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MOASURZMZINTS OF THE FLYING QUALITIES CF A

SUPERMARINE SPITFIRE VA AIRPLAIR

By Willianm B, Phkillipe and Joserh R. Vensel
INTRODUCTIOW

The flying qualitles of the Supermarine Spitfire alr-
plane were measured at the reguest of the Army ALir Forces,
Vaterlel Command. These wessurerents form part of a pro-
gram to devermine quantitatively the flying qualities of
meny ailrplanes of different types. BSinilar tests have besn
carried out previously cn four hLmerican types of pursuit
airvlanres and on one 3British fighter, the Hawker Hurricane,
A comparison of tre reoults of those teestg should lead to
a better knowledse of the flying gualitics necessary in a
fightuer-type airnlane.

The tegte were conducted at Langley Field, Va., dur-
ing tho period frowm Decenrber 30, 1941 to January 2%, 1942.
Sixtecn flights and approxinatsly 18 hours flying tinme
were roguired to complete the tsets,

DESCRIPTION OF THZ SUPEZRMARINE SPITFIRE AIRPLANE

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

Yame and t¥P + « & + « « « « . . Suapermarine Svyitflre VA

(Lir Ministry No. W3119)

Engine o v 4 ¢ o ¢ 4 s 6 e s Rolle-Royce Merlin XLV
Rating: :

Take-off . . . . . . 117G brake horsepower at 3000 rpm

Yormal . . . . v + + « + .« . 1200 brake horsepower at
22850 rpm at 15,5C0 feet

Haximum o o v o v v 4 o v u 1210 brake horsepower at
‘ 2000 rpm at 18,2580 feet



Superecharger .
Supercharger
Propeller
Dianeter .
Humber of blade
Gear ratio
¥Yvsl capacity
Uil capacity
Welgant, santy .
Toruanl gross welght
Welisht asg flown for
Ving loadiug,

- .

testsg
nornal gross
loading,

Power normal gross

Cver-nil neicht {(datum-line
Cver-oll longth
Wing:
Span
Aron . . . .
Airfoil secviow root
AlrZoil section tip
Lapect ratio .
liean aerodynamic chord
Location of mean aerodynsmic
(approx,)

- . - - . - - .

- - . - . - .

chord

Plan forem e e e e e e e « « « « ©8lliptical

Dihedrol (loacdinz edge oFf Wing) o v v+ o o o o 8.0°

Incidence mensured from thrust axils:

RAOL v 4 v v e o e e e et e e e e e e 2P
TID v v e e e e e e e e e e e . 0°

Wing flaps (eplit trailing-edze type): .

Tothal AXrcaA +« o o + o o s o« o« « + « » L15.6 square feet

Flop €920 © . 4+ 4« « 4 & s s« « » « 17 feet, 1C inches

Travel 4 v v v o 4w e 4 a2 s e e e w e e 85°
Lilerons (matal-zoverad):

Lenzth {(each). + + « +« = +« o« « « » € foet, 10% inches

Aren (total ares, ench)y . v . . . . 9.45 square feet

Brlanes cren {ench) . . « 4 « + « o 2.45 square feet
Statilizer (fixed):

Maximuan chord .+ ¢ & & &+ v ¢ « « «» 2 feet, 6.2 inches

droa (including 2,15 eq ft fuselage; 20,1 square feet

Tncoidonce from thrust aXi® o o« « « « o « o o = « o 0°
Zlevator:

e .. 10 feet, 6 inches

Haximum cherd . . ¢ . « « v « « &« 1 foot, 6.2 inches

"

Arca (2ft hinze line,
horn bdalance.
Prin tab area

Balance area

. . - . - 3 .

L] - - * - - L) L
(horn balances)

single stage,

oy

4.8 inches back of leading-edge wing

except for

single specd
. 9.10:1
Rotol constant speed
10 feat, 10 inches
* - 3
. O.477:1
ons (imperial)
ons (imperial)
. 4960 pounds
£237 pounds
6124 pounds
25,8 pounds per
squre foot
4,78 pounds per
Lorsepowsr
feet, 11 inches
feet, 11 inches

.

. -

85 gn all
& gnll

- ] » .

.

feet, 11 inches
242 square feat
HAGA 2212
YACA 2208
5.62
inch

1

v feet,

root

13.26 square fest .
C.84 square foob
1,16 sgquare feeot
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Vertieal fin: : . .
ATEP o 4 4 4 4+ v 4 v 4 4 e 4 o 4 s+« 4.6]1 sguare feet
OFFEO0Y v v o o v v v v e e e e e O«

Rudder: . | L
VYertical spa e e e e e s e e e

Y¥axinun chord (a*u hinge line) . o .

fiat, 4% inches
foot, 9% inches

Total area . . ¢ . . . + + « %% + . B,38 squars feet
Brlance area (horn talanee). . . . . 0.34 sguars foot
Trin tab area . « o74 . ¢« ¢ . + v o 0,35 sgquarn foot
Distance from elevator hinge‘lihe to
leading edge of wing . . .. . . 21 feet, 1C% inches
Distance fron rudder hlnge line to ‘
leading edge of wing . . . . . . . . 22 feet, 4 lnches
HMaximun fusclage cross-sec:ional o
aren (excluding radirtor) approximate  10.8 square foet

oo

The relstion tetwaen the centrel-stick positien and
the anglos of %he controls 1s shown on flgures 5 and 6.
Pigure € also shows the uwnbdnlance and frietion in the cle-
vebtar syeten #s mocsurcd with the sirpione on the ground.
A stielr force of 2 pounds to the right and 3 pounds to the
left wae reguired to overcome ailceron frietion, The fric-
Yion I1n the rudder linkage varled from 7 pounds near tho

neutral position to 20 pounids near the limits of the rudder

tr voel,
INSTRUVENT INSTALLLTIOK
Itews nessursd . o NaCh instrunconts
T"_I (] T PR . . . . PO . . . -“ - . e .. PR . = timer
A*rrnced s s e o+ s« s s+ s s s s s « alrspeed recordor
sltions of %he *nree control
‘urfacuu ¢ ¢ + s+ + s s+ s+ & . + control-position rocordor

R0lling velocity o+ & . o+ . + . . argular-voloclty reccorder
Hornanl, longitudiual, and

icteral accoleration , . . throo-component acceleromoter
Angle of sidoslip * & s+ e.s s + 2+ + « vrecerding yaw vano
Anglc of bank or plteh . . . . . . reaecording inclinonmoter
Rudder or oclevator fereoc . . . . . control-forcec recorder

Tho airspcod rocordor wns coanceted to a swivellng
pltot-static heand, which was frec to rotate in piteh but
not in yaw, locntod on o boou cxtonding a chord longth



ahead of the right wing tip. The yaw vane was located st
the end of a2 similar boom on the left wing tip, as shown
on figure 4. It was bPelleved that angularity of the flow
8t thils point might cause some arror in the rczorded side=~
s8lip angles, TFor this reason, another recorder was mount-
ed on the right wing tip and the angles of the two yaw
vanes were recorded simultaneously in flight throughout
the speed range under varloue flap and power condltions.
Bacnuse of symmetry of the airplane, one-half the differ-
ence between the readings of the two yaw vancs was takon
to reprosent the correctieon to apply to each yaw vane,
This corroction lias boen applied to all of the rceordod
valucs of sidesllp angle. Thesc values are theroforo
telieved to roprosen% the actual angles of sideslip of

the thrust axis. Tho differepnco betweon the readings of
the two yaw vencs was about 3 with level flight power

and 2 with power off. Tho vanoce showed the flcw to be
eonverglng toward the fuselage.

All the recording instrumentes woroe synchronized by
the timcr and tkhe records were obtaincd photographically.
Zlevator and rudder forces worce determined by reeording
the tension in the contrel cables. Aileron forcos wore
measured by means of a visual control-force indicator
that rested ngainst the top of the control stick.

The instrunment recording the angular position of the
three control surfaces was attached to the contrel link-
ages nocar the cockpit. Teste made on the ground showed
that errors in the recorded nngles due to stretch in the
control system were small enough to be negligidble in the
case of the elevator and rudder controls. 4 slight amount
‘of flexibility was noticeadle in the nileron system but,
Inasmuch as no simplo means was availadle fgr determlining
the error introduced, no correction wns applied to tho re-
corded alleron angles.

ATRSPEED CALIBRATION

The readings of tho pilot's metcer as comparcd to the
correct iIndicated nirspced in the cruising, gliding, and
landing conditions of flight =rec nlottod on figurs 7.

The correct srccd was determined by flying in formation
with another airvlano, The calibration of the airspeed
rocorder in the latter airplane wns made by the use of a
trailing airspeed head. The installation of the airspeod
indlcator in the Spitfire consisted of a pitot-static head
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located balow the left wing slightly ahead of the ailero¢n
hings, as shown on figure 4. The installation gave al-
most correct mensurements at high speeds but showed a
speed about 10 niles per hour too low near minimum speed.
In addition to this error, the reading was affocted by

the angle of sideslip. Tae 1ndicator read too low a speed
in left sidoelips and too high n speasd in right eidoslips.
This fact wns determined by comparison of the pilot's in-
dicatod spesd in sideslips with that recorded by the pltot
head loecatod on the boom ahead of the right wing tip and
deponds on the assumption tkhat the airspsed head on the
toom was affeected in the same wny by sidesliip to clthoer
Sido.

TESTS, RESULTS, AND DISCUSSION

411 of the flying-qualities tests were made with the
center of gravity at n distance of 31.4 inches behind the
lending edge of the wirg at the rcot. The mean aerody-
namic chord of 85 inches was computed to be 4.80 inches
back of the leadlng sdge of the wing at the root. The
center of gravity wae therefore nt 3l.4 percent of the
mean aerodvrnamic chord. Becaiwso no accurate drawings of
the Spitfire werc available, the caleculated locatlon of
the lean asrodynanle chord nay be sosecwhat in error.

The center-of-gravity location with full mllitary
load 12 not known. Thoe airplane, howaver, ng walghsd with
a 140-pound pllot mnd =ll known itens of nmilitary equip-
nont oxeopt ammunition in place had a welght of 6014 pounds
and a centor-of-zravity location 31.1 inches behind the
leading odge of the wing. The addition of anmunition 1s
rot belicvod to chango this center-of-gravity location ap-
preciably. The welght of the airplanc as flown in the .
tests with instrunents and bellast added to roetaln the de-
sired center-of-gravity position was 6184 pounds,

Longitudinal Stability and Control

Characteristics of uncontrolloed longitudinal motion,.-
O0f tho two types of control-free oseiliation, only the
chort-poriod oscillation is dealt with kerc, as proevious
tcsts have sliown that the charncteristics of tho well-
known long-veriod (phugoid) oselllation hnve no correla-
tion with the handling qualities of an airvlarno. The
dogree of danping of the short-perioed oscillation was in-



vegtligated Dy suddenly deflecting the e¢levator and relass-
ing it in high-gspcod lovel fligut,

atlon of elevator angle,
was recorded,
shown in figure 8,

cration

nauvar isg

ter onu

roaforonece 1.,

alevator force,

Tre subssquont vari-

snd nornal accel-
A tvpiecal tinme history of this na-

The varistion of olevator
angle and nornal acceleration conpletely dlsnppoared af-

cycle, and thereby satisficd the requlrenent of
Tho oscillaticn wrs satisfactorily danmped

in spite of tho fact thet tho anss unbalance of tha eleva-
tor gliown on figure 5 would bse expected to reduce the

donnping.

The longltudinal randlling characteristics of the

Spitfire woere observed to be poor in rough alr.
~ttributed to the airplane's neutral static
gtatility nnd relmtively light wing londing,

hanvior was
longitvedinal

This be-

rother than to the characteristics of 1ts control-free
shert-period oscillation,

Choracteristics of tae elevater control in steandy

flight.-

The

static longltudinnl

stnbility of the Super-

nnrine Spitfire airplane was measured by recording the
control forces and positions in steady flight at various

apeeds in tho

followins conditions:

Condition

S WS

Take-o[f
Climbing
Cruising
Gliding

Lianding
apnroach

Landing

Manifold pressure
(in. He)

WY (7 1b/aq in.
Dooat)

Wb {7 1b/5qg in.
boost)

7.5 (3% 1t/sq in.
Dnoat )

throttle closed

22 (=% 1b/zq in.
boost)
tlirottle closed

Engine
epeed
{(rom)

2850

Flap 'Lanﬁing—Tﬁadiator— Hood
posi~| gear shutter |[position
tion ‘mosition| position

Fhaéhm dd;; open open
up up open cloced
up up flush cloged
up up ¢losed]| closed
dowvn | down open open
down dovm closed] open

The rasults of these tests are prosented 1n figures

9, 10,

and 1l.

e coneclusions rerarding the elevator con-

trol characteristics in steady £light uny be sumnarized as

follows:



1, The stick~fixed longltudinal stabllity in the
gliding condition was neutral, as shown dy the fact that
no chnange in elevator deflection was required to trin
throughout the unstalled apeed range. The stabllity was
essentlally neutral in all flap-up, power-on condltions of
fl1ight except at low speeds, where some renrward notlon of
the stick occcurred. This npparent positive stabllity at
low speeds with power on while stilll well nbove the stall
was caused by the elevator deflaction dus to eldeslip, be-
cause sone left sideslip was found to oceur at law speeds
in streight power-on flight with the wings level. Scatter
of the pointe in the plotted data nmay likewlae be atitributed
to an inconsistent variation of sldeslip angle with alrspeed.
The variation of elevator angle with sldeslip will be fur-
ther discussed under the subject of pitching moment due to
sidealip. 4s the curves of figure 11 ghow, the Spitfire
displayed stlickafixed instability in the flap-down condil-
tions of flight with power on or off, It is concluded that
in all flight conditions, the Spitfire falled to neet the
reguirenents for satisfactory longitudinal stability stated
in reference 1, The upwnrd travel of the elevator 1n the
powcr~off conditions near mininun speed resulted from de-
creased downwash at the tall ecaused by separation of the
flow =% the wing root. This phononenon is explained in
the report on stalling characteristics (refcrence 2).

A gsinilar Increase in elevator angle was required 1in
the power-on conditions of flight near nininun spesed. To
sepnaration of flow frou the wing root was obgerved in
thege condiftions, but the elevator deflection due to side~
slip is sufficlent to account for this elevator motion,

It is probable that ssparation of flow over the yawed fuse-~
lage was reosponsible for the large up-elevator angles re-
quired in sideslips, '

2. In splto of the neutral stick-fixed static sta-
bility with flaps up, the airplane had a slightly stadle
stick~{orce variation with alrspeed throughout the epeed
range {(fig, 9)., This stablo stlck-force gradient is at- .
tributed to the undbalanced elovator, If a completely
nass~balanced elevator had been employed, the stick-force
varintion would have becn slightly unstable, a condition
conslistont with neutral stick-fixod stability. In the
fleap-down condition with power on, the stick-forcec varia=-
tion for the trin-tad setting usod was unsbtadle and, with
pover off, tho stick-free stability wns neutral. If the
airplane had been trinied for gere stick force at low
gpecd, the variation might have boen slightly stable with



power off and about neutral with power on. In all ¢ordi-
tione an incroascd pull force on the stick was required
near the nainimun spead. This incresased pull force sorved
8 a desirable stall warning., It was associated with the
soparation of flow at the wing root ard the up-clovator
anglos requlred =% the gtall,

3. The friction in the elevator systel: was such that
n force of 2 pounds was roquired to reversc tho notion of
the stick, ae shown in figure 5. This friction was snall
cnough that, 1In the flight conditions whore a stable stick-
forece pradicent existod, tno contrel would return to 1tse
trim position,

The offect of friction 1s uot Bhown on the foreo
curves cof figurcs 9, 10, ~and 11, bocause the vidbrations of
the airplanc larprcly olinlinated thoe frictional force whilo
the neasureroents werc belngs taken,

4, The linits of elevator rotion wore not reached in
steady fligut from the minirun speed to the highest speeds
tested. Flgures ¢, 10, and 1l show that in all conditions
only a few dogrces of elevator notion were required to trim
throughout the speed range,

flight .~ The characteristics of the elevator control in ac-
celeratod flight were debternincd fron neasurenonts tnken

in pull-ups and in turns. Tho data obtalned in pull-upe
are presonted in flgure 12. Ti:e historles of reprosenta-
tive turns are shown in figuros 13 to 20,

The =2levator control was found to be powerful enough
te develop clther the maximun 1ift coefflecient or the al-
lowavle load factor nt any spocd. As shown in figure
12(a), less than 5° movoment of the elevator was used in
reaching maximun 11ift coefficient in pull-ups from level
flight, 1In these mancuvers, tas elevator was abruptly de-
flected a small amount and then held fixed with the aild
of a sraduated tape in the cockpit. In pull-ups made at
high speed; the slcvator was always ersed forward before
maximum accelerntion had been developed, 1n ordoar to
avold overloading the structure.

The normal necaleration was obscerved to 1lncrease pro-
grossively wlth clevator angle, though tha range of el-
cvator motion wns so snall that no mensgurenents were made
of the exact form of this variation.
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- The snall elevator travcl roquircd to reach maxinuns
11ft cocfficient was avidont in turns as well as in pull-
vpe, The variatioen of elavetor englo with 1ift cogtfi-
clent 1irn tnrne is plovted ir figure 21(a)., Only & up-
clevator movement was required to go from levsi flight at
a X1ft cooificiont of atout 0,3 to the first sign of the
stall, This movecment corrosponds to a siick dofleetion
of 3/4 inch. This dogres of stability is far lowoer then
the ¢ inches of rearward stick movemont rosquired in refcor-
oeneco 1,

The Spitfire airplane had the unusual qualidy that
allowed 1%t to ba flown in a partly stalled condition in
accelorated flight without becoming laterally unstable.
Violant buffeting ocenrrsd, but the control stick could bs
pulled relatively far bock after the initial stall flow
breakdown without canusing loes of control. With the gun
ports open, laternl instadbility 4n the form of a right
ro%l oceurred, bdut not until an up~elevetor deflection of
10" had been renched and unmistnknble warning in the form

of buffeting had oceurred, This subject 1s discussed
‘more fully in reference 2, '

. Phe execllont stall warning made it sasy for the pi-
lots to rapidly npproach maxinmum Llift coefficient 1n a
turn en long as the spced was low enough %o nvoid unde-
sirably large accelerationsg ~t maximum 11ft confflclent.

Tie excollent stall warning possessed by tho Bpitfire
wns obtninsd at the cxpenge of a high maxinun 11ft coof-
fiecient, The maxinua 11ft coofficient in nccalerated
flight wae 1.21, while the svernge 1ift cosfflceient Shrough
out a astallcd turn was uveunlly about 1.10.: '

In turns ot spoads high enough to prevent roaching
naxinum 1ift cosfficient bocause of the oxcossive accelerw
ations involwved, the asunll statlc longitudinal stabdllisy
of the Bpitfire cavsod undue goensltivity of the normal
acccleration to snall movemsnts of the stiek, 4s shown
by the time hietorics of kighe~spoacd turns (figs. 15 to 18),
1t was noccssary for tho pllot to pull tack the stick and
then case it forwnrd almost to 1ts original position in
ordor to onter a tura repldly withoit overshooting the do-
gired norunl nceoleration, Altkough this vrocedurs ap-~
pears bto come naturally to a ekillful piloks, flight rocords
from other alrplance show that a turn ay be cntercd rapid-
ly and the desirod nornal acceleratiol may %o held con-
gtant by o slngle rearward motion of tho stick provided
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the strtlc stadility of an alrplanc 1s sufficlently largo.
By earoful flying, the pilot was able to mnke snooth turns
#t high speed, as shown by figures 17 and 18, OCrdinarily,
howsver, sunall =ovenents of the stick causecd appreciable
variaticns 1n the rormal acceleration, as shewn in figures
15 and 20.

The varintion of stick force with normal acceleration
in turns is plotted in figure 2L(b). The etick-foreco gra-
dieaxt of 5.0 pounds per g was considered a 1little too
light by nost of the pilots., It is lower than the value
of 6 poundse per g reconuendoad =& an upper .linit In ref-

"erence 1, Inmenuch as the slevator mass unbalance under

static conditions gave a force of 4.0 pounds on the stick,
1t 1s apparent that the stick forece rcouired 1in acceler.-
ated flight came nlmost entirely from the statically un-
balanced elevatcr, Practically no stick foree would be
required Iin turrns if tke elevatsr were mass balanced.

This suggests that the airplance would appoar dofinitely
unstable in turnsg if the clevator worc mass balancod, as
is rogulrod for flutiter provention on Amcrican pursuit
sirplancs,

The stick~-forece gradiont measured in pull-ups, shown
on figure 12(b), was in good asreement with that obtained
in turns, The notor would cut out when negative scceler-
ation was experienced in the push-downs required to re-
cover from thess pull-ups.

The averago eslevator angle required tc make a thres-point
landins was about 8.47 up with respect to the thrust axls.
The slevator angles used at contact in individual landings
varisd over a range of 10°, partly because tall buffeting
causzd tine elevator to oscillate snd partly because the
pilot had continually to apply correctionsg to the angle of
pitch of the airplane because of the lack of longitudinal
stavility in the lending condition. The selevator anglo
required for threc-point contact was always well within
the availavle ran:so.

The average value of the alevator angles used 1in
thros-noint landinge was 12° higher than the clavatoer an-
gle rocqulrasd to rcach the minimum specd in a gradual
stall in tho landing condltion a% altitude, The airplane
could bs flown, howovoer, in a partly stalled conditlon at
altitude with the stick full back, The reoduction in downe
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wash at tho %81l caueced by separation of the flow at the
wing root was probably combined wilth that due to ground

"effcet in the thrce~point landings. A timo history of a

three~point landing, shown in figure 22, 1llustrates tho
unetoadinoss of the airplane a2nd controls as the landing
attltudo was approachod, :

The stick force reoguircd to maks a throc-point land-
ing was much legs than the value of 35 pounds rocemmended
as an upper limit 1n referecnee 1, 3By use of the trim tadb,
the foreco could be reduced almost to zero.

Choracteristics of the clevntor control in tako-0ff.=
The elevator power was adéquate to raise the tail or ad-
just the attltude sngle ag desired during take-off. Figure
23 shows the time hlstory of a talte-off made vith 48 inches
of mercury manlfold »nressure., The time required to lsave
the osround 1in this casc (11,1 soe) does not represent the
minimum peoesidle tako-off time.

Trinm change due to power and flaps.~ Trim changes
cnusod by the application of power or flaps waTe unusually
erinll in the Spitfire, This gunlity 1e highly deeirable
in a fighter—type alrplane, The following tabls shows the
stick-forco changes with a given tad setting requiredt to
paintain trig at 120 miles per hour in various condlitlons
of flight

Pilot's | Correct |
indi- indie Engine [ Manifold Stick
cated | cated Hood |Flaps|Gecr)speed | pressure | Slmt- | force
atr- air- : ‘ -Lers
spoed spaed _ j N
{mmh) (zph) " |{rpm) | {(in. Eg) : (1v)
120 125 - lelosed| wp UP | =—mmm threttle | flush 0
closed _
120 128 closed] up up | 2850 . Iy flush |3 push
120 124 closed{down | wp | 2650 Lh flush 0
120 127 closed) up |down; 2850 | LU flush .| 1.3 push
12 123 closed| up |down| ---- | throttle | flush |1 pull
: ' ' cloged '
120 123 closod|down | wp | ==--= {throttle | flush |2 pull
, closed
120 123 spen |down [down| -~~~ | throttle | eclosed |3 pull
: ' i ' cloged g
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The stick force required to maintain trim while the
flizht condition was changed in any possible manner was
mueh loss than tho value of 35 pounds set as an uppoer linme
it in rcference 1l.

Charncteristics of longlitudinal trimming devige.- Bo-
causc the trim changes required for the differcnt flight
conditions were go snmall, the slevator trim tabds had ample
power to trim the nirplanc at any epced in any flight con-
dition for the center-of-gravity location used in these
tests. In order to dotermino the power of the clevator
trim tabs, meansurements of the elevator forces required
for trin with different trim-tad esettings were made at
varlious speeds, The change in stick force per degree trim-
tab chonge is plotted as a functlon of speed for three
flight conditions in figure 24, The variation of stlek
force with speed for any trinm-tabdb setting may be obtained
by adding to the forces plotted on figures 9, 10, and 11
the force cnused by the change in trlim-tad angle.

Lateral Stability and Control

Chorpcteristics of uncontrolled latoeral and dirsc-
tionnl motion.— The charascteristics of the control-free
lrteral oscillation were detoermined by trimming the air-
plane for stendy flight and then deflecting the rudder and
relensing tho controls. ZRecords were taken of the sub-
sequcnt varistion of sideslip angle. Theso measurements
wore mndo in the eruising conditiasn at 125 and 200 miles
por nour,., The danping of the oscillation satisfactorily
net the requircnent of refercnee 1. At 200 niles per hour,
ocne c¢scillation, and at 125 niles per hour, 1.5 oscillpw
tions wore regquired for tho motion to dnmp to ono-half an-
plitudcs No undanpod short-period oscilllations of tho
controls themsclvos wore obsorved, excopt for a tendency
toward an aileron shake near full aileron deflection,

This type of oscillation 1s not a control-free characteris-
tie and therefore will De discussed under the heading of
alleron~contrcl characteristics.

Alleron-control charactericstics.- The offectivensss
of the alleronsg of the Superrarine Spitfire airplane was
deternined by recording ths rolling velocity produced by
abruptly deflecting the ailerons at various speede. The
alleron angles and stick forces wore noasurcd, It should
be notced that the airplane testod was ocgulpped with notal-
covered ailerons,
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The rosults of these tests are presecntcd in figures
25 to 28, Flgure 25 shows the variation of =vb/2V and
alloeron force with total aileron deflection in the land-
ing conditlioen, and flgure 26 gives these curvesg for level
flight with flaps and gear up at three speeds, Total al-
leron deflection ls defined ag the sum of ths deflections
of the right and left sllerons. The quantity pb/27 is
the hellx angle in radlans described By the wing tip in a
roll, where p 1is the rolling velocity In radlane per
second, b the wing span in feet, and V +the true veloec-
ity in feet per second. A complete discussion of this
eriterion for alleron effectiveness 1s givern ip refersncse 3,

The allerons weroc sufficiently effective at low speeds,
and were reolatively light at small deflections in highe-
speed fllght, The foreces roaqulired to obtain high rolling
veloclties In hishespeed flight wore considorod excessive,
With a stick force of 30 pounds, full dsflection of the
ailerons could be obtained .only at speeds lower than 110
miles per hour, 4 valune of pb/2V of 0.09 radian in left
rolls and 0,08 radian in right rolls was obtainod with
full defloction, A rolling volocity (st 6000 ft altitude)
of about 59° per socond could ve obtained with 30 pounds
stieck forece at 230 miles per hour indicated speed.

The ailerons were relatively light for small deflce-
tions, but the slope of the curve of stiek force agalnst
doflaction incrcased progresslvely with defleetion, seo
that about five times as much force was roguircd to fully
dofleoct tho ailcecrons as was nceded %0 rosch one-half of
the maximum travel, Tho effectivencss of tho allerons 1in-
croased almost linearly with deflection all tho way to
the maximun position, The valuc of pb/2V obtailned for
2 glvon ailoron deflection was nearly the same in all tho
gpeecds and conditions tcetod. It may be concluded, there-
fore, that there was very littlec reduction in aileron ef-
fectiveness either by separation of flow near mininum
speed or by wing twist at high spesds.

Figure 27 shows %he alleron deflection, stick force,
and helix angle obteined in s series of rolls at varlous
speeds intended to represent the maximum rolling velocity
that could be readily obtained. The pilot was able to 8X-
ert a maximum of about 40 pounds on the stick, With this
force, full deflection could be attalned only up to about
130 miles per hour. 3Beyond this speed, the rapld increase
in stick force near maximum deflectlon prevented full mo-
tion of the control stick, Only one-half of the available
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deflection was reached with a 40-pound stick force at 300
miles perinotvr, with the result “hat the pb/2V obtainadle
at tlis spred wans reduced to 0.04 radian, or one-half that
reached at low speeds, ' : '

inother mebthod of presenting the results of the

alleron-roll measurements is that given 1n figure 28, where
the force for different rolling velocitles 1s plotted ae &
function of speed. The relaetively llght forces resqulred to
reas: spall rolling velocitles are readily seen from this
figurc, The excessive forcce required to roach high roll-
ing veclocitice and tho Impoesidlility of obdtaining maximum
alloron doflecticn much abave 140 milos por hour arc also
1llustratod.

The atlcroms fallod to moct the reguirement of refer-
encs 1, which states that & value of pb/2V of (.07 redi-
an should be resched with a stick force of 30 pounds at 0.8
of the maximum level-flight indiceted spoed, or about 230'
miles per hour in this case. TUnder these conditions, a
valua of pb/BV of only 0,051 radian wasg attalned.-

. The pilcts observed an ailleron shake near full deflec~
tion. Thils shaking of the control system is attridbuted %o
senaration of thc flaw from the projecting Frise balance on
the lower surface of the upward-deflected aileron., The
shaking was not perticularly violent or objectionadle on
the Spitfire. This phenomenon has caused trouble, however,
on airplanves with more flexible control systems.

Yaw _Sduc to silergng.- Irn ailoron rolls made at 110
pereent of the minipunwm dpood wilth full alleron deflection
and with the rudder fixed, abdbout 18° sideelip was devel-
opcd. The r%qu; cment of referencc 1, which states that
lecss than 207 sideslip shall bo aaveloped in this maneu-
ver, was btuaoreforc met, :

Rolling moment duaﬁgo sideglip.~ The rolling momont
due to gideslip of the Spitfire a2irplane was determined by
recording the alloroen sngles roguired in steady sideslips.
The results of shoso moasurements ars presented in figures

22 %o 34, where the rudder, elovetor and aileron angles,
angle of bank, and rudder foreco aroe nlotted as functions
cf the eidoeslip angle, The dihedral effect was stadlc in
ell condltiors, with the exception that in loft sidcslips
in the ecrulsing condition the dihodral e¢ffoct was practi-
cally neutral. The reguirement of roforoence 1 was thero-
forc met in all conditions oxccpt in loft sldeslipes with =
power on. ‘
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A further indication of the relling moment due to
#ideslip is given by the rolling voelocitios caused bdv ab-
rupt dofloctions of tio rndder {figs. 35 and 33). Thno
airplene always rollsd in the correct direction. The roll-
ing momecnt due to yawing veloclity is combined with that
due %o sldosllp in these sests.

The stielk foreec in sideslips was not recordcd, but it
was observed that in conditions where the dihedral offect
was stable the stiek tendod to rcturn toward neutral whoen
releascéd, ‘

Budder control characteristics.-~ The ruddor control
characteristics were investigated 1n steady flizghkt, in
gideelips, and in abrupt rudder kicks. In the ridder kicks
records were taken of the rudder force, rollinz velocity,
gldesllp angle, ~nd normal acceleration resulting from abdb-
rupt defloeections of the rudder., The results of these tests
rre presented on figures 35 and 36.

& sldeslip angle of about 25° resulted from abrupt
maximur deflsetion of the ruvdder in the flap-up condition
at low speeds. ©Since thle sideclip angle excseds the side-
5lip cmusocd by full ailleron deflection with the rudder
fixed, the ruider control is believed to be sufficlently
rowerful to overcome the ndverse alleron yawing moment.,

Thre initlal values of rudder force in ruddser kicks,
plotted in figures 35 and 6, show that tho rudder was do-—-
8lrably 1lleht. The Tiloating %endoney of the rudder crused
the pedal forece to drop to ebout one-third of lts Initial
valuo after the sideszlip had burilt up. Yo reversal of rud-
der forco over occcurred, however, The ronulroment of ref-
crenco 1, which states that left rudder force should al-
ways ve roqulrod for left rudder doflections and right
ruddcr foree for right rudder defloctions, was thorcfore
satisfiod, '

Considerable deflection of the rudder to the right
wns requircd in the power-on conditioens 1n stendy flight
nenar minimum epecd as shown on figures 9, 10, and 11, The
limits of rudder travecl were nover cxcceded, however, The
rudder deflcecticn is necdocd partly %o offset tho yawing
moment caused by angularity of thoe flow duc to the slip-
strenn, and partly to balance thoe left yawing nmoment eof
the propeller ftgslf that resulfts from the high angle of
attack of the propeller axie., The sldo force on ths rud-
der noecessary to malantesin souilidrium of yawing moments
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about the ccntor of gravity, together with the side force
on thae tilted propoller, are belicved to be responsible
fer the apprecinble aumount of left sideslip which wns ob-
served to oceccur In low-spoed powcr-on fllght with the
wings laternlly leval,

The rudder forces roquired for irim throughout the
speed range with thoe rudder trim tab neutral arc pleticd
for tre gliding and cruising conditions on figure 9.
Theso rudder foreccs were unusually light.

The rucdder control, in conjunction with the brakes,
was sufficiently powerful to maintain dircctional control
in take-o0ff and I~nding. A timo history of a take-off
(f1z. 23) chows that some ruddor defleoction was roquirod
to overcome £ t¢ncdoncy to turn to thoe left., Tho rudder
foreo regquircd For tilse purposc, bowever, was observed to
be roletively lizht,

The rudder fercos reoouired to ovorconmo advareo ai-
leron yaw ond to mointsin ullect onnl control in tako-off
snd lending provebly never exceeded holf the valuc of 180
pouiads specified re an upper 11 it in reference 1. HFo lan-
vestigetion of tle effectiveness of the rudler in recov-
erinz frox smins was attempted.

Towlos momert due %o sideslip.- The yawing monent due
to sideslip is indicated by the rudder deflections re-
guired in stendr sideslips (fizs. 29 to 34). The direc-
tion~l stability was satisfactory in that the rudder al-
ways noved in thoe correct directiion in sideslips., As pre-
viously stntel, the dirsctionnl etability was sufficiernt
to restricet the nw due to ailzrons to the limits specifiesd
in vaference 1.

The yrwing s.onent duvas to sideslip with rudder free

1s shiown by the arlwtion of rudder rorce with sidesiip
gle in steady sideslips. The slone of the curve of rud-

der force anmalnst angle of sideslip was alwnys steble,
though 1t wrs very smaall for sinll nngles of sideslip.
The increass of rudder forece regquired ot large angles of
sideslip insured that tle airplanc would alwsays tend to
returr to zero sidesllp 1f the rudder wore free, reagnrd-
less of tho rnasnitudo of bthe sidceceslin snglos,

Crosg—wind.-force charrctoristics.~ Tho eross~-wind-
force characteristies of the airplene arc shown by the
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snglos of bank required to hold steady sldeslips in the
varions flight conditions (figs. 29 to 34). Tho anglos
of bank were small at low speeds, but they inereased rap-
idly with speed bocause the side force for a given side-
8lip angle varios erpproxinmately as the sgurrc of the
specd, The Spitfire showed 2 slightly smaller slde-force
gradient than any o¢thor pursult-type airplane tosted pre-
viously. A larger side-force gradient would seem to he
fesirnble because the pilot would find 1t easler to maln-
tain unyawed flight 1f a largs angle of bank were requlread
to sideslip.

Pltching morment Adue %0 sidoslip.— Tho pitching monont
due to sideslip is shown by the variation of elevator an-
gle wlth angle of sideslip in the stendy sideslip measure-
nents (figs. 29 to 33; and by %the varilation of normal ac-
celeration with rudder angle in the ruddor kicks (figs. 23
and 368). The Spitfirs showed a tondoncy to plich down both
in loft and rizht sidesllps, In powor-on flight, this air-
plane 7riled to wcet the requirement {(referonce 1) that
less then 1° change 1n elevantor sngle should roceompany 5°
deflection of rudder. A4s shown on figure 29, laft sideslip
occurred in the frim condition with wings level, and at
ls sildesglip anzle the elavatoer engle increasscd apProxi-
nately linearly with the left sideslip angls., The sintic
longitudinnl-stndility wmeasurcnents indicated that the
giceslip iwnercnsed as the specd was raduced until 1t reached
about 10°% at the stell., The clevabtor angle required for
this sicdceelip conpletely overshadowed nny clevator motion
reauirod to chaonge snood in unyawod flight, The increascd
up~clevater rngles encountercd at low specds In the cruisw
ing conditior theroforc do not roprescnt statlic longitudi-
nnl stability, It is doudtful thot this tyme of variation
of elecvator angle with spead 1g nelpful to the pllot in
nnintalining a fixed trin speed. Turtherrore, the statie
lodglitudinnlestability characteristics recorded vy ftwo
pilots might disngrec considoraply, becausc sligit corrors
In holdlng the winge level would result in appreciable
differences 1in sideslip nngzle.

The violencs of the pitching notione of the airplans
in rudder kicks 18 shown by the varlation of nornal accelw
erntlion with rudder angle {(fige. 35 and 36). Because the
large nccelerations made it dlfficult for the pilot to
hold the elevntor anglec constant, the normal acceleration
plotted on fthege Tigures may be partly the result of ole~
vator motlon., XNaverthcless, the mlotted values give a
aunlltative 1den of the pitchirg notione caused by rudder
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3. The stick-forece gradient in mansuvers wasg 5.0
pounds per g. The reouirement for a force gradient of
less than 6 pounds por g vwas thorefore satisficd.

4, The etick motion roquired to stall in maneuvers
was 3/4 inch. This value is much less than the 4-inch
stick travel recomrmended for satisfactory flying quall-
ties,

5. The elevator control was adequate for landing
and takc-off.

6. The longitudinal trim chnangoes due to changes in
cngine power, flan position, or landing~gear position
werc ocxcepbtlonally emall.

7. The power of the elevator trim tabs was adeguate.

8, The damping of the control-free lateral oscillaw
tion was satisfactory. o undesirable short-period lat-
eral oscillatiocns were noted.

9. The nileron control wes adequate st low speeds
but uvnsatisfactory at high speeds because of the excessive
stlck forces required to obtain higk rolling veloclties,

10, Ailercn yaw was wlithin the lilmite specified as
acceptadble,

11. The dikedral effeet wrns strble cxcept in lefd
sideslips with power on, where it was practlcally neutral.

12, The rudder was sufficlently powerful to offsect
alleron yaw and to wsaintnin directional control during
landing and take~off. The rudder forces required wero
well below the upper limit of 18C pounds speclfied.

13, Directional stabililty was satisfactory.
14, 4 largoe pitching moment due tc sideslip existed.

15, The stalling characteristics in necrmal flight or
in mnneuvers were exccllent though the maxlimum 1ift coef-
fieloents were low. XNo undesirable ground-locping tendon-
cies wcocre roted.

Langley Mezorial Aeronmutical Laboratory,
Fotional Advisory Committes for Acecronautics,
Langley Field, Va.
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WACA Fig. 30
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Flgure 30.~ Stoady sidoslip charactopristics in the gliding condition
(flape up, goar up, powor ofi) at 107 milce por hour.
Supermarine Spitfiro ailrplano.
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