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AS AFFEGTED BY THE USE "OF FLAPS

";By Bavrence A. Ulousing.,Burnett L. Gadebers.
and William M, Kauffman .

' SUMMARY

. Results of flight tests to determine the turning per—
formance of a Navy F2A—3 airplane over a speed range of
approximately 90 to 160 miles per hour for three Flap de—
flections at two altitudes are presented. In gerceral, for -
horizontal turns, the use of the standard airplane partial-
span split flaps does not appear desirable for this alr—-
plane. JFor turans involving a loss of altitude, the turning
radius is decreased. by the use ‘of "the flaps. -

The results of the flight teats have been correlated
with an anaglytical study of turning perforMance in which
the effect of thrust on maximum 1if¢ coefficient wa8 con—
sidered. It was found that the turnilig performance of an
alrplane can be caleculated wlith satlsfactory accuracy by
the method described.

INTRODUOT ION

‘In order to arrive at g desoriptive critérfon of %urn—
ing performance, several performance characteristlcs must
be considered. The radius of curvature of ths flight path

‘described by the airplane, the time to turn through a given

azinuth angle, and the loss ¢f gl¥itude in a given turn mey

. bea cnnsldered to be of paramount importance, since .thasase

are measurea of the tightneas of the turn, the rate of turn,

"and the ability of a combat plane to malntain or gain an

altitude advantage over the opponent.

" In previous methods of calculating the turning per—

':iormahce of airplanes, the effect of thrust upon the maxi-
mum lift coefficlient has been neglected, and measurements
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made in the present ipvestigation consequently show a
poor correlation with such calculations, In addition,
the information avallable concerning the effect of flap
deflection upon the turning performance and the effect

of thrust upon the maximum 1ift coefficient has been in—
adequate for application to an actual nroblem. OConse—~
quently, when the Bureau of Aeronautics, Navy Department,
requested that flight -tests -be carried out to determine
the turning performance of a Navy F2A-3 airplane (Xo.
01516), in addition to the tests for thils spocific pur—~
poso, tosts to determine tha polar .gurves of tho airplane
for various flap deflactions and the offect of thrust
upon the maximum 1ift coefficlent were mado, Tho purpose
of these latter tests was to establish data nocessary to
calculate turning performance, The tests nocessary to
dotormine turning performance ltself wero thue perhaps
somewhat reduced in number, although they were carried
out for two altitudes and three flsp deflections,

'APPARATUS

- Desgription of the Navy F24Aw3 aﬁrnlgng:ﬁa flowp e~

The Navy ¥2A—~3 alrplane tested was a single—~place,
single—-engine, midwing, pursult—type, cantliever monoplane
wvith retractable landing gear and partisl—span split flaps,
Flgure 1 18 a three-view drawing, and figures 2 and 3 show
the airplane, with flaps down. as instrumented for the
flight tests,

General specifications are as follows:
Airplane . . . « 4+ ¢ 4+ ¢ ¢+ v ¢ Yavy ¥F24~3, No., 01516

Engine ® e § o 4 e & & ¢ e e = Hright 9 oylinder, -
R-1820—~40. 1200 bhp
at 3500 rpm and 45,5
inches of mercury mani-
fold pressure for take-
off, 1000 bhp at 2300
rpn and 37.3 inches of
mercury mnanifold pres—
sure at 6800 feet with
blower 1n low-gear ratio.
900 bhp at 2300. rpm end
40,3 inches of mercury



.o

o

T TE T Wr“’"

Gear vatlo « ¢ ¢ ¢ 4 o o o

Propel}er « + o ® & e o &

Dlameter . « ¢ ¢ ¢« ¢ «

Humber of dPlades . . .

Fuel capacity . « « ¢ o o &

Veight and dbalance, normal
fighter:

Gross welght . . . . .

Center of gravity aft of

the leading edge . .

Range of center of
gravity . . . . . .

. Spa,n « & ¢ ®» @ e« 8 = »

Area (4inocluding 30.8 sq
ft blanketed by the
fuselage) . « « . ',

LirfOil [] . L] . e e . .

Incidence [} L] (] . L] L] [ ]

3

“manifoeld- préssure at
15,100 feet with
blover in high~géar
ratio,

.

3323

Curtlss eleétric. con—
stant speed.

10 feet, 3 inches
3

160 galldns

6515 pounds
26,15 percent M.A.O,

21.6 to 26.8 vmércent
ii.A.C,

36 fodt

208 9 squara Ieet

NAOA 23000 seriea
tapered dy straight
lines in plan form
and thickness from
root to tip. The -
root and tip thick-— -

“ness are lB8—percent
atid 9~percent -8hord,
respoctively.
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ZHean aerodynamic chord ... 74.88 inches
—Flapsgv ‘ l_
Length (eaoh) .« + ... . . 8.47 feet
Area (each) .+ « « . » . . 8,22 square feet
Chord (maz.?'. s e+ s <« . 1.06 feet '

INSTRUMENT INSTALLATION

HACA instruments wore used to record photographically
as a function of time the following variables: airspeed;
normal, longltudinal, and lateral accelerations; pres—"
sure altitude; change of altitude; longitudinal incline—
tion§ rolling, yawing, and piltching velocitles; manifold
pressure; engine revolutions per minute; englne torque;
and approximato angle of attack. Changes 1n azinuth dur—
ing turns were determined by photographing the reading
of a standard type directional gyroscope by means of a
motion—picture camers which was syachronlized with the
other records. The free—air temperature was read from a
standard—type alrplano ilndicating thormoneter.

The ailrspeed recorder was connected to a freely
sviveling pltot—static head, which was vaned to align 1%-—
sglf with the relative wind, and was located on a boom
extending about a.chord length ahead of the left wing tip
(figs. 2 and 3), The position error of tho alrspeed head
was found from flight tests to be negllgidle., The rates
0f alr flow through the static -and total—pressure tubes
vere 80 balanced that flight involving a change 1n alr
density would not cause an error in recorded ailrspeed.

To minimize the effects of lag, the recorder 1itself wvas
mounted at the base of the doom. )

The directional gyroscops was mounted in an intornelly
lighted box, A callibration was made of the error in azi-—
mnuth reading created by operating the instrument at varil-
ous angles. of bank gnd pltch. Inasmuch as the directional
gyroscope would not function properly when 1t was banked
more than B55°2; the insbtrument wae mounted with an initial
bank of 45° to the right, All turns were then made to
the left. Thus, by uncaging the gyroscope in a left tern,




Just prior to the time of taking records, it was possible
= - 40 obtain large angles of left bank without.malfunction—
ing of the gyroscopse. e

The approximate angle of attack was measured direoct—
ly by a vane pivoted to align iteelf, in pitch, with the:
rolative wind. The vane was mountod on a boom near the
right” wihg " %ip and: gpproximately one chord length ehead
of the leading edge. Although, due to the upwash, this
instrumont did not give a true value of the angle of
attaclz, the records wore holpful in detormlning tho prox—
imity to the stall during the turning manouvers. The
anglo of attack was detormined more preocisely in. steady
stralght flight from data on change of altlitude, true
' airspeed, and longitudinal inclination of the alrplane.

L e ree—— -

Density altitude was determined from the measure—
mentes of pressure altitude and free—alr temperature. The
general term "altitude," as used hereafter in the text,
denotes altitude in the standard atmosphere as determined
by density,

The horsepower delivered by the engine was determlned
by the use of a Wright engine torquemeter and the revolu—
tlons per minute recorder.

SYMBOLS AND COERFFICIEHTS

# a acceleration, faet per .second per :wecond:

F Cp drag coefficlent
§

ODQ effective proflle—dreg.coefficlent....: - . -.-

] C; 11ift coefficlent o
3 . ] !
x
d nropeller dlameter, fest.- . . - : Lot -
- D drag ' of girplane, pounds- - e e
F force, pounds
£ acoeleration of gravity, feet per secona yer,

second (32.2)




AR change of|absolute altttude in 360° turn, feet
K (Achs)/m, '
'L .1ift of airplgne, pounds
lg effective span loading, pounds per equare £o0t
m mass, slugs
q . dynamic pressure. pounda per square foot
: (1/2 pyv =)
P total pressure — statlc pressure, assumed %o be
equal to q 1in this report
R ‘redius of curvature of flight ﬁath. feet
r "radius of helix cylinder, f;et
S_ wing area, square feet
. m, Te -
pV2a=?
e e
qsS
Te offectiva propeller thrust, pounds
t time to turn 360°, saconds
Y true alrspeed, feet per second
Ty correct indicated alrepeed, miles por hour

(Gefined by Vi = 19.8 g,)

W gross wolght of alrplane, pounds
dCp Cp — Cp,
acy2 Cy, 2
- D
v (RSR) L
ls
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Deg — D 1
AY (_‘i____‘ el
I W la .-
] inclingtlion of flight path to horizontal, degrees

9 . éﬁgla of olimb in straight flight, dégreéa_"

o ratlio of alr density at altitude to standard
B alr density at sea level

¢ angle of bank, degreesn

w: angular veloclty, radians per aec@ﬁd.-
éubsériptgz | ':. h o

h horizontal

L longitudinal

1 stralght flight

n nornal

t turning flight

THEORETIOAL CONSIDERATION OF THE CALCULATION

AND HEASUREMENT OF TURNING PERFORHANCE

Throughout this report, the term "radius of curva—
ture® 1s used in preference to the term "radius of turan,"
since sone ambiquity may arise in cornsidering spiral
£1light as to whether the term "redius of turn" refers to

-the radius of curvature of the flight path or the radius

of the cylinder about which the spilral path is made. The

‘relntlon between the radius of curvature of the flight

path and that of the hellx cylinder nay be shown to be

r .= ?'cogﬁq-
The formula for computing the radius of curvature

of the flight path of an alrplane in steady turning
flight may be developed as follows:




From Newton!s second law of motion,

F =map _ _ (1)

Figure 4(a) shows that the force producing the
horigontal, or radlal, acceleration along the Y axis is

/

r

-F'=Lsin'fp - (2)

The axes shown in figure 4(a) and 4(b) are mutually
perpendlicular. The Z axis is vertical, and the X axis
llies in the vertical plane of the flight path of the eilr~—
plane, The flight path is inclined to the X :~axis at an
angle 0,

The equation for computing acceleration from apeed
and radius of curvature is known to be

va

ap = ) ' | (3)
where
(1.47 v4)® =
3 = > . (4)

Figure 4(a) also shows that
Fy =L coe g
.g,nd, . . .
Fy = W cos @ L .
hence

L cos ¢ = W cos 8 (58)

Substituting for ¥ arnd a the values as derived

from equations (2), (3), (4), and (5), and placing m
equal to W/g and L equal to Op g8 gives
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_ (1,47 7y)® |
og[(Gqus' '>= —.;coaa-e]llf (6)

To use equation (6) %o predict the radius of curve—
ture at various speeds, certain informatlion about the
alrplane must be avallable. This includes. such items as
welght, altitude, horsepower, revolutions por minute, and
the lift—drag characterlstics of the alrplane, or at least
sufficlent 6f its geometry to estimate them.

In considering the application of oguation (6) %o
the calculation of the minimum radius of curvature, it is
apparent that the minimum radius of curvature at a given
spoed will bo obtalned at tho maximum 1ift coefficient.
The maximum 1ift coefficiont attainable is dopendent upon
the thrust which is boing dolivered, and thus the varia—
tion of chaz with thrust coefficlént must be avallable.

Enowing tho variation of thruet with alrspood for theo
gpocifled conditions, tho variation of the maximum-1ift
goefficlent with airspoed for these conditions can bo, com—
puted.

. . g — D
The-“angle 0 1s oqual to sl —t / " €> . Thus

it 1s recessary to know Dpt for the specified cond i—

tions and value of GLmax'

¥hile tho aboveo indicates the method for calculation
of the radius of curvaturc in turns of minimum radius et
various speeds, formula (6) can be used to predict the
radius of curvaturo using any valuo of OL less than

chax for the speod desirod. " Since’ —L7§— ®'sn, this
amounts to prodicting turns at varioue nurmaﬂ accelera—
tions. To determinoe 6 and airplane_polar for the speci-
fled flap ocondition is required,

Tho time to turn through 360° can bd found by con—

_sidering the space and volocity components in tho. horizon—

tal plane.

.
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Thus

" distance - ‘2.
velocity -V cos @

and using

r =R cos?® @

and evquation (4)
2w 61/33 cos @ :
t = (7)
1.47 Ty

The lose of altitude in a 360° turn is equal to the
vertical component of veloocity multiplied by the time to

_turh through 360°, or

AE = 3 ¢ R sin 6 cos ' (8)

Horizontal turns for the specified conditions at
various speeds may be considered as a speclal case where
the flight path angle @ 1s gero.

Then
Te — Dy
¥ = gin 6 = O
and
T = Dy = COp, q5 . (9)

Enowing the thrust for the desired speed, Gnt can

be computed from equation (9). The corresponding value
of Cp - is taken from the polar curve and substituted in

equation (6) and the radius of curvature is determined.

. For deriving radius of curvature from observed data,
formulas were developed ipn which terms readily deduced
from the observations were involved. In figure 4(b), the
airplane normal and longitudinal accelerations, a, and

a4, respectively, lie in a plane through the flight path




% 11

and inclined at an angle. of bank ¢  to. the XZ. plaxe.
~The vector “ ay: 1is the veotor-sum: of ay -and. &y and,

for steady conditions, must lie in the Z2Y plane. For

8sbeady flight ay munt lie along the . Y- 'axis and is

equal to tha vector sum of an an& the gravitational ac—
' celeration &e ' : .ot

- [T
- -

- Thgreforb . T L . oo .
.- _ . S .

ay = J'g:'!;a--lv'al'a.;' g3 CL (1().)

iewriting-the general equatiﬁn (3) - . '

2

va 1.47 ¥

a.h [+2 an
Bince

V cos 8 = w
and

r = R cos® @

v 1477y

R = = -
w cos B ¢1/3y cos 6

(12)

The value @ was determined directly from the
photographically recorded indications of the: directional
gyroscope, or from the vector sum of the readings of the
three turn meters which recorded the angular velocitiles

. about the ailrplane axes.. The,flight—path angle B . was
determined vith the aild of. records of change of altitude.

¥

i
.
5
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%
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TESTS -

- -] enmrpame A e - -~ . EXPT I PETIE

Airplane polg;s.-'hirplane polaré for.the flaﬁs—up,
22° dowvn, and 56° down (full—down) conditions, with the
- landing gear up end the hoqd closed vére determined from
a series of straight flighte at altitudes between 4000
and 12,000 feet. -These condif tons of flapa, gear, and hood
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corresponded to those used during the turn tests, Various
powers from practically zero (throttle full back) to maxi-
num rated were used during these tests.

The welight of the airplane for each run was determined
from the known take—off weight, fuel consumption, and time
of flight. The brake horsepower output was found from re—
corded -torquemeter and revolutions per minnte indicator
readings., The effective thrust was calculated from brake
horsepower, revolutions per minute, indicated airspesd,
free—alr temperature, and presesure—altitude readings,
assuming an efficlency curve similar to that of a three—
bladie..5869~9 propeller. FPower coefflicient and efflciency
curves for this propeller are given in reference 1. The
flight~path angle 8 was computed dy use of the readings
of airspeed and altitude.

Then
W cos 8
c 13
snd. Te + W 8in 0
e + slin .
Cp, = (14)

qS

Due to the unsteady condltions exlasting during the
stalls, it was not possible to determine the drag coef—
ficlents at chax‘ However, numerous steszdy runs were
made at 8peeds Just above the stalling speed for the vari-
ous flap and power conditions, and the results were ex—

trapolated to chax'

Bffect of thrust on Op - .~ The effet of thrust on

chax was determined from the results of flight tests

which consisted of a seriles of stalls with various power
"conditions from power—off to full-rated power and with
various flap deflections, The flight tests were conducted
at altitudes between 4000 8nd-12,000 feet. During -the
power—~off runs, the propeller was placed in manual high
pltch and hence delivered practically no effective thrust.
In .21l bf the stalls the sirplane wag pulled slowly from
straight flight_ into a definitely stalled conditioni

“at
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No corrections were made for change in Or,., due to

"‘the rate of change of sngle of attaok

 prhs.— Two types of turns were made. énﬂ in’ both
L )

'the airplaqe was. properly. banked to give’ nQ acceleration

along the. airplane lateral. axis.. In the Tirst type
(furns at nearly. Og, ) maximym rate& power was appliod,

- and’ "the'alrplane was pulied into thé tufn-and-held at a
'predotermined constant indicatéd ailrepeed.: Each turn was

tightened until stall warning "in the form of buffeting was
bbtained, Alrspeed was hold censtant By allowing the al—
titude to change., Tho 'airplané wad thlen held ‘as steady
a8’ poasible - at thess conditiona vhlle the racorda were
made. :

: "In the second type (horizontal turns) each turn was
started from stralght level flight at- the predetermined
indicated alrspeed. The turn was tightened and simul-
taneously power was applied to malntain constant speed
and alfitude, until maximum rated power was" developed.
Again, 'records ywere made while these conditions were held
o8 éteady as possidla. ' " Y

Both types of turns were made with flap Bettings of
0°, 22°, and 66° within s range: of from 90°+to 160-miles
per hour indicated airﬂpeeds. and at altitudes of about

- 13,000 and 27,000 feet. The test conditions of -welght,

altitude, and brake horsepower wvwera held within the fol—
lowing limite:

Turns at nominal altitude of 13,000 feet:
Gross weight . + | : . “E1600 to 6,600 pounda
Altibude . o . ... .., 12,150 %0 14, 050 faet,
(o 0.690 .to O, 549)
_ Brake horsepower . :1; 749.ﬁo eéo .
" ‘Turns at nominal altitude of 27,000 faet:
'Qroas'weig@t T - ¥ 900 td 6,560 pounds,
L © Altitude . ;,;.;'.'; 24 750 to. .27,950 feet
' “(o- 0.4B60 {o0-0.403)°

LI . - RSE ' )
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. 1 . . - ", ..
- Brike hoz"s'epoir'er + & + BOO to 660" :

mhpugh there were sllghi.changes of . egquipment. welght
between the varioua test flighta. the changes of’ airplane
gross weight were due thiefly to fuel consumptibn’ during
the flights. The variations of altitude resulted mainly
from the difficulty of odbtaining the. desired altitude as
the average for the recorded steady portions of the turns,.
The wide ranges of brake horsepower .&arose principally from
mechanicel difficultles experilenced with the power plant.
Three diffarent engines were used during the turn—flight
tests, and these engines were found to have iifferent
operating characteristics, Thus, when similar. maniiold
pressures and engline speeds were employed, different brake
horsepower outputs were obtained from each of the three
engines. The brake horsepower of the third engine could
only be approximated, as the recording torquemeter was not
inatalled on this engine. :

Due to occaslonal oreeping, aome difficulty was ex—
perlienced by the pilots in maintaining the flap posifions,
Any runs in which the pilot indicated that this had oc—
curred were dicarded,

.Flight tiﬁg.f Eha,joiar curvee vere obtained.from 400

runs whieh required 20 hours  of flying time, A total of
70 stalla was pérformed to obtain. the Cr,,. data. BRe—

cords were taken in a total of 262 turns ‘which required. 50
hours flying time.

RESULTS AND D'ISOUSSION

Airplane polars.— Plots of the polar curves of the
alrplane in the form of curves of Cy, agalnst Op are

shown in flgure 6 for the three flap conditions tested.
The equations for the parabolic curves plotted in figure 5
are also shown in the figure. Thess curves were derived
from fZlight—test data by plotting 012 against 6p for

each £lap condition and drawlng a straight line through
the points. The points plotted in the form of 0r® against

Op showed some soatter, especially in the high Cp® reglon.
In this reglon, however, 1t was difficult to determine Cp-
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accurately from flight measurements because of unsteadl—
-~-nese of the ‘airplane, and. the straight line- relationship

chosen thus  seamed to be reasonable and was convenlent

to use. The scatter of the points dld not seem to bear

any re1ationship to the variatlion in thrust during the

test runs, which would appear to indlcate that the method

used to determine propeller efficiency and thrust was ac—

ceptable for this alrplane and propeller comblnation.

The curves of figure 5 appeared to be representative of

the mean relation of C; o Cp even when, due to the

agtion of the propeller, 'C; became greater than the
maximum for séro thrust. ' :

Although the polar curves of the alrplane may be
different at various asltitudes, due to the effecta of
different values of Reynolds:- and Mach numbers, such dif-
ferences have been assumed to be negligible in the present
investigatilon,

EBEffect of thrust on GLEQE'— The curves pertalning

———

to the effects of thrust on are presented in fig—

Clmax
ures 6 to 15. These curves were derived from flight—test
data as follows. Tha approximate tlime of stalling was
determined by inspection of the records for each of the

stall runse, and computations of chax were then made.

The power delivered to the propeller at the time of the
8tall was determined f£rom the revolutions per minute and
torquemeter indications, and the effective thrust was
computed by the method previously explained for airplanse-
polars. A thrust coefficient To'! was then determined

by the relation

|
i
}
)
|

Te! = a constant x Te =

2a® 7 Te ) _ T
) \pvad.a qs

The variations of with Po! for verious flap de—

Cy..
. max y )
= .. Tlections are ghown ip filgures.§ t0.l0... By plotting ..
: Orpax @8 & functlon of " Te'. instead of T,, the slope

K 18 numerlcally equal to the ratio of the increase in
14ft, due to the propeller, to the effective thruat and
18- also the value of X uaed in referance P
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Additional information 1s given in figures 1l and
12. The variation of "X with flap- deflection .shows that
at a flap deflection of approzimately 10° K $8s a maxi-

mum (fig. 11). The change of ;2*; with flap deflec—
L

tion is also plotted in figure 11. ¥igure 12 is a cross
t Y '

biot-of K against 3355. and the resulting curve 1is

closely approximated by the parabolic equatlion glven.

From figures 6 to 10, it may bDe seen that

- X T
GI‘ma.x (power on) OLpaz (T = 0) * —q—s-a-

where K 1is a function of flap position. The foregoling
equation and the values of X which were obtained from
flight tests at relatively low altitudes have! been.nsesumed
to apply to flight at all altltudes for the purpose of
this investigation. It should be realized, however, that
in turns made at very high altitudes, the changes in Xach
and Reynolds numbers may be large enough to affect the
validity of this ascumption to a considerable extent.

The variatlion of OLppr Vith indicatéed nirspeed in

the turns was calculated upon the assumption that the
maximum rated powers of the engine at 13,000 and 27,000
feet altltude were avallable. These powers weére taken as
900 and 650 brake horsepower, respectively, Using the
same propeller characteristics previously aprlied to the
flight—test data for the alrplane polars, and an englne
revolutlions per minute of 2300, ourves of thrust against
indicated alrspeed were computed and are shown in figure
13. - The above data were then applied to the formula for

# —
SPmax (power omn}, end the variation of Op, . with indi

catel airespeed ‘was determined for the desired flap, power,
and altitude conditions (figs. 14 and 15).

Oalculgted turns.— The calcoulated curves of minimunm

radius of curgature, time to turn 360°, and change of al—
titude in 360" turns at varlious speeds are shown in fig—
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ures:16 to 21, These curves were determined fof an air—
plane groas weight of 6500-pounds; flap sattingatof 0°
229, and 66°; and for brake horsepowers of 900 and 650f

at altitudes of 13 000 and 237,000 feet, respectively.

Equations (6), (7), and (8), and datas from ‘figures. 5, 18,
and- 14 were used in the computations as: indlicated dy :
aample caloulation .4 : in the appendix.. , 3
' The radiua of curvature. and . time to tura 360° in
horlzontal turns were also calculated ior various speeds
and .are shown in figures 22 bo 27.. The aame conditions,
of weight, flap position, power, ‘and altitude were assumed
a8 in the preceding calculations. For these turns, sample
calculation B, 4involving equations (6), (7), and (9) .
and data from figures 5 .and. 13, 1s given in the appendix.

Test turns.— Results of the flight tests are plotted

as points on figures 16 to 37 for the conditions indilcated.
The test data were roduced to radius of purvature, time

to turn 360°, and change of altitude in 360° turns by the
isa of equations (7), (8), (10), (11), and (13). ' The
flight—path angle 0 wae determined from the atrspeed

and change in altitude. | .

No attempt was made to correct these test points to
the conditions of weight, altitude, ond brake horsepower
used for the calculated turns. In reading the various
records made in turns, care was taken to select only those
turns or portions of turna during which the desired ateady
conditiones prevailed. '

During the ‘course of the testa. it was found th&t the

"application of the angular velocity w obtained from the

photographically'recorded indications of the directional
gyroscope to equation (13) gave the most relimble and con—
sletent results. The test points shown weére evaluated on
this basis, except for a few cases where directional ‘2yro—

scope records were nqt obtalined, ..

'D een a utest".u 8.— The
test -pointe shown in figures 18 to 81 for the radius of
curvature represent the lower boundaries of fields of

‘points obtalned in flight. Since 1t 1s desired to pre—

sent only the. minimunm values for these tests, all of the
test points have not boen plbtted.
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.- ¥igures.-167to. 21 indicate that the calculated mini-
mun radins of curvature represents the actual optimum
turning ability of .this alrplane within close margins, - -
Since-the calculated curves were based upon the use of.

chax' »4t would. be expected that the curves would repre—

Bent absolute lower boundaries of the redii of curvature.
The fact that some ‘of the test points lle below these
boundaries is partially due to the deviatlons from the
assumed conditione of weight, altitude, and brake horse—
power used in the calculations, as indicated in ‘the de—
seription of the tests. This discudsion also applies to
the oalculated ‘and measured values of the time to turn
360°, ‘the agrpement between them being similar to that
for the redil’ of ocurvature. A4lso shown on figures 16 %o
* 81 “are curves of calculated radius of curvature computed
on a basis of OLp,, for Te = 0 (neglecting the effect

of thrust on .CLp,;) . for each of the flap conditions,

These .curves indicate that thls method 1s too conserva—~
tive for .estimating the minimum radiue of. curvature,
especially in the low-speed regicn, and that the effoct
of thrusdt on - chaz should be considered. TFor the

change of altitudo iIn 360° turns, there 1is a greater
gcatter among the teost pointe and a greater deviation
from the calculated ocurves; however, the curves indicate
satiafactorily the relatlve effocts of flap deflections
and altitude on the loss of altitude in turns. )

The test points for horizontal turns, plotted on
figures 22 to 27, represent all turns in which the de—
sired steady conditions prevallod, and there was no
notlceablo change of altitude., It should . bo 'pointed out
that the Ltest points do not represent boundaries of a
field of test points, a8 was the .case for turns at nearly
chax. In addition to the curves whick were computed on

e basis of 900 and 650.-bralze horsepawer, curvee are shown
on filgures 22 and 25 for computations based on 800 and
600 brake Lorsepower, respectively. These curves illuse-
trate.the effect of a reduction of power. Thrust curves
for thess lower powers.aro shown on. figures 13.

: Aa tho speocd at- whioh horizontal ‘turas are flqwn at
- constant horsepowor: ig reduced the 1ift coefficient in—
creasos uctil a spesd is reached at which 0Oy 18 s maxi—

munm for that speed., Thus, in figure 22, for 900 dbrake
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horsepower this speed is ‘113,56 miles per hour., ¥Figuroe
16 ‘also shows thils speed as the zero loss of altitude

turn et chaz for the given conditions. Any turn,

even at for .this brake horsepower and at a sﬁped

chaI'
below 113.5 milles per hour would be a climdbing turn. To
fly horlzontal turns at & lower speed would require a de—
crease in power, and the portions of the curves for':
epeeds below these critical speeds in figures 22 to 25
have been computed on the basls of this decreasling power
required. For the aonditions of figures 26 and 27, as
apeed is reduced the minimum speed for level flight (in—
finite radius -horigontal %turn) is reached before the

11ft coefficlient becomes a maximum, and hence 1t 1is not
possiblé to fly a horizontal turn at Oy, ., fLor these

conditions, . o

The toet points and the calculated curves for the
radlus of curvature in horiszontal flight at 13,000 feeot
altitude. for the various flap conditions are 1ln close
agresment, as shown 1an figures 22, 23, end 24. )

The horizontal turns at 27,000 faet altitude (figs.
25, 26, and 27) show greater scatter of the test points,
espoclially for the flaps—defleocted (high drag) conditions,
‘ At these conditions and where the airplane approached
: ite cellingy; the effocts of slight changee of power out—
put, or of unsteady atmospheric conditions, were accentu—
ated. ©Small changes of angle of bank in similar turans,
while giving no noticeadloc lateral acceleratlon, had a.
large effect upon the radius of curvature, as did ‘elight
varlations. of piloting technique. It ia also possidle
. that at thils altlitude the actual 1ift and drag character—
' lstics of the airplane varied somewhat from the 1ift and
: drag characteristics obtained at lower altitudes due to
. the difference in Mach numbers for the different altitudes.
i Despite the scatter of the test points, the calculated
curvies for figures 36 and 26 represent closely the mean
curves bthrough the test points and hence may be considered
b indicatiye of the performanece of the girplane, For the
flaps 56° down condition (fig. 27) there was a relatively
small gmodnt "of pdwer &vallable for maneuvering, and the
effects of the above-mentioned difficultien were so great
that 1t was impossible to obtaln conslstent test points
establiahing the turning performprce or verifying the
calculations. .

et Pt el "

. - JTE
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The time to turn 360° in -horizontal flight (figs, 23
to 27), as shown both by the test points and the calou—
latsd curves, varles in a-manner similar to that for the
corresponding value of radius of curvature, since in equa—
tion (?) ocos ® = 1 ¥or horigontal turns, :

A z srformangce g8 pffecte : -
and-altitude.— The calculated ocurves will be used as the
basis for- further discussion, These curves are preferred
since they are based on standard conditions of weight,
altitude, and power output; whereas, ocurves that might
‘have been drawn through the test points would have repre—
sented somewhat variable conditlonsa.

An examination of figures 16 to 21 shows that for
each of the specified condtions, the minimum radius of
curvature 1s practically constant for lndicated airspeeds
above 100 miles per hour at 13,000 feet altitude and adbove
110 miles per hour at 37,000 feet altitude. The time to-
turn 360° decreases as speed increases, but at a sacri—
fice of altitude. This loss of altitude in 360° turns
varies approximately linearly with the airspeed, and for
the same denslty altitude the curves for the different
flap deflections are nearly parallel,

" Comparing the results for the various flap deflec—~
tions at 13,000 feet altitude (figs. 16, 17, and 18), an
incresse of flap deflection results in a decrease of the
minimum radiue of curvature and the time to turnp 360°,
buB with an additional sacrifice of altitude. The initial
.22"° flap deflectlion has a greater effect than:ithe addi-
tional B4° deflection which produces the 56° down condi-
tion. A% 27,000 feat altitude (figs. 19, 20, and 31),
the same relatlonships between flap conditions apply but,
for a given flap saetting, the absolute values of radius,
time, and change in altitude are greator., at the higher
altitude. Nxamining equation (6), this increase in
radius 1s seen t0o be due to the decroase in alr density

and to the small effeoct of changes in Op,., and 6

brought about by the decreased horsepower.

In the horisontal turns at 13,000 feet altitude
(figs. 22, 23, and 24), there id for ‘each flap deflection
a horixoatal.turn,of mifimun radius when the ajirplane is
flying at chax' This minimum radius and the speed at

wvhich 1t ocours decrease with increasing flap deflection.
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As previously explained, the radii.of ocurvature for speeds
belaw:these critical. - spesds-were.compyted on the dasis of
reducing.power to maintain the -turns horizontal. Actually,
it would no doudbt be preferadble at these lower speeds to

- fly elinbing turns - at the stall boundary .curvese of figures

15, 16, and 17. A%t any speed above adbout 112-miles per.
houy, the radius for the flaps—up ceondition is emaller .-
than that for. each of the flaps—deflected conditions, .
Above 123 milee per hour the radius inereases with an in-—
crease in flap deflection, and the advantage of having

" the: flaps up- increases with speed. As previously rnoted

for the horizontal turns, the time to turn 360° varies
with ‘dpeed  in a-manner similar to the radius.

For the horiszontal turns at 37,000 feet altitude,
(figs. 26, 26, gnd 37), the flaps~up condition appears to
be the optimum. It is seen that the horizontal turn of

-minimum radius no longer  occure at the speed where Cj,

reaches the maximum, but at some higher speed. As pre—
viously mentioned ch ax cannot be ;eached in horizon-—

tal turns for the flaps—down 22° and 66° conditions at
this:altitude and, as flap deflection 1s inoreased, the
speed fange over which horizontal turns may be flown is
considerably decreased, Yor a given speed the rddius of
curvatire ie .always less with flape 'up (fig. 26) than
with flaps down (figs, 26 and 27).. A’ comparison of values

. of the- radiua of curvature for flaps’ 56° down with thoese

for flaps 22° .down shows that the minimum radius horizon—
btal turn is slightly smaller for the 56° setting,.andi
the radlius 1s emaller at each speed below 97 miles per
hour. At higher speeds the radius increasés rapidly and
1s.greatest for.the 56° setting, Oomparéd to the hori-
zontgl turns at 13,000 feet, those at 37,000 feet for the
same flap poeition show a much greater radiue, due not
only to the decrease in air density, bdbut also to0 the lower
brake horsepower. Analysis shows that flaps can decrease
the radll of horizontal .turns only if, over the range of
drag coefficlents considered, the corresponding 1lift co—
efficlents are greater with the flaps deflected.

Airplane turning performance gs gggeoted by weight.—
Dus bo the fact that the gross. weight of the airplane

.could noﬁ be varind, conveniently over a. wide .range, -no

flight fests were mads to ‘study the effect of weight on
the turning performance; hovever,_figuree 38 to 31 show
the computed effect of an increase and a decrease of 1000
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. .pounds ‘in.mnirplane gross weighi., The curves in these ..
"flguret for the atundard. mirplane welght of- 6500 pounde
have been’ taken frnm figures‘l& 19. 23, end 2b6.

-.‘.l'

.- .As would" be expected from equaiion (6). these changes
of welight. cause’'sa corresponding substantial changs of.
radius of chrvatGre and time to turn 360° in turns at
OLpyy (fige. 28.end’ 39):; .Ths effecte -of the changes:of

radiue of curvature and . flight—peth angle are such that
little differenne in loea of altitude in 360 turne ocours,

“For most horizontal tnrns. C1, is 1eea than mnximum
and hence, as may be seen from an examination of the ternt

Cr' ¢S °
. in equation (6). 2 given change of aeight has a

greater percentage effect on radius of curveture than for
turns at Op ... .This is especially evident in the hori-

zontal turns at 27,000 feét altitude (fig., 31).

Tdirnin erformanc 1a 8.0 — For convenience, turn-—
ing—performance dlagrams for sach flap and altitude condi-
tlon for this airpleane are presented in figures 32 to 37
in the-form used in references 3 and 4, Information con—
cerning any turn within the limits, ‘and ranges of these.
diagrams- may thus be found. These data are also.presented
.in figures 38 and 39-in the more general form of refer—
ence--5., The method by which figures 38 and 39, were  com—
puted conformed in general with the method of reference 5,
with the exception that the.effect. of thrust on COp,,y

was’ considered Sample calculntion A in the eppendix
partially illLetretee the methods used Ho obtain figuree
32 to 39. ' }

%

T - CQNCLUS IONS

In general' _
‘1o The turning performnnce of an airplane can be cal—
culated with -satisfadtory accuracy by the mdthods of -this
report, provided the alrplane polar and thruat ourves are
_available for the epeoified conditione.
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- The effect of thrust on the maximum 1ift coef—
ficient*ehonld ‘be ‘considered in predicting the turning -
performance of an airplane, especlally in the lowfepeed'
reglon, .

Tor turns flown at & given altitude ‘at nearly mazi—
mum -11£% coefficient with the Navy F2.i-3 airplane. '

3, The radius of curvature and $ime %0 turn’ 360°

at a given speed decreases as the flap deflection ie in-—
creased.

‘4, The radius of curvature for a given, flap deflee—
tlon 18 a nearly constant minimum over a wide range of .
speed, Y

5. The loss of altitude in 360° turns increases as
the flap deflectlion is increased, and the difference of
this loss of altitude for any two flap deflections is
approximately constant over the Bpeed range considered
(90 to 160 miles per hour).

6. The loss of altitude in 360° turns for a given
flap deflection varies approximately linearly with air-
speed over the speed range comnsilidered.

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

turning performance ise greater than the additlional effect
of the last 34°.

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

9, An increase in the airplene groes welght results
in an increase in the radius of curvature and the time
to turn 360°. The change of altitude during 'a 360° turn
is affected bdut little by ochanges in weight.

For horisontal turns flown at 13,000 feet altitude
vith the Navy F3A-A airplanme: ° _ __
" 10. For esach flap deflection'there is a Bpeed at
which the radius of curvature is a minimum, and for this

. turn. the. airplane is being_flovn at the mnximum 1ift co—

efficient.
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11. The ninimum radiue of curvature and the apeed at
which it occura deqrease as the. flap deflection is in—
craased. _

12. At any airspeed above 112 miles per hour the
radjus of ocurvature 1s a minimum with flaps up, and this
advantage over theé other flap deflections increases with
airspeed. '

For horizontal turns at 27,000 feet altitude with
the Favy F24-3 airplane:

.13. For each flap deflection there is a speed at
which the radius of .curvature 1s a minimum, dbut Lor this
turn the airplane is not being flown at the maximum 1ift
coeffliclent.

14. The maximum 1ift coefficlent cannot be reached
in horizontal turans for the fla.pa 22° and 56° deflected
conditions.

156. At any speed the radius of curvature is a mini-
mum for the flaps—up: condltlon,

16. The turning performance 1s. inferior to that for
horigontal turns at 13,000 feet altitude, due to the di-—
rect effeot of Aecreased dir density and to the reduced
power output.

17. A change of the alrplane gross weight has a
large effect on the turning performance, and a decrease
of welght would result in greatly improved performance.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Hoffett Fileld, Calif,

APPERD IX
SAMPLE OALCULATIONS

Example A.— The sample calculations are carried out
for the following condlitions:
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Speed . .+ « ¢ ¢ ¢« +» o 120 miles per hour
Weiéht e & o v e ;'6.560 pounds

Lift coefficlent . . chaz

Wing area . . . . ..; 208.9 square-feet
Flaps . ¢« ¢« « =« « « » Up

Density altitude. . . 13,000

T v o o s o o ¢ 5 o & 0.673

Power « « « ¢« « « « o 900 brake horsepower

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

The steps required for the computation of the turn—*
ing performance are as follows;

l, From flgure 14, for flapse up at 120 mlles per hour

th = chax = 1,71
2. From figure &, for flaps up at Op = 1.71_
Cp, = 0.235
3. The drag in the %turn
Dy = COpy qS ' _
Py = (0.235) (o.oqzssi (120)® (208,9)
Dg = 181é pounds o

4. ¥From figure 13, with 900 brske horsepower at
13,000 feet altitude, for 120 uilsc per hour

Te = 1636 pounds



Pg — D
6. g8in 6 = —eq:'-—-!
gin 0 = 2838 = 1813 _ _, opus
6500
9 = —1.60
cos 8 = 0.,9996 ' '

6. The radius of curvature

(1.47)3 (130)5

“(o.eva)(sa.z){[ﬂ—'”)(°'°352ggzz°f(2°8'9) ] - (0.9996)”} 1fa

R = 818 feet

7..Time to turn 260°

2T R cllacoae

_ (2)(5.14)(818)(0.672)*/? (0.9856)
(1.47)(130)

2 23.9 seconds

8., The change in altitude in a 360° turn

AE = 2 v R 8in 0 tos 6

AH = (2)(3.14)(818)(~0.0273)(0.9996) = —~141l feet
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The computations made in order to present the data
in the form of the turning~performance diagram of figure
32 are shown in the followlng stepse:

9., The 1ift coefficient in etraight flight

¥ cos Bp -

Sinoce ocos 8, ';g:practioally unity in the fange
considered '

. (8560) -
(o, 00355)(130) (208,9)

Cry = 0.84

10, Prom figure B, for Op = 0.84

ll. The drag in straight flight

Dy ="0p, &51

Dy = (0.080)(0,00255)(120)? {208,9) = 615 pounds

Tg — D

13, sln eo 2
' 1)

_ 1635 — 615
66500

- sin 6, = 0.15%

0y = 9,0° (ordinate of angle of straight—
climd curve)

.13, 8p — 0 = 9,0 ~ (~1,6) = 10.6° (ordinate of
stall boundary ocurve)

- The_ .computajions mpde in ordey to present the data
in the form of the. turning~parformance dlagran of figure
38 are shown in the following steps.

14, From figure 6, for flaps up

i -
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acn
— = 0 070,

aCy,

15. The span loading

' ¥ 4ac
la = o L 29D
A T
o 1y = $3:14){(6500):(0.070) _ 4 g,
208.9
1s. ¥ = (Te —D3) 1 = B8in 8o
¥ lg lg
0.157
6.84
(Dy — D7) -
17, Y= —— 3 1

L) is

ay = {1812 = 61B) _ 4 (oge

(6500)(6.84) o : x I

Example B.— Steps required for the. computation of

the radius of curvature and time to turn 360° for =
horizontal turn are as follows. (The conditions are the
same as 1n FBixample 4 except for the value of O0j. The

point for which computations are made ie plotted in fig-
ure 22.) -

1, Te = th qS
m, -
= -8 . . .
th &s - N . )

1635 :
L, = —~— = 0,213
% (0.00265) (120)2(208.9 )

2. From figure 6, for flaps up at Op = 0.213

oLt = 1 063
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3. The radius of curvature

(1.47)® v;a' |
N [CEO RN I

(1.;7)3(120)5
(0;573)(32.2){[( 1.63)(0.00258)(120)°{208.9) _ 1]}1/?

R =

R =

(6500)

R = 877 feet

4, The time to turn 360°

_ 2“R°1/ac“ 0
1.47 Vy

& = (2)(3.14)(392)(0.672)1/B (1)
(1.47)(120)

—-- = 26.4 seconds
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Figure 2.- Three-quarter front view of Navy FRA-3 eirplane as instrumented for tests, flaps
down.

Figure 3.-

Side

' ¢ " NAGA
4 .. AAL - 2369

view of Navy F3A-3 airplane as instrumented for tesats, flaps down.-
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