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" NATIONATL ‘ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONEIDENTIAL REPORT

COMPPLSSIBILITY EFF?CTS ON :THE . LONGITUDINAL STABILITY AND

CONTROL OF A PURSUIT TYPE AIRPLANE AS MEASURED IN WLIGHTi
By Wllliam N Turner, Paul J Steffen,' ’
and Lawrence ‘AL Clousing

e sumiary.

Measurements oﬁxtne longitudlnal etability and control
of a pursuit—type airplane (the P-39W—l airplane) were made -
in flight up to ‘a: Mach- number of. 0.,3. The data are presented
in the form' of curves" showing the varlatlon. with center—of--
gravity ‘position, .dynsmic pr@ssure.'and Maeh number. of the
stick-fixed and stick—free stability, control, and balance
of the alrplane.' : LT T

It was found that large incleases in stability occurred
at high Mach pumbers; reducing the ceontrollability of the
airplane. :'Large. incresases.in c1v1ng momen+ were alen
encouhtered at “high ‘Mach - numbers and moderate . lift co-
effxclentsaf These changes were. caused almost .entirely by’
increases ‘in: the.tall .angle of attack and the rate of
change  of"tail angle of attack with: eirplane 1ift co—
efficient resulting from the: shock—stalling of the wi ng.

An increment. of- stalling-moment, -however, was encountered
at high Mach numbers and very low 1ift coefficients,
apparently caused by a negative shift in the airplane angle
of zero lift. ' . : :

Distortion of the eleVator fabrlc at high speeds, but
not necessarily hlgh Mach numbers,.-caused the stick-free
neutral point as meadsured :n steady straight flight to move
far rearward and increased -the stick—force gradient in ac—
celerated flight T e
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o T - INTROZUCTION

For the past several years the National. Advisory Com—
mittee for Aeronautics ‘has been - conductlng an extepnsive

“fllght program . for the purpose of obtaining quuntitatlve'
‘désign criterions to insure favorable handling qualities

of airplanes. . Practically all of these data, however, have

;" boen obtained at speeds below tnose at which the compressi—

bility of - the alr appreciably affects the characteristics

of the alrplane. "The capabiliiy of modern aircraft to reach
high Mach numbers has made essential further investigations
of the critical changes. that occur in the stability and
control characteristics due to compressibility. Becaus

0f the hazards involved in investigating unfamiliar regions
in flight, most of the present knowledge of ‘this subject

hes been obtained” in wind--tunnel tests of airfoil ‘Sections

Cignd ailplane models . . Although the tunnel results have been
i o f great value in indxcating ‘the problems that would be .
”ﬁéncountered and the methods of solution, complete apprecia—
“tioh of .the:effécts actually encountered in. flight must
vffineliy .be obteained from flight tests of actual aircraft

The purpose of the present investigatiqn was- to p;ovide
information on the longitudina1 stablllty and control charac—
terisvlcs of a: typzcal conventional pursuit alrplane. to .
determlne not only’ what happened to” tne airplane  but also
why it happened to suostantiabe th'e pertinent general L
effects of the- compressibility phénomena as. indicated in ..
the wind tunnel,‘and to provzde data for aid in further

ca+1ons3

The data were obtained_fnomsetatic—sfability.fliéht
tests conducted on a Bell P-39N—1 airplane with four center—
of<“gravity positions up. to a Mach number of 0.55 and
maneuver1ng~stab111ty tests. conducted WIth the: center of
gravity at 0.288 M,A.C. up to.a. Mach® number of 0;78, ',
In order to obtain data at. tho higheét Mach numbers, the
airplane was:flown several timas’up to the maximum attain—
able Mach number (&bout 0,80) by dlving vertically from the

absolute ceiling {abdout 34,000 ft), regaining level flight
at 12,000 feet,

It is believed that the present investigation is the most
comprehensive of its type to date and may indicate general
trends to be expected: even so, i{ only provides a part of
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the informaticn necessary for a complete general analyslis
of the problem which, of course, requires tests on many
a1rcraft. - :

The investigation was made by the NACA at the Ames Aero-'
nautical Laboratory, Moffett Field Calif.. at the request
of the Alir Teﬁhnical oervico Command U S. Army Air Forces.

" The- symbols used throughout this report are def1ned in
appendix A,

v,

. DESCRIPTION OF THE AIRPLANE

The airplane utiliznd in this investigation, the.Bell :
P—39K—-1 airplane, is a s1ngle—engine. slngle—place, low~wing,
cantilever monoplane squipped with partial-span split flaps
and tricycle retractable landing gear.

Pertinent dimen81ons of the” airnlane ere given in ap-
pendix B, Figures 1 and 2 are photographs of the airplane
as instrumented for flight tests, ano flgure 3 is a three—
view drawing of; the airplane. .

3

INSTRUMENTATION

Standard NACA photographically recording instruments
were used to measure, as a function of time, indicated - -
airspeed, pressure altitude. normal acceleration, elevator
angle, elevator control force, pitching velocity, manifold.
pressure, engine speed, propeller-blade angle.'and internal
pressure. in the elevator. B C

A free—swiveling,airspeed head was mounted -on a boom
about 4 feet ahead of the leacing cdge of the right wing at
"a spanwise station about 7 feéet inboard from ‘the wing tip,
The head consisted of two separate static—pressure tubes
(for separate connections to the airspeed recorder and
altitude recorder) with a .single total—pressure tube
between them. The airspeed and altitude recorders were
mounted in the wing at the base of the boom, Calibration
indicated that the lag in this system was negliglble.

(See reference 1,). .
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The statlc pressurs was celibrated fcr -position .error
by comparing thé reading of the recording altimeter with
the known pressure altitude as the alrplane was flown. -at -
several speeds past a reference height. It was assumed
that‘the'total pressure was measured-correctly. .  Calibration
in the Ames 16—foot wind tunnel showed that the error:iin: . .,
retorded airspeed due to the difference in the blocking of .
the head itself between the highest Mach number obtained in
the flight calibration (0,.,50) and the highest lach:-number
obtained in these flight tasts (0.78) was less than.l percent.

Indicated airspeed was computed according to the formula
by which standard airspeed meters are graduated (gives true
airspeed at standard sea-—level conditlons) The formula may
be written as follows.

i = 1700&_(

All elevator angles were: corrected for stretch in the ;
elevator control system -bhetween the elevator and the control~
position recorder, o

N 1\0»:..86 T, ]L‘/g : -
/ : ot

In order to investigate distortion of the fabdbric, photo—
graphs of the upper and lower surfaces of the left elevator
were taken with 16-millimeter gun—-sight—aiming—point cameras
mounted in the base of the fin Jjust above the horizontal
tail and in the fuselage just. below.the horizontal tail.
Straight lines paintéd on:the. fabric.above ribg and between
ribps furnished’suitable references for evaluating the .
distortion.. (See figs.. 2 and 4,). Three additional: rlbs
in which pressure orifices were mounted were installed in .
each elevator. Their location may De noted. inrfigure 4°
The orifices were used in connection with a gseparate
1nvestigationo . : : :

. PE3T 'PRO-C_EDURE'-AN.*D CONDITIONS :

Data were cbtained w1th four center- i—gravity posit*ons
in steadv stra1ght fllght at Mach numbershbelow 0 55 Tnis

1The general relationship between indicated“azrspeedi«.
pressure altitude, and Mach number is shown in fig.5,
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group of date is referred to as "the lower Mach number
data."

Farther tests were run at Mach numbers freom 0.33 to
0.78 .with the center of gravity at cne location, 0.288 M,A,.C.
Tnese tests consistied principally of gradual turmns or pull~
outs. Only the portions of the maneuvers where the pitching
acceleration was negligible were used in the data reduction.
This group of "data:is referred to as "the higher Mach number
data." "It was belieéved that. the additiondl “information: to
be gained” from tests:with mor.e. than one center—of—gravity
position at high Mach numbers was ‘not important enough to . -
warrant further risk to the airplane and pilot. oL

All tests were conducted with fl?ps and gear ‘up; the o0il
and coolant shutters were set one~half" open (flush with the
main’ iuselage contéurs): -Power—off tests were run with the
engine fully throttled and the’ propeller in the hlgh-pitch
setting,' Power—on tests were run withi normalirated power
(power "settings’ of 39 in. Hg M.P.. and 2600 rpm) up to the
critlpal altitude; at- higher. altltudes tne pover was set. at
full” throttle with' 3000 rpm. In. some of %he dives from high
altitude the lYatter power control cettings were not. changed
even though the airplane was dived past the critical altitude.
Curves of the actual values of engine speed, propeller—blade
angle, and brake horsepower (as aetermined by ‘reference .to.
the engine-power charts) resulting from the power: . settlngs
are shown in figure 6,

PRESENTATION OF THE DATA

So 'that:ie unified impression of"the'ofganization and
scope of the data may be -obtained, the curves are briefly
describéd in the order of their presentetion.' Details of the
methods and formulas.used in deriv1ng certain curves are
described in the section Results and Discussion, - :

‘ The Lower Mach Humber Data :

The lower Mach number stlck—fixed longltudinal stablllty
data for the clean configuration are shown in’ figure 7 for the
power-cff and the. normalorated—power condltions. This- figure
includes the basic. curves of elevator angle as a’ functlon
of Cp, the derived curve of nout;al po;nt as a function of
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€y, and the several cross. plots by which the data were
- ‘faired and the neutral point determined. The variations
~ - of Mach’ number and dynamic pressure with €y also are

“ indicated, = . : S

Similaf“dgth §hoyﬁhé,thé[sfick#ﬂrée 1ongitudina1
stability are presented in figure 8,

"Thée ele%éior}ihtegga14ﬁreséﬁre‘cbéfficient is- shown as

a function of: ‘elevator angle in figure 9,

Profiles  of 'a typilcal elevator section between ribs
showing the fabric distortion encountered-under several
flight conditions are presented in figure 10, The profile
at the ribs did not becume measurably distorted.

-The'ldWer'Ma§h‘numbér'détafére compéred in appendix C

“with: similaer data obtained on a P—39D—1 airplane at Langley
- Field. o - ¢ ST

The Higher Mach Number Data

The measured and derived data obtained from the tests
at higher Mach numbers are shown in figures 11 to 17,
Although tests were made with both power on and power off
at altitudes from 5,000 t0.30,000 feet, differences due
to changes in powéer and altitude were not large-enouvgh to
be separable;. the data, therefore, were considered as one
Zroupsi T . . R I T

Figure 11 shows typical basic stability data (elevator
angle and stick—force modulus Fe/a as a function of 1ift
coefficient),:_Spraight_lineg)wereiused to fair the data;
curvatures which apparently were indicated in some in—
stances by the trend of the test points were believed due
more to ‘small variations in the :Mach number during the -
highwspéed'pull-outs'ﬁhan,toiadtual_changes~in‘stability
with 1ift coefficient. The faired .data in figure:11;
along'with'a'Iirge‘amogﬁfjgf_siQilar data not priesented,
were cross—plotted and again faired, resulting in the
curves of elevator angle as a function of Mach number shown
in figure 12 and stick—force modulus as a function of Mach
number shown ia figure 13, -The points are included on
these figures -to indicate the magnitude of the dispersion
in the data. The curves of figures 12 and 13 have been
replotted to a common zero axis and cross~plotted as a
function of 1ift coefficient in figures 14 and 15 to
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indicate more clearly the stability changes involved.
Figure 15 also includes curves of F,/q computed on the
assumption that the low—speed hinge—moment coefficients

did not vary with Mach numder o¢r fabric distortion, therebdby
enabling the magnitude of these effects to be more readily
appreciated.

The data in figures 14 and 15 were used to cbtain the
stick—fixed and stick—free stability parameters dse /aCy
and d(Fg¢/q)/dCy) and the neutral point. These parameters
are shown in figure 16 as a function of Mach number. The
curves of figure 16 with other date then were used to
compute the variation of Ch6 with Mach number shown in
figure 17, €.

Additional Derived Data

The variation with Mach number of the pitching-moment
coefficient (about the 0,288 M,A.C. point) of the wing only
and of the airplane minus the horizontal tall was computed
from the wing pressure—distribution data of reference 2 and
from unpublished tail pressure—distribution data on file at
Ames laboratory. The variation is shown in flgure 18. The
elevator angle required to overcome only these moments then
was ccmputed and is ccmpared in figure 19 with the angle
measured in flight,

The remaianing curves were computed from the foregoing
general data., Figure 20 shows the variation with indicated
airspeed of the stick force required to balance the air-—
plane at a normal acceleration factor of 1.0 and an
altitude of 15,000 feet; in addition to the forces actually
measured in flight, a curve is shown calculated on the
assunption that the elevator hinge—moment coefficient was
not affected by bulging or compressibility, and another
on the further assumption that the airplane pitching-
moment coefficient was not affected by compressibility,
Figure 21 shows the variation with jndicated airspeed of
the stick—force gradient in accelerated flight for the same
conditions as those specified in figure 20, Figure 22
shows, as a function of indicated airspeed, the acceleration
that would be obtained in a stick-release pull—out and in a
pull-out with a 50-pound—pull stick force at an altitude of
15,000 feet.
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RESULTS AND DISCUSSION -

The Lower.MachZNumber Daﬁa"

Stick—fixed longitudinal stability.— The curves of
elevator angle and rate of change of elevator angle w1th
11ft coefficient, shown as. functions of Cp | and_ center—
of-gravity position in figure 7, in general,’ exhlbltvu
entirely normal characterls+ics. It 15 seen that the stick—
fixed neutral point in the power—off condition varied from.
0.335 M.,A.C. at CL 0,12 to 0,324 . M,A,C, at- 'CL = 0,6,

The neutral point in the power--cn condition varied from

0.347 M,A,C., at CL = 0,12 to 0,332 M,A,C. at CL = 0,6,

The fact that the neutral point with power off was ahead
of that with power on pzobably was due, prin01pally, to
two’ factorsn:.% : o

lo rnhe destabil izing effect of the substantially h1gher
.prope*1§r~blade angles used in the power—off couditlon
'\fig, 8 . .

2 ‘The. s»abllizzng effect of the.*hrhst moment in *he7
power—on condition (constant bhp) as the speed changes
with €y (The center of gravity of the ai*p‘ane lies

about two—thirds foot velow the thrust line and is probably
.very neex thc center o; drag )

Stick—free longitudinal stabllltv.— The curves of stlck—
. force modulus and rate 0f change of this parameter with ©Cp,

shown- as. functlons of Cp and center— o;-gravity position 1n
figure 8, exhiblt normal characterletics 4n the higher test
C;, range but not at the lower values of CL° 'The value of
the stabillfv narameter [d(¢p/q)/dCL] is seen to become ab-
C a(Fe /a)/dcCy
n01wallv‘la ge- at fhe 1ower \GL|S’ ‘and the slope ix

ctu311y reverses 31gn so that the stick—free stabllity be~
'eomes greater as the center of gravxty ‘moves back. As a re-—
sult, the.stick-free neutral p01nt in the power—off - condltlon
“varies from 0,348 MN.,A.C, at CL = 0,55 to 0.385 M.A.C,

C;, = 0.25 to 0.60 M.A.C. at OCf = 0,185; in the power—on

condition the neutral point varies from 0,315 M,A.C., at
C; = 0.55 to 0.385 M,A.C., at Op = 0,25 to 0,60 M.A.C. at
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CL = 0.185; and for both power conditions the neutral point

noves infinitely far aft (no'change in stability with center—
of—-gravity position) at a Cy " of about 0,15, reappearing
ahead of the airplane at lower values of Cg.

These peculiar éharacteristics céhnot‘Be ascribed to
the effects of Mach number as the highest test value of this
parameter was about 0.55, well under M., for the wing

at low 1ift coefficients. The effects are, however, typical
¢t those resulting from bdulged elevator fadbric when down
elevator is required to balance (as in this instance) and
the internal pressure in the elevators is of the same order
of magnitude as the free-stream static pressure. (Sece
reference 3 and fig. 9.) The altered hinge—moment
characteristics (as indicated by the stick forces) result
from the changed profile of the control surface, which in
turn depends directly on the magnitude of the pressure

over it, the pressures increasing directly with dynamic
bressure and elevator deflection., It is logical, then,

for the effects of bulging to predominate at low lift
ccefficients and with the more rearward center—of—gravity
locations for the following reasons:

1. In this type of test, where C; is changed by vary—

ing the speed, the dynamic pressure and the rate of change
of dynemic pressure with C;, grow rapidly large as Cq,

decreases., (See fig. 8,)

2. Greater down—elevator angles are required to balance
the rearward shift of weight.

Profiles of a typical elevator section between ribs
(fig. 10) show that the general trend is toward dulging of
both the upper and lower forward surfaces of the elevator
and marked cusping near the trailing edge. In addition,
the maximum bulge ordinate, especially at the higher Mach
numbers, is located farther aft on the top surface than on
the bottom surfacel The source of the increased push forces
required at high speeds is therefore readily apparent be—
cause the cusping of the trailing edge changes Chse in a

negative direction {reference 4), thus increasing the push
forces required for a given down—elevator deflection, and

the greater persistence of convexity toward the trailing edge
of the upper surface produces a curvature of the mean camber

1The elevator is vented around the hinge cutouts and
by 1/4—in., diameter holes in each bay of the lower—surface
fadbric abdout 13 in, from %the trailing edge.
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line tending to. produce a negutive ‘hinge moment requiring
an additional push force at the stick, :

Whlle malntenance of .a high degree c¢f stick—-free sta—
_bility with far rearward center—of—gravity locations allows
.smooth hsandling of an airplane in spite of "the presence of
“stick—fixed 1nsvabilitv, the associated elevator distortion
on this airplane alsé produced a large. change of elevator
stick force reguired for balance as the speed increased:
This detrimental effect will be discussed later in more
detail, < : S

%

The ngber Mach Number Data

Stlckwf;xed lcnr*tudina‘ etabxlity égd eortrol,~ The -
variation with Mach number of the rate of chaLge of elevator
angle with 1ift coefficlert (figs. 11, 14, anéd 16) indicates
a stability increase- starting at a Na«h nhmber of about 0.6,
At a Mach number of 0,78 the stabzlity parameter ase/dbL

is ~41.5, as compared with the low~speeu value of =3.5,

According to reference 5, the inerease of stability at
the higher Mach numbers is a "haracterlstlﬂ trend arisiag
from the shock-stalling of the'wing and persisting until a
similar e%all occurs on the tail,: The:stebility increase

‘results.principally from the increased rete of change of

wing angle of attack with 1ift c'be‘fficientﬁ resulting.
directly in a greater rate of change of tail angle of

attack with airplane 1ift coefficient. & greater gtabilizing
moment is thus produced by the tail for a given change in
1ifg uJ@ffiC*eLt ang a gxeanei ehange in elevator .angle is
required to balaque the airplanec" :

A reuuct1on in the ab;litv of ‘the elevator to change the
airplane pitching moment also would fesult ‘in increased .
values of d8¢/dly. _TesL° ‘n the Ames-1f—fouvt high-speed
wind tunnel, hewever, have ebomn essent ially comstant
values of ,dcm/55e wp to a Mach number ¢f 0.80 on air—

‘planes with tail'surfaces. up te 12 perceant thick, The

tail of the P— 9\ 1 aleblane is about 8 percent tthk

It is Lnstructlve Ao note the shlft 1n neutral point
indicated by the foregoing data... The neutral point and its
change with Mach nvmber. (f:g0 16) vere estimated bty substitut—
‘ing the experfmentaL values of dé¢ /duL in the following

formulas
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et A . (dse/ch) at 7 St by
I ‘,A. ‘ S

.oy
|-

The value of ag' was adjusted for variations in Mach number ’

by divvdinz the low—sneed value, 0.60,. by kl Mz)lmc The
value, of. e was estimated as 0.62 and was assumed to be-
unafzected bv compressrb:lity. The "dynamic pressure-at
the tail “was assumed equal to the free—stream dynamic
pressure.:’ The neutral point is seen. to vary from about’ A
0.35 M, A.C. at M.= 0,4 .to 0 36° N A.C. at M = 0,6 to 1 34
M,A.C., at M = O 78°. . e ) . -

As this series of data was obtained principally in
curvilinear: flighta the neutral point should properly be
cnlled a maneuvering nevtral point. The approximate:
rearward- movement of .the neutral point due to pitching of
the airplane may be expressed as follows. e

' ( Adat/dCL) at” St zt

8. = Sc

. .‘1_'

oM

An averadge value of Adat/dCL' for “this group of - tests was
0.34, resulting in a value of 4&(x'/c) of about -1 peicent -
of the MJA.C. The straight—fl1éhu neutral point at low

Mach numbers: was, .then, at about 34 percent of the M,A.C.; .
this value agrees well with ithat determined from the static—
stability tests at four ceuter of—grav1ty positione (flg. 7)

The varlation with Mach number of ‘the elevator angle .
required for ‘balance at a ‘constant 1ift coefficient: (figs. 11,
12, and 14) ipdicates the gradual onset of a stick—fixed’
stelling-moment increment starting at -a Mach number of about
0.5. At positive values of the 1ift coéefficient, this stalling -
moment changés rather rapidly to a diving moment at the higher
values of Mach number. . .k :

The diving moment at the higher Mach numbers, according
to reference 5, and as will be shown: later, rTesults princi—
pally from the 1ncreased tail angle of attack caused by the
increased airplane angle of attack required to maintain a°
given positive 1ift. coefficient after :‘the shock stall, The
gradual onset.of a stalling moment at the moderat.e Maich e
numbers, however, is not a general characteristic of. air— DL
planes at low 1ift coefficients and.does not’ originate as
a pitching moment on. the wing or airplane-minus—tail group.
(See fig. 18.) At positive values of the 1ift coefficient,
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the change in elevator angle (stalling-moment increment)

is in the direction required to offset the change in’ tail
angle of atteck due to the increased slope of the wing 1lift
curve in this Mdch numbdber range, The stalling-moment
increment is salso present, howevér, at a 'lift coefficient
of zero; this fact might indicate that in this Mach number
-range the parts of the airplane (wing and propeller) ahead
of the tail are operating at positive values cf 1ift when
the a1rplane "l1ift coefficient is zero, the resulting local
downwash at the tail necessltating down-elevator deflections
to maintain balance.. bxtrapolatlon of some of -the lift—
distribution data of reference 2, for wing sections ahead
of the right tail 43—-and 78—percent-span 'stations, supports
this indiéationj -the wing sectiontlift coefficients are,
however, too small to account for any but a small fraction
of the elevator angles shown., The only major remaining
pOSsibllity; then, is’ that the stalling moment results from
a negative shift of the airplane angle of Zero lift an
uanual although possible, phenomenon,

Stick—free longitudinal stab1lity and control.— The
variation with Mach number of the rate of chenge of the stick—
force modulus with 1ift coefficient (figs. 11, 15, and 16)

. indicates a stability increase starting at a Mach number of

. about- 0.5, At.a Mach number of 0,78 the stick—free stability

' parameter a(w e/q)/dCL is ‘122, as compared with the low—
spée&:value of 8, R S :

‘The variation with Mach number of the: stick—~force
modulus required for balance at constant 1ift coefficient
(figs. 11, 13, and 15) indicates the gradual onset of a

¢ i stick—free stallinb moment starting at a Mach number of
~ about 0.4 to 0.5.: At appreciable values of - the 1ift
_,,cocfflclent this stelling moment changes rather rapidly
u_ta a 61v1ng moment at the higher values of Mach numbera

‘It is seenathat ‘the stick~free characteristlcs of the
alrplane are very similar ‘to the stick—Tixed characteristlcs.
Thle fact intimates that larse chiznges .in t he hinge-moment
Darameters towvard overbalance do not occur. In order to
& 2termine ‘the magnitude of the change in stick force due to
bulr:ng and Mach: number, the ‘hinge—moment parameters Chat

'ana ‘Chge were estimated from the data taken at Mach
_numbcrs of 0.4 and.below, . The negligible shift between
:stlck~f1xed and stlck—free ncutrwl points, as shown for
‘both “‘power conditions in fi?ures 7 and 8, indicated that
»Ch was app oximately zero, Other data (figgzls) then

an

O
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indicated that °h5e was abtout =~0.0043, Using these

values, the dotted curves of figure 15 were cumputed,
showing the values of stick—force modulus that would have
been obtained if there were no effects of bulging or Machv
nunber on ‘the hinge—moment parameters. The principal
effects of the bulging are seen to be an increase in the
push’ forces reguired for balance and an increase in the
value of d(ﬂe]q)dCL for a given Mach number. The
significance of these changes will. be discussed further

in a later section of.the report,

On the assumption that the change in Chat with Mach -

nuuber was smapll enough toc be negligible, the data of figure
16 were used to compute the variation of Ch with Mach

number. (See fig;:17 ) The value of Ch6 thus determined
e

was found to increase. from —0,0043 at - N = 0,4 to. -0, 0068
at M = 0,65, and then decrease to about —0,0055" in the

range M = O.7o to 0,78. The hook in the end of the

curve shown in figure 17 may be only the result of the fair— .
ing of the cross—plottied data. The increase in the numerical
value of the derivative in the first part of the curve is
probably the result of tnn_fablic bulging;. at Mach numbers
above 0,65 this effect apparéntly is ocvershadowed by the
usual trend toward overbzlance of balanced control surfaces
2t high Mach numbers shown by avallable data from high~speed
w~nd—tunne1 tests, . _

As'a further result of‘ﬁhé'QSSumption that Cha' }emains

: . S . “hay ,

essentially zero, the stick—free neutral point will ceincide
with'the stick-fixed neutral point in all conditions.

Additional Derived Data

Elevator angle reauired to ba]ance wing pitching momeni
and alrplanenmlnus—tail pitchlng moment.,— It is’ interest1ng
to determine the relative amounts of the change, with Mach
number, of the elevator angle reguired to balance the.change
in the wing pitching moment alone, or the change in airplane—
minus—tail pitching moment, and that required to balance
the change in tail angle of attack. The change in elevator
angle required to balance the change in wing pitching-moment
.coefficient or airplane-minus—tail pitching—-moment coefficient
was computed as follows:
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o —(Acm. or ACm >Sc o . o
A .
) Aae = L : R

.oy T '§tv lt

The same assumptions were made concerning the variation of
at and T with Mach number .as had been made¢prev1ously,
so that

L o Ny y2yale
. b8 =.62.5 (ggmw»or ACma_;>,(1‘* M=)r0E

The vélu§s~of"AQmQ and ACmA t_vﬁére_taken from figure 18,

" The fesults (fig., 19) show that very little of the
elevator-angle change was required to overcome .the change
in pitching moment of the wing or airplane-minus—tail
group, substantiating the statement made previously that
the principal changes in balance and stability at high
Mach numbers were.caused by the increase in tail angle of
attack and “in the rate of change of tail angle of attack
with 1ift coefficient. A tailless airplane, then, might
be expected to encounter less trouble from changes in
stability and balance at high Mach numbers than does the
couventlonal type. S :

Stzn_ fozgsa.xﬁgninsi‘&g_.alansn atnzani_ug__pggia‘- The
data so far presented (figs, 11, 13, and 15) have shown,
for moderate values of 1lift cOefflcient. the usual onset
of a diving moment as high Mach numbers are reached, thus
diving moment is replaced by a- ‘stalling moment, however, at
very low 1ift coefficients., The change in 1lift coefficient
with Mach number in a straight dive is such that zero 1lift
coefficient. 1s approached at higher speeds, the effect of.
the negative change in zero—lift angle (see earlier dis—
cussion) is predominant, and a stalling moment is en—
countered throughout the dive, This characteristic con—
tributes to t he maintenance of push forces throughout the
entire upper part of the speed range in straight diving
flight.

It is interesting to note that the North American
P-51B also undergoes a negative shift in the angle of zero
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1ift at high Mach numbers as indicated dy tests in the
Ames 16—foot high—speed wind tunnel; the resulting change
in moment coefficient at zero 1ift, although not always
positive, is small, The wing sections on the P-39 (NACA
0015 to 23009) and P—51 (modified low—drag) airplanes

ere quite different, No explanation 1s offered at this
time for the unconventional shift of gzero-1ift angle omn
these airplanes.

The variation, with indicatelairspeed, of the stick
forece required to balance the airplane in a dive at 15,000
feet (fig. 20) shows that the maximum push force required
(69 1b) exceeded the value of 50 pounds specified by
reference 6, although it did not exceed the value of
(n—1)(Q) specified by reference 7. (For values of Q,
see next section.) The pilot found the high push forces
at high speeds very uncomfortable and regarded them as
hazardous. It is believed, therefore, that the requirement
of reference 6 is more suitable than that of reference 7.

If the effects of bulging and compressibility on the
hinge-moment coefficient could have been eliminated, the
maximum push force required for the same tab setting would
have been only 22 pounds. The larger push force actually
required was mainly the result of the elevator fabric
distortion, as high Mach numbers usually tend to increase
the control—surface—balance effectiveness. The advantages
of limiting the elevator—contour distortion to negligible
values by use of stiffer surfaces are apparent,

By considering the expression for the stick force due
to a symgetrical control surface with neutral tab and
C =
h“t '

Fe = K¢ be Co- q Oy e,
| 5e

jt can be seen that, in spite of the fabric distortion,

the stick-force change with speed in a dive also could have
been reduced by increasing the stabilizer incidence so that
the elevator angle (with reference to the stebilizer) re—
quired at high speed was approximately zero.

Figure 20 also shows that the stick—force change with
speed could have been still further reduced by eliminating
the stick—fixed balance change with Mach number.
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bflckrforpe-gradiewt _gg_ggiog with §p_§d — The variation,
with indicated alrspeed~ ‘of the stick force gradient at an
altitude of 15,000 feet “(‘fig. 21) shows that @ value of g
of 4‘*pounds per g was obtaindd up to an indlcated girspeed
of 290.miles . per hour, thé gradient 'then increased ~ab .
first slowly but then moreé rapidly, until a Value of 61:5
pounds per g was obtained at a speed of 460 m11es pe¥ hour.
Boecause. of.the change in stick—fixed stebility, a’ clange:
din, @ at high sbeeds also: wowld have been obtained even
it the ccntrol—surface hihge-moment paramnbers remained
constant, figure 21 shows .that the increase wouwld not have
started, however, until 350 miles per hour was reached,
and- the .value at 460 miles-per- hour would have béen 45
pounda ‘per. g, §maller but.still rather large.- Elimination
of the change in stick—fixed stabilit] with Mach numbera

Q~ 1n this 1nstance° Lesser. improvements could be- ob ained
by llmrting the change in Ch&‘: by use of closer r1b
€

spacing, plywood or. metal surfaces. Chanz;ng the stab;lizer
uettzng would not materlally alter the value of Q. obtained.

The var1at1on, w1th 1ndicated airsneed of the acceler—
atlon factor that would- be: obtained in two types.of pull—
~outs’ (fig. 22) was: computad from the data in- figures 20
and, 919 It is shown that, as the speed and the Mach.
number decreaee in a° neazrterrinal~speed rull—~out. with.
this dlrplane; the acceleration odtained for a given eulck

. force increases rapidly. This type of variation admits,

"iné’56551b1¢1ty of & pilot inadvertently overloading the
airplane’as & .-sizable pull . force whichrdt one speed
produced only a moderate pull—out could, unless relaxed
rapidly, result in excessive load factore as. the sveed
decreased. A point of further interest also can be.brought
out here. It has become customary to warn pilots against

, using the trim tad to pull out of a high Mach number dive,

. the. theory being that the tab, while relatively inef-—
;recti"e at the highest Mach numbers,'would suddenly become
_,ezfectlve as altitdde and Mach number decreased .in the dive,

thus causing a ‘sudden.violent pu11~outc‘ The. previous
discussion - siggests that, even w1th no. change.in tab setting

-during the pull-out, the sa ame effect ‘might:Ye- produced by

tne comb1n»d chznges idn-trim,and stability of an alrplane
as ﬁne Mach number decreased in the drveo
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- CONCLUS IONS"

The following conclusions result from the data presented
herein and apply specifically to the airplane, the conditions,
and the range of variables tested. : :

1. Stick—fiXed'stability

(2) The neutrai'point at low Mach numbers was at
an average location of about 0,34 M.A.C.

(b) The stability increased markedly at Mach
nunbhers above 0.6, and the corresponding neutral point
moved well aft. At a Mach number of 0,78 the neutral
point was at about 1.24 M.A.C.

(¢) The increase in stability at high Mach numbers
‘was found to be almost entirely the result of the increased
rate of change of ts1l angle of attack with airplane 1ift
coefficicnt.

2. Stick—-fixed balance '

(a) At constant 1ift coefficient, as the Mach
number was idcreased above about 0.5, a gradual stalling
moment was jin%roduced. This stalling moment, resulting
from a ncegative change in the angle of zero lift and from
changes in decwnwash at the tail, was maintained to the
highest limits of the tests (M = 0.78) at very low
1ift coefficients,

(b) Ag the Mach numbsr increased above approximately
0.7 at moderate values of the 1ift coefficient a diving
moment was obdiainai. This moment was almost entirely the
result of the inc-eased tail angle of attack resulting
from the greater airplane angle of attack necessary to
maintain a given 1ift coefficient afier the wing shock
stall.

3. Stick—free stabiliity

{a) The neutral point 2t moderate speeds and Mach
numbers was at about 0.34 M,A.C,

(b) As the speed increased, regardless of the Mach
runber, distortion of the elevator fabdbric occurred in
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such a manner as to increase the stability and move the
neutral point, as determined in steady straight flight,
far rearward"

C (c) When measured in steady accelerated flight
the stick—~force gradient maintained its low—speed value
of 4 pounds per g to a Mach aumber of about 0.5, then
gradually increased to 61.5 pounds per g at a-Mach
nunber of 0.78. About 70 percent of this change was
caused 'by the increase in stick—fixed stability, the .
remainder being caused by the effects of fabric distortion.
and compressibility on the elevator hinge moment.  As
nearly as could be determined, the stick—free .maneuvering
neutral point corresponded w;th the stlck—fixed maneuverlng
neutral paint, A - S, :

4, Stick—free balance’

=~ (a) The stick—free-balance changes with Mach numbeér
were gimilar in direction to the stick—fixed—balance chenges,
although they were greatly magnified by the elevator fabriec:
distortlon.

(b) With the tab set to obtain Zero stick force
at an indicsted airspeéd of 300 miles per hour at 15,000
feet, the push force r equired near the maximum- allowable
speed at the same altitude was excessive (69 1b). This
force could "have been reduced about two~thlrds by elimlnat—u
ing the elevator—fabric distortiona

(e) The change in trim stick force with speed, when
conbined with the change in stick—force gradient with speed
'in accelerated flight, presents the possibility of in—-
advertently obtaining excessive loads on the airplane in:

a constant-stick—force pull—-out at hlgh Mach number if. the
speed decreases rapidly. '

Amcs Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., . :
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. " APPENDIX A
syMBoLs .,

The symbols used throughout this,report are.defined

below3
o General -
W airplane'weight;nlh
vy correct indicated airspeed, mph -
v true airspeed, ft/sec (except as noted)
o) density of the air, siﬁgé/fts
8¢ elevator .angle, deg (ffom'thust line)
f . :
g tail angle of attack, deg
M Mach number, ratio of 1 V¥ to speed of sound in free
stream ‘
M,. critical Mach number (that Mach number at which the
) local speed of sound is reached at some point in
‘the air flow over a body)
Ag the algebraic sum of the components along the airplane
) " 2—axis, of the airplane acceleration and the
acceleration due to gravity, in terms of g the
standard gravitational unit (32.2 ft/sec®), postive
when directed upward
n positive limit load factor, 7.5 for this airplane
Ch rate of change of elevator hinge—moment coefficient

with tail angle of attack at constant elevator
angle- (3Cp/dag)
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rate of change of elevator hinge—moment coefficient
with elevator angle at constant tail angle of
ettack (3CL/35,) o C

rate of change of tail 1ift coefficient with tail
angle Qf attack at constant elevator angle
(aCLt/aat)

elevator effectiveneés'5[(bCLt/Bﬁe)/bCLt/aat)}'

elevater control—system mechanical advantage (Fo/uM) ,ft

stick—force gradient in mccelerated flight (dFe/dAz),lb/g

- Tfiéésufes
free—gtream total pressure, 1b/ft°
free—stream static’ pressure, 1b/Et°° e
standard akhdéphefié'ﬁréésure at s%étiégei,'lb/ftz
elevator internal f;éééuré, lﬁ/ft?: |

dynamic pressure 172} . 1v/ft2 (except as noted)
. gp ]

Lengths and Areas .

distance parallel to the airplane X-axis, Tt (positive

.. fppward) .

°

distance from c.g. %0 sﬁick—fiqu qe@tﬁa;’point, ft

length of M.A.C,, ft

'mean,e;éVatorAchofd,,ft‘

olevafor span, ft

j@istance~from c.gs to aerodynamic center of .tall, ft¢

- .wing area, ft® SR e AR

horizodtal;tail areé,'fta



" elevator' hinge moment. 1b-ft
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FYorces and Moments
1ift, 1b

tall 11ft, 1D

?";elevator control force, lb'l

z...‘

pitching moment adbout c.g., lb—ft TR T
pitching moment of wing abdbout c.g., lb-ft

pitching moment of airplane minns tail about c g.. 1b=-ft
_Coefficlients -,

11ft coefficient (L/qS, or WAZ/qS as used in this
report) -

tail 11ft coefficiont (Lt/ng)

3

‘W”pitching moment coefficient. (Mc.g /ch)

§ pitching momen't’ coefficient of wing‘ (Mw/ch)

pitching moment coefficient of airplane minus tail
R o

‘ 2
elevator hinge—moment coefficient (HM/qbeﬁg_ji

elevator internal-pressure coefficient -[(pe—~ po)/q]

t
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APFPENDIX B

AIRPLANE .DIMENS IONS
- W

The specifications of the airplane used in the. conduct’
of this investigation, which were taken mainly from refer—
ence 8, are as fpllows: _ . ‘e
"iirpléﬁé, general

Manufacturer and type. « « + + « o o o« » » Bell P~Z9N-1

SPan L L v e e e e e e e e e e e 34.0 £t
Lengbh o %+ v v 4 4w e e e e ke e e .. 80,167 £
R
Height (at rest) . .2 i % o v v u v o . | 9.271.f¢t.
Wing " - |

Airfoil section
. : A
Root (22 in. outboard of center line ‘ '
of airplane). % . v v 4 4« 0 4+ . 4 . s NACA 0015

Tip (projected, 204 in, outhoard of -~ ~
center lire of *airplane). . . . . . . ., . NACA 23009"

Area, total, including ailerohs and
section projected through fuselage . 213,22 sq ft

Chord
"Root (22 in. outboard of center ‘
line of airplane) . . . +« + +v + o + & 8.22 f¢
Tip (projected 204 in. outboard of
center line of airplane). . . . « « . 4,17 ft
Mean aerodynamic chord. . « « o o .+ o 6.72 ft
Dihedral, at 30 percent upper ordinate . 4,0°
Incidence, with respect to thrust line . 2,0°

Sweepback, leading edge. o o » + o o & o 4,58°



NACA ACR No. 5I13 23

Eorizontal tail
Span. ] .I a L] E . @ i) " . -] < ] L] 3 * L] ® L4 L] . 13’00'
ATE2a. « « » v o o o o o s o o s s e o e 2 ¢ 40,99 sa

Distance,‘ﬁofmal gross—welght center of

gravity to one—third maximum chord point 14.95
Elevator
SPan. « « ¢ 4 s e e 6 e e e 0 o s s e s e ':13000
Area, fotal .:,“;l; f :'; ; . ; o« o .‘. . .416.89 sq
Balance area forward of hinge line. . . }-,f_4780f3q
Weight | L | |
Gross, normaI; éh& apﬁrbx; as. £lown L% . 7629

Center—of—gravity positioﬂ

Normal gross weight, gear ué; ,.; ;-f'; . ,0328§ M,A,
Engine o | | ‘

Type. o o o o 0 . ,:;';_._;:Q,;fnlth Allféoﬁ'vélylo;e

Ratings, withput.famE.

Brake Engine o

horse— Manifold speed Altitude

power - pressure - (rpm) (ft)
Take—off 12007  51.5 3000  sea’ level
Military 1125 . 44,5 3000 - - 15,500
Normal 1000 39.0 "2600 14,000

ngine-propeller speed.rétio B AU AR - X 0 |
Propeller
Typee o ¢ o o @ ; i e e e errOproaucts three-blade

nollow—steel selective
automatic—pitech

ft

£t

te

£t

ft

£t
1b -
c,

5
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Ble.d.e modelo o e o o ‘8 ¢ o 'ec o ‘e . e 0 o ¢ ] Aﬁzc—lse—l’?
Maximum pitch ‘Iimits @ - °
Nominal ., ; e o e aTae o eAe\o . s . 28°% 4o 63°

MeaSured ° e o s o v olo o e 8 o e e 28‘70 to 65030

APPENDIX C T
COMPARISON WITH DATA ON P—39D—1 AIRPLANE

Handling qualities of a P—39D—1 airplane were measured -
at the lower Mach nunbers at Langley Field. Thz aero-—
dynamic design of the P—39D—-1 1s the same as that' of the
P—29N~1 airplane. Certpln comparisons can be made from
similar data obtalned on each airplaneu-

o Neutral P01nts e
The straight—flight neutral—po nt data for the P—JQD*I
airplane fer ¢y = 0,2 and 0.8 were average in the maximum

level—flight.'speed condititon and ;in the gliding condition for
coppavlson with the lcw—specd power—on and power—off data

for O =:0.58 obtained in the present investigation. ,
(See fig. 7 and 8.) The comparison is facilitated by the
following table:

Airvlane - "fStlcg—fixed neutral. | Stick—free neutrsl
congitiénf . 1 " point point
P-39D-1 P-39H~1 P-39D-1 P.39N~1
airplane airplane | airplane LAirplana
Power on 0.33 M.A,C. 0.24 0.33 0.32
Power off .36 .33 .35 .35

It is seen that a rearward shift of the stick—fixed neutral
peint with power was obtained in the present tests; while
a forward shift was reported for the P-39D-1 airplane,
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Ag discussed previously, it is believed that the rearward
shift obtained in the present tests was partly the result

of the shift in propeller-—speed setting for the two power
conditions, the higher blade angles encountered with power

off (fig 6) resulting 1n a greater rate of change of propeller
side force with CIL in this condition, Although the propeller—
speed settings used in the P—39D-1 tests are not known, it

is possible that the .tests were run with a fixed propeller~
speed setting for both power conditions; higher blade angles
would be encountered with power.on -than with power off,

and the effect of this factor on the change in stability

with power then would :be opposite for the two series of

tests, -The agreement, however, is probadly within the
accuracy that neutral points can be measured.

The stick—free maneuvering neutral point in the maximum
level—flight speed condition for the P-39D-1 airplane was
at 0,32 M,A.C., as compared with the average power—on and
power—off location at 0,35 M,A,C. for the P-39N—-1 airplane
at low Mach numbers., 'This discrepancy is probably not
excessive considering that data at only two center—of-—
gravity positions were used in the P-39D-1 analysis,
and a theoretical extrapolation of data taken with one
center—of—gravity position was used in the present tests,

Elevatbr Hinge-Moment Parameters

Comparison of the stick—fixed and stick-free neutral

points in the preceding table shows that Ch at was
substantially zero for the P—39D—l airplane as well as for
the P—39N-1 alrplane. Uslng Ch as zero, the wind—up—

turn data for the P—SQD—l airplane indicated that Cy
e

was about —0,0040, which value agrees well with the value

of —0,0043 detbrmined in the present tests. For the maximum
level-flight—speed condition and the gliding condition, the

straight-flight data for the P-39D—1 airplane indicated that
Ch -was about —0,0073, dbut this value may be somewhat in

error as its magnitude depenis directly on the s1opes
a(Fe/q)/acy apnd 368 e/dCL

dx ' ax

determined by points at only two

center—of—gravity pbéitions.< Similar data taken in the
present investigation indicated a value of Ch5 varying
e
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with lift cqefficient;'the value never became numerically
greater than —0,0081, however, at speeds below the range-
appreciably affected Dy bulglng or - conpresslblllty.

Stick;Force Gradient

The stick—force gradient for tke P-39D.-1" alrplane in
ccelerated Tlight with a.cq enter—of—gravity IOC&tLQH at :
0.288 M.A,C. was found to be 3,3 1b/g from interpolation of -
the data, Thé_value determined herein.for "comparabdle
conditions on the P=39N— alrplane was 4.0 lb/g, The

agreement is c>n81dered good
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