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ADVANGE OONFIDENTIAL REPORT

OALCULATED AND MEASURED TURNING PERFORMANCE

OF A NAVY F2A-3 AIRPLANE

AS AFFECTED BY THE USE OF FLAPS

By Lawrence A. Clousing, Burnett L. Gadeberg,
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 general, for
horizontal 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
radius is decreased by the use of the flaps.

The results of the flight tests have Deen correlated
with an analytical study of turning performance in which
the effect of thrust on maximum 1ift coefficdient was con—
sidered, It was found that the turning performance of an
airplane can be calculated with satisfactory accuracy by
the method described.

INTRODUCTION

In order to arrive at a descriptive criterion of turn—
ing performance, several performance characteristics must
be considered. The radius of curvature of the flight path
described by the airwplane, the time to turn through a given
azimuth angle, and the loss ¢f altitude in a2 given turn nay
be considered to be of paramount importance, since these
are measures of the tightness of the turn, the rate of turn,
and the ability of a combat plane to maintain or gain an
altitude advantage over the opponent.

In previous methods of calculating the turning per-—
3 formance of airplanes, the effect of thrust upon the maxi-—
nun lift coefficient has been neglected, and measurements
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made in the present investigation consequently show a
poor correlation with such calculations, In addition,
the information available concerning the effect of flap
deflection upon tho turning performance and the effect
of thrust upon the maximum 1ift coefficient has Deen in—
adequate for application to an actual problem, Conse—
guently, when the Bureau of Aeronautics, Navy Department,
requested that flight tests be carried out to determine
tﬂe turning performance of a Navy F24-3 airplane (No.

516), in addition to the tests for this spececific pur—
posc, tcots to determine the polar curves of the airplane
for various flap deflections and the offect of thrust

upon the maximum 1ift coefficient were made, The purpose

of these latter tests was to ostablish data nccessary %o
calculate turning performance, The tests nocessary to
detormine turning performance itself were thus perhaps
someowhat reduced in number, although they were carried
out for two altitudes and three flap deflections,

APPARATUS

Description of the Navy F2A-3 airnlane as flown.—

The Navy F2A-3 airplane tested was a single—place,
single—engine, midwing, pursuit—type, cantilever monoplane

with retractable landing gear and partial—span split flaps,
Figure 1 is a three—vievw drawing, and figures 2 and 3 show
the airplane, with flaps down, as instrumented for the

Pl ig at tests.

General specifications are as follows:
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Mean aerodynamic chord ... 74.838 inches
Flapss

Deaeth ComBlI ", e 34" & ' 8.47 feet

Afoa Locagh) 's"1%: 4 B 2 ¢ 8.22 square feet

CRorE™PalxST sV, L 0 E 3 1.06 feet

INSTRUMENT INSTALLATIOW

WACA instruments were used to record p
as a function of $ime the following variadbl
normal, longitudinal, and lateral aceslera
sure altitude; change of altitude; longitudi
tiong rolling, yawing, and pitching velocitiesy manifold
pressure; engine revolutions per minute; engine torque;
and approxzimate angle of*attack, Changes in azimuth dur-—
ing turns were determined by photographing the reading

of a standard type directional gyroscope by means of a
notion—picture camera which was synchronized with the
other records. The frec—air temperature was read from a
standard—type airplane¢ indicating thermonetoer.

. . - -

The airspeed recorder was connected to a freely
sviveling pitot—static head, which was vaned to align it-
self with the relative wind, and was located on a boom
extending about a chord 1engtn ahead of the left wing tip
(figss 2 and 3), The position error of the airspeed head
was found from flight tests to be negligible. The rates
of air flow through the static and total—pressure tubes

waere 80 balanced that flight involving a change in air
density would not cause an error in recorded airspeed,
To minimize the effects of lag, the recorder itself was
mounted at the base of the boonm.

The directional gyroscope was mounted in an internally
lighted box, A calibration was made of the error in azi-
muth reading created by operating the instrument at vari-—
ous angles of bank and pitch. Inasmuch as the directional
gyroscope would not function properly when it was banked

nore than 55° the instrument was mounted with an initial e

bank of 45° to the right. All turns were then made to
the left. Thus, by uncaging the gyroscope in g left turn,

] o




Just prior to the time of taking reecords, 1t was possible
to obtain large angles of left bank without malfunction—
ing of the gyroscope. !

The approximate angle of attack was measured direct—
1y bycaivane pivoted to alignisibtselfssin pitchsgswlth the
relative wind. The vane was nounted on a boom near the
right wing tip and approximately one chord length ahead
of the leading edge. Although, due to the upwash, this
instrument did not give a true value of the angle of
attack, the records wecre helpful in determining the prox—
imity to the stall during the turning maneuvers; The
anglc of attack was determinecd more precisely in steady
straight flight from data on change of altitude, true
airspeed, and longitudinal inclination of the airplane.

Density altitude was determined from the measure-
ments of pressure altitude and free—gir 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 determined

by the use of a Wright engine torquemeter and the revolu-—
tions per minute recorder.

SYMBOLS AND COEPFICIENTS

a acceleration, feet per second per second

Cp drag coefficient

CDQ effective profile—drag coefficient

C1, Lift coegfficiont

a propeller diameter, feet

D drag of airplane, pounds

F foree, pounds

& acceleration of gravity, feet per second per

second (32.2)




AE

fle]

q

change of absolute altitude in 360° turn, feet

(ACyqS)/Te

lift of airplane, pounds

effective span loading, pounds per

mass,

slugs

square foot

dynamic pressure, pounds per square foot
(22 py™)

total pressure — static pressure,
equal to gq in this report

radiu

radin

S

S

assumed to be

of curvature of €light path,. feet

of helix cylinder, feet

wing area, square feet

Te
p"?gdz

£

e
5

Q

effective propeller thrust, pounds

wan®
time to turn 360, seconds

true airspeed, feet per second

correct indicated airspeed, mi
(defined by Vi = 19.8 ch)

iles

gross weilght of airplane, pounds

ver

hour
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0 inclination of flight path to horizontal, degrees
Oo ‘angle of ‘el imb” in straight flight,!degrees
c ratio of air density at altitude to standard

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

Subscripts:

h horizontal

L longitudinal

i straight flight
n nornmal

t turning flight

THEORETICAL CONSIDERATION OF THE CALCULATION

_AND MEASUREMENT OF TURNING PERFORIANCE

Throughout this report, the term "radius of curva—
ture" is wused in preference to the tern "radius of turn,”
since sone ambiquity may arise in considering spiral
flight as to whether the term "radius of turn" refers to
the radius of curvature of the flight path or the radiu
of the cylinder about which the spiral path is made. The
relation between the radius of curvature of the flight
path and that of the helix cylinder may be shown to be

r = R.coe”p

The formula for computing the radius of curvature
of the flight path of an airplane in steady turning
flight mey be developed as follows:
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From Newton'!s second law of motion,
F=mah (1)

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

P =1L sing b

The axes shown in figure 4(a) and 4(b) are mutually
perpendicular., The 2 axis is vertical, and the X axis
lies in the vertical plame of the flight path of the alr—
plane, The flight path is inclined to the X -~axis at an
angle 8,

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

Ve
ay = —R—' (3)
wvhere
Sep kA9 Vi d”
i (4)
o]
Figure 4(a) also shows that
Fy =L cos g
and
Fg = W cos 8
hence
| In cogs @ = W cos @ (5)

Substituting for F and a;, the values as derived

from equations (2), (8),(4), and {6), and placing mn
equal to W/g and I equal to Cp qB gives
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To use equation (6) to predict the radius of curva—
ture at various speeds, certain information about the
airplane must be available. This includes such items as
weight, altitude, horsepower, revolutions per minute, and
the lift—drag characteristics .of the airplane, or at least
sufficient of its geometry to estimate them,

In considering the application of cguation (6) to
the calculation of the minimum radius of curvature, it is
apparent that the minimum radius of curvature at a given
speed will be obtained at the maximum 1ift coefficient.
The maximum 1ift coefficient attainable is dependent upon
the thrust which is being delivered, and. thus the varia—

tion of CLmaY with thrust coefficient must be available,

Xnowing the variation of thrust with airspecd for the
speccified conditions, the variation of the maximum 1ift
coefficient with airspced for these conditions can be com—

puted.

‘A,
m1 . . =S 8" G ]
The angle 6 is equal to 8in " e |y Thus

~

t is necessary to know CDt for the specified condi-

i
tions and value of Oy i
..J_f\ﬂrw

GO X

While the above indicates the method for calculation
of the radius of curvaturce in turns of minimum radius at
various speeds, formula (6) can be used to prediect the
radius of curvaturc using any value of Cp 1less than

o o : ¢ S :
Clp,.x Tor the speed dosired. Since Sl [ Banly - this
ax 2y T /!..

5
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%

amounts to predicting turns at various normal accelera—
tions. To determine 06 and airplane polar for the specci—
fied flap condition is required.
0 wii ol A :
can be found Dy con—

The time to turn through 380
components in the horizon—

<
sidering the space and vclocity
tal planeg,
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Thus

o distance _ 2 mr
velocity V cos @

and using

il cos” @

and equation (4)

o i Gl/aR cos ©
by i (7)
1s47 Vi

The loss of altitude in a 360° turn is equal to the
vertical compenent of velocity multiplled by the time to
turn through 360°, or

AH = 2 7 R sin 8 cos © (8)

Horizontal turns for the specified conditions a%v
various speeds may be considered as a special case where
the flight path angle @ is gero.

Then
Te“'Dt
———g——ﬁ = gin 8. = 0
and
= i s S 9
T =Dy = Op, q (9)

Xnowing the thrust for the desired speed, Opy can

be computed from equation (9). The corresponding value
of O 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 in which terms readily deduced -
from the observations were involved., In figure 4(b), the
airplane normal and longitudinal accelerations, ap and

a;, respectively, lie in a plane through the flight path
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‘The vector ag

1c14

ané inclined at an angle of bank ¢ to the XZ plane.-
is the vector sum of ap and a; and,

for steady conditions, must lie in the ZY 'plane. “For
steady flight, ay nust lie along the Y axis and is

.equal-to-the vector sum of ap and the gravitational ac—

celeration g.

Therefore

Biae P ./ane +...8 Retra BF ‘(10)

Rewriting the general equation (3)

A e 2
T (1.47 \.,!_%)

Since

and

Vo 7 Bk 1.47 V4
R = = < (12)
® cos 0 gl/eu\cos'e

The value ®w 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 velocities
about the airplane axes, The flight—path angle & was
determined with the aid of records of change of altitude.

TESTS

Airplane polars.— Airplane polars for the flaps—up,
220 down, and 56° dowvn (full—down) conditions; with the

~landing gear up and the hood closed, were determined from

a series. of straight flights at altitudes between 4000
and 12,000 feet. - These condit ions. of flaps,' 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—
mun reted were used during these tests,

The weight of the airplane for each run was determined
from the known take—off weight, fuel consumption, and tine
of flight. The brake horsepower output was found from re—
corded torquemeter and revolutions per minute indicator
readings. The effective thrust was calculated from brake
horsepower, revolutions per minute, indicated airspeed,
free—air temperature, and pressure—altitude readdngs,
assuning an efficiency curve similar to that of a three—
blade«..5869—9 propeller. Power coefficient and efficiency
curves for this propeller are given in reference l. The
flight—path angle 8 was computed by use of the readings
of airspeed and altitude.

Then
W cos 6
Cr , B e (13)
LI, qs
and
p Te + W sin 8 ( )
= 14
D1 )

Due to the unsteady conditions existing during the
stalls, it was not possible to determine the drag coef—
ficients av CLma . However, numerous steady runs were

made at speeds just above the stalling speed for the vari-
ous flap and power conditions, and the results were ex—
trapolated to CLm

"3,.'.:

Effect of thrust on CLmav'~ The effect of thrust on

CLm 4 was determined from the results of flight tests
N a,x

which consisted of a series 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 and 12,000 feet, Durdng“the
power—off runs, the propeller was placed in manual high
pitch and hence delivered . nractlcallv no effective thrust.
In 211 of the stalls the airplane was pulled slowly from
straight flight into a definitely stalled condition.
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No corrections were made for change in  Opnpg. < due to
the rate of change of angle of attack.

L=

urns.,— Two types of turns were made, and in both

prdiiiadocifoctoiiody

airplane was properly banked %o ‘give mo acceleration
ng the airplane lateral axis., In''the first type

urns at nearly ) matlnum rated power was applied,

Clinax
and the airplane was pulled dnto the turn and held at a
predetermined constant indicated .airspeed. Each turn was

'tlwhtenod until stall warning .in the form of buffeting was

Obtained, Airspeed was held. constant by allowing the al—
titude to- change. The airplane was then held as steady

. a8 possible at these conditions while the records were.

made.

) In the second type (horizontal turns) each turn was

started from straight level flight at the predetermined -

indicated airspeed. The turn was tightened and simul-
taneously power was applied to maintain constant speed
and altitude, until maximum rated power was developed.
Again, records were made while these conditions were held

. a8 steady as possidle.

-

Both t"peo of turns were made with Ilmp settings of
0°, 22°, and 56° within a range of from 90° to 1b0—mlle°
per hour indicated airspeeds, and at altitudes of about
13,000 and 27,000 feet. The test conditionsyof weight,
altitude, and brake horsepowver were held within the fol-—
lowing limits:
Turns at nominal altitude of 13,000 feeb:
Gross weight . . . . . 6,000 %o 6,600 pounds
Altitude « o o oo 2124100 B 340060 Taet
(o 0.690 ts O, 649)
Brake horsepower. . . , 740 to 860
Turns at nominal altitude of 27,000 feeb:
Gross welig EHY .. ee s ,' 5,900 to:6,550 pounds

Altitude o . . 4 4, 24,750 %o 27,950 feet

(0" 0.450 'to 0.403)
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Brake horsepower . . « 500 %0660

Though there were slight changes of equipment weight
between the various test flights, the changes of airplane
gross weight were due chiefly to fuel consunption during
the flights.. The variations of altitude resulted mainly
from the difficulty of obtaining the desired altitude as
the average for the recorded steady portions of the turns,
The wide ranges of brake horsepower arose prineipally fronm
mechanical difficulties experienced with the power plant,
Three different engines were used during the turn—flight
tests, and these engines were found to have different
operating characteristics. Thus, when similar manifold
pressures and engine 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 apvproximated, as the recording torquemeter was not
installed on this engine,

Due to occasional creeping, some difficulty was ez—
perienced by the pilots in hmaintaining the flap positions,
Any runs in which the pilot indicated that this had oc—
curred were dicarded.

Flight time.— Thé polar curves were obtained from 400
runs which required 20 hours of flying time, A total of
70 stalls was performed %o obtain the Clyae data. Re—

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

RESULTS AND DISCUSSION

Airplane polars.— Plots of the polar curves of the

airplane in the form of curves of Cy, eagainst OCp are
shown in figure 5 for the three flap conditions tested.
The equations for the parabolic curves plotted in figure 5
are also shown in the figure., These curves were derived
from flight—test data by plotting C1,? against - Cp for

each flap condition and drawing a straight line through

the points, The points plotted in the Torm of Cr,® against

Cp showed some scatter, especially in the high CL2 region,

In this region, however, it was difficult to determine Cp.
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accurately from flight measurements because of unsteadi—
ness of the airplane, and the straight line relationship
chosen thus seemed to be reasonable and was convenient

to use, The scatter of the points did not seem to bear
any-reletion8hip to the variation in thrust during the
Gest runs, which wouldiappear to indicate that Tha weothod
used to determine propeller efficiency and thrust was ac—
ceptable for this ailrplane and propeller combination.,

The curves of figure 5 appeared to be representative of
the mean relation of Cy to Op even when, due to the

action of the propeller, O became greater than the
maximum for zero thrust.

Although the polar curves of the airplane may be
different at various altitudes, due to the effects of
different values of Reynolds and lach numbers, such dif—
ferences have been assumed to be negligible in the present
investigation.

Effect of thrust on The curves pertaining

“ ——
“Ipax®

to the effects of thrust on CLm x 2re presented in fig—

ures 6 to 15. These curves were derived from flight—test
ata as follows.. The approximate time of stalling was

deterﬂlned by inspection of the records for each of the

stall runs, and computations of CLmax were then made.

The power delivered to the propeller at the time of the
stall was determined from the revolutions »mer minute and
torquemeter indications, and the effective thrust was
computed by the method previously explained for airplane.
polars., A thrust coefficient T,' was then determined

by the relation

Tel = 'a constant x Tg = = st

The variations of Ln . with "t for various flap de—
‘A' “
flections are shown in figures 6 to 10. By plotting
pi [ Taf

C;r&Y as a function instead of T,, the slope

K 1s numerically equal to the ratio of the inerease in
1ift, due to the propeller, to the effective thruot and
is also the value of X wused in reference 2.
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Additional information is given in figures 1l and
12. The variation of K with flap deflection shows that
at a flap deflection of approximately 109 5K - 38 &4 Bmaxd-

dc
mum (£ig. 11). The change of dCDQ with f£lap deflec—
L
tion is also plotted in figure 11. Figure 12 is a cross
g b ac
plot of K against EEE%, and the resulting curve is
&

closely apprdximated by the parabolic equation given.

From figures 6 to 10, it may be seen that

+ 1o

chax (power on) Clnaz (Te = 0) 25

where X is a function of flap position. The foregoing
equation and the values of X which were obtained from
flight tests at relatively low altitudes have! been zssumed
to apply to flight at all altitudes for the purpose of
this investigation., It should be realized, however, that
in turns made at very high altitudes, the changes in l{ach
and Reynolds numbers may be large enough to affect the
validity of this assumption %o a considerable extent.

The variation of

CLmax with indicated airspeed in

the turns was calculated upon the assumption that the
maximum rated powers of the engine at 13,000 and P 000
feet altitude were available. These pcecwers were taken as
900 and 650 brake horsepower, respectively, Using the
same propeller characteristics previously applied to the
fligcht—test data for the airplane polars, and an engine
revolutions pver minute of 2300, curves of thrust against
indicated airspeed were computed and are shown in figure
13.  The above data were then applied to the formula for

Cy, : ' and the variation of Oy with Sndi-
“bmax (power on), max
cated airspeed was determined for the desired flap, power,

and altitude conditions (figs. 14 and 15).

-

Calculated turns.— The calculated curves of mininmunm

O

radius of curvature, time %o turn 360, and change oif afl—

. . (@) . . g a
titude in 360" turns at various speeds are shown 1n I1g—
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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°,
2290 and 560; and for brake horsepowers: of 900 and 650
at altitudes of 13,000 and 27,000 feet, respectively.
Equations (6), (7), and (8), and data from figures 5, 13,
and 14 were used in the computations as indicated by
sample calculation A  in the appendix,

The radius of curvature and time to turn 360° in
horizontal turns were also calculated for various speeds
and are shown in figures 22 to 27. The same conditions
of weight, flap position, power, and altitude were assumed
as in the preceding calculations. For these turns, sample
caleulation B, involving equations (6), (7), and (9)
and data from figures 5 and 13, is given in the appendix.

Test turns.— Results of the flight tests are plotted

as' points on figures 16 to0-27 for the.conditions ‘Indicated.
The test data were reduced to radius of curvature, time

to turn 360°, and change of altitude in 360° turns by the
wge of equations (7), (8), (10), (11), and (12), The
flight—path angle 6 was determined from the airspeed

and change in altitude.

Yo attempt was made to correct these test points to
the conditions of weight, altitude, and 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 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 obtained from the
photographically recorded indications of the directional
gyroscope to equation (12) gave the most reliable and con—
sistent results. The test points shown were evaluated on
this basis, except for a few cases where directional gyro—
scope records were not obtained.

Comparison betwéen calculated 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, a2ll of the
test points have not been plotted.
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Figures 16 to 21 indicate that the calculated mini-
mum radius of curvature represents the actual optimum
turning ability of this airplane within close margins.
Since the calculated curves were based upon the use of
chéx’ it would be expected that the curves wouwld repre—

sent absolute lower boundaries of the radii of curvature.
The fact that some of the test points lie below these
boundaries is partially due to the deviations from the
assuned conditions of weight, altitude, and brake horse-—
power used in the calculations, as indicated in the de-
scription of the tests., This discussion also applies to
the calculated and measured values of the time to turn
360°, the agreement between them being similar to thab
for the radii of curvature. Also shown on figures 16 to
21 are curves of calculated radius of curvature computed
on a basis of Op,.. for Te = 0 (neglecting the effect

of thrust on OLy.x) for each of the flap conditions,

These curves indicate that this method is too conserva—
tive for estimating the minimum radius of curvature,
eSﬁecially in the low-speed region, and t.at the effect

of thrus¥ on O, . should De considered. For the

change of gltitude in 360° turng, there is a greater
scatter among the test points and a greatoer deviation
from the calculated curves; however, the curves indicate
satisfactorily the relative effcects of flap deflections
and- altitude on the Yoss . ef 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 prevailed, and there was no
noticeable change of altitude, It should be pointed out
that the test points do not represent boundaries of a
field of test points, as was the case for turas at nearly

Gy, e In addition to the curves which were computed on

nla

2 basis of 900 and 650 brake horsepower, curves are shown
on figures 22 and 25 for computations based on 800 and
600 brake horsepower, respectively. These curves illus—
trate the effect of a reduction of power. Thrust curves
for these lower powers arec shown on figure 13.

As the speed at which horizontal turns are flown at
constant horsepower is reduced, the 1lift coefficient in-—
creasos until a speed is reached at which Cp is a maxi-

mum for that speed. Thus, in figure 22, for 900 brake
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horsepower this speed is 113.,5 miles per hour, JFigure
16 also shows this speed as the zero loss of altitude

turn at CLmax for the given conditions. Any turn,

even at CLma_, for this brake horsepower and at a speed
A

below .113.5 miles per hour would be a climbing turn. To
fly horizontal turns at a lower speed would require a de—
erease in power, and the portions of the curves for
speeds below these critical speeds in figures 22 to 29
have been computed on the basis of this decreasing power
required., For the conditions of figures 26 and 27, as
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

possible to fly a horizontal turm at Op,_ . for these

conditions.

The test points and the calculated curves for the
radius of curvature in horizontal flight at 13,000 feet

-

altitude for the wvarious flap conditions are in close
agreement, s shown in figures 22, 23, and 24.

1)

A

The horizontal turns at 27,000 feet altitude (figs.
25, 26, and 27) show greater scatter of the test points, ‘
especially for the flaps—deflected (high drag) conditions.
At these conditions and where the airplane approached
its ceiling; the offccts of slight changes of power out—
put, or of unsteady atmospheric conditions, were accentu—
ated. Small changes of angle of bank in similar turns,

while giving no noticeablc lateral acceleration, had a
large effect upon the radius of curvature, as did slight
variations of piloting technigue. It is also possible
that at this altitude the actual 1ift and drag character—
istics 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.
Despite the scatter of the test points, the calculated
curves for figures 25 and 26 represent closely the mean
curves through the test points and hence may be considered
indicatiye of the performance of the airplane. For the
flaps 56° down condition (fig. 27) there was a relatively
small amount of power available for maneuvering, and the
effects of the above-mentioned difficulties were so greatb
that it was impossible to obtain consistent ftest points
establishing the turning performance or verifying the
calculations.




‘and to the small effect of changes in
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The. time . to turn 360° in horizontal flight (figs. 22
to 97), as shown both by the test points and the calcu—
latéd curves, varies in a manner similar to that for the

.correspondlng value of radius of curvature, since in equa—

tion (7) cos 8 = 1 for horizontal turms.

Alrplane turning performance as affected by flaps
and dltluude.— The calculated curves 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, curves that might
have been drawn through the test p01nts would have repre—
sented somewhat variable conditions,

An examination of figures 16 to 21 shows that for
each of the specified condtions, the minimum radius of
curvature is practically constant for indicated airspeeds
above 100 miles per hour at 13,000 feet altitude and above
110 miles per hour at 27,000 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 density 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
increase 'of flap deflection results in a decrease of* the
ninimum radius of curvature and the time to turn 3600,
but with an additional sacrifice of altitude. The initial
22" flap deflection has a greater effect than:the addi-—
tional 34° deflection which produces the 56° down condi—
tion., ‘A%t 27,000 feet altitude (figs., 19, 20, and 21),
the same relationships between flap COﬁdlt‘OnS apply but,
for a given flap setting, the absolute values of radius,
time, and change in altitude are greater at the higher
altitude. Examining equation (6), this increase in
radius is seen to be due to the decrease in air density

Clyax @and 8

brought about by the decreased horsepower,

In the horizontal turns at 13,000 feet altitude
(figs. 22, 23, and 24), there is for each flap deflection
&6 horizonatalcturn,of ‘midimum radius when the airplane is
flying at CLmax‘ Thig minimum radius and the speed at

which it occurs decrcease with increasing flap deflection,
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As previously:explained,. the radii of wcurvabture: for gpeeds
below these critical qpeeds were computed on the basis of
reducing power to maintain the turns horizontal. Actually,
it would no doubt be preferable at these lower speeds to
fly climbing 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 condition 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 increases with speed. A4s nrev1ous1v noted
for the horizontal turns, the time to turn 360° varies
with speed in a manner similar 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
ninimum radius no longer occurs at the speed where Cf

reaches the maximum, but at some higher speed. As pre-
viously mentioned, C cannot be reached in horizon-—

Ly
tal turns for the flgps— own 22° and 56° conditions at
this altitude and, as flap deflection is increased, the
speed range over which horizontal turns may De f+own is
considerably decreased. TFor a given speed the radius of
curvature is always less with flaps up (fig. 25) than
with flaps down (figs. 26 and 27). A comparison of values
of the radius of curvature for flaps 56° down with those
for Flaps 22° down shows that the minimum radius horizon—
tal turn is slightly smaller for the 56° setting, anddl
the radius is smaller at each speed below 97 miles per
hour. At higher sPeeas the radius increases rapidly and
is greatest for the 568° setting. Compareéed to the hori-
zontal turns at 13,000 feet, those at 27,000 feet for the
same flap position show a much greater radius, due not
only to the decrease in air density, but also to the lower
brake horsepower. Analysis shows that flaps can decrease
the radii of horizontal turns only if, over the range of
drag coefficients considered, the corresponding lift co—
efficients are greater with the flaps deflected.

Airplane turning performance as affected by weight ,—
Due to the fact that the gross weight of the airplane
could not be varied conveniently over a wide range, no
flight tests were made to study the effect of weight on
the furning performance; however, figures 28 to 31 show
the computed effect of an increase and a decrease of 1000




pounds in airplane gross weight. The curves in these
figures for the atandard airplane weilght of 6500 pounds
have been. taken from figures 16, 19, 22, and 25.

Ags would be expected from equation (6), these changes
of weight cause a corresponding substantial change of
radius of curvature and time to turn 360° in turns at
CLmax (figs. 28 and 29), The effects of the changes of

radius of curvature and flight—path angle are such that
little difference in loss of altitude in 360° turns occurs.

For most horizontal turns, O3 is less than maximunm

and hence, as may be seen from an examination of the fterm

Cr @S ' .
———— in equation (6), a given change of weight has a

-t
-

reater percentage effect on radius of curvature than for
r

gt
turns at Op . .. This is especially evident in the hori-
<

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

Turning—performance diagrams.— For convenience, turn—

ing—performance diagrams for eachk flap and altitude condi-
tion for this airplane 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 32 were com—
puted conformed in general with the method of referencs 5,

with the exception that the effect of thrust on CLmax

was considered. OSample caleculation A "in the appendix
partially illustrates the methods used to obtain figures
a27v8 WY, S

CONCLUS IONS

-

n general:

1. The turning performance of an airplane can be cal—
culated with satisfactory accuracy by the methods of this
report, provided the airplane polar and thrust curves are
available for the specified conditions,

I

o

L3
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2. The effect of thrust on the maximum 1ift coef-
ficient should be considered in predicting the turning
performance of an airplane, especially in the low—speed
region.

"Foyr turns flown at a given altitude at nearly maxi-—
mum 1ift coefficient with the Navy FR2A-3 airplane:

3., The radius of curvature and time to turn 360°
at a given speed decreases as the flap deflection is in—
creased,

4, The radius of curvatureiforia given flap deflec—
tion is a nearly constant minimum over a wide range of
speed.

5. The loss of altitude in 360° turns increases as
the flap deflection is increased, and the difference of
this loss of altitude for any two flap deflections is
approximately constant over the speed range considered
(20 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 considered.

7. For the flap deflections considered in this re—
port, the effect of the first 22° of flap deflection on
turning performance is greater than the additional effect
of the last 34°.

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

9. An increase in the airplane gross weight 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 but little dy changes in weilght.

For horizontal turns flown at 13,000 feet altitude
with the Navy F2A-3 airplane:

10, For each flap deflection there is a speed at
which the radius of curvature is a minimum, and for this
turn the airplane is being flown at the maximum 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 any airspeed above 112 miles per hour the
radius of curvature is a minimum with flaps up, and this
advantage over the other flap deflections increases with
airspeed.

For horizontal turns at 27,000 feet altitude with
the Wavy F2A—3 airplane:

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

14, ‘The maxinum Lift coefficientocannot ge reached
in horizontal turns for the flaps 22  and 56 deflected
condityons,

15, At any speed the radius of curvature is a mini-
mum for the flaps—up condition.

15. The turning performance is inferior to that for
horizontal turns at 13,000 feet altitude, due to the di-
rect effect of decreased air density and to the reduced
power output.

17. A change of the airplane gross weight has a

large effect on the turning performance, and a decrease
of weight would result in greatly improved performance.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
loffett Field, Calif,

APPEND IX
SAUPLE CALCULATIONS

Ezomnple A.— The sample calculations are carried out
for the following conditions:
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Epeed . . + + + ¢ « o 120 mileaTDEENERRE
WEIrht . ¢ « & « « » 6,600 pomnie

Lt coefficient < . T
mnax

Wing area . . . o . ., 208.9 square f@et
BELE . v e s v o4 s, UD

Dengity altitude, .' . L3;000

B ¢ 4 e o« vow v 0,678

BOWEeY ¢ « o v s o ¢ o 900 ,hrakethoreanowenr

(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:

1s Bpon Figure 14 . for flaps up at 120 miles per hour
CLt 5 GLm x = 1,71
2. From figure 5, for flaps up at COp = 1.71

th = 0,235

3. The drag in the turn

@)
4
t

= Opy 9¢5

-
ot
i

= (0,235) (0.00255) (120)° (208.9

= 1812 pounds

(&)
ct
1

A

4. Fron figure 13, with 900 brake horsepower at
13,000 feet altitude, for’ 120.-umiles per hour

Tg = 1635 pounds
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Te — Dy
By sin 0 = ——————
w

BE i

gin 0 = i L = —0,0273

6500 ¥
8 = —1,6°

cos 8 = 0,9996

6. The radius of curvature

L0l Y, "

Cf a8 N 1/-
cg[(—EJL- — cos® 9] /

W i

R =

(1,47)% {120)3

2

iwiSiws oy [T LN 0s0288)(050F (208.8) | . (5 ocepye b 22
(0.672)( 2.“>{[ e ] (0.9996)°

R = 818 feet

7., PTime G0 turn 3600

2 7 R cl/gcose

147 Ty

A i o 1/2 Q04
| . - (2)(8.14)(818)(0.672) (0. BRRE . nod mboniis

{1.29)C180)

8. THe change in altitude in ayzﬁdo turn

AR 2. m Bigdin 6 ecog @

1l

AR

il

(2)(3.14)(818)(—-0.0273)(0.9996) = —141 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 following steps:

9 The 1lift coefficient in StraiEht Sl oht

Since <cos 6, is practically unity in the range

considered

0y, = {65708 = 0.84

(0.00255)(120)%((208.9)

10, ¥rom figure 6, for U= UJER
Cpy; = 0.080

il. The drag in straight flaghs

Py = CDj QS;

Dy = (0.080)(0.00255)(120)%(208.9) = 615 pounds
Tg — D
13, 8dn-8, = il el
w
35 — 61
sin 8, = 20 812 = 0.157
6500

8, = 9.0° (ordinate of angle of straight—
climb curve)

i}

9,0 — (~1.6) = 10.6°% (ordinate of
stall boundary curve)

13. 60 3o 9

The computations made in order to present the data
in the form of the turning—performance diagram of fipure
38 are shown in the following steps:

14, From filgure 5, for flaps™up
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88D - v 070
dCLz
15, The ‘span dloading
I T w dCp
S d('.'«L2
i = (8.14).(6500).(0.070) _ o,
208.9
T - \
16, y o (Ze =Dy 1 _ sin 8
‘I z'S ls
0,157
Y & e 0, 0850
6.84

17, &Y & el 2

s R < S 1
av = SA8RE = 838 . o, ogeo

(6500)(6.84)

Example B.— Steps required for the computation of
the radius of curvature and time to turan 360° for a
horizontal turn are as follows. (The conditions are the

.

same as in Example A except for the value of 0O, The

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

T
1635 4

(0.00255) (120)°(208,9)

2. From figure 5, for flaps up at OCp = 0,213

th A




Ird

3+ The radius of curvature.

(1, )Rl g

/61 S\ 2 ' 1/ 2
R — cos® 9 /

il

s e

L%

oe |

(1.47)%(120)°"
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Use of Powor
NACA, 1939.

Regard to the
TN No. 692,

-

o, Gates, 8, B.: Notes on the Dogfight. Rep.

HeMEn " British RA.BL . 2940
;] t]

in Landing an Airplane.

No.

R = 2
"(1.63)(0.00255)(120) (208, TLz/2
(0.672)(32.2){L(1 63)(0.00255)(120) (208.9) llf /
(6500) :
R = 877 feet
4, The time to turn 380°
R < nwmRo 1/2005 8
1.47 V3
(2)(5.14)(892)(0.672)*/2 (1}
t = ( ( (1) = 25.4 seconds
(1.47)(120)
REFERENCES
1. Bierman, David, and Hartman, BEdwin P.: Tests of Five
ﬂull—Scale Propellers in the Presence of a Radial
and a Liguid—Cooled Engine Nacelle, Including Tests
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2., Diehl, Walter S.: Some Fundamental Considerations in

BOA.
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‘ NACA Figs. 2,3

——.

l’h i v sk Bt

Figure 2.- Three-quarter front view of Navy F2A-3 airplane as instrumented for tests, flaps
3 down.

NACA
AAL - 2369

Figure 3.- Side view of Navy F3A-3 airplane as instrumented for tests, flaps down,
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NACA Fig. 13
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