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BUFFETING BOUNDARY DETERMINED IN FLIGHT ON A
NCRTH AMERICAN P-51D AIRPIANE

By Jon P. Mayer
SUMMARY

Flight tests were conducted on & North Americen P-51D alrplane
to establish the meximum 1liPt coefficlent and the buffeting boundary
line as a function of Mach number. Abrupt stalls were made at Mach
numbers from 0.21 to 0.63 end gradusl stalls were made at Mach nunmbers
from 0.41 to 0.65. The buffoting boundary was determined in abrupt
pull-ups. through a Mach number range from 0.21 to 0.80.

The results indicate that the meximum 1ift coefflcient and the
buffeting houndary line as esteblighed in abrupt pull-ups were very
mich affected by Mech number and that Reynolds nunber had no apparent
effect on maximum 1ift cosfficient in ebrupt pull-ups within the
limits of the test data.

Up to & Mach num'ber of 0.6L4 the buffeting boundary was defined
by the actual limit meximm 1ift cosfficlent atteineble with the
P-51D airplane in abrupt pull-ups. Above a Mach number of 0.6L the
buffeting boundary dropped sharply and was bslow the actual maximon
112t coefficient of the alrplane.

A comparison between the buffeting boundery found in the £light
tests and s calculated wing buffeting boundary shows good agreement
up to & Mach number of 0.42 with a lesser degree of agreement at
higher Mach numbers,

The gradusl stalls of the a:lrplane indicated that the meximum
1ift coefficient was affected by Mach number in & menner similar to
that for the ebrupt stalls.
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INTRODUCTION

Although there 1s conslderable wind-tvnnel material available
on the variation of the maximum 1ift coefficlent with such factors
a8 Reynolds number and ailrfoil shape, there is less known gbout the
effects of elther Mach number or rate of change of angle of attack
on maximum 1ift coefficient, both of which are becoming increasingly
important. Alsc, the occurrence of bufTeting at high Mach numbers
and 1ift coefficients lower than the maximum 1ift coefficient has
imposed an effective 1limit in 1ift on the airplaene beyond which
Pilots have seldom ventured. Relatively few data exlst on this
latter phase of the problem and little is kmown concerning the
prediction of this limit.

In the couree of a high-speed dive test progrem on a P-51D air-
plane at Langley Memorial Aeronauticel Laboratory of the National
Advisory Committee for Asronantics at Langley Field, Virginla, some
date on the variation of maximum 1ift coefficient and buffeting
1ift coefficlent with Mach number were obtalned. This report
pregente the results of these tests. The true maximum 1ift
coefficlents were measured In ebrupt and gradusl stalls up to a
Mach number of 0.63, whereas the buffeting boundary was established
up to a Mach number of 0.80.

The present results extend the available flight data on abrupt
stalls of airplanes with low drag wings (results of Ames Leboratory
tests of the Bell P-63A-6 airplans) from a Mach nmumber of 0.44 to 0.63.

Although the tests of the P-51D airplane did not extend the Mach
number range of other investigationsg with regard to the buffeting
borndary (references 1 and 2), the instrumentation of the ailrplane
wag such that the buffeting boundary could be guite accurately
determined. In addition, since tsil loads were measured on the
P=-51D airplene, wing lift coefficients as well as alrplane 1ift
coefficlents were evaluated.

APPARATUS

Description of Alrplane

The airplane used in the tests was a North American P~51D,
reinforced structuraslly to withetand the high loads expected in
& high-speed dive program in progress at Lengley Laboratory.
Figure 1 shows & slde view of the airplsne used In the flight
tests.
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The
follows:

general

Aimlme L L] L . L]
Ensine s e o &
Propeller . . « &

Diemeter, feet .
Blade number .

Weight at teke off, pound

Center-of-gravity position (at

percent M.A.C.

Wing:

Span, feet « « + & &

Ares, square feet

Dihedral (at 25 percent chord), degrees

speciflications of

the

Sweepback (leading edge), degrees
MAC., Inched ¢« « o+ « « « ¢ ¢ « =

Airfoil . .

Horlzontal tail:
Area, squere feet

. -« . . .

Incidence, dogrees « « ¢ ¢« « s o o ¢ &

alrplane as flown are as

taks off),

UN
NQLAssiFIED

Instrumentation

L] L] . . L) L]

Korth American P-51D
A»my Air Forces No. Bh4-13257
« « Packard built Rolls Royce
V-1650-T7 12 cylinder
. Hamllton Standard
k-blede hydrometic

11.17

K65234-24
8850

25.1

37.03
240.1

5
3.6

79.6

WAA-NACA low drag

Alrspeed, pressure altitude, and alrplane normal acceleration
were measured as functlons of time wilth stendard NACA recording

instruments.

Stetham accelerometer in commnection with & Hiller 15-element

recording oscillograph.

The tell novmal acceleration was meagured with a

Loads on the wing and tail were found by

using strain-gege measurements recorded on the Miller oscillograph.

The airspeed hesd was mounted on & boom extending 1.2 local
chord lengths aheed of the leading edge of the wing and located near

the right wing tip of the airplane.

was located in the right wing so as to minimize lag effects.
elrspesd zystem was callbrated for position error, due to 1ift
coefficient and Mach number effects, up to & Mach number of 0.78.

The alrspeed-altituds recorder

This

The strain-gege installation on the alrplane was celibrated
periodically by epplying known loads to the wing end tall of the

airplane.
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FLICHT-TEST PROCEDURE

All flight tests were made with the alrplane in the clean
condition and with power on.

Abrupt stalls were made at pressure altltules of 10,000,
20,000, and 30,000 fcet at Mach numbers from 0.21 to 0.63. In
these stalls the alrplane was pulled up as abruptly as possible,
the degree of abruptness depsnding upon the irertia, control power,
and stability of the airplsne as flown. A series of greduel stalls
weg also made In turns at 20,000~foot-pressure altitude at Mach
nunbers from 0.4%) to 0.65.

In the pull-ups within the Mach number reange from O.64
to 0.80, meximum 1ift coefficients were not reached because of
buffeting. In this range the alrplane was pulled through the
buffeting boundary until the vibration of the airplane became
oblectlonable to the pllot at which point recovery from the
pull-up was made end buffeting stopped. The pull-ups through the
buffeting boundary were made somewhat more slowly than the low-
gpeed. pull-ups.

METHOD

In order to illustrate the definitions and methods employed
in evaluating results, three typical load-factor time-history
diagrama obtained in abrupt pull-ups are shown in figure 2. Point A
in sach of the dlegrams represents the point where buffeting
started; B, the point of pesk mean load factor; and C, the polnt
where buffeting stopped. In figures 2(a) and 2(b) the first two
points coincide, while in figure 2(c) the peak load factor occurs
after buffeting sterts and between polnts A and C.

From the data of the type shown in figure 2 the alrplane and
wing 1lift coefficiente were evaluated for a number of runs at the
points where buffeting sterted and stopped a8 well a8 at maximum
1ift. In computing 1ift coefficients the lift was assumed to be
equal to the normsl force, end fuselage end propeller normel loads
were neglected. The equations used in determining 1lift coefficients
were !
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whers
CLA glrplane 1ift coefficient
Cryy wing 1ift coefflcient

n normel losd factor (measured perpendiculer to airplane thrust

1line)
- q dynamic pressure, pounds per sguare foot
S wing area, &quare feet,
: il eirplane welght, pounds

Ly horizontel tail load, pounds, as determined from the strain
gages end accelerometer records

Since the tests of ‘the P-51D as well as other investigatlions
(references 3 and 4 and results of Ames Leboratory tests of the
Bell P~63A-6 airplane) indicate that the maximum 1ift coefficient
depends on ‘the piltching angular wvelocity, the maximwm 1ift coef~-
ficients obtained in the abrupt pull-ups were plotted versus the
angle of pitch per chord length traveled. This parameter 1s

¢ aa
V at

where

c mean gerodynamlc chord, feet

v alrgpeed, feet per second

de

at time rate of change of angle of attack, radlans per second

<SRRG
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The rate of change of angle of attack da/dt wasg in turn
determined from the measured rate of change of load factor with

time and the equation
do. w4s fat
—_— = [Popsint Rearht
dt  éCy/da g

where
dCy, /8o slope of 1ift curve, per radian

dn/dt  time rete of chenge of load.factor

The mlope of the 1ift curve ¢&Cr/da at the various values of Mach

number wes obtained from unpublished data from wind-tunnel tests

made at Amsg of the XP-51 eirplane. The slone of the load-factor

time diagram wes taken at the time corresponding to 6 chord lengths
before the maximm accelerction wea reached. Thls corresponds approxi-
mately to the time the 1ift coefficient lags the angle of attack when
the angle is changing rapldly.

ACCURACY

The estimated accuracy Iln the determinatlon of the pertinent
rosults is as Ffollows: Cg, or CIW’ < 3 percent, M, ¥0.0l, and

€ dx +7 rcent.
T g - peree

These probable errors arise principelly from errors in the
meagurement of dynemic preesure, pressure altitude, load factor,
and, In the case of 1lift coefficients, in the assumption that the
1lift was egual to the normel force. In the determination of
% %%3 however, the listed error is ettributed to (1) the necessity
of using wind-tunnel date from tests of & model of the XP-51 for
lift-curve slope, (2) the somewhet arbitrery selection of the
point at which the slopes vwere read, and (3) grephical errore in
the differentlatlion process.
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RESULTS AND DISCUSSION
The Effects of Mach and Reynolds Numbsr on the

Maximum Lift Coefficient

The results of & number of ebrupt pull-ups to the maximum
1ift coefficient for those cases vhere points A and B colincids
(fig. 2) and the results of gradusl stalls ars presented in
figure 3. The results shown indicate that the alrplene maximum
1ift cosfficient obtained in the abrupt stells decreases rapldly
as the Mach muber increases from 0.21 to 0.48 where a minimum
point is reached. The maximm 1ift coefficient then Increases
untll a secondary peak 1s rsached at a Mach number of 0.56 after
wvhich 1t again begins to decrease rapidly to the limit of the
prosent tests. The secondary pesk in the maximm 1ift coefficlent
is characteristic of low drag airfolls and is caused by the
broadening of the upper surface low-pressure reglon which offsets
the reduction in the negative pressure psak as the Mech number
increases. As the Mach number lncreases further the decrease in
the negative pressure peak more than accounts for the broadening
upper surface pressure and the maximum 11t coefficlent again
begins to decrease. It cen also be seen from figure 3 that
altitude, and therefore Reynolds numwber, has no apparent effect on
the maximmm 1ift coefficient obtained in ebrupt stalls within the
limits of the data obtained. This result has also been showvn in
reference 5 for the P-L7C sirplane and in the results of Ames
Laboratory tests of the P-53A airplane. In the curve of figure 3.
it is elso seen that the general itrend for the gradual stalls is
gimilar to that for the ebrupt stalls with the minimum end peak
maximum 1ift coefficlents occurring at similar Mach numrbers.

A comparison of the rssults obtained In the &brupt stalls
with similar results obtained with a P-63A airplane (fig. 4)
gualitatively indicates the same sort of veariation for the itwo
cases. The dlfferences noted between the two cases may be
ascribed to the fact that, although both wings ere of the low
drag type, the sections ars dlssimilar; those on the P-63 being
obtained from the NACA 66 serles of ailrfoils while those of the
P-51D are & North Americen-NACA compromlse ssction. It is to be
noted, also, that the abrupt pull-ups for the P-63 were not carried
sufficiently far to indicate any minimum point in the CI'A curve.

Comparison between results of gradual stells of a P~51B (reference 6)
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and those of the P-51D (fig. L4) show fair agreement throughout.
Whatever differences exlst may be atiributed to the fact that the
two airplenes have & 8lightly different configuration.

Effect of Mach Number on the Buffeting Boundary

Figure 5 1la en extension of the resulis glven In flgure 3 to
include those pull-ups where buffeting prevented the attainment of
true maximum lift., (See fig. 2(c).) The pull-up traced out by
the curve A, B, C illustrates the menner of variation of 1ift
coefficlent with Mach number cobtained In a typical high Mach
number pull-out.

From a Mach number of 0.21 to 0.6k the buffeting boundary is
defined by the actual limit raximum 11Tt coefficlent as obtalned
in ebrupt pull-ups of the airplane. Above a Mach number of 0.6k,
however, the huffeting lift coefficlents are below the maximum
1ift coefficients. It 1s seen from figure 5 that the 1ift
coefficient at which buffeting either starts or stops decreases
rapidly with Mach number snd thet at @ Mach number of about 0.83
buffeting would occur even at zero 1ift. The implication of the
results of figure 5, ihsofar as they speclficelly apply to the
P-51D airplane, is given in figure 6 where the 1ift capabilities
of the P-51D are shown for several altltudes. The portions of the
curves below M = 0,64 were established from the solid part of
the curve in figure 5 end the portions above M = 0.64 were
eatablished from the dotted part of the curve. It 1s seen that
at h0,000 foot the alrplare would be capable of only the mildest
maneuvers and that even at 1l g buffeting would occur et M = 0.79.

It may also be seen from figure 5 that the 1ift coefficlents
where buffeting starts and stops epparently define a single curve
in the reglon from M = 0.64 to M = 0.80. In the Cy, region

(solid curve) the 1lift coefficient where buffeting stops lles below
the point where 1t initially started. An indicetion of this result
ray be obtained from figure 2(b). However, in this range, the 1ift
coefficient where buffeting stopped depended upon the rate of change
of angle of attack, and, in general, sesemed to be lower than the
graduval stell line.

Several papers have presented charts by which the low=-speed
negetlve preasure coeffleients may be expanded to sccount for
effects of compresslibility. In generasl, such charts when used to
expand each pressure point along the airfoll can be made to yileld a
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UNCLASSIFIED



UNCLASSIFIED

NACA RM No. IATIO SOMNEDFNEEHT, 9

variation of a critica.l 11t coefficient with Mach nmumber; the

word critical then, being associated wilth the attalmment of the
veloclty of sound. over some portion of the airfoil. In general,
Flight observaetions as well as wind-tunnel sezperience have not
Indicated serious effects when the local veloclty of sound 1s first
reached. Therefore, curves of critical 1ift versus M would be
expected to lie well below the curve shown in figure 5 and could
only serve as & rough guide to the buffeting limit. The charts of
reference 5 make possible a predilction of the buffeting llmit rather
than a critical 1ift coefficient. '

The charts of reference 5 have been applied to expand the
theorstical pressure distribubions over the mean asrodynemic chord
section of the P-51D in order to obtalin the variation of the 1imit
11ft or buffeting 1ift coefficlent with Mach number. Flgure 7
illustrates the agreement between the results calculated in this
mamner and the experimental results of flgure 5. It can be seen
that although the compubted 1imit 1ift curve follows the trend of
the measured resvlts 1t 1is not &8 close as would be desired for
guantitative purposes.

Effect of Angular Veloclty on Maximum Lift Coefficient

Figure 8 shows the results of the effect of rate of chenge of
angle of attack on the maximum 1ift coefficlent for the P-51D airplans,
in ebrupt stalls, at four mesan Mach mumbers. The values of the
maximum 1ift coefficlent forr zero angular velocity were taken from
the mean line for the gradusl stalls. The lines of constant CI

ghown in the figure for the four mea.n Mach numbers were ‘taken from
the mean line through the test points, gilven-in figure 3, for the
gbrupt stells. :

Figure 8 indicates that throughout the Mach mmber and & 92 range

Y dt
covered In the P-51D tests the verlation of maximum 11ft coefficient
with the angle of pitch per chord length traveled % g—% is relatively

constant. This 1s in agresment with results of Ames Laboratory tests
of P-63A-6 airplane in which it was shown that the meximum 1ift coef-
Plclent Increases slmost linearly with angular velocity until &
limiting value of the maximm l1ift coefficient is reached which is
wneaffected by further increases in angular velocity.
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CONCIUSIONS

From the flight tests of the P-51D a.irp]a.ne it may be
concluded that:

1. The meximum 1ift coefflcient attainable ln abrupt stalls
decreases rapldly with Mach number until a minimum velue 1s reached
at & Mach number of 0.48, and then increases until a secondary peak
1s reached at e Mach number of O. 56, after which the maximum 1ift
coefficlent decreases with Mach num'beL « The maximum 11ft coefficient
attainable in ebrupt stalls appears to be independent of Reynolds
nunber within the limits of the test data.

2. The varietion of meximum 1ift coefficient with Mach number
obtalned in gredual stalls 1s somewhat similar to that obtained in
abrupt stalls at Mach numbers above 0.40. However, the maximum
1ift coefficients obiained in gradual stalls ars lower than those
obtained in abrupt stalls.

3. The maximumm 1ift coefficient cbtained in sbrupt stalls
elso defines the buffeting boundery up to & Mach number of 0.64,
Above a Mach number of 0.64 there is a rapid, almost linear,
decrease in the buffeting lift coefficient which approaches zero
1ift at a Mach number of about 0.83. The actual maximum 1ift
coefficlent is above the buffeting boundary at Mach numbers
greater then 0.64.

Langley Memorial Aercnautical Iaboratory
National Advisory Committee for Aeronautlcs
Langley Field, Va.
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Fig. 3

UNCLASSIFIED

i

T

I

T

= =2

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

i :
i i R
§ H: Bt e
i ? iict
i h, i : it a.mmﬂ
} et B wd 1
34 H HH r .”... " Y
: Q. {1 : ikt icd] siae: i E
H H HE "_; ehag =2k * ﬂ
[ = H
1] 1 B]
4.4 H 1 g - *
H 1! 1L i
1 3 £ e :
1 H H H ¥
i i : i
HH T i i i
t i i
}

=ay

- fast

74

Spots ety

UNCLASSIFIED



Fig. 4

HH] 1 m .:::1 _: §
w il He
1+ H AEIHTE R R Iy 1 ¥ Rigls ] 1 gl
: ! il [ s R i
HH ifiHihi ] T :

T
T
1
e
=
1
T
Feoo=g
=

IONAL ADVISORY

COMMITTEE FOR_AERONAUTICS

UNCLASSIFIED

NACA RM No. L6I10

~»

i i A IR il
: it illi L R e e R il
”|” H HH I H HILH HH ym i 1] HH in ,“ H i )‘ H ‘ i H HH H H || H i 3 un . L | : nn#n 11,
 HH H R R ) y NG L H H|& ! I I
I L it e besials HHIH O R HEdiniakin | Ha [ ) H 1 | ERtE HH
[HH T e R TR i HITN O Wl R IR H f1iH] HIHL
12 rhuglit HEHEHE B TLFE N THH el o tH H E
sHUNREE TR IR L 1] HLENRLH L I H H
tisd i iadtegial s RN HE HHHH A D . t HEELIRGT 1
H 4 H —m—. H ] I3 I H {
tH HiH 11 HTHH njl L
L H ¢ H ...p i U ! .
H 3 Al il
tHH HH il : et B
rm | i

"‘kvnd‘ ZhPE

193
T

“HlTne

Sl oy




NACA RM No. L6I10

Fig. b
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