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CALCULATED AND HEASURED TURNING PERFORMANCE
OF A NATY F2A-3 AIRPLAWE
AS AFFECYED BY THE USE OF FLAPS

By Lawrence A, Clousing, Burnett L. Gadeberg,
' and Williaw M. Kauffman

SUMMARY

Results of flight testse tc determine the turning per—
foraance of a Navy FRA~3 airplane over o speed range of
approximately 90 %o 180 miles per hour for three flap de—
flections at two altitudes are presented, In general, for
horizental turns, the use of the standard airplane partial-
span split flaps does not appear desirable for this air-
plane. Tor turns involving a loss of altitude, the turning
radlus is decrensed by the use of the flaps.

The results of the flight tests have been correlated
with an analytical study of turning performance in which
the effect of thrust cn maxlimum 1ift coefficient was con—
sidered, It was found that thoe turning verformance of an
sirvlane can be caloulated with satisfactory accuracy by
the method described,

IHTRODUCT ICH

In order %o arrive at a descriptive eriterion of turn—
ing performance, scveral pertermance characteristics must
Ye considered, The radius of curvature of the flight path
descrived by thie airplane, the time to turn Jhrough a given
azinuth anglo, and the loss of altitude in a given turn may
bo concidered to be of paramount importance, since these
arc neasures of the tightness of the turn, the rate of turn,
and the ability of a combat plane to malntain or gain an
altitude advantage over the oprponent.

In previous methods of calculating the turning per—
formance of alrplanes, the effect of thrust upon the maxi—
mui 1ift coefficieont has veon neglected, and measurenents
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made in thie present invostigation censcquently show a

meor correlsticn with such caleculoticns. In addition,
tlie information availlable concerning the effoct of flap
deflection uron the turning performance and the effceet

of thrust umen the moximum 13ift coefficient has been in-—

adegunte for npplication to an actucl mroblem, Conse—
gue utlf, vhen tize Bureauw of Asronautice, Tavy Department,
recucsted thnt £1light tests be cnrricd cut to determine
the turning vorformence of a Favy FRA-Y sirplane (o,
015318}, in nddition to the tests for this snecific pur—~
npose, tests to deteramine the polar curves of the airplanc
for various flap defloctions and the effect of thrust
unen tho mexicun 1ift gcecfflcient were nmade. The purooce
o thezo latter teuts wns to eostablish dota necessary to
caleulnte turniny nerformance, The t 8 nocessary to
detormine turning verfernancs itself woere thus perhaps
soacwiant reduccd in nunboer, although they were carrled
out for twe nltitudes and tJree flap deflections.

O

APPARATUS

cescrintion or the Nnvy FlA-3 airclone as flown.—
The Invy F2A-T a*”;lx g tested wrns a f;1f1“~Tl”“e.
single—eongine, nidving, pursuit—tiype, crhntilever mononlane
with retrmctwole lending genr n~nd p"ru; 1—span split fleoos,
& 3

Figure 1 is o three-view drawing, an? Tisures 2 and 3
the ~irplane, with flaps down, as instruaented for the

General aspecificnticens rre as follows:

Airplane . . . . . . . . . . . Tovy J04-3, To. 01516

GZngzine s e e e e e e e e e Jriyht 2 cylinder,
1530~40, 1200 bhy
TH00 rpn and 45,5
inches of mercury nani-
fold nressure for tole-
cfi, 1000 bhp at 23C0C
rpoe and 37.3 iaches of
merevry uonifold pres—
surec ot 6800 feet with
blower in low-gear raotic.
¢Cl bnp ot 2300 rryn ond
«0,3 inrches of nercury
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lean aerodynaniic cherd .o 7A,28 inches
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Lren {ecach) o . . . 0. §.50 savare foet

Chord {na=.) « . « « v « 1.08 Teet
ITHSTRUMENT INSTALLATICH

JACA instruncents voere used to rocard photosraphiically
nt oo function of tino the following werlinbles: alropood;
nornal, lengitudinnl, »nd lateral nceoeloerationsy pres—
oure Aluitude; che~neme of altitude; lonritudinal inclina—
tiony rolling, -y and nitching vo]ocitics; manilcld
prensure); ongine Ivtiong wner minute; wvngine torgue;
and annyoxinote angl Toattack,  Chones L: a21mutn cur-—
ing turns wore deternined by photorrarhing tho reading
of & sbtandard typce Alroetional srrroscon s Dy means of o
notion—nicture coniora which was ronincd with the
other records. : frpoo—nir too ur s owas road frei oo

37

standori—trype wvdiecating thernoneoter,
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er war conncotod vo a freely
atic head, wvhich uns voned to align it-—
seld Yive wind, and was 1rooted on oa boow
axtending about 2 clhiord lengtn shead o thio left wing tin
figs. 2 oand 3), The position ervor t2o airspeed nccd
woes found from F1isMt tests to be neliiosle. The ratos
~ir flow threoug the stotic and toi»1wn“*ssur taibes
were se balanced thnt fTiight dinvoelsing o change in ailw
density would nnt caane an erver Irn rocirioed alrapeed.
To mininize thre olffcveds of oz, the roserlor itself wns

¥
mounted at the bass of the boon.,
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ne directionnld gsyroscepo woan meontoel iz an internally
lighted box, A colibration was upiao oF the error in ozi-—
muth re~ding ereanted by eperatiasy the fisirunent at voari-
ous oagles of bant ~nd piteh., Inasruer o $thae dircctional
gyroeoscone yould not funection promerly wion it was banited
woroe thaon 550, the dnstrunmant wvag nouwnted with an initial
bank of 45 to the right, A1l turns wero then made to
the left, Thun, by uneaging the svroccone In a left fwra,




Just prior to the time of taking rocords, it was possiblo
to obtain largo angles of loft bank without malfunction—
ing of the gyrosconec.

The approxinmate angle of attack was measured direct-
1y by o vane pivoted to align itself, in pitch, with the
reclative wind., The vano was mounted on & beom near the
right wing tip and approximately one chord length zhead
of %the leading edge. Although, duc to the upwash, this
Instrumont d4id not give o true value of the angle of
sgttaciy, the records were helpful in dotermnining the vrox—
imity to the stall durineg the turning mencuvers, The
anglec of attack was determincd more procisely in steady
straigcht flight from data on change ¢f altitude, true
airspeed, and longitudinal ineclination of the airplane.

Deneity altitude was deternined fron the measure-
aents of pressure altitude and free—air temperature, The
general teorm "altitude," as used hereaftery in the teut,
denctes altltude in the standard atnocsnhere as determined
by densidy.

The horsepower Celivered by the enzine was determined

by the use of a Wright engine torquemeter and the revolu—
tions wer minute recorder,

SYHEOLS AWD COoByxICIEETS

o zceeleration, feet per second per second
Cp drag coefficient
Do effecctive profile—drag coefficient

Cy, 115% coefficient

a mropeller diameter, feet

D draz of airplane, vounds

¥ foree, nounds

& acceleratlion of gravity, fect per secoﬁ&‘per.

second (32,2)
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change of absoclute altitude in 360° turn, feet
(£C1q5) /76

1ift of airwnlaene, pounds

effective span loading, pounds per square foot

dynanie pressure, pounds per sguare Toot

(r/2 ovF)

tetal pressure — static pressure, assumed to be
equal to g in this report

patl, fecet

i
b}

odiug of curvauture eof flight

[+

adiuas of helix cylinder, fcoib

aren, aguaro feot

effcetive propeller thrust, nounds

L il O A
time to turn 3607, seconds

truec airspoed, feet por second

+

ol i
vy Ty o= 12.8 Jq )
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o lg
9 in¢lination of flight path to horizocntel, degrees
I angle of c¢lind in straight flight, degrees
o ratio of air densify at altitude to standard

air density at sea level
p angle of bank, degrees
uw - angular velocity, radians per second

SBubscripts:

il horizontal

L longitudinel

4 straight flight
n nornal

t turning flight

TELORETICAL COUSIDERATION OF THE CALCULATION

AND UEASURZLENT OF TURVIVG PERXORIANCE

Throughout this rewnort, the term "radius of curva—
ture" i1s wused in preference to the tern "radius of turn,"
gince sone anbiquity may arise in considering spiral
flight no to whether the term M"rodius o turn® refers to
the rondius of curvaiturse of the flight p-tl or the radius
of the cylinder about which $he spiral path is made. The
relation between the radius of curveturc of the flizht
path and that of tho helix ¢rlinder nay bs shown to te

The formula fer computing the radius of curvature
of the flight path of -n nirplanc in siendy Turning
flight unry he developed as Tollowe:



¥rom Fewtcon's second law of motion,

I = map (1)

Pigure 4(a) shows that the forece wroducing the
horizontal, or radial, acceleration along the Y axis is

F =1 sin o (2)

The axes shown in figure 4{a} and 4(b} are mutually
perpvendicular. The 2 axis is verticnl, and the X axis
lies in the vertical plane of the fli kit path of the a2ir—
plone. The flight path 1s inclined to the X axis at an
sngle @,

The equation for comnuting acceleration from speed
and radiuvg of curvatureo is Tnown to be

v

By = RS (

R

e
-

(1,47 v4)°
T o=
= (4)

Figure 4(n) also shows that

¥, =L cos gy

A ¥,
Ly T W cos 8

hence

L ecos 9 = W coz 2 (5)

e

Substisuting for F and g, the vaolues as derived

Ifrom eguations (2), {8), (4), and {5), =snd plaeing =«
ecusd to W/z end L equal to Op a® gives
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(1.47 v{)*

s 1/2
o‘g[ -EI—'L\ cos” 8:’ (6)

To use equation (8) to predict the radius of curva—
ture at various specds, certain informetion about the
alrnlane must be available. This includes such items as
weight, altitude, horsepower, revolutions mper minute, and
the 1ift—drag characteristics of the airplaone, or at loast
sufficient of ites geometry to estimate them.

In considering tho application of ocguation (6) to
the crleculation of the mininum radius of curveture, it is
apoarent that the minimum radivs of curvaoture at o given
suoeed will be obtainced st thoe maxinunm 1ift coofficient.
The maximwa 117t coofficicnt atitainable is dependont upon
the thrust which is being delivored, and thus the varia—
tion of Cr,. .. with thrust cocfficient uust bo available.

Inowing the variation of thrust with airspecd for the
spoecificd conditions, the variation of the maximum 1ifd
cogfficient with airspoed for those conditions can bo com—
rutoed.

The angle O is ogual to sin [(E——— /1 o | Wi

it is ncecosary to lknow th for tho snecifiled condi-~

tions ond value of GT .

“nnm

Thile the above indieates the method for calculation
of the radius of curvaturce in turns of minimum radius at
variocuws spocds, formulu (6) can be uscd to wmrcdict the

radivs of CurVaturo ging any value of Cp loss than
R (*. (15
CL.... Tor the spced dcsirced. Since —t— R oa, this
nax & /F n

amounts to predicting turns at various normal accelera—
tions, To dotermino 6 and airplanc vnolar for the speci-
Tied flap condition ic requiroed.

- s - ¢ o -

The time to turn through 260 ° can be found by con—
sidering the space and velocity components in the horison-
tal plane
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Thus

distance _ 2 m r
velocity T cos ©

o
=
o
o
©
[
&

and egquation (4)

a8 Ul/aR cos B
t = (7)
1 - 4 7 “r i

D)

“he loss of altitude in o 360° turn is oqual to the
vertical ccmpenent of velnrcity multiplied by the time to
turn tarougk 0600. or '

4K = 2 m R sin 8 cos 8 (8’

Horizontal turns for the specified conditiens al
varicus speeds may be considered as a special case wihere

.

the flight path angle € 1s zero.

Then
Te"‘Dt
- - = gin 6 = O
and
- T - = {
T =Dy = Cp, g (9)

Enowing the thrust for the desirced sneed, CDt can
be commuted from egquation (&), The corresponding wvalue
of Oz is taken from the polar curve ond substituted in
eqguaticn (6) and the radius of curvature iz determined,

For deriving radius cf curvature Trom observed dota,
Tormulas were developed in which terns readlly deduced
from the observations were involved. In ficure 4(1b), the
alrplane normal and longitudinal nccelern tions an and

"3&

@y, respectively, lie in a plane thrceugh the Ilight nath



and inclined a2t an angle of bank ¢ to the XZ plane.
"The vector ap is the vector sum of o, and a; and,

for steady conditions, must lie in the ZY plane, For
stendy flight, a, mnust lie along the Y axis and is

equal to the vector sum of ag and the gravitatlonal ac-

celerntion g,

Therefore

- g (10)

7 (1.47 75)°
R o= = & (11)
i o LARN
di ik
Sirce
V eos 8 = r w
end
p=1
r = F cos” §
T 1.47 V3
B = = 1 (12)

w cos 6 o /Eu\cos 9

The value w was determined dircetly Trom the
photographically recorded indiecations of the directional
gyroacope, or from the vector sum of the readings of the
three fturn meters which recorded the cngulor wveloclties
about tae asirplane axes, The flight-ath angle 8§  was
doternined with the aild of records of change of altituvde.

Airplane polars.— Airplane wolars for the flaps—up,

22° down, and 56° down (full—down) corditions, with the
landing gear up and the hood closed, vere deteriined fron
& serics of straight flights at altitudes between 4000
and 12,000 feet. These conditions of flaps, gear,,and hood



corresponded to those uszed during the turn tests. Various
powers from practically zero {throttle full back) to maxi-
aun reted were used éuring these tests,

The weight of the airplane for e=ch run was determined
from the lmnown talke—off weight, fuel ccnsumption, and tine
of flight. The hralke horsepower outpud was found from ro—
corded torquemeter and revolutions per minute indicator
reandings. The effcetive thrust was calculated from drake
norsepnower, revolutions per minute, indicated ailrspeed,
free—air temperature, and pressure—zltitude readings,
assuning an effilcicncy curve similar to that of a threo—
Blode 58B8Y~-~9 nromcller. Power coefficient and efficiency
curves for this propeller arc given in refercnce 1. The
flight—path angle 8 was comnputed by use of the readings
of alrspeed and altitude.

Then
W cos B
CLI = "“‘E-é"“““‘ (133
and
Te + W gin 8 ( )
CD = 14
1 qs

Due to the unsteady conditions exicting during the
Palls, it was not possible to determine the drag coef—
ents 2t CLmq»’ However, numerous cftendy runs were

ade st speeds Just nbove the stallin, speed for the vari-
g flon and powver conditiona, and the resuvults were er—
lated to O
.JJr

st

o H

rap

Effect of thrust on GLma"‘# The effect of thrust on

CL wes deterniined from the results ol flight tests
nax

uwhich consisted of »n series of stn2lls with vorious power
conditions from pecwer-cff to full-ratced ower and with
varlous flap defll ctions., The flight tects were conducted
at altitudes betreon A000 and 12,000 Tcet. During the
power—off runs, the propeller was lrced in 2anunl hizgh
plteh and hence dc¢livered praoctically ne effective thrust.
In ~11 of the stollis the nirplanc was pulled slowly fron
stralght flight inte n dofinitely stalled condition,



o corrections werc madd f change in CLmax due Vo
the rate of change of an 1 of autack.

Turns.— Two %types of turns werce nade, and in both

n‘o.wlr lane was yroperlv ‘banked to give no acceleration

alon Lho airplane lateral axis., . In the first type
('u ns at nearly CLT?v) naxinun rated power was applicd,
. Mook

and thie airplane was pulled inte the turn and held at ao
prefoteornined constant indicated airsnecd.. Each turn wvas
“tizhtoned until stall warning iu the Torm of buffeting was
obvained, Alrspeed was held econstant by allowing tho a2l-
titade %o chango. Tho airplanc was then held as steady
afs possible at these conditions vhile the records were
made. :

In the second type {horizontal turns) each furn was
ctarted from straight level flight at the predetermined
indicated airspeed., The turn was tightenced znd simul-
taneously wower was appliad to uwoilntain constant speed
and altitude, until maxinun roted power was developed.
u@lL, rocords were nade while these conditions were held
08 steady as ponsible,

?-1

Soth t"peu of turus were made with flapn settings of
0%, 229, and 5587 within a range of from 90° to 160-niloes
per hour Indicated cirspeeds, =and at alidtitudes of adboud
15,08C and 27,000 feet, The tect conditions of weight,
alt¢uaue, and brale horsepower were held within the fol-
lowing linits :

“urns at noninal altitude of 175,000 feet:
Gross weigﬂtl. . ..} . 8,000 to 5,600 pounds
Altitude . « v v . . . 12,150 %o 14,000 feet

(o0 ©.690 to 0.649)

Drake horsepover . . . 740 to 860

Turns ot non Lnal altitnde of 27,000 fect:
Gross wolght . . . . 5,900 %o 4,550 poundd
Altitude « . v o« . 24,750 to 27,950 feet

(o 0.450 to 0.403)
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Brake liorsepower ., . ., 500 to &60

Though there were slight changes of eguipment welght
between the various test flights, the changes of alrplane
gross welght were due chiefly to fuel consumption during
the flights, The varlations of altitude resulted mainly
from the difficulty of obtalining the desired altitude as
the cverage for the recorded steady portions of the turns.
The wide ranges of brake horsepower arocogse prineipally fron
nechanicel difficulties experienced with the power plant,
Threec different engines were used during the turn—flight
testas, and these engines were found to have different
operatliug characteristics. Thus, wher similar manifoeld
pressures and engine specds were enpleoyed, dlifferent Dbrake
horsepower outouts were obtained from each of the threo
engines, The brake horsepower of the third engine could
only be apyproximated, as the recording torquemeter was neot
installed on this engine.

Due t0 ceccasional creening, somne Cifficulty was ex—
perienced by the pllots in maintaining the flap positions,
Any runs in which the pilot indicated that this had oec—
curred were digarded,

Flight time.— The polar curves were cbtained from 400

runs wihich reguired 20 hours of flying time, A total of
70 stalls was perforned toe obtain the Clp data. Re—

o
cords were taken in a total of 262 turns whieh required 50
hours flying time.

RESULTS AND DIBCUSSIQY

Airmplane molars.- Plots of the polar curves of the

airylane in the form of curves of €1, =sgainst Cp are

shown in filgure 5 for the three flap conlitions tested,
The eguations for the parabolic curves plotted in fisure 5

1 r I 2
are also shown in the figure. .These curves wers derived
from flight—test data by pletting Cr” against Cp for
eacli flap conditicn and drawing o straight line $hrough
the points. The voints plotted in the Torm of C1,® against
Cn showed some scatter, especilally in the aigh CLE regicn.

In thils regicon, however, 1t was difficult to debernmine Cp-
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accurantely from flight nmeasurements becouse of unsteadi—
ness of the airplane, arnd the straight line relationship
ckogen thus seemed to be reasonable and was convenilent

to use, The scatter of the points did not secem to Dbear
any relationship to the variation in thrust during the
tent runs, whiech wvould appear to indicate that the metlhod
used o determine prepeller efficiency and fhrust was eoo-
centable for this airplane and propeller combination,

The curves of figure & apreared t¢ be representative of
the mean relation of OC; to OCp  even when, due tc the

action of ithe propeller, Cr

-

becane greater than tihe

()

maximun for zero thrust

Although the polar curves of the airplane nay bPe
different at various aliiitudes, dus to the effects of
iffercnt values of Reynolds and liach numders, such 4dif-
ercnces have been assuled to be neglirible in the present
avestlgation,

Effect of thrust on The curwves pertalining

n,
; “Imax
to the effects of thrust on

C E y a 3 in f14
Lpax o€ bre anted in fig-

ures 6 %o 15, These curves were derived from flight—test

dota as Tellows. The approximate time of s%alling was
deterrnined by inspectlon of the recovrds for ecach of the
stall runs, and computations of Clp,.. were then made.

The power delivered to the propeller nt the time of the
#tall wos determined from the revoluticms par minute aad
torgueneter indications, and the effective thrust was
computod by the-method yreviously cxplained for airplane
polars. A thrust coefficient T,' was then determined

ty the relation

2 e
o ) 2a” / Te N Te
Te! = a comstant x Tg = —; ) =
5 \'Q =2 s. qS

The variations of chax with Ta' for various flap de—
flections =re shown in filgurcs 6 to 10. Iy plotting
CLyax as a functiocn of Tt instead of T,, the slope
& 15 rumerlcally equal to the ratio of the increase in

el

ift, due to the propeller, to the offective thrust and
is also the value of K used in reference 2.
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Additional information is given in figures 11 and

2. The variation of K with flap deflection shows that
at a Fflap defleciion of approximately 10°, X is a maxi-
L0
acp®
tion is also plotted in figure 11. JFigure 12 is a cross
' dCp

O

mun (fige 11). The change of

e

wvitn flap deflec—
plot of I  against and the resulting curve is
closely approximated by the parabolic equaticn given,

“rom Zigures € to 10, it may be gtecn that

3

Cr = + KT
dmax (power on) CLypax (75 = 2) “;gg

where K is a funetion of flap resition, The feoregzoing
equation and the valuwee of X  which were obtalined fron
flight tests ot relautively low altitudes have been ascumed
to apnly to flight ot all altitudes for the purpose of
this investigation, It should bte realized, however, ithat
in turne made at very kigh a2ltitudes, the changes in llach
and Reynolds numbers nay be large eunougl: to affect the
validity of this nocumption Teo a zounsliliersble extent.

i
-
+
v

Pl

The varlation of CLmat with irdicated alrspeed in
the turns was cnlculated upon the aossumption that the
Raximunr rated povers of the eangiane a2t 13,000 and 27,0CC
feet sltitude were available. Theseo povwers were taken as
900 and 650 brale horsepower, respectively, Using the
same nropeller characteristics previouczly apnlied to the
Flight—test &nta fTor the airplane vpolnrs, and an engine
revolutlions ner uipute of 23C0, curves of thruset against
indlented alresyeed wvere computed nnd nre shown in figure
1d. Znhe nheve dnta were then apnlied %o the formuls Jor
inti

G- . and the var on o C- with indi~
Ymar (power on,/,

1

cated nirspeed waun determ

ine or the twesired flap, power,
and altitude conditione (fig 14 15

L anc

Caleulated furns.— The cnlculated curwos of minimun

- ; o 0 o
radive of curgature, vime %o fturn 33C¢7, and change of al-
titude ia 36807 turns ant variouvs speeds sre shown in iz
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ures 16 to 21. These curves were determined for an air—
plane gross weight of 6500 pounds; flap settings of 0°,
229, and 56°; and for brake horsepowers of 900 and 650
at altitudes of 13,000 and 27,000 feet, respectlively.
Bquations (6), (7), and {(8), and data from figures 5, 13,
and 14 were used in the computaticns as indicated by
sample calculation A& in the appendix,

The radius of curvature and time to turn 360° in
horizontal turrs were also calculated for various speeds
and are shown in filgures 22 to 27. The same conditions
of weight, flap position, power, and altitude were assumed
as in the preceding calculations. Tor these $urns, sample
caleulation B, involving equations (&), (7), and (9)
and dats from figures 5 and 13, is given in the appendix.

Test turns.— Results of the flight tests nre plotted

o5 points on figures 18 to 27 for the conditions indicated,.
The test data were reduced to radius of gurvature, time

to turn 360°, and change of nltitude in 360° turns by the
use of egquabtiens (7), (8), (10), (11), and (12). The
flight—vath angle 8 was determined from the airspeed

and change in altitudo.

o attempt was made to correct those test points to
the conditions of weight, altitude, anld drake horsepower
used for the caleculzted turns. -~ In reading the various
records made in turns, care wans taken to select only those
turns or portions of turns during which the desired steady
conditions prevailed.

During the course of the tests, it was found that the
application of the angular velocity w obtalned from the
photographically recordoed indications of the directional
gyroscope to equation (12) gave the most reliable and con—
sistent results, The test points shoun were evaluated on
this basis, except for a few cases where directional gyro—
scope rocords were not obbtained,

Comparison between caleulatod and . test turns.— The

test points shown in figures 16 to 21 for the radius of
curvature represent the lower boundaries of fields of
points obtained in flight., . Since it is desired to pre—
sent only the minimum values for these tests, 211 of the
test points have not been plotted.
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Figures 16 to 21 indicate that the caleculated mini—
nun radivs of curvature represents the astual optimum
turning adility of this airplane within close margins.
Since the caleulnonted curves were based upon the uwuse of

Cliypecs 1% would be expected that the curves would repre—

sent aobocluate lower boundaries of the radii of curvature.
The fact that come o0f the test points lie below these
boundaries is partinlly due tco the deviations from the
assuaned conditions of weilght, altitude, nnd drake horse—
rower used in the calculations, as indicated in the de—
scription of the tests. ths Giscussion =also applies to
the calceculated and measured values of the time to turn
3607, the ngresment between them beiny sinilar to that
for tie radii of curvature. Also ghowsn oun figures 16 to
2l ore curves of caleculated radiuvs of curvnture computed
n a basis of for Tg = O (neglecting the effect
T

"J

."-‘
: “Llma::

of thrust on Or.,..;, Tor each of the flas conditions,

ma
These curves indicate that th method is too conserva—
tive for ostimating the minimum radius of curvature,

gspeclially in the lov—spoed region, a\f thot the effoct

of thrust on OCp,  _ should be considered, For the

change of altitvdc in 360° turrs, thore is a greater
scatter among the toest points and a srcecaber deviantion
Tfrem the caleulated curves; howevoer, the curves indicate

satiefactorily the relative effecets of flap deflections
and alditude on the leocegs ol altitude in turns,

The test points for TLorlzontal turns, plotted on
figures 27 to 27, represent all turns in wvhicgh the do—
sircd steady coniitions mrevaliled, and there was no
neticeale change of anltitude. It should be pointed out
that the test points do ot rewrcsenu boundaries of a
Tield of fest points, s the ¢asoe for turns at nearly
Crmm In additins to the curves which wore computed on

i O

o’
o

% T 900 and 3Z0 braloe horsegouver, CuUrvot are sShown
8 22 and 25 Tfor computations Dased on 800 and
akze horscepowar, respectively. Those curves illus—
the effect of a reduction of power. Thrust curves
¢s36 lower 7powveors aro shown on i

spaecd at widleh horizontal furn
1

o 8
consntant herscerpcwer is reduced, tho 1iit coe
creases unitil o gncoel is reached at whice

nun for that speed. Thus, in figure 22, for 0
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horsepower this speed is 113,58 miles per hour, Figurc
16 also sliows this spmecd os the zero loss of sltitude

turn at CLﬁax for the glven conditions. 4ny turn,
L
even i G“ma y for this brake horsepower and at a sveed

below 113,E niles per hour would be =z climbing turn. To
fly horizontal turns at a lower speed would require a de—
ereasc in power, and the portions of upe curves for
speoelds below these critical speeds in Tigures 22 to 30
have beoen computed on the basis of this decreasing power
cguired, For the conditions of figures 26 and 27, aw
speed is reduced the minimum speed for level flight (in—
finite radius horizontal turn) is reached before the
1ift coefficient becomes a maximum, and hence it is not
posslble to fly a norizontal turn at for there

conditionsg.

~
Vimax

The test points and the caleulated curves for the

radius of curvature in horizontal flight ot 13,000 feeot
altitude for the various flap conditicns are in close
agreemncent, »s shoyn in figsures 272, 23, and 24.

The horizontal turans at 27,000 feet altitude (¢

28, 26, and 2%) show sgrester SCJ@ er of the test po
sspeelally for the flape—doeflscted (high drasg) condi
At these conditiors ond where the apirplane aprroached

ivs celiling,; the offcets of slight changoes of power out-—
put, or of unsteady atmospherle conditions, were nccentbtu—
2ted. Small changes of angle of bani in sinilar turns,
while giving no noticcable lateral acccleration, had o
Large cffect uyon the radius of curvature, as did slight
variations of piloting technigue, It is ﬂ]vo nossidble
that at this altitude the actual 1ift =nd og charachter—
ietics of the alrplane varied somewhat from the 1ift end
. drag characteristics obtained at lower altitudes due 1o
tlhe difference in Hach numbers for {the different altitudes,
Pespite the scatter of the test woints, the calculabed
curves for fipures 25 and 26 represent cloaely the mean
curves fhrough the test points and herce may he cons idered
indicative of the performance ol the airplane. For the
fleps 3€° down condition (fig. 27) there was a relatively

H- th

1

o

L ]

1

simall amount of power availadle for rmaneuvoring, and the
effects of the above-menticned ('ifiGuLtieH woere &0 great
that it was impossibdle o ohtain consintent tcst points
establishing the turning performance ov veriiying the

calcilaticns.
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Phe time to turn 360° in horizontal Tiight (figs, 22
to 27), as shown both by the test points and the calcu—
lated curves, varies in a manner sinilar to that for the
corrosponding value of radius of curvature, since in equa—
tion (7) cos 8§ = 1 for horizontal turns.

Airplane turning verformance as affectoed by flaps
and altltude.— The calculated curves will be used as the
basie for further discussion. These curves are rreferrecd
since they are based on standard conditions of wedight,
altitude, and power output; whereas, curves that might
have been drawn through the test points would have repre—
sented somewhat variandle conditions.

An examination of figures 106 to 21 shows that for
each of the specified condtions, the minimum radius of
curvature is practicanlly constant for indicated airspeeds
above 100 miles ner hour at 13,000 fesot altitude and above
110 miles per hour ot 37,000 feet altitude. The time %o
turn 360°% decrensss as speed increases, bub at a sacri~
fice of altitude. This loss of altitude in 360° turns
varles approximntoly linenrly with the airspeed, and for
the same density altitude the curves for the different
flap deflections are nearly parallel.

Compering the results for the variouw flap deflec—
tions at 13,000 feet altitude (figs. 16, 17, and 18), an
inerease of flap deflection results in a decrease of the
minimum radius of curvature and the tine to turn 360°,
buf with an additional sacrifice of altitude. The initial
22° flap deflection has a greater effect than.the addi-
tional 34° deflection which vroduces the 56° down condi—
tion., At 27,000 fect nltitude (figs. 19, 20, and 21),
the same relationsiing between flap conditions apply but,
for a given flap retting, the absoluto valuoes of radius,
tine, and change in altitude aro greator ot the higher
eltitudo. Examining equation (6), this increasc in
radius Is seon to Te due to the decrease in alr density

and to the small effact of changes in Cipax ond 8

brought about by the decreased horsepowver.

In the herizontal turns at 13,000 feet altitude
(figs., 22, 23, and 24), there is for cach flap deflection
& horizoatal turn,of miidinun radius wihen the airplane is
flying at Orp,y- This minimum radius and the speed at

which it occurs decroase with increasing flap deflection,
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As previously 'explained, the radii of curvature for speeds
below these critical speeds were computed on the dasis of
reducing power to mesintsain the turns horizontal, Actually, -
it would no doubt be prefernble at these lower speeds to
fly e¢limbing turns at the stall boundary curves of figures
15, 16, and 17. At any speed above about 112 miles per
hour, the radius for the flaps—up conditicn is smaller
than that for each of the flaps—~deflected conditions.
Above 123 miles per hour the radius increases with an in—
crease in flap deflection, and the advantage of having

the flaps up increasdes with spesed. As ﬁ?uViOUolV noted
for tihe horizontal turns, the time to turn 360° varies
with speed in a manner gsimildar to the radius.

For the horizontal turns at 27,000 feet altitude,
(figs. 25, 26, and 27), the flaps—up condition appears to
be the optimum. It is seen that the horizontal turn of
epinimum radius no longer occurs at the speed where C3

reaches the maximum, dut ~t some higher speed, As pre—

vicusly mentioned, CLﬁnk cannot be reanched in horizon—
HaXx

tal turns.for the flaps—down 22° and 56° conditions at
this altitude and, as flap deflection is increased, the
speed range over which hcerizontal turns may ve flown is
considerably decreased, For a given speed the radius of
curvature is always less with Tlaps un (fig. 25) than
with flaps down (figs. 26 and 27). A comparison of values
of the radius of curvature for flaps 557 down with those
for flaps 22° down shows that the minimum radius horizon-—
tel turn is slightly smaller for the 56~ setting, and’

the radius is smaller a2t each speed below 27 mlles per
hour, At higher speeds the radius increases rapidly and
is greatest for the 58° setting, Compareéd to the hori-
zontal turas at 13,000 feet, those at 27,000 feet for the
sanme Tlap position show a much greater rnd*u due not
only to the decrease in air density, dbut 3140 to the lower
brake horsegpower, Analysis shows that flaps can decrease
the radii of horizontal turans only if, over the range of
drag coefficients considered, the corresyonding 1ift co—
efficlents are greater with the flaps deflected.

Alrplane turning perfornance as affected by welight.—
Due to the fact that the gross weilght o the airplane
could not be varied conveniently over o wide rangce, no
flight tests were made to study the effegt of weight on
the turning performance; however, figures 23 to 31 show
the computed effect of an increare and o decrease of 100C




¢
fav}

pounds in airplane gross weight. The curves in these
figures for the standard airplane weight of 6500 pounds
have beern taken from figures 186, 19, 220, and R5.

X8 would be exmected from equation (6), these changes
of weight cause a corresponding substantial change of
radius of curvasture and time to turn 380° in turns at

Clyyn.. (Figs. 28 and 59). The effects of the changes of
<

radius of curvature and flight—path angle are such that
little difference in loss of altitude in 350° turns occurs.

Joxr mort hRorizental turns, Cp is less than maximun

a
and hence, a5 may bte seen Trom an exaniration of the ternm
C1 g8

q.r
L]

in eguation (&), a given changso o welght hae a
greajcr poercentage offect on radius oY curvature than for
turneg at CLH.~- Thisg is especially evident in the hori-—

zontal turns at 27,300 Teet altitude {(fing, 31).

o

diagrams.— Pcr convenience, turn—
ing—nerformance dligrﬂﬂﬁ for each Jlap and altitude condi-—
tion For this sirpleone are presentod in iigures 32 to 37
in the form usz2d in relferences & and 4. Information con—
cerning 22y furn within the limits and ranges of these
diagrame ma2y this be found. Thesze data nre also presented
in figures &2 znd 39 in the more gener:sl form of refer—
ence O, The method by vihieh figures 38 ond 3¢ were com—
puated conformed in genernl with the method 0* veference 5,
with the excenticn that the eXfeet of thrust on

.

Claax
was considered, Sanmnle cnleulation A in the appendix
partialiy illusirates $he methods used to obtain figures
52 to 39. . '

COICLUS ICLTS

1., The surning performance of zn nirrlane can be cal-
culated with satisfactory accuracy by tho nethods of this
report%, proviied tie alrplane polar and thrust curves are
avalilable for the speciiled conditions.



. 2. The effect of thrust on the maximum 1ift coef-
ficient should be considered in predicting the turning
performance of an alrplane, especially in the low-~speed
region.

For turns floewn at a given altitude at nearly maxi~-
mum 1ift coefficient with the Navy FR4-3 airplane:

3, The radius of curvature and tims %o turn 360°
at a given speed decreases as the flap deflection is in—
crensed, ' '

4., The radius of curvature for a given flap deflec-
tion is a nearly constant minimum over a wide range of
speeod,

5, The loss of altitude in ¥560° turns ircreases as
the flap deflection is increased, and the difference of
this loss of altitude for any two flap deflections is
approxinately constant over the speed range considered
(90 to 100 miles por hour). '

6. The loss of altitude in %60° turns for a given
Tlap deflection varies apvroximately linearly with air-—
speed over the speed .range counsidered.

7. For the flap Geflections considered in this re-
port, the effect of the first 22° of flap deflection on

turning performance is groeater than the additional effect
of the last 34°, -

8. The turning performance is poorer at the higher
altitudes, due chiefly %o the direct effect of decreasing
alr density.

9., An inc¢rease in the . airplane gross weight results
in en increase in the radius of curvoture and the time
to turn 360°, The change of altitude during a %60° turn
is affected but little by ochanges in welght.

For horizontal turns flown ot 13,000 feet altitude
with the Fovy FRA~3 airplane:

10. For cach flap deflection there is o speed at
which the radius of curvature is o nminimum, and for this
turn the ailrplane is being flown at the maxinum 1ift co—
efficient. ‘
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11, The minimum radius of curvature and the speed at
which it occurs decrease as the flap deflection is in-
creased,

12, At ony airazpeed above 112 miles per hour the
radius ¢f curvature is a nminimum with flaps up, and this
advantage over the cther flap deflections increases with
airsneed.

For horizontal turne at 27,000 feet altitude with
the favy F2A=3 airplane: :

13, ¥or each flap deflection there is a speed at
which the radius of curvature is a =minimum, but for this

turn the alrplane is not teing flewn wt the maximun, 1ift
coefficient.

14, The maximun 11Tt oefflcientocannot ge reached
in khorizoantal turns for tle Tlaps 22 and 567 deflected
conditions,

15, At any opeed the radius of curvature is a mini-
mum for the flaps—ur condition. '

. The turning ﬂerfornsnce ig inferior to that for
horigontal turns ot 23,000 fe altitude, due to the di-

reect effasct of decreu;ei air density and %0 the reduced
power output

A

17, A change of tie airplane gross welght has a
larse effect on the turnirg perfornance, ant a decrease

of weight would result iun greatly inproved performance.

r.;‘f-

Ames Aeronsutical Zzboratory,
u@vional Advicory Committee for Aeronautics,
¢0¢Iett Field, Calif.

APPEIDIX
SAUPLE CALCULATIONS

Bxouple A.— The sample caleulations are carried out

-

for tho Following conditicneg:
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Speed . . + + ¢« + . o 120 miles per hour
Weilpht s » s s+ « « . 5,800 pounds

LiTE coefficient . . I
Lax

Wing area « + + « . . 208.9 square feet
Flant o« 4 4 & & » « « Up

Density a2iltitude, . , 13,000

O v v v o o s o 4 . . 0,872

Power . . . . . . . . 900 orake horsepower

(The point for which computations are made is plotted
in Tigure 16)

The steps required for the computation of the turn-—
ing wmevicrnance are as Tollows:

1. From figure 14, for flaps up at 120 nmiles per hour

[

. Yrom figure &, Lor flaps up at Cp = L.71

3. The drasg in the turn

D’:J = C.‘Dt qS
Dy = (0.285) (0.00255) (120)7 (200.9)

D¢ = 1812 pounds

. 4, Fron filgure 13, with ¢00 brake horsepower at
13,000 feet altitude, for 120 miies per hour

g = 1835 pournds
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Te — D
5. sin 8 = m—~:-£
W
z5 —
sin 8 = 1635 1812 = —~0,0273
6500
8 = —1.6°

ces 8 = ©,9996

€, The radius of curvature

(1.47)% Vi

C1r, qS 11/3
|

Uéj (mw"w~ — cos® @

{(1.47)" (120)E

(o 673)(32'3){[Ll.71)Q0.0255)(130)2(208.9)

L 8500

-

E =~ 818 Tect

’ ~
7 Tine to turn 360

t =]
(r.a7)(120)
8. The chanrfe in altitude in a 560°
AE = 2w R ain 8 cos &

AR = (2)(3.14)(818)(=0.0273)(0.6056)

25,14 0.672)/% (¢.e0ss
_(2y(z,14)(818)(0.672) (C. b),u 2%.9 saconds

-~

1b" (0.9996)2}-1’2

A

turn

= —141 feet



The ceomputations made in order to present the data
in the form of the turning-performance diagram of filgure
52 are shown in the following steps:

9. The 1ift coefficient in straight flight
W cos 8p

C = e
Ly a5

Since «cos 6, 1is practically unity in the range

considered

~ (6580)
uLl = = 0.84

B (C.00255)(120)7(208.9)

10, From figure 5, for 0Op = 0.84
Cpy = 0.08¢

11. The drag in straight flight

Ty :-CDI QS;

Dy = (0.080)(0,00255)(120}°{208,9) = 815 vounds

12, sin 9, = 22DV
R "
25 ~ 615
sin 8, = 2280 818 4 15y
6500

9, = 9.0° (ordinate of angle of straight—
climd curve) '

—
ol
o

Q

1
v
n

- 9,0~ (~1.8) = 10.8° (ordinate of
' stall boundary curve)

The computations made in order to uwrescnt the data
in the form of the turning—rerformance dlagran of fifure
38 nre shown in the Tolloving stepo:

e

14, From figure 5, for flaps un



28

dCp

5 = 0.070
acy

15, The span loading

Ifs = T -:v-f_ ch
S dCLe
. {3,14).(6500) (0,070) - 5.84
208,90
Ta ~ .
1o, ¥ o= .(H_u.g.mm:—)..lz. _;.'., = sin 90
w LS LS
C.167
¥ = e 0.0230
6.684

ﬁlSlB — 515)

AY = =
(6500)(6,84)

Exagmnle B.— Stoeps required for the computation of

the radius of curvature and time to turn 358C° for a
horizontal turn nre as follows. (The conditions are the
same as in Example A ewcept for the value of Cy. The

point for which computaticns are msde is plotted in fig-
ure 22.)

. 1635 o
{0,00255) (120)°(208.9)

M
(@]
.

4% ]
—
|2 ]

th

2. From figure %, for flaps up at Op = 0.213

CLt = 1,63
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v

3., The radius of curvature

R = (1.47)% v4®
d og[(-gé:}gi\g _ eoes e]l/f&
R = - (1.47)%(120)%
(C,573>(52_3%{[(1.65)(0.0 255)(130fﬁa@a.9)“ l}};/e
(6500)
R om BY7 feet
4, Dho time to turn 350°

2 mn Ro */mcos 8

t = -
1.47 V4
2)(a.14){s892) (0,872 1/
t = (2)( ) (0.672) (1) = 25,4 geconds
(1.a753(12C)
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NACA Fige. 2,3

N

AAL-2367

Figure 2.- Three-quarter front view of Navy FRA-3 airplane az instrumented for tests, flape
down,

NACA
AAL - 2369

Fipure 3.~ Side view of Navy F2A-3 airplane as instrumented for tests, flaps down,
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NACA Fig. 13
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