make a oreliminary.study of
modifications required to bhe propellor and. .ngine, exhaust -system..for
a large transport-type- aircraft,, The type.oof modifications that wore
estimated, basod.:on~an extrapolation of dat4 for small.airo.anos are.
those shown in fig ur.9 0.- If the .number of blodes .were increased from
3 to'6 while holdlig diametere.cofnstant and the rotational .speed was re-

duced from I1•00 to; 650 r~m 4t- was. estimated that. tha propellor: noise.
could be reduced by about 25 db, It should be noted thet the proposed
modification would:rpquire ,a change in. the gear. ra-tios It is,. ostimated
that with the modified prape.ller. the takeo..off and climb performancco..will
be reduced' slightly but oeuiso performance would-,be coparable" It.1As of
interest that propellers dtsigned. to operatioat low'rotati•onal spoqds to
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delay compressibility losses appear to be the optimum design aeruuynam-
ically for speeds ini the 450 - 550 mph range. Hence the sound require-
m3nts and aerodynamic roeuiremonts .of propellers for transport type air-
craft appear to be in harmony.

Estimptes of the exdhaust noise level of the R.-2900 engine indicated
the need for a 20-declbol reduction in 'the overall noise 1eml, The
sketch of figure 8 shows the type and size of muffler estimated to
accomuplish this result, This design embodies the results of research
Dn light airplane mufflers and a limited nomber of cold air tests, The
design is a multi-chamber resonator with &n elliptical cross section,
It. was thought that it would fair into the region in the top of the
nacelle behind the carburetor air intake scoop in a manner shown by the
sketch where the shaded Portion indicates the path .of the exhaust gases.
This installation"was-designed to reduce the noise reaching the ground.
Modifications of present-day aircraft to incorporate noise reduction
features will probably involve, a weight penalty, Hence the gains in
comfort and utility must be weighed against losses in performance causbd
by these modifications,

The turbojet engine is one of the most prolific gonerc tors of a
random noise s:pectrum, Figure 9 Illustrates two different spectra ob-
tained in open air for the TG.9O0 engine at take off. Frequency in
cps is plotted as a function of dc•c.bls at two points in the jet noise

field. The solid curve ý,epreseuts daua recorded in octave bands at .900
to the jot aris and at a atsbance of '12 feet. It is s(eex that there is
a large amount of energy prosent 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 distcnnce f'rom the orifice.
This curve shois a much greater concentration of the eneigy in the fro-
quoncy range bolow 1500 qps, but with the ixtersities fall-ng off rapid-
ly as freauen•y inecresaes, The noi. field. .;.s sooen to bbs.highly diree-
tional, with iaaimum intcnsit:tos occurring near the jet. TO th* person
inside the airplanq the noise v.ll varyw-videdy according to hi.s position
relative to the jet orifice, 7he main source of jet n-ehg.ne nolso is the
Jet itself and there is some evidence to-indicate that thj noose generated
decreases with increased forward speed of the .irplane, 7 Although the
subject of aerodynamic noise is not treated in .this paper it is significant
to- noto that at high forward speeds this component, maybe predominant in
the forwardc ompartments of some jet aircrafto . Studies arc continuing
'n an attempt to determine the variation of jet noise as a function of
various par&meters such. as thrust, .velocity., tomperatureo otc,,,bcfore
effective noise-reduction techniqubs may be appl.ed,.

Since 'tlhe •turbojet is des~tined, to competo with propellors- operating
.at supersonc tip...speeds for propulsion-at very high spoods, there is
great interest in comparing the noise spectra produced by them.-, In or-
der to provide such a comparison", curve "Ar from figtro 9 is'replotted
on figure 10along with an estimated. frequency' spectrum of a propeller
operating at a tip Mach number of 1.20 and producing thd same thrust at
take-off as the turbojet, The data are for comparable distances and
positions in the sound fields, for the open-air condition.
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We can see that the intensities generated by both are in the range
likely to cause groat discomfort. The intensities in the low-frenuency
range are such as to interfere strongly with communications and will be
difficult to soundproof against. Maximum intensities generated by the
propeller are seen to be in the order of 20 decibels higher than those
of the turbojet. The noise levels resulting from the use of propellers
operating at supersonic tip speeds are seen to create a serious operating
problem.

In summary the following observations may be noted: (1) for flight
.Mac.'. numbers up to approximately 0.70 it appears that quiet propellers
may be used at good aerodynamic efficiency; (2) orgine exhaust muffling
of small aircraft engines has proven technically feasible and it is
thought that the same techniques may be applied to larger engines, and
(3) the use of the turbojet engine and propellers operating at supersonic
tip speeds will give rise to serious noise reduction problems.
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By Blake J1. Corson, Jr. and John L. Crigler

Langley Aeroneautical Laboratory

The problems associated with propellers destined fcr improved per-
formance at high speed differ from tho,.e for low 4peed propellers not
so much in character as in severity. i.-I.ade centriftugal stress,
flutter, vibration, noise, P br7saion, anJ icing are old problems. As
increased pouer and speed reqeulre a greater degree of aerodynamic
refinement, those probl-ms in 6eneral become more difficulT and change
perhaps in relative -mportance, but otb-•rwise cre already familiar
to the desi6ner and cp.'.-ator. In. looi~ i ahead to scme of the problems
to be encountered in thv, desijtn a;nd oiaration of propellers for high-
speed transport aii cro±ft it is interes•'ing to review some propeller
develolments of recent years.

Figure 1 illustr&tes recent progress in the development of high-
speed propellers. The curves show the variaticn of efficiency with
flight Mach number for propeller types intended for application in
three different speed ranges. The sketch on the left indicates the
kind of propeller which was in general use about a decade ago. The
propeller is characterized by cylindrical blade shanks and by wopking
blade sections abot.-at 10 percent thick. In a typical application a
three-blade propeller of this type 30 feet in dianeter would absorb
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 break in the efficiency curve at Mach number 0.5 denotes the
speed at which the adverse effects of compressibility cause an increase
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 cylindrical 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

RESTRICTED



120

are delayed until 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 is
slightly more efficient than the older type propeller. In this case a
practical application would be represented by use of a 14-foot diameter,
4-blade propeller turning at a rotational speed of only 800 rpm at a
flight speed of 500 mph, and absorbing 3000 horsepower. In comparison
with the easlier type propeller note that the larger diameter in this
case is 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 delaying the adverse effects of com-
pressibility but requires greatly increased propeller size.

The upper right hand sketch indicates a propeller type which is
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
section speed, and therefore makes 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-
sibility 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 ma- be no thicker 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 begins to decrease is appreciably greater than for
the modern conventional propeller, but the interesting fact is that the
efficiency 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 typical 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 although the power is
increased more than 60 percent a decrease in diameter is made possible
by the increased rotational speed. This trend at least indicates the
possibility that for the high powered turbine engines soon to be
available propeller sizes may not be greater than those now in use.

Included on this chart is a curve showing the variation of jet
efficiency with flight Mach number. At the time when 'ets becamo
popular the best available information on propeller efficiency similar
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to the two curves on 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 f9r long range aircraft capable of cruising at relatively
low speed the propeller would give better performance. From infor-
m'atiou now available 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 ccomon 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 construction. For the new propellers the refined aerodynamic
design is 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 500 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 speed. Each of the propellers will absorb 5000 horse -
power at a Mach number of 0.9.

If the important operating condition is high speed, for example,
Mach number 0.9., or if most of the time will be spent in flight near
maximum .epeed, the small diameter propeller turning at high rotational
speed: would. be chosen because of its lighter weight and more simple
gearing requirements. •11e. differehee in efficiency of the propellers.
at high speed is negligible. On the other hand, if Mach number 0.7
is the maximum design speed, or if high speed is only an occasional
requirement and most operation will be with reduced power at lowert.
speed, say 500 miles. per. hour, then a larger diameter propeller would
offer better economy. For example, where cruising 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-
ciency which is about 5 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 sibilar to.
the moat refined propellers now in use.
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While efficiency is one of the prime factors affecting propeller
selection practical aspects of propeller application such as size,
weight, and structural Integrity are more often the decisive factors.
Figure 3 presents the variation of diameter with power and rotational
speed for propellers having design values of advance ratio of 2 and 4.
Advance ratio, v/nD, is essentially the ratio of flight speed to
propeller rotational tip speed and defines the aerodynamic geometry of
propeller operation. For each curve thc rotational tip speed is con-
stant as shown by the second column. The points indicated on the solid
curves 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 typical values of maximum centrifugal stress
for solid steel blades. These values show that the trend toward small
size and high rotational speed is 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
a flight Mach number of 0.9, the dotted curve for Mach number of 0.75.
The example illustrates a 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 diameter required increases with altitude. However, because
turbine engine power decreases with altitude the relation between
propeller diameter, engine power, and altitude is a specific problem
for each individual application.

While no criterion for the selection of propeller dirmeter is
offered by this discussion, the material does illustrate that com,-
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 efficiency, the trend toward large diameter
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 performance at moderate speed.

Of very great interest to the aircraft 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 level
the power available for take-off was assumed to be 6900 horsepower.

In general it would be expected that a large diameter propeller
would produce uaore thrust for take-off than a smaller propeller
absorbing equal power. In this case, however, a 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 absorb 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 performance 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 a 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 por horsepower is much smaller than the commonly quoted figure
of 2.5, but it does operate without being stalled. This fact together
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 complication of a two-speed gear.

.For long-range aircraft required to cruise at moderately high speed,
'Mach number 0.7, consideration of efficiency demands a trend toward
the use of relatively large propellers turning at low speed. For
such aircraft take-off performance tends to become critical., In view
of the very great increase in thrust for take-off made possible by, the
use of a two-spoed gear, the practicability of such a feature is
worthy of consideration.

To-this point the discussion has been confined to a'few of the
aerodynamic aspects of propeller selection 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.

Figure 5 shows the variation of flutter speed coefficient with
blade section angle of attack for two approximate values of tip Mach
number. The flutter speed coefficient is the ratio of resultant
speed to the product of blade width and blade torsional frequency,
the resultant speed and blade width being measured at a typical section.
Note that the denominator, the product of blade width and torsional
frequency, is determined by physical characteristics of the propeller
which to some extent can be controlled by the designer. For a given
propeller this product is a constant and the ordinate scale therefore
represents section speed, or for the static case, represents 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 coefficient is attained. In this angle range the flutter
is of the classical 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 reaches its 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 olimb.

Note that as the tip speed is increased the flutter boundary is
raised, and there is good indication that at tip speeds somewhat
greater than Mach number 1.0 flutter will not occur at all. In some
cases a propeller which is 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 angle of attack required for take-
off. In such a case it may still be possible to operate the propeller.
The section angle can be reduced to 8 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 boundary 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 little further danger from flutter because at higher flight-
speeds the blade section angles of attack are well below the stall
range. For such a marginal propeller design, however, the same
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procedure in reverse must be followed at the completion of a flight
when the engine is shut off.

Another type of propeller vibration, illustrated in figure 6,
is the so-called first-order vibration caused by operation with the
thrust axis inclined to the Oar stream. First-order vibration is
experienced by all propellers, but is most serious for those having
large diameter and thin blades.

The figure to the left illustrates the nature of the exciting
force which is the variation of thrust exerted by the blade as it
turns through one revolution. When the thrust axis is inclined to
the air 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
decreased and the blade suffers a loss 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, a T, illustrated 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 ahead 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 inclination is known the vibratory stress can be calculated.

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

shown in the lower part of the figure. The product, iq, has an

appreciable value over most of the operating range of the aircraft.
At low speed dynamic pressure is small but MT 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 aT for these conditions.

The only encouraging aspects of this problem are that the cause of
the vibration is known, and that the blade vibratory stress can be
calculated if the flow field in the propeller disk is known either
from calculation or from wind tunnel tests of a model. In the lower
figure the solid line presents calculated values of stress for a
propeller used in a wind tunnel investigation; the points on the curve
are measured values.
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The problem is sufficiently serious to make necessary special
operating techniques for some propellers now being used, and the
future application of very thin propellers does not promise to ease
the problem. Operation near resonant speed should be avoided. Also,
in the case where a long period in climb is required, or for level
flight with a heavily loaded aircraft, operation with partially
deflected flaps will help to reduce the angle of attack and thereby
minimize propeller vibration.

The noise created by the small diameter high-speed propellers
operating at supersonic tip speeds will certainly be objectionable.
Conceivably, the sound pressures could be sufficiently groat to
cause structural damage to an aircraft.ý If this should be the case,
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 prpjllers.

Because of th,- imtroved efficiency at high speed attainable by
the use of very thin blades; serious effort will be directed toward
the development of thin-blade prcpellers.

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

Where cruising at reduced power and Speed is important, the
favorable trend is toward the use of large diameter,* 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 obtain best
take-off performance may require the development of two-speed gears.
In cases where flutter and vibration are critical., these problems may
be avoidable by the use of special operating techniques.
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18. POWER PLANTS FOR HIGH-SPEED TRANSPORT AIRPLANES

By Bruce T. Lundin and Eldon W. Hall

LevIs-Flight'Propulsion laboratory

The intrcduction and subsequent development of the gas-turbine
power plant within the recent 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 aircraft operation. Both the performance and operational
characteristics of the gas-turbine eng..ne differ greatly from
those of the familiar reciprocating engine, and these differences
w ll have a marked effect on transport aircraft performance and
operational procedures. Although the application of the turbine-
propeller and turbojet engines to transport aircraft has been
actively studied and discussed from a performance point of view by
many investigators in recent months, rapid progress of engine
development necessitates constant revaluation, and many difficulties
of engine operation remain to be adequately defined and solved.

The main performance char'acteristics of the turbine-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 specific fuel consumption as flight speed is increased.
At a speed of 600 miles per hour, for example, the thrust is just
ab06Wtone.-ha1f as great and the speciff fuel consumptlon 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
characteristics of the turbine-propellet engine. In other words,
if the engine performance is expressed in terms of horsepower
instead of on a thrust basis, the brake horsepower per unit engine
weight 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 mini ptrformance characteristics off the turbojet engine
are presented in figur~e 2 where the thrust per unit engine weight
and the thrust speciftc fuel.'consumption pare plotted a~ainst the
flight speed. The solid curves refer to the turbojet engine and
the dashed curves show, for comparison, the characteristics of
the turbine-pr~opel~ler.,engine that were illustrated in figure 1.
In contrast to the cOnstant-power characteristics of the turbine-
propeller engi.ne, the turbojet engine is essentially a ,constant-
thrust device, wIth~both the thrust and the specific fuel consump-
tion remaining substantially unaf ected by flight speed. A com-
parison of the performance characterIatics of the turbine-
propeller and the turbojet engine reveal's that, at low flight
ýspeed's, the thrust of the two engines is about the samo but that
the fuel consumption of tile turbojet engine is about three times
that of the turbine-propeller engine. As' the flight speed is
increased, however, the thrust of the turbojet 3ng-ne becomes
much greater than that of the turbine -propeller engine, and the
difference in specific fuel consumption of the two engines
beoomes Sm~ll.

Although the engine perf~ormance characteristics illustrated
in figures 1-and 2 afford somt. appreciation of the potentialities
df these assturbine pover'plats, eA adequate evaluation of their

* utility for transport aircraft must consider the aerodynamic and
i~t'u~cturaL.characteristics of the airplaneslin which they are used.
-One .such.anqalypii. is -astudy of the range .or distance each type of
power plant may carry a -given pay load at varioi.is flight speeds

*and altitudes. An illustration of the results of such a range
1study ise shown in.tfgure-3, where the flight range is plotted
against. the flight speedwvith the. two curves indicating the capa-
bilities of the turbine-propeller and off the turbojet engine.
The power plant providing the greater range at a given flight
spieed ia obviQuely the superior engine even if that value of range
is longer, than de~iried'because shorter ranges could be covered
with that enginie withi either a smaller fuel e'xpenditure or a
larger pay load. Thesb resal~s~ are based on desI.gi point 6tudies,
that is, both the i itr'lahex and engine are varied to obtain optimum
-Performance at each pont, in order to illustrate the potentialities
of these two type~s of- engine and to evaluate their relative ranges
of app~licalion. Some of the mai airplane assiumpticns that were

* used..are a pay load of:'.l0 percent of the gross weight, a structure
weight of 40 percant of-the gross weight, a-Breguet flight plan,
and a maximium wing loading of 60 pounds' per square Loot.. As would
be expected from. tho: p~r~formanca characteristics cif the turbine-
propeller engine, the rahgoE provided by this engine-decre~ses

mo
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rapidly as flight speed is increased. The range provided by the
turbojet engine, however, increases with increasing flight speed
until the high drag~region of compressibLlity 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 capabilities, the most effective application
of these engines is in the region of 400 to 500 miles per hour for
the turblne-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. Analycis for other flight alti-

uid6s resulted in somewhat different values of range, but the
3ss-over point between the turbine-propeller and the turbojet
8ine remained essentially the same for all altitudes. This

study of various .altituides of operation also indicated that the
optimum altitude for both types of power plant was between 30,000
to 40,000 feet. The flight range at an altitude of 20,000 feet
was' of.the order of 80 percent of that shown in figure 3 for an
altitude of 35,000 feet.

In order to illustrate the characteristics of a given airplane
over a range of flight conditions, the performance of a selected
airplane and power plant was analyzed and is summarized in
figures 4 and 5. The design flight condition was chosen 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 airplane weight of 150,000 pounds wasassumedand
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 requirements in the
belief that present stacking proce'dur-s for landing or resort to
alternate landing fields in event of poor weather cannot be tol-
erated if the full potentialities of these gas-turbine power
plints 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 consideration of the
landing pi'oblem and to assure sufficient volume in the wing to
carry the fuel. Both airplanes are considered to be powered by
four power plants.

S
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The performance 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 5000 miles is obtained. The power plant was taken to be of
sufficient size to fly the airplane at this design condition at
normal continuous rating. With this size of power plant, the
airplane is capable of flying at altitudes 5000 feet over the
design altitude, but the maximum continuous flight speed is lim-
ited to about 450 miles per hour. The range remains essentially
independent of f'light speed over a range from 300 to 450 miles per
hour, but falls off as the flight speed is 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
per hour at an altitude of 20,000 feet, it is possible to fly the
airplane 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-
tude because of unfavorable weather or head winds, an increase in
altitude will permit attainment of the design range at a slight
sacrifice in flight speed. If, however, it should become necessary
to reduce altitude, either the range must be decreased (fig. 4) or
the pay load: must be reduced. A comparison of the various altitude
curves indicates that a reduction in altitude from 30,000 to
20,000 feet will result .n a raduction 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 failure occurred near the start of the flight. In this
event, the flight speed would be reduced about 50 miles per hour
below the design value, but attainment of the design range is
still possible.

A similar set of performance curves for the turbojet-powered.
transport is presented in figure 5 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 mules per hour, a range
of slightly over 2200 miles is obtained. In this case, the engines
chosen wore slightly lar6er than 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
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"be su•sequently discussed in detail. The range provided by the
turbojet-powered airplane is somehat more sensitive to flight
speed than that of the turbine--propeller airplane; the range
decreases 'from the dealga value as the flight speed is either
increased or decreased*.-. The effect of a change in altitude on
the tange is about the sAme as thAt of the turbine-propeller
airplane with a decrease in altitude of 10,000 feet below the
desiga value necessitating a decrease in range of about 25 per-
cent. In event of an engine failure, not only iq a reduct.on
in flight speed required but, unlike the turbine-propeller
powered airplane, a reductioa:in both altitude and range below
the design values will be-nrecessary.

The engine-performance characteristics used in the pre-
ceding analyses were the same as those illustrated in figures I
and 2 and were chosen to be representative of the performance of
engines that are either available or in final development at the
present time. As suc, ,.these analyses are6-in substantial agree-
ment with "the results of many other investigations that have been
actively discussed within recent months. It is therefore of
interest -to investigate how this picture will be changed if the
improvements in engine performance that are indicated by research
and development now in progress are realized. These improved
engitnles shall be designated as future engines and are viewed as
the tylpe of power plant that may be available to the transport
indusrtry in the near future.

* The characteristics of the turbine-propeller engine are
shown in 'figure 6; the valueswithout the box around -them. refer
to present engines and the values within the box are for ifuture
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 P3/P2 was increased from 6 for the present engine to 8
for the future engine, and a turbine-inlet temperature T 4 of
19000 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 analysi-s 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
i1c of 88 percent, a combustion efficiency qb of 98 percent,
and a turbine efficiency It of 91 percent for the future engine.

The variation in propeller efficiency with flight speed is
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illustrated in the smil plot in figure 6. For the present engine,
the efficiency 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.I. For the future engine, the
efficiency was increased to 90 percent in the low.speed range and
was assumed to drop to 75 percent at a Mach number of 0.9. The
engine air flow Wa/Ac at 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 emphasis being placed on engine air flow and propeller
efficiency 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 19000 R and an exhaust-nozzle efficiency
of 95 percent was used. The component 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 30 pounds per
second for the future engine. All these assumptions, 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
0o taken in the belief tat- .they would thus be most representative
of engines that would be availabie to the transport industry in-
quantity prqluction at moderate cost.

The improvement in airplane performance afforded by the
future engines is illustrated by a design-point-range study in
figure 8. In this figure, the two solid 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 improved 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 miles with present engines up to
8500 miles with the future engines, or an increase of 70 percent,
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As previously mentioned, these range capabilities may be con-
sidered as a relatiVe rating, or figure of merit of the power
plant, even if ranges as large as 8500 miles are unnecessary.
For example, it was cmputed that, for a range of 5000 miles
for both engines, the pay load 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 of
higher component efficiencies and air-flow capacity at low flight
speeds and nearly half the gain at high flight speeds is due to
the higher propeller efficiency. 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, ls increased from 2200 miles
with present engines up to 3100 miles with the future engines,
or an increasp of about 40 percent.

Although large improvements in performance are thus pre-
dicted for both turbine-propeller-..aud tur'bct-!vp•rrd aircraft,
the magnitude of these future gains is somewhat greater for the
turbine-propeller engine than for the turbojet engine As a
result, the cross-over point between the turbine-propeller and
the turbo0et 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 asstumptions used, the fact remains that the anti-
cipatedfuture 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 J'.st s'ffi-
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 is plotted 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 1000 F, the take-off thrust of the turbine-propeller
engine Is reduced to about -5 percent of the rated value and the
turbojet engine has lost.ab~out 10 percent of its rated thrust.

In spite of the large reduction in take-off thrust of the
turbine.-propeller engine with increasing ambient temperature,
the inherent large horsepower oa this type of engine affords
satisfactory take-off performance even at high air temperatures.
For the turbine-propeller airplane, which was equipped with
"sufficient power to fly at 450 miles per hour at 30,000 feet
under cruise engine cond.1tions, the take-off distance with an
air temperature of 1000 F is only about 3500 feet.

For the turbojet airplane, however, which was provided with
engines that were slightly larger than necessary to cruise at
600 miles per hour and 35,000 feet, the take-off distance was
computed to be about 9000 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 performance when the engines are increased in size
is 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
1000 F and are sufficient to clear a 50 foot obstacle. 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 9000 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 operation. 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
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obvious disadvantages for widespread commerc-al use. The use of
opecial methods for augmenting the thrust of the turbojet engine
for short periods of t1me therefore becomes of particular interest.

Experimentae eand analytical investigations of various methods
of thrust augmentation have been in progress at the Lewis labora-
tory for several yearq, and a summary of the results of several of
the investigations is presented in figure 11. In this figure, the
ratio of augmented to normal thrust is plotted against the ratio
of liquid or fuel flow with augmentation to the normal engine
fuel flow Three different methods of thrust augmentation are
illustrated, each of which is advantageous for various 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-blade materials,
is obviously the best method from the standpoint of low liqu.,d
consumpticn and provides a thrust ratio of up to nearly 1.5 for
a liquid consumption ratio 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 liquid flow rates than the tail pipe-burnng
method. Because of the extreme simplicity and small additional
weight of 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 compr.essor
pressure ratio 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 combination when very large thrust increases are required.
Some 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 augmentation .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-off problem.

The reduction in take-off distance permitted by these methods
of thrusz augmentation is illustrated in figure 12 where the take-
off` distance is plotted aEainst the ratio of augmented to normal
engine thrust. Adjacent to the abscissa scalb is shown the range
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of applicability of each of the three methods of thrust augmen-
tation. The take off distance decreases rapidly as the amount
of thrust augmentation is increased; the use of water in.lection
alone provides a reduction from 9000 feet to 5600 feet. 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 load, of which the largest
part is consumed daring the ground run. The use of the combina-
t."on of water injection and tail-pipe burning, which provides a
thrust ratio of nearly 1.7, would permit a further reduction in
take-off distance to 3000 feet.

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 flight speeds between 400 and 500 miles
per hour and that the constant-thrust characteristics of the tur-
bojet engine make this engine most effective at speeds from 500
to (-00 miles per hour. Very large increases in the 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, with 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 off
on a hot day with enginese 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 if 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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PROPULSION OONSIDERATIO• .OR HIGH-SPEED TRANSPORT AIRPLANES

19. .OPItATIONAL WACTRISTICS OF TURBINE ENGINES

ByWillXam A. Fleming and Reece V. Hensley

Leis Flight. Propulsion Laboratory

The applicability. of tbrbine engines to transport aircraft
has been discussed from the aspect of engine and aircraft per-
formance an:i range characteristics. In addition to these factors,
there are a number of engiie operational characteristics that have
been encountered in operation of turbine engines during the last
several years. Some of the operating problews steiuning 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,
aid in engines of recent design some of the problems have been
essentially eliminated.

"I Investigations of the..'aititude operating limits have in-
dicated that the maximum altitude at which a turbine engine will
operate is.limited by the cotbxstor. As tMr altitude is increas-
ed, the pressure in the comb ustor becomeslewer and thereby adverse-
ly affects combustion. AS* a result., the combustion efficiency
decreases at high altiides until an altitude is reached where the
pressure in the coabustbr is no: longer high enough to sustain suf-
ficient burning ahead of the turbine to maintain engine operation
and the flame is extin&iisi.ed.

An example of thpe altitud4 -operating limits of a current tur-
bojet engine having C c-rmpress'r 'pressure ratio of about 4 is shown
in figure 1, Operation of thise * ine at any altitude was possible
only over thke range of engi1le speeds between the minimum and max-
iium-speed-limit curves'.* ith thi. eingine it was possible to
•mu Ji. t .•
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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 generally encountered at high al-
titudes and results in a rise in turbine temperature at rated
speed; thezefore the speed must be reauced at high altitudes to
avoid overheating the turbine. Altitude limits are not indicated
over the intermediate speed range, inasmuch as these limits were
above the altitudes covered in the investigation.

Also illustrated in figure I are the probable ranges of cruise
and let-demn operation. The probable limits of cruiae operation are
well within the altitude operating limits of the engine, Operation
of this engine ddring let-down at high altitudes weald be. dangerously
close to combustion blot-out.

With continued research and dqvelopment, the operating limits
of most current engines are wiell above those shown in figure 1.
Means for extending the blcw.-out limits to higher alhitudes and con-
sequently to lower burner pressures include nodifyi.ng the combustor
liners to alter the introduction of air into the iburn_..n region and
using variable-area fuel injectors, which periit ýpe .tirg -with high-
er injection pressures at high altitudes dwith better
fuel atomization than is obtainable vitvhfi 'ed-srea _n~ectors. Also,
as the compressor pressure ratio of..the engine is raised, the altitude
operating limits will be 6orrespondiggly extended.

The turbine-propeller engine does not suffer from the maximum
and minimum speed or thrust )limitations of the turbojet., because it
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 turbine-propeller en-
gines are in the vicinity of 50,000 feet or higher.

Another extremely important operating problem, which is under
intensive research & the present time, is that of restarting 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 ergine 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 An terms
of fuel ccnsumption, as well as a loss in time.
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The problem of restarting a turbojet engine in flight can be
illustrated with the aid of figure 2, MAny.cuxren ,e!ngines .are of
thei type. s4own in'fig*1W-2"w0ith adqr-'pf, tu)xlar pqmubustors*
Spark.;pugs. are generally placed iti oi4y•twooXf the combustors. In-
terconnecting.. tubes provide a -path for the" fJ.ame to travel to the
other combustors'. Altitude starting c'an be divided into three steps:
ignition, propagation, and acceleration. Ignition.1is obtained.by•
supplying a combustible -nixtureof fdel and air in the region of.a
spark.,that has sufficient energy to ignite it. Once the fuel- is
ignited 'in one or both of the combustors containing .spark ,plugs-,
conditions 'must be favorable for the propagation or spreadingtof the`
flame through the interconnecting tubes to each of the other corn-,
bustors. -With engines having annular combustion zones, propagation
or spreading of the flame. is generally no..problem-.,

With the' fuel burning in all'the combustors, it ris then neces-
sary to accelerate -the engine from the windmilling starting speed,'
which maybe only 10 to 20 p4rcent of rated speed; to the normal
operating speed range. Acceleration must be accomplished without
bkdeeding th'e turbiho temperhture -limtse:o-with6ut. -uenchihg'the
flaWia,: in.the•cDmbustors by increasing the' fuea. flow. too :rapidly.-

"* In order to iugtrate' hw- ignition, flame propagation., and
acceleration limits are im=osed on a turbdjet. engine, •an example of
the altitude-rstarting limits of one engineTinvestigated is shown in
figure 3. Successful starts of the qngine could.. he. ade.,only at al-
tit4des . blow. the acceleration-lim4t currve up 'o .a. Mach .nuwber of 0.6
and below the propagation limit at 'ihher.2Mach numb.ers..

For exAmple., at a iviaeh number of 0.4 . and, an. altitude of 28,000
fe't, lbti,,ing could be obtained in all the combustors, .but the engine
could not be accelerated idthrut" exceeding 'the turbine-temperature
limits. At a Mach number of 0.7 and an altitude of 35,000 feet, the
fuei.'-air mixkoure could be ignited in the combustors coqtaining spark
plugs; however, the. flame wiould. not" propagate through the' inter-.
connecting tubes and-ignite thei remýining combustors.

Although starting- of thi!.§.-tine was marginal at the cruise
altitude 'of 35,000 feet, some-durrent engnes hAve somewhat higher
altitude-starting limits. .

A program is now -in progress atthis laboratory to:improve al-
titude starting. The aim.f this-pr6gram is to raise the altitude
ignition and propagation limits to approximately the altitude oper-
ating limits. Variables being studies to inpxp.ve. iJgnitibn at d.1-
titude include the location' 6f- the's-r!c 7in the combugstor,- the type
of spark plug.sed,.- the amount" 'b ienerg'i"d1is..Loated -ri the spark,
-and the fuel-sprly pattern,.,- The sie ai d w-i &l.Qn of the int•'.i
connec..ntub -are being varied to im'rove propagation orthe
abilAy-yof. the flame to spr6ad, from' d4o4bustor...to tcombustor,,

:.. ." . • .: .•L •! J :- ,. .. ,.' "- " " • -" "' ' •
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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 value 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-
busotion. In order to accelerate the engine, the turbine-inlet tem-
eratuare musL 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, althoagh limiting 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 titrbine-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 improve the conbustor 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 starting at altitude with this'type of
engine.

During the landing approach it is necessary that the engine
thrust be reduced as much as possible; however, the engine thust 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, which is discussed in a previous
paper.



Wit:h.the turbojet engiqne, a considorable thrust reAduction is
possible during the approac• by redubing.engine, speed, as shown in
figure- 4. Operationat abcut 55percent of- rated speed permits a
thrust reductionto only 10 percent of -the rated value,

"" •"A4though this thrust reduction is satisfactory for app'roach,
..,the large mass of the vitor makes the engine inherently sluggish to

accelerate when rapid thrus. recovery becomes, necessary, as shown
in figure 5. With the engine operating at 10 percent p.f rated thrust,
about 7 seconds are requiLied 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.

'One method of obtaining wide thrust control-with a greatly re-
duced time for thrust recovery is by the Use. of a~varziable-area ex-
haust nozzle. Thrust control with the variable-area nozzle is com-
pared'"6 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 tqo 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 40 to 100 precent of rated
Stut by'':'closing the:.exhast nozzle req-eires -only about 1/2 second

as.eonpared .to 2 se~nds by varying speed with a fixed-area nozzle.
Furth'exs0ore- the time required to increase the thrust from 10 tO

.100..percent of the rated value requires only 2 seconds with 'the' var-
iable-area nozzle as compared to about 7.sedonds with the fixed nozzle.

-Other-methods of thrust reduction for' landing approach are:
* -... bleeding air from the compressor, thr.t]t ing the. engine inlet, and

averting the exhaust jet side'ways or forward •with jet-thrust -spoilers.

"7T here is essentially no thrust-control problem with the turbine-
propeller engine inasmuch as the engine. can be schedujied to operate
from reverse to maximum. thrust at or near rated speed by propeller-
blade-angle changes.

Considerable 4%rouble, has been exoerienced at high altitudes with
control systems of: some turbine engines. itost -engine controls are
a deigned to operate at sea level. 'Difficulties ariae;. however, when

* 'the controls are taken "'to.:titude because of the increased acceler-
ation time of- the.. engin•,-'whých' is' referred,.to as an increase in time
constant. The time. content 'of •the:oontrol mast be changed accord-
ingly to avoid instability. n AA ple, of -operation with. a control
that has not been properly coperrst6ed. for' a, change ,in' engine-time
constant is compared in figure 8 with a cortrol that' wis properly
compensat ed,

L
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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 been operated satisfactorily at sea level.
When the control lever was advanced 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 sea
level, vwbeas the actual accelerition'required about three times
as long. Because the acceleration was slow, the control called for
more fuel to hasten the acceleration, The result was an acceleration
with emxcessively 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 signal to reduce fuel
flow. Since the engine response 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 overshoots and undershoots. Such operation could readily
lead to engine destruction and was stopped by shutting down the engine.

The compensated control was set to anticipate a slower acceler-
ation response at altitude. TLe ffiel flow was therefore increased
more slowly. This acceleration was slower and withia the allowable
temperature limits. As the control anticipated the slower acceler-
ation responde at altitude, only a slight overshoot and under-
shoot, which were damped out after the first cycle, occurred.

Because the turbine engine must be operated within a narrow range
of conditions for maximum economy, the control must be able to accurately
hold the set condition. Also, because the operating conditions for
maximum economy are near the operating limits of the engine, the con-
trol must be very sensitive to overspeed and overtesperature conditions
to prevent overheating the turbine blades or overspeeding the :rotor.
for any length of time.

It is also desirable 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 control so that at all al-
titudes a given control-lever position corresponds 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 paoer level becomes extremely difficult to obtain be-
cause the fael flow -at cruise is only one-fourth to one-sixth of the
fuel flow at takc-off.

A numbet of current turbine engines now under development have
controls that approach these requirements; however, Much remains to
be accomplished before th, control system can bo completely relied
upon to meet the demancd 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 leading
to improved control reliability.
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In conclusion, solutions to some of the engiane operating problems
are currently available and research is being continued to clirainate
the other problems that till exist. It should be kept in mind that
the demands of the military on these engines are in most respects more
severe than those for transport aýplication. Therefore, because these
engines are being used and will continue to be used even more widely
in military aricraft before they find their way into transport appli-
cation, many of the problems will be solved for the military. The
result will be that, as in the past, soluticns to the most important
problems will be available when the engines are finally used by the
transport industry.
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THRUST CONTROL WITH FIXED NOZZLE
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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,150 MILES PER HOUR
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THRUST RECOVERY WITH FIXED AND VARIABLE NOZZLES
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