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RISEARCH MEMORANDUM

EFFFCT OF MACH NUMBYR ON THE MAXIMUM LIFT ARD

BUFFFTING BOUNDARY DETFRMINED IN FLIGHT ON A
NORTH AMERICAN P-51D AIRPLANE
By John P. Mayer

SUMARY

Flight tests were conducted on a Morth Amevicen P-51D airplane
to establish ths maximum 1ift cocfficicnt and the buffeting boundery
line as a function of Mach nunber. Adbrunt stells were made at Mach
numbers from 0.21 to 0.63 ent gradual atalls were mede at Mach numbders
from 0.41 to 0.65. Tho buffoting boundary was determined in abrupt
pull-ups through & Mach number renge from 0,71 to 0.80.

The results indicate that the meximum 1ift cocfficlcnt end the
buffeting boundary Jine as established in abcuni pull-ups were very
much affected ty Mach number and thet Rsynolds number had no apparent
effect on maximum 1ift confficiont in abrupt pull-ups within the
limits of the test data.

Up to n Mach number of 0.64 the buffeting boundary was defined
by the actual 1imit raximm 1ift coefficient attaineble with the
P-51D airplane in abrupt pull-ups. Above a Mach numbsr of 0.6k the
buffeting boundary dropped sharply end was below the actual maximum
1ift coefficient of the airplenc.

A comparison between the buffeting boundery found in ths £1ight
tests and e calculated wing dbuffeting boundary shows good agreement
up to a Mach number of 0.42 with a lesser degree of agrssment at
higher Mach rumbers.,

The gradual stalls of the airplane indicated that ths meximum

112t coeffliclent was affectsd by Mach number in a manner similar to
that for ths abrupt stalls.
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INTRODUCTION

Although there 1s considerable wind-tvmnel materiel availablo
on the variation of the maximum 1ift coefficient with cuch factors
a8 Reynolds number and airfoil shape, there is less kmown about the
effects of elther Mach number or rate of change of engle of attack
on maximm 1ift coefficient, both of which are becoming incrosasingly
Jmportant. Also, tho occurrence of buflfeting at hizh Mach numbers
and 11ft coefficlents lover than the maximwm 1ift coefficient hes

imposed an offoctive 1limit in 1irt on the &ailrplanc beyond which
pilots havo ssldom ventured. Relatively few datu exist on thie
latter phasc of the prohblem and little 1s lmown conccrning the
prediction of thiu limit.

In the course ol & high-speod dive tost program on a P-51D alr-
plane at Langley Memorial Aeronautical Laboratory of the National
Advisory Committee for Aercnantice at Langlev Field, Virginia, some

data on the variation of maximum 1ift coefi'icient amd buffeting
1ift coefficient with Mach number wcre obtainod. This report
presents the rcoults of these toots. The true maximum 1ift
coefficlents were msacured Jn ebrupt and gradual stalls up to &

Mach number of 0.63, whersac the buffeting boundary was estebliched

up to a Mach mumber of 0.80.

The present rosulta extend the avallablc flight data on abrupt
atellc of airplenes with low drag wings (resulta of Ames Leboratory
tests of the Bell F-63A-6 airplanc) from a Mach nusber of O.4h to 0.63.

Although thie tests of the -51D airplane d41d not extend the Mach

nunber range of other investigations with regerd to the buffoting
bowndary (references 1 and £), the instrumentation of the airplane

wvas guch that the buffeting boundary could bs guitos accurately
determined. In addition, since tall loads were measured on the
P-51D airplano, wing 11ft coefficients as well as airplane 1lift
coefficients were evaluated.

APP ARATUS

Dascription of Airplane

The airplene used in the teste was a North American P-51D,
reinforced structurally to withstand the high louds expected in
8 high-spend dive progrem in proaress at Langley Iaboratory.
Flgure 1 shown a slde view of the alrplane used in tha flight
tests.
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The general specifications of the airplans as flown ares as
follows:

AIrplane . . + « ¢ o o o o s ¢« 2 o s+ « s o « KNorth American P-51D
Avmy Air Forczs No. 4b4.13257

ENgine . ¢ ¢ 2 o ¢ ¢ ¢« s o s 0 0 - o o » Peckard built Rolls Royce
V-1650-7 12 cylinder

Propeller .« « o « ¢« s o ¢ ¢« o o o 8 s 0 00 o » « Hamiloon Standard
b.blede hycrometic

Diameter, feet « o o ¢ ¢« o a4 o 0 s e 0 s e s s e e e e« 1117
BPlade number . « o « o ¢ o o s o+ s 6 o 0 ¢ o o o » KG5238-2L
Welght at take off, rounds . « + & . « & . 8850
Center-of -pravity poeition (at teks off),

percent M.A.C. e s s 8 6 s e s s s s s e s s e s s 251

Wing:

Bpan, feet . « ¢+ o ¢ ¢ 0 4 000 . .. s s s s 6 s s s s o 37.03

Aree, square FOOT o « « 4 ¢ 4 ¢ o« s e 0 0 s s 0 e o s . PhO.L \
Dihedrel (at 25 percent chord), degrees . . o « & « « + o » 5 ! i
BSweepback (leading elge), degrees S 1Y - l ;
MAC., INCREB o « « v ¢ o o o o v o s s a v s s s oo oo+ T9.6 P
ASYFOL) & ¢ ¢« o 4 o ¢ o 6 06 6 6 o o o s s a + « NAA-NACA low dreg .

Horizontal tail: \

Ares, 8quere £oet & « 4 4 o s s . s s s 0 s e s .0 . s . 28.0 ’
Incidence, dOGrees « o + + ¢ o+ o ¢ ¢ « o s ¢ o ¢ ¢ ¢ s ¢ s 1
Instrumentation

Alrspeed, pressure altitule, and airplane normel acceleration
were meesured &8 functions of time with standerd NACA recording
instruments. The tail normal accelerntion wes measured with a
Statham accelerometer in ccnnection with & Miller 15-.slement
recording oscillopgraph. Loeds on the ving and tail were found by
using strain.gaze measurements recorded on the Miller oscillogreph.

The airspeed head was mounted on a boom extending 1.2 local
chord lengthas ahead of the leeding edge of the wing and located near
the right wing tip of the airplane. The eirsperd-sltitude recorder
wag located in the right wing so as to minimize laz effects. This
airspeed system was calibrated for position error, due to 1lift
cosfficient and Mach number effects, up to & Mach number of 0.78.

MR e w8 e me

The strein-gage installation on the airplane was calidretsd
periodically by epplying known loads to the wing and tail of the
airplane.

. CONFIDENTIAL
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] CONFIDENTIAL NACA FM No. L6I10
FLICHT TEST FPROCEDURE

Al flight tests were made with the airplane in the clean
condition and with power on.

Abrupt stells were made &t pressure altitudes of 10,000,
20,000, and 30,000 fcet at Mech numbers fiom 0.21 to 0.63. In
these atalla the mirplane was pulled up as edbruptly as possible,
the degree of abruptness depending upon the irertia, control power,
and stability of the airplene aa flown. A series of gradusl stalls
was algo mede in turns st 0,000-fost-pressure altiiude at Mach
numbers from 0.41 to 0.65.

In the pull-ups within the Mech nurber ronge from 0.6k
to 0.80, mximum 1ift coefficients were not rcached because of
buffeting. In this renpe the alrplane wes pnlled through the
buffeting boundary untll the vibration of the aiirplane became
obJectionable to the pilot at which point recovery from the
pull-up was made and buffeting stopped. The pull-ups through the
buffeting boundary wers made somewhat mere slowly than the low-
speed pull-upa.

i
1
i

METHOD

In order to illustrate the definitions ard methods employed
in evaluating results, three typicel loed-factor time-history
diagrams obtairned in abrupt pnll-ups are shown in figure 2. Point A ¢
in each of the diegrama represents the polnt where buffeting
started; B, the poin* of peek nean loed factor; end C, the noint
where buffoting stopred. In figures 2(z) and 2(b) the first two
points coincide, while in figure ?(c) the peek load factor occurs
after buffeting starts and between points A ard C.

From the date of the type shown in figure 2 the airplane and
wing 1ift cuefficienta wers eveluated for a nvnber of runs et the
points vhere tuffeting started end stopred as well as at meximum
1lift. In computing lift coefficients the 1ift was assumed to de i
equal to the normal force, and fnselage and propeller normel loads %

were neglected. The equations used in determining 1lift coefficients *
wero: :



eirplane 1ift ccefficient
Cry ving 1ift coefficilent

n normal loud ractor (meesurod perpsndicular to airylane thrust
line)

dynamic pressvro, pounds peir square Tool
S wing area, square feat
A1 eirplane weight, pounds

Lp horizontal tail load, pounds, as determined from the strain
sagoe und pccelerouweter irecords

Since the tcate of the T'-51D es well as other inveatigations
(refercnces 3 and 4 and reanlts of Ames laboratory tests of tle
Bell P-63A~5 alrplane) incicats that the maximum lift coefficient
depcnde on the pitching angular veloeity, the maximum 1ift coef-
ficients obtained in the abrvpt pull-ups were plottsd versue the
angle of pitch per chord length traveled. This parameter is

do

t

<o

vhere
mean acrodynemic chord, feet

v eirspoed, feet per second

time rate of change of angle of attack, radiens per second
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The rate of change of angle of attack da/dt was in turn
detormined from the measured rote of chenge of lead factor with
time and the oquation

/
- -—-‘!Lsa- -—l_dE

aCysdr q

=

vhere
dCy /6o slope of 1ift curve, per radinn
anfdt time rmte of clienge of load factor

The slope of the lift curve dCr/dn et the various values of Mach

nuzber wes cbteined from unpublished data from wind-tunnsl tests

mads at Amecs of ithe XP-51 eirrlane. The aslone nf the load-factor

time diapram wes taken at the tire corresponiing to 6 chord lengths
before tLe maximus ecceleretion wes renchad. This corresponds approxi-
mtely to the time. the 1lift coefficlenu lags the angle of attack when
the angle is changing rapidly.

ACCURACY

The estimated eccuracy in the determination of the pertinent
results 1a as follows: Cy, or C;_w, < 3 peroent, M, ¥0.01, and
C dx + t
¥t *15 percent.

Theee probable ercors arise principally Crom srrors in the
meesurement of 4ynamic precsure, pregouvre aliitude, load factor,
and, in the casa of 1ift coefficlents, in thc assumption that the
11ft van soual to the normsl force. In the detormination of
%%, however, the listed error is attributed to (1) the necessity
of uging wird-tunnel data from trets of a model of iha XP.51 for
lift-carve elope, () the oomewhet arb!trary selection of the
point at which the slopcs vere read, and (3) graphlcal errors in
the differertiation process.
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NACA RM Ro. L6T10 CONFIDENTIAL 7

RESULTS AND DISCUSSYON
The Effects of Much and Roynolds Fumber on the
Maximm Lift Coefficient

The results of a nuuber of abrupt pull-upe to the maximum
11£% cosfficient for those cesve where points A and B coincide
{fig. 2) and the results of gradual stalla aro presented in
figure 3. Ths reosults shown indicato thst the ailrplene maximum
1ift coafficient obtuinad in the atrupt otalls decrseacs rapldly
a8 the Mach number increases from 0.21 to 0.43 where 2 minimum
point 16 reached. The mexinum 1ift coefticient then incroaess
until & aecondary peak is reached at a Mach number of 0.56 after
vhich 1t agrin besine to docreaso rapidly to the lim*t of the
prosent testa. The sscondary peak in the maximum 1ift coelficient
is characteristic of low drag airfoils end ia cauced by the
broadering of the vpper surface low-mrersure rezion vhich offseta
the reduction in the negutive precsure peak as the Mach numbor
incrsagen. As the Mach number increasea furtuer the decrease in
the nogative preasurc poak nicre than accounts for tihe broafening
. upper swiace pressure and tho maximm 1ift cocfficient sgain
L bsglne to decreass. It can also be seen from figure 3 that |
& eltitude, and therefore Reynolds numher, has no apparent effect on
: the maxlimm 1ift coefficient obtained in abrupt stslls within the
limita of the data obtatned. 'This result lLes rlso been shova in
refercncn 5 for the P-47C airplons and in the reavltic of Ames
Laboratory testa of the P-63A airpleme. In the curve of figure 3
it 1s also seen that the gencral trend for the gradual stalla is
elmilar to that for the abrwpt stalla with the minfaum and peak
maximm 1ift cocfficiento occurring at similar Mach numbers.

L e — — "

A comparison of tho resultr otbtained in the abrupt atalls i
with similar roculta obtained with a F-63A airplane (f1g. 4)
qualitativsly indicatea the sare sort of variation for the two
cages. The differenccs noted between the two cascs mey be
ascribed to tho fact that, although both winrz ere of the low
drag type, the sections urs diseimilar; those on the P-63 being
obtained from the NACA G6 seriec of airfoile while thoae of ths
P-51D ero a North Americen-NACA compromice sectior. It 18 to bs
noted, alro, that the abrupt pull-ups for the E-63 were not carried
sufficiently far to indicste any minimuz point in the CLA curve.

s gy e+

. Comparison between results of gradual stalls of a P-51B (refsrence 6)

hom et 24
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snd those of the P-51D (fig. &) show fair agroement throughout.
¥hatever differences exist may be attributed to the fact that the
two airplanes have a slightly different configuration.

Effect of Mach Nugder on the Buffeting Boundery

Figure 5 is an extension of the resulis given in figure 3 to
include those vull-ups where buffeting prevented the attainment of
true maximum 1ift. (See fi1g. 2{c).) The pull-up traced out by
the curve A, B, C illustrates the manner of variation of 1lift
coefficient with Mech number obta’ned in a tynical high Mach
number pull-cut.

From a Mach nugber of 0.21 to 0.64 the buffeting boundary is
defined by the actuel limit maximum 1ift cornfficient as obtained
in ebrupt pull-upe of the airpleno. Above & Mach number of 0.6h4,
however, the buffeting 1lift coefficienta are below the maxirmm
11ft coefficlents. It is scen from figure 5 that the 1lift
coafficiert at which buffeting either starts or stops decreases
rapidly with Mach number and that at e Mech number of about 0.83
buffeting would occur even at zero 1lift. The implication of the

. results of figure 5, insofar as thcy specifically epply to the .
- P-51D airplene, 1s given in figure 6 where the 1ift cepabilities
i of the P-51D are shown for several altiiudes. The portione of the
« curvea belowv M = 0.5% were establiehed from the eolid part of
. the eurve in figure 5 end the portions sabove M = 0.54 were
. established from the dctted part of the curve. It is ssen that
: at 10,000 feet the airplare would be cavable of only the mildest
meneuvere and thet even ot 1 g buffeting would occur at M = 0.79.

[ ——

It may alsc be sven from figure 5 that the 1ift coefficients
where buffeting etarts and etops arparently define a single curve
in the region from M = 0.64 +to M = 0.80. 1In the CLy,y TeRion

(80114 curve) the 1lift coefficient where buffetins stops liea below
the point where 1t initially started. An irdication of this result
may be obtained from figure 2(b). However, in thle range, the 1ift
coefficient vhere buffeting stopped depended upcn the rate of change
of angle of sttack, and, in general, seemed to be lower than the
gradual gtall line,

Several papers have presented cherts by which the low=speed
negative pressure coefficients may be expended to sccount for
effects of compressibility. In general, such charts when used to .
expand each preasure point along the airfoil can be mede to yiold a

CONFIDENTTAL
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vlriagion of & ﬁritical 1i1ft coefficient with Mach number; the

word “critical,” then, being essoclated with the attalnment of the
velocity of sound over some portion of the airioll. In general,
flight observations as well as wind-tunnel experience have not
indicated serious effects when the local velocity of sound 1s first
reached. Therefore, curves of critical 1ift versus M would be
expected to lis well below the curve shown in figure 5 and could
only serve as a rough guide to the buffeting limit. The charts of
reforence 5 make possible a prediction of the buffeting limit rather
then a criticel 1lift coefficient.

The charts of reference 5 have been applied to oxpand the
theoretical presoure distridbutions over the mean merodynamic chord
section of the P-51D in order to obtain the varlation of the limit
11£% or buffeting 1lift coefficient with Mach number. Fipwre 7
1lluvstrates the sgrcement betwsen the resulte calculeted in this
memmer and the expcrimental results of figure 5. It can be seen
that although the computed limit 1ift curve follows the trond of
the measured results it 1s not as cloge as would be desired for
quantlitative purposes.

Effect of Angular Velocity on Maximum Lift Coefficient

Figure 8 shows the results of the effect of rate of change of
angle of attack on the maximum 11ft coefflcilent for the P-~51D airplane,
in abrupt atalls, at four meen Mach numbers. 7The velues of the
maximum 11ft coofficlent for zero angular velocity were taken from '
the mean line for the gradusl stalls. The lines of constant cr'max

shovn in the figure for the four mean Mach numbers were taken from
the mean linc through the test points, given in figure 3, for the
ebrupt stalls.

Figure 8 indicates that throughout the Mach number and % %% range

covered in the P~5)D tests the veriletion of maximm 1ift coefficient
with the engle of pitch per chord length treveled S—;—. g—‘—: is rolatively

constant. This 18 in agreenent with results of Amce lLaborstory tests
of P-634-6 airplene in which 1t was shown that the maximm 1ift coef-
flcient increases alwost linearly with angular velocity until a
limiting value of the maximum 1ift coefficlent 1s reached which s
wnaffected by further increases in angular velocity.
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CONCLUSIONS

From the flight teats of the P.51D airplane it may be
oonoluded that:

1. The maximmm 1lift coefficiant attainable in abrupt stalls
decreases rapidly with Mach number until a minimum value is reached
at & Mach number of 0.L8, and then incresses until & secondary peak
18 reached &t a Mach number of 0.56, aftor which the meximum 1ift
ocoefficient decreases with Mach number. The maximum lift coefficient
attainedble in abrupt stells appears to be independent of Reynolds
number within the limits of the test data.

2. The varietion of reximum 13ft coefficient with Mach number
obtained in gradual atalls iz eomewhat similer to that obtained in
abrupt stalls at Mach numbers above 0.40. However, the maximum
11ft coefficients obtained in gradusl stalls are lower than those
obtained in abrupt stalls.

3. The meximum 1l1ft coefficlent obtained 1n abrupt astalls
also defines the buffeting boundery up to & Mach number of 0.6k.
Avove a Mech number of 0.64 there 1s a rapid, almost linear, I
decrease Iin the buffeting lift coefficlent which approaches zero ' :
1ift at a Mach number of about 0.83. The actual meximum 1ift
coefficient is above the buffeting boundary et Mach numbers g
greater then O.6h4. . i

!

Langley Memoriel Aeronautical Laboratory
Netiorael Advisory Committee for Aeronautica
langley Fleld, Ve.
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Fig. 5 NACA RM No. L6I1D
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Fig. 7 NACA RIJ No, L&D

R L L

i 7 g T T
EIRU ST FUR SO AU ccdecdendo e b 1 H P
L L 7| CONFIDENTIAL S T
‘ Lo e S o ey ! 1,
/5 RN

——

b

P
—

B

L/ q?aff- V. {‘7.‘?[1/7@..
. & EXoerimeniiol oo

- M

R

T
|
L
T

\Wikg it

P -
}

b .'Z?"L —_ i .

s

- . atd

S . .4
______ S N Waeh, lmzywﬂP

N

Do NATIONAL ADVISORY
P

: COMMITTEE FO! AEIOIAUTICS
F:’QYI’ 57 Cdmmmm be/w.fm do/m,a AN

c',r,(rr,mm/ W buaiTEhAg M//?dmrg /‘(‘/ PJ/,_

[P ST

. i 0.!/’,0/6:’.’7&’. CONHDENT'AL : _; L i
: : oo . : : . SRS S




o . . . _ g - — e
. _ : :

8! 1 : ] ;
o= i H O S . .

- H T T S S S

B ST S S T B 11~ S
R Lo G2 A AL
_ cr 20 | F]000 Pd

SHIAVNOUIY W01 TALLINNOD | | | . L . FAPE T 10 A T H S S
" AUOSIAGY TWNOILVN T “ .

S

- e IVILNIGIANGD| - | - I/

NACA RM No. L6110

USRS S S
3
i
'
1
i

[ S : H : ’

e iy At s S







DI R 0 (19 162 47) CONPIDINTIAL v e %m. 7343
Mayer, John P, |DIVISION: Aerodynamice (2) G AGENCY NUMBER

SECTION: Performance (2)
CROSS REFERENCES: Lift - Mach number effect (5k6gh); RM-L6INO

Airplanse - Flight characterietice RN
UTHOR(S) ] {08k43)
AMER. TITIE: Effect of Mach number on the maximum 1ift and buffeting boundary determined

in flight on a Lorth Znerican P-51D airplene
FORG'N. TITLE:

ORIGINATING AGENCY: Netional Advieory Coumittee for Aeronautice, Washington, D. C.
TRANSLATION:

COUNIR LANGUAGE [FORG'N.CLASY U.SCLASS, | DATE [PAGES| ILLUS. FEATURES
U. s. I Eng. | I Confi'l IJun'h? 19 J 8 photoe, graphs
ABSTRACY

Abrupt and gradusl etelle were made !n Mach ranges of 0.21-0.63 and 0.41-0.65 reepec-
tively. Abrupt pull-upe were made through Mach range of 0.21-0.80. Mach number greatly
affected maxigum 1ift coefficient and buffeting boundary line. Buffeting boundary wes
defined dy maximun lift coefficlent only up to M » 0.6, Aduve M= 0.12, caloulaticns
lost thelir agresment with flight data. Gradusl etalls ehowed same effect of Mach number
as abrupt etalle,
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