N 62 65334

ACR Sept. 1942

RY COMMITTEE FOR AERONAUTICS

WARTIME REPORT

ORIGINALLY ISSUED
September 1942 as

Advance Confidential Report

MEASUREMENTS OF THE FLYING QUALITIES OF A
SUPERMARINE SPITFIRE VA ATRPIANE

By Williem H. Phillips and Joseph R. Vensel

Langley Memorial Aeronautical Laboratory
Iangley Field, Va. -

CASE FILE
CcoO QY

WASHINGTON

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

L - 334




<



AN

L-33L

WATIOWAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVAXCY CCNF¥IDENTIAL RIPORT

MZIASURIMENTS OF THE TLYING QUALITIAS CF A
CUPERMARINE SPITFIRE EA ATIRPLATE

By William H, Phillips and Joseph R. Vensel
INTRODUCTION

The flying qualities of the Supermarine Spitfire air-
plane were measured at the request of the Army Air Forces,
Vateriel Command. Thegs megaurenents form part of a pro-
gram to determine quantitatively the flyling quallties of
meny airplanes of differsnd typos., Similar tests have been
carried out previously cn four American types of pursuilt
airnlanes and on one Zritish fighter, the Hawker Hurricane,
L comparison of the recults of these tests should lesad to
a better kanowledgc of the fliying qualiticss necessary in a
fighter-tvpe airnlane.

The tests were conducted at Langley Field, Va., dur-
ing the period from December 30, 1941 to January 22, 1942.
Sixtecn flights ard apprexinmately 18 hours flying time
were required to complete the tests,

DIDSCRIPTION OF THE SUPERMARINE SPITFIRE AIRPLANE

The Supermarine Spitfire is a single-place, single-
englne, low-wing, cantilever monoplane with retractable
landing gear and partlal-span split flaps (figs. 1, 2, 3,
and 4). The general specifications of the alrplane are as
follows:

Home and 5¥DPe + o o o o = « « « .« Supermarine Spltfire VA

' (Lir Ministry No. W3119)

Engine o v s v s v s s s e e v o Rolle-Rovce Merlin XLV
Rating: ’

Tokc—0ff o+ « » « « » 1170 brake horsepower at 3000 rpm

Yormal « & o o o v 2 s o o 1200 brake horsepowsr atb
2850 rpm at 15,500 feet
MaXioum o o v v v 6 o e s e s 1210 brake horserowar at

3000 rpm at 18,250 foet



SuperchargZer .+ . .« o s & s o
Supercharger gecar ra tio
Propeller . « « ¢« &+ &+ + + &
Diameter . + ¢« « o« + o« «
Namber of blades . . +» « &
Gear ratio « + &+ o . . .
Fuel copacity .« « o ¢ « o
011 catacity + + o ¢« « o o &
Weigat, eapty .+ + + « « « &
¥orual gross welght . .
¥eizht as flown for tects .
¥ing loadiug, normal gross
Power loading, normal gross
Over-all height (datum-line
Cver-2ll longth + &+ o + +
Wing:
SPAn .« v 4 v v e e e e e
Arce . s - PR T S S S
Airf oil scction rToot « &
Airfoil section tip .+ . .
Aepect ratio . . . . . o .
Mean aerodynamice chorﬂ « o .
Locatlion of mean aerodynamic
(approXs). » « 24,8 inches
rlaﬂ form .+ . . &

single stage,
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wing TLHPS \init trailing- edge +Vne)

Totol arca o« o« o s « «
Flap spon o v o o o o
Travel . « +« + o & .« .
Aileroans (mz t«l—uoverﬁd\:
Leni,th \e Ch/. v e s e =
Aren (total area, each).
Balancs area {each) . ,
Statiliger (fixed):
Maximuam chord .+ .« « . =
Lroa (iucluding 2.15 =7

Zlevator: .
Span « + v v e e v e e s
Meximum chord . . . « &

Lron (aft hinge lina, except .

horn Dalancse) .« « « o
Trim tadb aresa . . .
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o
Incidence from thrust axls

. . .
. . L]
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L] - .
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Balance area (horn b 1anues) . .

Ro

ace mensured from thruast axis:

single specd

e+« « s+ 9.10:1
t0l constant speed
10 feet, 10 inchoes

v v e s e s s s O

e e e e . 0,477:1
gnllons (imperial)
grllons (imperial)

. . 456G mpounds

« « o« B237 pounds
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e+ e+ o « &8 fees, 11l inches
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e e s s e e e e e WACA 2212
. . e s e e e FACA 2208
e e s s s e e e & s+ o s DeB2
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e e e e e e e e e o2a°
. e e e e e 0°
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. . L 3 - - - qs
& feet, 10% inches

9.45 squars feet
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. L] . L] - . -
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Vertical fin: : ‘ : ‘
ATEA o v o« o o o o « & +« s o« o o+ » 4.61 square feel
OFFSCE o v o o 4 o o 6 o o e e e e e e e e 0°
Rudder: _ . S —
Tertical span . . v e e e v s e o B feet, 43 inches
1 t

Haxinum chord (aft hinge l1ﬁe) . . o , 93 inches

-Total area « « « o+ « + & s s s v s = 8.38 squars feet
Balance area (horn balance). . . . . 0.34 squars fool
Typim tab 8T68 « o o o « o oo « » o 0.35 square foot

Distance from elevator hings line %o -
leading edge of wing . . . .21 feet, 1C} inches

Distance from rudder hinge iine
le~ding edge of wing . v . ¢ « . « « 22 feet, 4 lnches
Haxizun fusclage cross-secilonal

nren (exeluding radintor) approximate = 10.8 square foot

The relstion between tho control-stick position and
the anglos of the controls is shown ‘on figures 5 and 6.
Ticurc 5 also shows tho undbalance and friction in the cle-
vantor system ns measurcd with-tho airplans on the ground,
A sticlk.forcc of 2 pounds to tho right ard 3 pounds to the
lcft was required to overcome allcron friction. The fric-
tion in the rudder linkago varled from 7 pounde near tho
neutral position to 20 pounds near tho limits of the rudder
travel, ' S o :

INSTRUVENT INSTALLATION

Itoms measurcd ' o © . Y¥AaCA instrumonts

TLITG o o o v e e e e e e e e e e e s e timer
ALTeD0od + o o 0 4 0 e v v e e s sl e alirspeed recorder
Positions of the thres control o

cUTfACGE o o o o + o o » o . « control-position recorder
Rolling volocity « o + o o 5 o angular-volocity recorder
Hormal, longitudinal, and

latcral acceleration . , threcc-component acceleromoter
Angle of sidecslip .« « o .+ . ' . .. recording yaw vanc
Anglc of bank or piteh . . + . . racording inclinoncter
Rudder or olovetor.force . + . . » ¢control-forcp rocorder

Tho airspeed rccorder was conncchod tora swiveling
piltot-static hoad, which was freoc %o rotate in pitch dut
not in ynw, locrtod on a boon extonding a chord lechgth



ahead of the right wing tip. The yaw vane was located at
~the end of a similar boom on the left wing tip, as shown
on figure 4. It was believed that angularity of the flow
at this point might cause some error in the recorded side-
slip anglas, Tor this reascn, another recorder was umount-
ed on the right wing tip and the angles of the two yaw
vanes were recorded simultaneously in flight throughout
the speed range under variouvs flap and power conditiens,
Because of symmetry of the airplane, one-~half the differ-
encs between the readings of the two yaw vancs was takon
to ropresent the corrcction to apply to each yaw vanc,
This corroction kas boen applied to all of the rccorded
valucs of sidaslip angle, Theso values arc therefore
believed to roprusent the actual angles of sidcslip of

the thrust axis, .Tho difforence botwocn the roadings of
the tyo yaw vangs was about 3 with level flight power

and 2° wlth power off., The vanocs showod the flew to be
cenvergling toward the fusslage.,

All the recording instruments worc synchronized by
the timcr and tho records were obtaincd photographically.
Elcvator and rudder forces were dctormined by rocording
the tension in the control cables. Aileron forces wore
measured Dy means of a visual control-force indicatorx
that rested againset the top of the control stick.

The instrument recording the angular position of the
three control surfaces was attached to the control link-
ages ncar the cockpit. Tests made on the ground showed
that errcrs in the recorded angles due to stretch in the
control system were small ecnough to be negligible in the
case of the elevator and rudder controls, A slight amount
of flexibility was noticeable in the aileron system bdbut,
inasmuch as no simploc méans was nvailable faor determining
the arror introduced, no corroction was applicd %o the re-
corded alleron angles.

ATIRSPEED CALIBRATION

The readings of the pllot's metor as compared to the
correct indicated airspeed in the cruising, gliding, and
landing conditions of flight arc =mlottoed on figure 7.

The correct spced was doternined by flying in formation
with anothor airvlane., The calibdbration of the airspecd
rocordoer in the latter airplanc wns made by the use of a
trailling airspeed head, Ths installation of the airspeced
indicator in the Spitfire consisted of a pltot-static heéad
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. located below the left wing slightly ahead of the aileron

hinge, as shown on figure 4. The installatlon gave al-
most correct measurenents at high speeds but showed a
speed about 10 miles per hour too low near minimum speed.
In adéition to this error, the reading was nifected by

the sangle of sideslip. The indicstor read too low a speesd
in left sideslips and too high a speed In right eideslips.
This fact wns determined by comparison of the pilot's in-
dicatod specd in sideslips with that recorded by the pltot
head located on the boem ahecad of the right wing tip and
¢eponds on the assumption tkat the alrspesed head on tho
boom wag affected in the snome wry by sideslip to elthor
Sideu

+3
o -

TZSTS, RESULTS, AND DISCUSSION

All of the flying-gunlities tests were made with the
centsr of gravity at n distance of Z1.4 inches behind the
leading edge of the wing at the root., The mean aerody-
namic chord of 85 inches wag coitputed to be 4,80 inches
back of the leadirng edge of the wing et the root. The.
center of gravity was trerefore at 31,4 percent of the
mean serodynamic chord. Boecausc no accuratce drawings of
the Spitfire werc available, the calculated location of
the neen asrodynaric chord nay be sonmewhat in ecrror.

The center-of-gravity leocation with full military
load is not known. The airplane, however, ag welghed with
a 1l40-pound pilot and 211l known items of military equip-
rient except ammunition in place had a welgiht of 6014 pounds
nnd a cocntor-of-gravity location 31,1 inchos behind the
leading odgze of the wing. The addition of ammunition 1s
rot believod to change this centcr-of-gravity location ap-
preclabdly. The welght of the airplanc as flown 1ln the
tests with instruments and ballast added to retaln the de-
sired center-of-graviiy position was 6184 pounds.

Longltudinal Stadility and Control

Characterlstics of ungontirosllod longitudinal motion.-
Of the two types of control-free osclillation, only the
short-period oscillation is dealt with hereo, as previous
toegts have shown that the characteristics of the well-
krown long-meriod (phugeld) oscillation hnve no correla-
tion with the handling qualities of an airplanc. The
dogree of dnrping of tho short-poriod oscillation was in-




vestigated by suddenly deflecting the elevator and releas-
ing it in high-speecd lcvel flight,

ation of elevator angle,

cration

was recorded.

elcecvator force,

nouvar is shown 1in figure 8,
angle and nornal scceleration completely disanppeared af-
tcr one cycle, and thereby satisficd the requironent of

reforcnc
in spilte

a 1,
of tho

The subsequont vari-

and normal accel-
4 tyvpical time hilstory of this na-

The varistion of clevator

he osclllaticn wes satisfactorily danped
fact thet tho amss unbalance of tho

“aleva-

tor shown on figure 5 would be expected to reduce the

danping,

The longltudinal handling characteristics of the

Spitfire were observed to be poor in rough ailr.

This be~-

havior was mttributed to the airplane's neutral statlc
longitudinal stabillity and relatively light wing londing,
rother than to the characteristics of its control-free
short-period osclllation,

flight.-

The

static longltudinal

Cheracterigtics of the elevator control 1n steady
stability of the Super-

narine Spitfire nirplanc was measured by rocording the
control forces and positions in steady flight at varlous

specds in the following conditions:

Engine{Flap |Landing-|Radiator-j Hood
Condition|Manifold pressure | speed Iposi-| gear shutter |position
(in. He) (rom) |tion !position| position
Take-off B4 (7 1b/sq in. 2850 | up down open open
boost)
Climbing | M4 (7 1b/cq in. 2850 | up up open closed
boost) '
Cruising [37.5 (3% 1b/sq in. 2650 | up up flush closed
boost)
Gliding |throttle closed ———up up closed| closed
Landing
approach|22 (=l 1b/sq in. 2300 ldown | down open open
boost) i
Landing |throttle closed -==~ down down closed! open

The rosults of these tests are presented in figures

Q, 10,

a.

nd 11.

The conclusions regarding the elevator con-

trol characteristics in steady flight nay be sunnarized as

followse:
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1. The stick-fixed longitudinal stadbility in the
gliding condition was neutrel, as shown by the fact that
no change in elevator deflection was required %o trin
throughout the unstalled speed rangs., The stability was
essentlally neutral in all flap-up, power-on conditlons of
fligsht except at low speeds, where solle resrvard notion of
the stick occurred. This npparent positive stability at
low speeds with power on while still well above the stall
wag caused by the elevator deflection due to sideslip, be-
cause sone left sideslip was found to occur at low epeeds
in streight power-on flight with the wings level, Scatter
of the points in the plotted data may 1ikewlise be attridbuted
to nn inconsistent variation of sideslip angle with alrspesd.
The variation of elevator angle with sideslip will be fur-
ther discussed under the gubject of piltching moment due to
¢ideslip. As the curves of figure 11 show, the Spitfire
displayed stick-fixed instability in the flap-down condi-
tions of flight with power on or off., It ls concluded that
in all flight conditions, the Spitfire falled to neet the
requirenents for satisfactory longitudinal stability stated
in reference 1. The upwnrd travel of the elevator in the
powcr-off cnnditions near mininun speed resulted from de-
crenscd downwnsh at the tail caused by soparation of the
flow at the wing root, This phenonenon 1s cxplained in
the report orn stalling characteristics (reference 2).

A sinilar increase in elevator angle was raquired in
the power-on conditions of fllght near minioun speed. ¥No
geparation of flow from the wing root was observed in
tthese conditions, but the elevator deflectlon duc to side-
slip is sufficlient to account for this elevator notion.,

It is probable tnat separation of flow over the yawed fuse-
lnge was responsidle for the large up-elevator angles re-
quired in sideslips.

2, In spite of the neutral stick-fixed static sta-
bility with flaps up, the airplane had a slightly stable
stick-Torce variation with alrspeed throughout the speed
rarge (fig, 9). This stable stick-force gradient is at-
tributed to the unbalanced c¢lovator. If a conpletely
mass-balanced elevator had deen enployed, the stick-force
varintion would have been slightly unstable, & condition
consistont with neutrnl stick-fixed stabdllity. In the
flep-down condition with power on, the stick-forcec varia-
tion for the trin-tad setting uscd was unstable and, with
power off, the stick-free stnbility was neutral, If the
alrplane had been trimned for zero stick force at low
epeed, the variation might have been slightly stablo with



power off and about noutral with power on. In all cordi- B
tions an increased pull force on the stick was required

near the aininun spesd, This increased pull force sorved

as a cesirablc stall warning. It was associnted with the
scparation of flow at the wing root and the up-clecvator

anglcs required at the stall,

3, The friction in the elcvator syston was such that
n force of 2 pounds was roquired to reversc the notion of
the stick, as shown in figure 5. This frictlon was snall
cnough that, in the flight conditions where a stable stick-
forco gradient existed, the control would return to its
trim posltion, : : : :

The effect of frietion 1s not Bhown on the force
curves of figures 9, 10, and 11, because the vibrations of
tho airplanc 1argelv bliﬂinatei the frictional force whilo
tho 1eﬂsu”euants werc beinb‘tqken.

4, The linits nf elevetor motion wore not reached 1in
fteady flight fror the mininum speoed to the highest speeds
tosted. TFigures ¢, 10, and 11 show that in sll conditions
only a few docgzrces of cleVHtor rotion were required to trinm
throughout the speed range.

j Gharacteristigg of the elevator control 1in accelorated
flizght .- The characteristics of the elevator control in ac-
celeratod flight were deternincd fron neasurenonts taken
in pull~ups and Iin turns. Tho data obtained in pull-ups ~
afc proscented in figure 12, Tine historles of reproscnta-
tive turns are shown in figures 13 to 20. :

The clevator control was found to be powerful enough
to develop clther the maxinum 11ft cocfflcient or the al-
lowabvle load factor at any speed. As shown in flgure
12(a), less-than 5° movement of the elevator was used in
'"reacnins‘m yximun lift coefficient in pull-ups from level
flight., 1In these mancuvers, the elevator was abruptly de-
flected a small amount and then held fixed with the aild
of a graduated tape in the cockpit. In pull-ups made at
high speed; the clevator was always essed forward before
maximum acceleration hed becn developed, in order to
avoild overloading the sfractura,

Tre normal acceloration was obsorved to increase pro-
gressively with clevator angle, though. tha range of el-
evator motion was so small that no mewsuroments were uade .
of the exact form of this variation,
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The small elevator travecl roequlired to reach maxinun
1ift cocfficicnt was ovident in turns as well as in pull-
upe., The variation of clevator snglc with 1ift cogffil-
cient in turns i1s plotted in figure 21(a). Only 3  up-
clevator movement was roquired to go from levcl flight at
a 1ift coefficient of about 0,3 to the first sign of the
stall, This movement corrcsponds to a sticl deflection
of 3/4 inch, This dogroe of stability 1s far lower than
tLhe 4 inchos of rearward stick movement required in refcr-
enec 1,

The Spitfire airplane had the unusual quality that
allowsd 1t to be flown in a partly stalled conditlon i1n
accelerated flight without becoming laterally unstable.,
Violent buffeting occurred, but the control stick could be
pulled relativaly far back after the initial stall flow
breakdown without causing loss of control. With the gun
ports open, latceral instadbllity in the form of a right
roll occurred, but not until an up-elevator deflectlon of
10° hnd boen resched and unmistakadble warning in the form

of buffeting had ocecurred., Thls subject 1s discgssqd
‘more fully in reference 2.

The exccllent stall warning made it easy for the pil-
lots to rapidly approach maximun 1ift coefficient In a
turn so long as the speed was low enough to avoid unde-
sirably large accelerations at maximum 1ift coefficlent.

The excollent stall warning possessed by the Spitfire
was obtained at the cxpense of a high maximun 1ift coof-
ficient., The maximum 1ift coefficient in accelerated
flight was 1.21, while the average 1ift cozfficlent through-
out a stalled turn was usunlly about 1,10,

In turns at speceds high enough to provent roaching
maximum 11ft coefficlent because of the excessive acceler=-
ations involved, the suall static longitudinal stabilily
of the Spiltfire canuscd undue sensitivity of the nornmal
acceleratior to small movements of the stick, As showr
by tho time histories of high-spced turns (figs. 15 to 18),
it was necossary for the pilot to pull back the stick and
then ease it forwnrd almost to its original position in
order Ho cnter a turn repidly without overshooting the de-
sired normal acceleration, Although this proceduro ap-
pears to come naturally to a skillful pilot, flight records
from other airplancs show that a turn amay be cntercd rapld-
ly and the deosired nornal acccleration may be held con-
stant by a single rcarward motion of the stick provided
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tho static stabllity of an alrplanc is sufficiontly large. <
By carcful flying, the pilot was ablec to make smooth turns

rt high speed, as shown by figures 17 and 18. Ordlnarily,

however, small novements of the stick caused anprcciable

varlations 1n thie nornal acceleration, as sheown in figures

15 and 20. -

The variation of stick force with nornal acceleration
in turns is plotted in figure 21(v). The stick-forece gra-
dient of 5,0 pounds per g was considered a little too
light by nost of the pllots. It 1s lower than the value
of 6 pounds per g roconnended as an upper linit in ref-
“erence 1, Inasmuch as the elevator mass unbalance under
gtatic conditions gave a force of 4.0 pounds on the stlek,
it 1g apparent that the stick force required in acceler-
ated flight came nlnost entirely from the statically un-~
balanced elevator. Practically no stick foree would be
required in turng if the elevator were nass balanced.

This suggosts that the airplanc would appoar dofinltely
unstable in turns if the elcvator were nass balanced, as
is roquircd for fluttcr prevention on Anmerican pursuit
airplancs,

The stick-force gradicnt measured in pull-ups, shown
on figure 12(b), was in good agreement with that obtained
in turns., The notor would cut out when negative acceler- . -
ation was experlenced 1n the push-downs required to re-
cover from these pull-ups.
Characteristics of the &levator control in landing.-
The average elevator angle required to make a three-point
landing was about 8,4 wup with respect to the thrust axis.
The elevator angles used at contact in individual landings
varied over a range of 10°, partly because tall buffeting
caused the elevator to oscillate and partly because the
pllot had continually to apply corrections to the angle of
pltch of the airplane because of the lack of longltudinal
stability in the landing condition. The elevator angle
required for threc-point contact was always well within
the avallable range.

The average velue of the slevator sngles uscd in
throe-point landings was 120 highsr than the clovator an-
gle roquired to reach the minimum spced in a gradual - .
stall in the landing condition at altitude, The alrplane
could bo flown, howevoer, in a partly stalled condition at
altitude with the stick full back. The reduction in down- . E
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wash at the tall causoed by seperatlion of the flow at the
wing root was protabdbly combined withr that due to ground

effoet in the thrce-point landings., A time Lhistory of a
three~point landing, shown in figure 22, 1llustrates the
unstoadincss of the airplano and controls as the landing
attitudo was approachod.

The stick forco rcquircd to maks a thrcc-point land-

ing was much less than the value of 35 pounds rccommendod

as an upper limit in reference 1, By use of the trim tabd,
the force could be reduced almost to zero.

Choracteristics of the clevator control in take-off.w
The elevator power was adequate to ralse the tail or ad-
Just the attitude angle as desired during take-off. TFigure
23 shows the time hilstory of a take-off made with 48 inches
of mercury manifold pressure. The time required to leave
the ground in this case (11.1 sec) does not represent the
minimum possible take-off time.

Trin change due to_power and flaps.- Trim changes
caused by the applicatiou of power or flaps were unusually
emnall in the Spitfire, This gunality is highly desirable
in a fighter—type alrplane, The following table shows the
gatick—force changeos with a glven tad setting reguirel to
maintain trim at 120 miles per hour 1In various conilitions
of flight,

Pilot's | Correct
indi- indi- Engine | Manifold Stick
cated cated Hood |Flaps|Gear|speed | pressure | Shut- | force
alr- air- : ters
speed speed .
(wph) | (mph) (rpm) |(in. Hg) | - (1v)
120 125 closcd| up Up | = throttle | flush 0
closed
120 128 closed| up | up | 2850 L flush |3 push
120 124 closed{down | up ; 2850 L flush 0
120 127 closed| up |down] 2850 YW | flush |1.3 push
120 123 closed| up |down| —-~-— | throttle | flush |1 pull
clonged
120 - 123 closed{down | wp | =~~= | throttle | flush |2 pull
_ closed
120 123 open |down |down| —--- | throttle | closed |3 pull
closed
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The stick force required to maintaln trim while the
flight condition was changwed 1n any possible manner was
much less than the value of 35 pounds set as an upper lim-
it in reference 1.

Charncteristics of longzitudingl trimnming device.~ Be-
causc the trim changes required for the differcnt flight
conditions wero so small, the elevator trim tabs had ample
power to trim the airplanc st any spcecd in any flight conw~
ditlion for the center-of-gravity location used in theso
testse In ordor to determine tho power of the clevator
trim tabs, measurements of the elevator forces required
for trin with different trim-tad settings were made at
various speeds, The change in stick force per degree trim-
tab change 1s plotted as a functlon of speed for three
f1ight conditions 1n figure 24. The variation of stick
force with speed for any trin-tab setting may be obtained
by addlng to the forces plotted on figures 9, 10, and 11
the force caused by the change in trim-tab angle.

Lateral Stabllity and Control

Characteristics of uncontrolled latoral and direc-
tional motion.- The characteristics of the control-free
lateral oscillation were detcrnmined by trimming the air-
plane for steady flight and then deflecting the rudder and
relensing tho controls., Records were taken of the sub-
sequont varlation of sideslip angle. Theso mensurements
wore made in the eruising conditisn at 125 and 200 nmiles
per hour, The darping of the oscillation satisfactorily
met the requircnent of reforence 1. At 200 milos per hour,
one osclllation, a2nd at 125 niles per hour, 1,5 oscilla-
tions wore required for tho motion to damp to onc-half an-
plitudes ¥o undanped short-period oscillations of tho
controls themsclves worc obscrved, excopt for a tendency
toward an aileron shake near full aileron deflection,

This type of oscillation is not a control-free characteris-
tic and therefore will be discussed under the heading of
allerone~contrcl characteristics.,

Aileron~-control characteristics.- The offectiveness
of the ailerons of the Supernarine Spitfire airplane was
deteruined by recording the rolling velocity produced by
abruptly deflecting the ailerons at various speeds. The
alleron angles and stick forces wore nocasurcd. It should
be noted that tho airplane testcd was cguipped with netal-
covercd ailerons,
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The results of thegs tests are presentced in figures
26 to 28, TFigure 25 shows the vrriation of pb/2V and
allesron force with total aileron deflection in *the land- .
ing condltlon, and flcure 26 gives these curves for level
flight with flaps and gear up at three speeds, Total al-
leron deflection 1s defined as the sum of the deflectlons
of the right and left ailerons. The quantity pbv/27 1is
the hellx angle in rndians described by the wing tip in a
roll, where p 1s the rolling velocity in radiane per
seconGy b the wing span in fest, and V the true veloc-
ity in feet per second. A complete discussion of this
criterion for alleron effectiveness is given In refercnece 3,

The allerons werc sufilicicantly effective at low speeds,
and were relatively lizht a* snall deflections in high-
speed flight, The forcee rodulrcd to obtain high rolling
v01001+1es in hish-gpae¢d flight wore considored cxcessive.
With a stick force of 30 pourds, full deflection of the
ailerons could be obtained only at specds lower than 110
miles per hour. A value of pb/2¥ of 0,09 radian in lcft
rolls sand 0,08 radian in right rolls was odbtaincd with
full deflo"*‘on. A rolling velocity {(at 6000 ft altitude)
of abont 59° per second could be o0bbalncd with 30 rounds
stick foreco at 230 miles per hour indicated specd.

The esllorons werc relativaly light for small defloc-
tions, but tlo slope of the curve of stick forco agalnst
deflcction inercased nrogregsiv1lv with deflcction, so
that about flve timos as ruch force was quu1rod to fully
doflocet thoe ailcorons as was ncedoed to resch once-half of
the maximum travol, Tho effectivoncss of tho aileorons in-
creassd almost linocarly with defleetion a1l tho way to
the maximum position. Tho valuo of pb/2V obtaincd for
a2 glven ailloron deflection was noarly tho same in all %he
specds and condlticns tosted. It may be concluded, there-
fore, that there was very little reduction in aileron ef~
fectiveness either by separation of flov near minluum

speed or by wling twist at high speeds.

Figure 27 shows *the ailsron deflectlon, stick force,
and hellx angle obtained in & series of rolls at varlous
gpeeds intended to represent the maximum rolling veloclty
that could bﬁ readlly obtaincd. The pilot was adle to ex-
ert a maxlnmum of about 40 pounds on the stieck., Witk this
force, full doflectioﬁ could be attalnsd only up to about
130 miles per hour., Beyond thls spced, the rapid increase
in stick forec noar maximum deflection prevented full mo-
tion of the control stick. Only one-half of the avalladle
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deflectlon was reached with & 40-pound stick force at 300
miles perhour, with the result “hat the 1pb/2V ocbtainable
et tils gpeed was raduced to 0.04 radian, or one-half that’
reached at low speeds, '

Lnother method of presenting the results of the
alleror-roll measurements is that given in flgure 28, where
the forcs for different rolling velocities is plotted as a
function of spsed. The relatively light forces required to
reaci small rolling velocltles are rondily secn from this
figurc, The excessive forecs required to rcach high rell-
ing velocliice and tho impossidlliity of odtalning maximum
ailcron defleection much above 140 milos por hour arc also
1llustratad. :

The atlerons fallcd to most the requlrement of refer-
encs 1, which states tkst a value of pb/2V of (.07 redi-
an should De reached with a stick force of 3C pounds at 0.8
of the maxinum level-flign* indicated spesed, or adout 230
miles per hour in this cagse. Under these conditlions, a
value of pt/2V of only 0.051 radian was attained. -

The vpilots observed an aileron shake near full deflec-
tion, This shaking of *the control srstem is attrlduted %o
sevaration of the flow from the projecting Frise balance on
the lower surface of the upward-deflscted aileron. The
shaking was rot particularly violent or objectionabls on
the Spitfire. This phenomenon has causcd trouble, nowever,
cn ailrplancs with more floxible control systems.

Yow dug to nilerons.— In alleron rolls made at 110
perecnt of the minlmui specd with full ajleron deflection
and with the rudder fixed, about 18° sideslip was devel-
oped. The roguircment of reference 1, which states that
loss than 20° sideslin shall bo developed in this maneu-
ver, was btiorefore met, .

Rolling momont due to sideslip.~ The rolling moment
due to sideslip of the Spitfirs airplane was determined by
recording the alieron angles roquired in stcady sideslips.
The r¢sults of theso meoasurements are presented in figures
22 to 34, where the rudder, elevator and aileron angles,
anglo of bank, and rudder forcs aro plotted as functions
of the sidoslip angle. Tho dihedral offect was stablo in -
all conditliors, with the oxception that 1an left sidoslips
in the crulsing condition the dikhodral offoect was practi-
cally neutral, Ths requlromnent of refcoroncoe 1 was therc-
forc met ip 2ll conditions oxcopt in left sideslips with
power on.
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A further indication of the rolling moment due to
gidoslip is given by the rolling velocitics caused by abe
rupt deflcetions of the rudder (figs. 35 and 338). The
airplano always rollcd in the correct direction. The roll-
ing momcnt due to yawing velocity is conbined with that
dve to sldesliy 1In these tests.

The stick force in sideslips was not recorded, bdut 1t
was observed that in conditions where the dihedral c¢ffect
was stable the stick tendcd to rocturn toward neutral when
roluascd.

Ruddor control cheracteristics.~ The ruddor control
characteristics were investlgated in steadv flizht, in
sideslips, end in abrupt rudder kicks. In the rudder kiclks
records were taken of the rudder force, rolling velocity,
sideslip angle, and normal acce1eration resulting from ab-
rupt deflections of the rudder. The results of these tests
are presented on figures 35 and 36,

A sideslip angle of about 2’0 resulted from abrupt
maximur deflection of the rudder 1n the flap-up condition
at low speeds. Since this sideslip angle excoseds the side~

slip caused by full aileron deflection with the ruddar
fixed, the rudder control is believed to De gsufficliently
vowerful to cvercome thetqaverse alleron yawlng moment .

The 1nitial velues of rudder force in ruddor klc?s,
plotted in figures 35 and #6, show that tho rudder was de
sirably light. The floating tendency of the rudder caused
the pedal forcs to drop to about one-third of its initial

valne after the sideslip had btuilt up. No reversal of rud-
der forcs cver occcurred, howevor. The roquiroment of ref-
ercnce 1, which states that loft rudder force should al-
ways be rcquired for left rudder doflections and rizht
ruddcr forocc for right rudder dcflections, was thercfore
satigflcd. ' ‘

Considerable deflection of fthe rudder to the right
was requircd in the powcr-on conditions in steady flight
near minimum specd ns shown on figures 9, 10, and 11. The
limits of rudder travcl werc never OaCCudbd, however, The
ruddcr defleetlolt is necdcd partly to offset the yawing
momant causcd by angularity of the flow duc to tho slip-
stroam, and partly to balance the left yawing moment of
tho propeller itself that rosults from tho high angle of
attack of the propeller axis. Tho sido force on thoe rud-
der necessary to maintain equilibrium of yowing momonts
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about the centor of gravity, togethor with the side force -
on the 'tiltcd propellor, are belicved to be rosponsible

for the apprccinble amount of left sideslip which was obe

served to occur in low-sgspced powsr-on flight with the

wvings laterally level.

The rudder forces requilred for %rim throughout the
spéed range with the rudder trim tabd neutral arc plottced
for the gliding and cruising conditions on figure 9.
These rudder foreccs were unusually light.

The rudder conirol, in conjunction with the brakes,
was sufficiently powerful to maintaln dircectional control
in takec-off and lendiug, A tims history of a takec-off
(fig. £23) shows that some ruddor defloction was roquired
to overcome a tendency to turn to the left, Tho rudder
Terce roquired for tails purmosc, however, wes obscrved %o
be roletively light. :

The rudder forcos reoauired to overcomo advorse ail-
leron yaw snd to meintrin directional control in tako-off
ond londing predably nover cxceeded half the value of 180
pounds specifled ms an upper limit in reference 1. Ho 1n-
vestigntion of the effectiveness of the rudder 1n rscov-
ering from spins was attempted. )

Yawing momeont dne to _sideslip.- The yawing moment due
to sideslip 1s indicated Dy the rudder deflections re-
quired in steady sideslips (figs. 29 to 34). The direc- -
tional stability was satlsfactory in that the rudder al-
ways rnoved in the correct direction in sideslips. Ag pre-
viously stated, the directional etability was sufficient
to restrict the yaw due to allzrons to the limlts specified
in rafercence 1. - ’ ‘

e yewing momsnt due to sideslip with rudder free
wn D the varintion of ruddar force with sideslip

n steady sideslips. The slope of the curve of rud-
¢co agalnst angle of sidoslip was always stabloe,
though it wrg very small for small angles of sideslip.

The increasec of rudder force requlred at largo anglcs of
sldeslip insured that the sirplane would always tend to
return to zero sideslip if the rudder wore froc, rogard-

less of the magnituds of the sideslip angles., .
Cross—wind-forge charscteoristics.- The cross-wind-
force characteristies of tie airplane ars shown by the .
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anglss of bank requirod to hold steady sideslips in the
varions flight conditions (figs. 29 to 34)., The angles
of bank were small at low speeds, but they increased rap-
idly with speced because the side force for a given silde-~
slip angle varios approximately as the squnre of the
specd, The Spitfire showod a slightly smaller gide~-force
gradient than any othor pursuit-type airplane tested pre-
viously, A larger side-force gradient would seem to be
fosirnble because the pilot would find it ecasier to maln-
tain unyawed flight if a large angle of banx wore renquired
to sideslip.

Pitching monent due %9 sldecslip.~ The pitching moment
due to sideslip is shown by the variation of elevator an-
gle with angle of sideslilp in tho stenrdy sildeslip measure-
ments (figs. 29 tc 33) and by the varlation of normal ac-
celeration with rudder angle in the rudder kicks (figs. 33
and 36), The Spitfire chowed a tondoncy to pltch down both
in left and righ’ sideslips. In powor-on flight, this air-
plane feiled to ueet the requirement (reference 1) that
less than 1~ change in slevator aangle should accenpany 59
deflection of rudder. As skown on figure 29, loft sideslip.
occurred in the trim condision with wings level, and at
this sideslip anzle the elevator sngle increased approxi-
mately linearly with the loft sideslip anglc. The static
longitudinal-stability measurcnents indicated that tho
siéeslipoincroasod as the spocd was roduced untll it recached
about 10° at the stall, The clevator anglo required for
tris sidcslip conmples2ly overshadowed any elevator mnotion
requirod to change spceed 1n unyawed fiight. Thre increcasocd
up-clevetor angles encourntercd at low spocis in the cruls-
ing condition therofore do not roprescnt gstatic longitudil-
nnl stability, I% is doudtful that this type of varlation
of eleovator angle with epced is helpful to the pilot in
naintaining a fixed trin speed. Furtherrore, the static
longltudinal-stability characterlstilcs recordcd Dy two
vpilots might disagroo consideradly, becausd sligit crrors
in holding the wings level would result in apprecladle
dlfferences in sideslip rngle,

The violence of the pitoching motions of the airplane
in rudder kicks is showrn by the varlation of normal accel-
erntion with ruader aangle {figs. 35 and 36). Because the
large nccelerations made 1t difficult for the pilot to
hold the elevator angle constant, the normal acceleration
plotted on these figures nay be partly the result of ele-
vator motion, Nevertheless, the plotted values give a
qualitative iden of the pitching notions caused by rudder
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deflection., In 211 cnses oxcept at very high spced, the
airplane initially pitched vp, then pitched down when the
rudder was deflacted in either direction. The rerson for
the initial upwnrd acccleration is not known. The down-
werd acceleration is caused by the pltchizng monont due

to sideslip, which exists after the sideslip angle has
built up. The notor cut out when negntive accolerations
were encountersd,’ Bacsuss of the violence of the nega-
tiva ncceleration, the pilot was usunlly unatle to xoep
the rudder fully deflected until the maxizmun sideslip an-
Zlc was roached.

H ghaﬁowﬁrOG airplanas ordinarily show an initial
tendenecy to plteh up in ruadder Xicks to the left and down
in ruddcr Xicks to the right. This motion 1lg attriduted
to Zvy oscokﬁc "one4+s frox the propeller. The 3Spitfire
showad this tendoncy for ruddfcr kicks of small defloc-
t’ons et high S“acd but in 211l other cascs troe nirplane

‘i 1ally pitched wp in ruddecr =icks both to the left nnd
-.h )

;.v.
i 'L

Power of rudder aud alleron trimuing devices,- The
trim t2b provided on the rudder was sufficizntly powerful
t¢ reduce tihe rudder force to zero in any fli“ht condi-
tion. The rudder forces required for trix with the trim
tad neutvtral are plotted on Flgure 2. Ko trim tad was pro-
vided on the alilerons, but the alleron forcesg for trim
were light. The alleror angles required for trim through-
out the speed range in the various flight conditlons are
plotted in figures 9, 10, ard 1l.

CONCLUSIONS

The flying qualities of the Supor“ariﬂe Snitflre air-
rlane obser red in these tests mar be sunmarized in ternms
of the zcecepted standards for satisfactory flylnz quali-
ties as foilows.

1., Tho short~period longitudinal osc illauion was sat-
igfactorily heavily damped in all conditions tested,

flight conditions the stlcikz-fixed longl-

2. In 211
tudinal stabilitys vas'pithhr nentral or unstadble, and
therefore failed to mset the accepted *equlvcruq+s. The
rocquirement for a able stick-force gradient was met ina
all conditions of fllgr excopt for the condition with
flaps down, power on,
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3., The stick-force gradient in maneuvers was 5.0
pounds per . Ths requirement for a force gradient of
less than 5 pounds pnsr g was therefore satlisficd,

4, The stick motion requirecd to stall in maneuvers
was 3/4 inck., Thils value is much less than the 4-inch
stick travel recommended for satisfactory flying qualil-
ties,

5, Tne elovator control was adequate for landing
and take-off.

6., Tho longitudinal trim changos due %o chauges in
engine power, flap position, or landing-gear position
were c¢xcepbionally small.

7, The power of the elevator trim tabs was adequate.

8., The dasmping of the control-free lateral oscille-
tion was satlsfactory. UNo undesirable short-perlod lat~
eral oscillations were noted,

9, The aileron control wes adequate at low speeds
but unsatisfactory at high speeds because of the excessive
stick forces requix ed to obtain high rolling velocities.

10, Aileron yaw was within the limits specifiod as
escceptable,

11. The dihedral effcet was stnble excepd in leoft
sideelips with power on, where 1t was practically neutralf

12, The rudder was suffivientlv powerful to offset
aileron yaw and to msintain directiornal control during
landing and take~off. The radaer fnrceg required wore
well below the upper limi%t of 18C pounds specified.

1%, Tirectional stability wae srtisfactory.
14, A large pltching noment due to sideslip existed.

15, The stallinz characteristics in normal flight or
in maneuvers were axcolleut though the maximum lift coef-
ficicnts were low. XNo undesirable ground-looping tenden-

cies wecre noted.

Lengley Memorial Acronautical Laboratory,
¥otional Advisory Committee for Aeronputics,
Langley Field, Va.
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Supermarine Spitfire airplane.

Figure 3.- Front view of the Supermarine Spitfire airplane.

Supermarine airplane.

Figure 3.- Three-quarter rear view of the
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