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LANGIEY FULL=-SCALE TUNNEL INVESTIGATION OF THE FACTORS
AFFECTING THE DIRECTIONAL STABILITY AND TRIM
CHARACTERISTICS OF A FIGHTER-TYPE AIRPLANE

By Harold H. Sweberg, ZEugene R. Guryansky
and Roy H. Lange

SUMMARY

Tests were made in the Langley full-scale tunnel of
the Grumman XFEF-L airplane in order to investigate the
factors that affect the directional stabllity and trim
characteristics of a typical fighter-type alrplane. Eight
representative flight conditions were investigated in detall.
The separate contributions of the wing~fuselage combination,
the vertical tail, and the propeller to the directional
stability of the alrplane in each condition were determined.
Extensive air-flow surveys of sidewash angle and dynamic-
pressure ratio along a line coincident with the rudder
kinge line were made for each condition investigated *o
alid in evaliuating the slipstream effects. The data obtained
from the air-flow surveys were also used to investigate
methods for calculating the contribution of the vertical
tall to the ailrplane directional stability.

The results of the tests showed that, for the condi-
tions investigated, the directional stabllity of the air-
plane was swallest for the gliding condition with fleaps
retracted and was greatest for the wave-off condition with
flaps deflected 50°. The variation of sidewash angle at
the vertical tail with angle of yaw was destabilizing for
all conditions investigated. Propellsr operation increased
the magnitude of the destabilizing sidewash but, at small
angles of yaw, also increased the dynamic pressure at the
vertical tail sufficiently to make the combined effect
stabilizing. The lateral displacement of the slip-
stream with respect to the vertical tall at angles of yaw
larger than approximately +10° caused a reduction in the
contribution of the vertical tail to the airplane direc-
tional stability at positive angles of yaw-and an increase
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at negative angles of yaw. Flan deflection tended to
increase the directional stability of the airplane
regardless of the condition of propsller operation.

The rudder deflection required for directional trim
was g”eatest for the wave-off condition with the flaps
deflected )O The large chianges in the directional trim
of the airplane resulting from propeller operation are
primarily due to the sffects of the slipstream on the
wing=-fuselage combination and on the vertical tall and
are only secondarily due to the direct effects of the
propeller forces.

INTRODUCTTION

The importance of the effects of propeller operation
on the directional stability and trim characteristics of
an airplane is well known. Past experience has shown
that the directionsl trim is usually critical for a take-
off or low-speed climb condition in which high propeller-
thrust and torque coefficlents produce large increments
of yawing-moment coefficient. For such conditions, a
pilot may often find that, because of the large trim
changes involved, he has insufficient rudder control and

is uneble to maintain the desired heading. The directional

stability is usually lowest Ifor a condition of high angle
of attack and low power, during which the contribution

of the vertical tail to dirsctional stability is lowest
because of the low slipstream velocity and the relatively
large loss in dynamic pressure due to the fuselage and
canopy wakes,

Analyses have been made in the past of wind-tunnel
data on directional stability and control {(references 1
and 2} but these anslyses were based meainly on the
results of scattered tests of a large number of airplanes
and airplane models and did not include any systematic
test results showing the effects of propeller operation
on the directional stability and control characteristics
of a single design. TIn particular, only meager data were
available to show the effects of propsller operation on
the air flow in the region of the vertical tail. 1In
order to obtaln some systematic wind-tunnel-test deata
relative to these effects, an investigation was conducted
in the Langley full-scale tunnel on the Grumman XF6F-i
airplane. The investigation included measurements of the
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directional stability end control characteristics of the

alrplane for a wide range of flight ~sonditions. For each
flight condition investigated, tests were made of the
complete airplane, of the alrplane without propeller, of
the airplane without vertical tail, and of the airplane
without both propeller and vertical tail. The separate
contributions of the propeller, the vertical tail, and
the wing-fuselage combhination to the airplane directional
atability and trim could thus be evaluated. 1In addition
to these force tests, measurements were made of the
dynamic pressure and the angularity of the air flow at
the vertical tail. Particular sttention was given to
these alr-flow measurements inasmuch as the avallsable
data on this subject are very limited.

Cr, 1ift coefficient (L/q.S)

Cy lateral-force coefflicient (Y/q,S)

Ch yawing-moment coefficient (N/q,Sb)

T, thrust coefficient (To/2q,0°)

Q torque coefficient <Q/2qOD5>

L force along Z-axls; positive when acting upward

Y force along VY-axls; positive when acting to the
right

N moment about Z-axis; positive when it tends to
turn nose to right

Te effective propellsr thrust (XR - X')

¥R resultant force along X-axis with propeller

' operating .
Xt force along X-axis, propeller removed
Q propeller torque

propeller diameter (13.08 ft)
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wing area (33l sq ft)
vertical-tail area (19.0 sq ft as defined in text)

distance from alrplane center of gravity to
querter-chord point of mean vertical-tail
chord, measured parallel to fuselage refer-
ence line (19.5 ft)

wing span (L2.83% ft)

span of vertical tail surface (L.25 ft as defined
in text)

section chord of vertical tail

angle of yaw, degrees; positive with left wing
forward

angle of attack of fuselage reference line relative
to free-stream direction, degrees

angle of flap deflection, degrees

angle of rudder deflection, degrees; positive when
tralling edge of rudder is moved to left

propeller blade angle at 0.75 radius or angle of
sideslip,degrees

sidewash angle, degrees; positive when flow is
from right to left when airplane 1s viewed
from rear

average sldewash angle along rudder hinge line
weighted for chord and dynamic pressure, degrees
/ 1 POt
‘\Sav = — / Cy aﬂ- odb
(Q/QQ)QV “tLO o]

Y

rate of change of average sidewash angle with
angle of yaw

local dynamic pressure

free-stream dynamic pressure
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a/q,

('q/qo)av

n
da/t

(6 P} Cl’l:O

(CY>cn=o

ratio of local dynamic pressure to.free-stream
dynamic pressure

average dynamic-pressure ratio along rudder
hinge line weighted for chord

. N
- L q )
<9/q;>av B StJC Ctagdbtj>

indicated,airépeed

rate of change of Cn with respect to Y, per
degree

rate of chaenge of (C with respect to W, per
& Y

degreae

rate of change of vertical-tail normal-force
coefficient with angle of attack, per degree

rate of change of C, with respect to &.,., per
degree

rudder deflection at zero yawing-moment coef-
ficient, degrees

lateral-force coefficient at zero yawing-
moment coefficient

Subscripts:s

t

p

S

av

vertical tseil
propeller
slipstream

average
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ATRPLANE AND APPARATTUS

Tests were made of the Grumman XF6F-l, which is a low
midwing single-place fighter airplane weighihg about
11,400 pounds and equipped with a Pratt & Whitney R-2800-27
engine rated at 1600 horsepower at 20100 rom at an altitude
of 5700 feet. The rear portion of the fuselage is wedge
shaped, snd the gap between the rudder and fin is sealed.
The maximum rudder travel is 33°, 4 three-view drawing
showing the principsal dimensions and areas of the airplane
is given in figure 1 and photographs of the airplane
motnted in the Langley full-scale tunnel are given in
figure 2. '

For some of the tests, the vertical tail was removed
and the gap left by its removal was faired to the contour
of the fuselags by a sheet cf aluminum. A sketch showing
the tail fairing superimposed on the vertical tall surface
is given in figure %, which shows also the principal
dimensions of the vertical tail surfacs.

The air-flow measurements were obtainsd by means of
the combined yaw, pitch, and pitot-static tube shown in
detail in figure L. Photographs of this instrument
mounted in vosition for the air-flow measurements are
given in figure 5.

METHODS AND TEZS&STS

411 the tests were made with the alrplane landing
gear retracted and the cowling flaps closed at a tunnel
airspeed of spproximately 60 wiles per hour, which corre-
sponds to a Reynolds number of approximstely A,EB0,000
based on a mean wing chord of .80 fset. The allerons
and elevators were locked at OY deflsction for all the
tests and the landing flaps were locked at 50° when
deflsescted. YNo attempt was made to duplicste the "blow-
up" characteristics of the landing flaps. The dirsctional
stability end trim cheracteristics of the airplane were
obtained for thes eight representative flight conditions
outlined in table T.

Directional-stabilitv measurements.~ The directional
stability characteristics of the airplane, for each flight
condition, were investigated by measuring the forces and
moments on the airplane at approximately 50 increments
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- "dT angle of yaw -between %152, which was the maximum yaw-
angle range possible with the present airplane-support
setup in the Langley full~scale tunnel. For each of the
eight conditions, tests were made of the airplane with
the propeller both removed and operating and with the
vertical tail surface both removed and in place.

irectional~trim measurements.- The directional trim
characteristics of the airplane were determined from
rudder-effectiveness tests. Only four of the conditions
listed in table I were investigated; namely, the landing,
the wave-off, the gliding, and the low-speed climb
(vy = 98 mph) conditions. FRudder-effectiveness tests

also were made for simllar conditions with the propeller
removed. ;

ST ol

© et

Alr-flow measurements.- Surveys of the velocity and
E angularity of the air flow in the region of ths vertical
teil were made for all the conditions listed in table T.
At each sngle of attaclk, surveys were wade for nropsller~
removed and propeller-operating conditions at angles of
vaw of apvroxirately 0°, *5°, £10°, and *15°. The surveys
were made with the vertical tall surface replaced by the
talil fsiring and consisted of,-measurements taken every

6 inches along a line coincident with the ruddsr hinge
line and extending from approximately li inches above the
tall fairing to approximately 12 inches above the top of
the vertical tail surfsace. (Sse fig. 3.)

Power~on tests.- For the power-on tests, 1t was
desired to simulate the variations shown in figure 6 of
thrust and torque coefficient with lift coefficient for
constant-power operation at sea lsvel. It was found that
these relationships could very nearly be produced with
a constant propeller-blade~angle setting of 2l.8° measured
at the 0.75 radius; hence this blade~angle =setting was
used for all ths tests wilth the propeller operating. A
comoarison of the varistion of thrust coefficient with
torgque coefficient for constant~power operation and for
the propeller with a blade~angle setting of 2),.8° measured
at the 0.75 radius is shown in figure 7. For the idling-
power conditions, the engine was run at the lowest speed
considered possible (700 rpm) without fouling the engine
gspark plugs. The thrust and torque coefficilents thus
obtained for the idling-power conditions were 0.01 and
0.005, respectively.
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Accuracy of test results.- The accuracy of the results
of the force tests is shown by the scattsr of the test
points. The accuracy of the combined yaw, pitch, and
pitot-static tube is estimated to be about 1”0.256 for the
yaw- and pitch-angle measurements and about 10.0lq, for
the dynamic-pressure measurements. Deviations of the
test results from zeroc for apparently symmetrical condi-
tions are probably due to differences in the airplane on
the two sides of the plane of symmetry and to asymmetries
in the tunnel flow.

RESULTS AND DISCUSSION

The data are given in standard nondimensional-
coefficient form with respect to the stsebility axes and
the center-of-gravity location shown in figure 1. The
stability axés are a system of axes having their origin
at the center of gravity and in which the Z-axis is in
the plarie of symmetry and perpendicular to the relative
wingd, the X-axls is in the plane of symwebtry and perven-
dicular to the Z-axls, and the Y-axis 1g perpendicular
to the plane of symretry.

The presentation of the test results and the analysis
of the data have been grouped into two main sections. The
first section gives results showing the directional
stability characteristics of the complete alirplane for
the various flight conditions investigated and an analysis
of the effects of the wing-fuseslage combination, the
vertical tail, and the propeller on the airplane direc-
tional stability. The results of the air-flow measure-
‘ments in the region of the vertical tail also are included
in this section. The seccond section presents rudder-
effectivensss data from which the directional trim char-
acteristics of the alrplane have besn determined.

DIFECTIONAL STABTLITY

The results of the force tests made to determine the
directional stability characteristics of the airpiane for
each of the elght test conditions listed in table I are
given in figure 8. Each part of figure & shows curves

of ¢, and Cy ageinst WV for one specific flight
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attitude for-the complete airplane, for the airplane with
the propeller removed, for the airplane with the vertical
tail removed, and for the airplane with both the propeller
and the vertical tail removed. No test points are shown
in figure 8 for the propeller-removed data, inasmuch as

: "these data were obtained from falred curves. Values

# of Cnuf and CYW for the complete airplane in each

flight attitude investigated are gilven in table I.

Before a detailed discussion-is presented of the
various factors _.that .affect the directional stability
characteristics of the.airplane, a few of the-outstarding
trends indicated by the test reaults-of .figure 8 are
listed as follows:

(1) The directionsl-stability-parameter at

small angles of yaw (between 15°) is smallest for the
gliding.condition with flaps retracted.. For this con-
dition, G, = ~0.00015.
U

(2) The dilrectional-stability parameter, at small
angles of "yaw, is largest for the.high--power condition
with flaps deflected (wavn-off'conditjon) For this
condition, an = =0.00147.

(3) For the conditions with high thrust ccefficients,
the direettonal stability decreases at angles of yaw
greator than aporoximately 10° andAincreases-at”negatlve
angles of yaw grester thamr approximately -10°

(l.) "Flap deflection tends to increase the airplane
irectional stability.

EffectsofWhng-Fuselage Combinatien and” Vertical
Tail with Propeller . Removed .

 Wing-fuselage combination.- Values. of Op, 2nd Cy

PO A it A S e A

for the.wing-fuselage combinatlon are- shown plotted inm
figure 9 as & function of angle of attack for flaps
retracted and flaps-deflected 50°. These values .of. Gn

and. CYw were obteined from the results shown in fig-

ure B for the airplane, with the -propeller and the-weetical
tail remnved. The variation .of vawing-moment coefficient

== S,



10 FACA ARR No. L5HO9

with angle of yaw of the wing-fuselage combination with
flzps retracted is unstable for the angle-of-attack range
investigated. 1Increasing the angle of attack, however,
decreases the unstable yawing-moment variation of the
wing~-fuselage combination. A further decrease in the
unstable yawing-moment variation occurs with flap deflec~
tion and causes the wing-fuselage combination to become
stable at angles of attack greater than about 8°. This
increase in stability with increasing angle of attack

and flap deflection is probably due vartly to an increase
in directionsal stability of the wing alone with increasing
angle of attack (fig. 8 of reference 3) and partly to an
increase in the directional stability caused by a favorable
effect of the wing-fuselage interference (figs. L and §

of reference ).

The variation of lateral-force coefficient with angle
of yaw for the wing~fuselage combhination 1s positive for
the range of angle of attaclk and flap deflection investi-
gated., 1Increasing the angle of attack and deflecting the
flaps decreases the rate of change of lateral-force coef-
ficient with angle of yaw.

Alr-flow surveys.- Thg results of the air-flow
measurements for the propeller-removed conditions are
given in figure 10, which shows the variation with
height above the fuselage along the rudder hinge line
of the sidewash angle ¢ and the dynamic-vressure
ratio q/q, for engles of yaw of approximately 0°, #5°,
+10°, and %15°. ‘weighted average values of the sidewash
angle and dynemic-pressure ratic along the rudder hinge
line are given in table IT.

The surveys (fig. 10) show that, for this airplane,
the variation of average sidewash angle at the vertical
tail with angle of yaw  dg/dy was, in general, positive
(destabilizing). The deta show that the direction of
flow from the fuselage wake and air beside it (region in
which sharp loss in dynamic pressure occurs) Is strongly
destabilizing. Inasmuch as the vertical-tall chord is
largest near the fuselage, the effect of the flow in this
region on the contribution of the vertical tall to the
alrplane directional stsbility should predominate. The
flow above the fuselage wake appears, in most cases, to
be slightly destabilizing for negative angles of yaw and
to have little effect on the stability at positive angles
of yaw. Increasing the angle of attack or deflecting the
flaps tends to increase the destabilizing effect of the
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- 81dewash. These results are, .in general, contrary to the

results published iun reference 5, which indicate that the
slidewash is usually stahlilizing fecr low-wilng airplanes,
The discrepsancy may be due to the fact that, for the
present seris~gs of tesls, the horizontal tall and canopy
were in place and thes rear portiocn of the fuselags was
wedge shaped; winersas the tezts of reference 5 were made
on a smooth circular fuselage with no horizontal tail.

The data gliven in tablie ITI show that the dynamlc-
pressure ratlio at the vertical toil has 1ts minimum value

~at small angles of yaw and increases as the angle of yaw

is incressed in either direction. For any given angle

of yaw, the ccoatribution of the verticel tail to the sir-
plane Cirectional stability is dirscily proportional to
tlie dyrnemic-pressvre ratio at thet angle of yaw., At small
angles of vav (between t5°) the wertical tail lies directly
in the path of the fuselage and canopy wakes and hLience

a/q, for these conditions reaches its minimum value.

As tne angle of yew is increesed in =ither direction, the
vertical tail moves awey from the fuselage and canopy
wakas and q/qO incresses. Inasmuch as the fuselage
boundary-tavyer and cancopy wakes increase with:increasing-
angle cf attack, the loss in,{q/qo at the tall increases
with increasing angle .of -attack. '

Vertical tail.~ Experimental increments of yawing-
moment and lateral-force coefficlents due to the vertical
te2il were obtained from the data of figurs 8 for the
propeller-removed conditions and sre shown plotted in
figures 11 and 12 for all the airplane attitudes investi-
gated. TFigures 11 and 12 show also increments of yawing-

moment and lateral-force coefficients due to the vertical

tail that were computed on the basis of the results of
the air-flow surveys.

The force-test data show that the contribution of
the vertical tail to the airplane directlional stability
1s lower in the yvaw-angle range between -5 and 5° than
at the higher angles of yaw and, in addition, the contri-
bution of the vertical tail decreeses with increasing
angle of sttack and flap deflection. Numerical values
for the slopes C -and C are given in table TIIT.

Dy, Yy
The trends..shown by these results are in agreement with
the conclusions drawn from the results of the air-flow
SUrveys. o
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An analysis has been made of the results of the air-
flow surveys and the force tests in order to investigate
methods for computing the contribution of the vertical
tail to the airnlane directional stability. The incre-
ments of yawing-moment and lateral-force coefficients due
to the vertical tail are given by the following expres-
sions;

dCa\ 8

- _ N t

Acnt - <da/Q:(w - Gav)(q/qo)av ?f'%. (1)
ACL = A e}

The valuss of &, and (q_/qo)av in equation (1), which

were determined from the air-flocw surveys, are assumed
to apply to the small area below thie lower limit of the
air-flow measurements.

The results of the airsflow surveys - when used in
conjunction with the recommendations given in reference 1
with regard to the determination of the tail area, tail
span, and tsil lift-curve slope - were found to give
values of Cp, and Cy that averaged about 20 percent
larger than tlle values Cbtalined by the force tests. The
values of the vertical-tail area and vertical-tail span
determined by the methods of reference 1, however, include
arcas in excess of that part of the vertical tail above
the fuselage. The surveys indicated that the contribu-
tion cf these areas to the elrplane directional stability
would be small because of the large destabilizing side-
wash and low dynamic pressure in that region. Conse-
quently, feor further calculations, the arsa of the vertical
tail was conzidersd equal to the actusl vertical-tail area
removed from the sgirplane during the tests (Sy = 19 sq ft)
and the spen of the vertical tall was considered equal to
the height of the vertical tail above the too of the tail
fairing (bt = L.25 ft). (See fig. 3.) All the terms of
equation (1) except (dCN/da)t are known from either

the =surveys or the force tests. The term (dCN/da)t

includes the end-plate effect of the horizontal tail and
fuselage on the vertical tail (references 1 and 6)
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- modified by the. interference effect of the vertical tail

on the fuselage. The lift-curve slope for an isolated
tail may be determined from figure 3 of reference 1 as

a function of tail aspect ratio. The analysis of the
results of the force tests and the air-flow surveys
revealed_that the geometric aspect ratio of the vertical
tail btz/st should by multiplied by 1.55 to account for

the end-plate and interference effects. Although this
value 1s numerically the same as that recommended in
reference 1, the agreement is coincidental in view of the
difference in definitions of tail area and tall span. The
comparison given in figures 11 and 12 of the increments

of Cnh and Cy due to the vertical tail, as determined

from the force tests and as calculated from eguations (1)
and (2) by use of the air-flow-survey data snd the correc-
tion factor of 1.55 for the geometric aspect ratio of the
vertical tail, is given to show the range of application
of the present method for the XF6F-l airplane. Good
agreement is obtained for the complete range of angle of
_attack and yaw for all conditions investigated.

In order to calculate the contribution of the vertical
tail to the airplane directional stability, the variation
of sidewash angle and dynamiew~pressure ratio with angle

of yaw must be known because -
G = dCN d(\U’ - Gav)(q/qo)av St 1 ( )
my da /. av S b 5
and
b
C = =C - (L)
Y n
Y Ve 1

Equation (3) shows that the contribution of the vertical
tail to the airplane directional stability is directly
proportional to the derivative of (¥ - av.)(q/qo)av with

respect to the angle of yaw. The term (V¥ --Gav)(q/QQ)av:

which is designated the air-flow factor, is shown plotted
in figure 13, and average values of the slopes

a(v - o
( agiQQ/qo)av between = -50 and V¥ = 50 are

given 1n table III. This table indicates also the effect
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on the contribution of the vertical tail to the airplane
directional stablility of -the decrease in the derivative
of the air~flow factor with angle of attack and flap
deflection. TFor test conditions with flaps deflected 500,
the destebilizing effect of the sidewash and the lcss

in q/qO is sufficient to reduce the contribution of

the vertical tall to the airnlane directional stability
by about 50 percent of the value that would be obtained

a(v - 6,4)(a/q,)

if , 2 2Y  were egual to 1.0. The com-
parison given in table IIT of the values of Cn, and
Ve
CYW obtalned from the force tests and calculated from
t

equations (3) and (L) by use of the sir-flow-survey data
and the correction factor of 1.55 for the geometric tail
aspect ratio shows fairly good agreement between these
slopes.

Effects of Proveller Ogeration

The total increments of yawing-moment and lateral-
force coefficientg due to~§ropeller operation are given
in figure 1L for eazch of the conditions investigated.
These 1ncrements were obtained from the experimsntal data
plotted in figure 8 and are the differences in ¢,
and Cvy for the complete airplane with the propeller

onerating and the propeller removed.

Tor the airoplane with fhaps retracted (fig. 14(a)),
propeller overation was destabilizing at angles
of yaw from about ~10° to 15°; the instability was -
greatest at large positive angles of yaw. At angles of
vaw between ~10% and -150, propeller operastion gave a
stable variation of ACp  against Y, None of the

effects of propeller operation was prooortional to the
power applied or to the thrust coefficient; in fact, at
small angles of yaw (between *59), the instability
caused by propeller copseration was about the same for

all conditions, regerdless of the thrust coefficient and
angle of attack., The effect of propcsller operation on
the directional stability of the airplane with flaps
deflected 50° at small angles of yaw (fig. 1L(b)) was,
in general, to increase the stability for the wave~off
condition, to decrease the stability for the landing
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| condition slightly, and to cause no appreciable change
’ -«-1in the. stabllity for the landing-approach condition. The
i average increase in directional stability due to propeller
| operation for the wave-off condition (rated power,
T, = 0.51), at angles of yaw between 15°, was very large
| Acnw = ~0.00105).
1 /

The effects of propeller operation on the directional
stability characteriastias of the airplane can be con=-
veniently considered under the following groups:

(1) Direct effect of the propeller forces on
the airplane directional stability

(2) Effects of the propeller slipstream on the
contribution of the wing-fuselage combination to the
airplane dirsctional stability

(%3) Effects of the propeller slipstream on the
contribution of the vertical tail to the alirplane
directional stebility

Direct effect of propeller forces.- Methods for

computing the direct effect of the propeller forces on
the variation of lateral-force and yawing-moment coef-
ficlent with angle of yaw are given in reference 7. The
dashed lines shown in figures 15 and 16 are increments
of C eand C due to the propeller forces that were
calculated by “equation (7) of reference 7. (The pro-
peller side-force factor was 99.2.) The calculations
show that the direct effect of the propeller forces 1is
to decrease the alrplane directional stability for all
conditions investigated. This effect is greatest for the
low-speed climb condition (CL =1.29, T, = O. 51) for

which the decrease in directional stabllity due to the
isolated propeller is 0.0003%8.

Effect of slipstream on wing-fuselage combination.=-
The effects of the propeller slipstream on the lateral-
force and yawing-moment variations with angle of yaw of
the wing-fuselage combination may be indirectly obtained
from the experimental results. The increments of C,
~and Cy due to propeller operation for the airplane with
vertical tail removed, increments which were obtained
from the force tests, are shown by the solid lines in
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figures 15 and 16 for each condition investigated. These
increments include the direct effect of the propeller
forces and the effects of the passage of the slipstream
over the wing-fuselage combination. The difference between
the solid and the dashed lines in figures 15 and 16 are
therefore presumed to be due only to the effects of the
slipstream on the wing-fuselage combination.

The data show that for all conditions with the flaps
retracted, at angles of yaw between %5°, the slipstream
effects on the wing-fuselage combination caused destabi-
lizing variations of yawing-moment coefficient with angle
of yaw. At the low thrust coefficients this effect was
small; at T, = 0.51, however, the slipstream caused a

destabilizing increment of an of about 0.00047. For

p
the flaps-deflected conditions, the directional stability
of the airplane was not changed appreciably by the slip-
stream effects on the wing-fuselage combination for angles
of yaw between 50 and -158 but was considerably decreased
for angles of yaw between 5° and 15°.

Effect of slipstream on air flow in region of vertical

tail.- The results of the surveys with the propeller
operating are given in figires 17(a) to 17(e) for the
flaps-retracted conditions and in figures 17(f) to 17(h)
for the conditions with flaps deflected 50°. Weighted
average values of the sidewash angles and the dynamic-
pressure ratios at the vertical tail determined from
these surveys are given in table IV,

For all conditions investigated, the variation of
the average sidewash angle at the vertical tail with
angle of yaw was generally destabilizing (positive dcaWwa.

The destabilizing effect of the sidewash appeared to
increase with thrust coefficient and angle of attack and
to decrease with flap deflection. (See table IV.) The
most important factor contributing to the destabilizing
effect of the sidewash is the flow from the fuselage
boundary layer, which exists in the region in which,

for the present airplane, the vertical-tail chord is
largest, The destablilizing sidewash in the region of
the fuselage boundary layer was smeller in magnitude for
the flaps-deflected conditions (figs. 17(f) to 17(h))
than for the flaps-retracted conditions (figs. 17(a)

to 17(e)). The data show that the air flow at the vertical
tail in the region above the fuselage boundary layer is

|
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dependent on the conditions of propeller operation. As
~the -thrust coefficient .increased. from one condition to

} - another, the sidewash in this region became increasingly
1 - negative (flow from left to right when airplane 1ls viewed
| from the rear). This effect may be accounted for by the

| slipstream rotation. The vertical tail was in the region
of the rotating flow from the upper half of the propeller,
which for right-hand propeller operation caused the air
to flow from left to right. A further effect of the pro-
peller rotation was a lateral displacement (toward the
right) of the slipstream in the reglon of the vertical
tail due to the tangential-velocity components of the .
rotating flow. The result was that,as the airplane was
yawed nose left (negative yaw), the vertical tail tended
to move into the center of the slipstream and the side-
wash became increasingly negative; as the alrplane was
yawed nose right, however, the vertical tail tended to
move away from the center of the slipstream and the side~
wash became decreasingly negativse. These tendencles
indicate that increasing the slipstream rotation tends

to increase the destabilizing effect of the sidewash.

Tihe effect of the increased dynamic pressure at the
vertical tail due to the propeller slipstream was to
increase the contribtution of the vertical tail to the
airplane directional stability, inasmuch as the average
sidewash was never large enough to cause the contribution
of the vertical tail to be destabilizing. Surveys
(fig. 17) showed thet the disposition of the slipstream
at the vertical tail was such that the maximum dynamic
pressure occurred at the sections near the middle of the
tail for zero angle of yaw and at the sesctions about one-
third of the tall helght above the top of the fusslage
for other angles of yaw. The dynamic pressure was a
minimum at the bottom of the vertical tall as a result
of the large dynamic-pressure losses due to the fuselage
and canopy wakes. The displacement of the slipstream
with respect to the vertical tail, 2z the angle of yaw
1s changed in either direction, can be observed from the
dynamic-pressure measurements. The results (fig. 17
and table IV) show that the dynamic pressure at the
vertical tall is highest for negative angles of yaw
J and 1s lowest for positive angles of yaw. These results
indicate that the contribution of the vertical tail to
the directional stability of the airplane with the propsller
operating will be grestest at negative angles of yaw.

Effect of slipstream on vertical tail.- Experimental
increments of lateral-force and yawing-moment coefficients




18 NACA ARR No. LSHO9

due only to the effects of the propeller slipstream on

the vertical tail surface were obtained from the data of
figure 8. The increments, which are the difference between
the increments of Cy and Cy due to the vertical tail

with the propeller operating and with the propeller
removed, are shown in figure 18. 1In general, these
results substantiate the conclusions drawn from the air-
flow surveys in regard to the effects of the propeller
slipstream on the vertical-tail contribution to the air-
‘plane directional stability. The variation of ACnt
s
with angle of yaw is such as to decrease the airplane
directional stability at high positive angles of yaw
and to increase the directional stability at high negative
angles of yaw. Except at T, = 0.01, &t which the

effects of the slipstream are small, the directional
stability is increased for all conditions in the low=-
vaw-angle range {(between t5°) as a result of the slip-
stream. This stabilizing effect of the slipstream at small
angles of yaw increases as the thrust coefficient increases.

The total increments of Ch znd CY due to the

vertical tail are given in figures 19 and 20 for the con-
ditions with the propeller opersating. These increments
were obtained from the dat® of figure 8 as the differences
betwean the propeller-operating results with the vertical
tail installed on the eirplanse and with the vertical tail
remocved, Also shown in figures 19 and 20 are increments

of Cnt and Cy that were calculated from equations(1l)

and (2) by use of the air-flow-survey data with the pro-
peller operating and the effective lift-curve slope of
the vertical tail determined from the data for the
propeller-removed conditions. Curves showing the varia-
tions of the air-flow factor with angle of yaw for the
propeller-cperating conditions are given in figure 21.
The agreement between the calculated and the experimental
results shown in figures 19 and 20 is good.

Al - 0gy)(a/a0)
aws ’

which is used in equations (3) and (L) for calculating

the contribution of the vertical tail to the airplane

directional stability, are given in table V. These

values tshow that the effect of the vertical tail in

increasing the airplane directional stabllity is greatest

for the conditions with the highest thrust cocefficients

and decreases as the thrust coefficient decreases.

Experirental values of the slopse
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Numerical values of (. and ¢ obtained from the
_ nw , Y\V

e e _ t t _

§ force tests and calculsted from equations-(3) -and ()

i by use of the air-flow-survey data and the tail 1ift-

3 curve slope previously determined are also gilven in
table V. The satisfactory agreement between the results
indicates that 1little change in the effective slope of
the 1ift curve of the tail occurs as a result of the
propeller slipstream.

e 2

DIRECTIONAL TRIV

The results of the rudder-effectiveness tesats are
given 1in figures 22(a) to 22(c¢) for the airplane with
the flaps retracted and the propeller operating to
simulate a gliding condition and two low-speed climb
: conditions and in figures 22(d) ard 22(e) for the air-
i plane with the flaps deflected 500 and the propeller
! operating to simulate & landing and a wave-off condi-

' tion. The results of the tests with the propeller
removed are given in flgure 23 for the eirplane with
flaps retracted and with flaps deflected 50°. The miors
important results of the rudder-effectiveness tests are
ik summarized in figure 2L, whieh shows curves of an/dér,

15 g .F\
<6P>Cn=O’ and <CY>Cn:O plotted agdinst angle of yaw

T
ESwWEESS

for esach condition invéstigated. A1l the values of the
slope dcn/dﬁr were messured at zero rudder deflection

as & basls for comparison.

For the propeller-removed conditions, dC,/ds.,

reaches its minimum valuve near zero angle of yaw and -
increases as the angle of yaw is increased in either
direction (fig. 2lL). The dynamic-pressure losses at
the vertical tail are greatest at zero yaw, and the
losses decrease as the angle of yaw is increased in
either direction. Tor the propeller-operating conditions,
the rudder effectlveness increases as the thrust coef-
ficient increases from one particular condition to
another because of an incresase in the dynamic-pressure
ratio at the vertical tail (fig. 2l1). Tor all the con-
ditions investigated with the propeller operating,
except the gliding condition with flaps retracted,
an/dGr attains its maximum value at high negative

angles of yaw and its minimum value at high positive
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angles of yaw (fig. 2L); the dynamic pressure at the
vertical tail reaches its maximum value for high negative
angles of yaw and reaches i1ts minimum value for high
positive angles of yaw. An analysis of the test results
showed that the values of an/dﬁr are very nearly

directly proportional to the dynamic-pressure ratio at
the vertical tail.

The rudder deflections and angles of sideslip required
to trim simultaneously the airplane yawing moments and
lateral forces for each condition investigated were
determined from the data of figure 2l and are given in
table VI. TFor the conditions with the propeller removed,
the data show that the values of 6, and { for zero
yawing-moment coefficient are small. For the conditions
with the propeller operating, the data show that the
rudder deflections reguired for directional trim are
greetest for the two low-speed high-power conditions.
(See table VI.) These deflections, however, are con-
siderably lower than the maximum available rudder travel
on the Grumman XF6F-l, airplane.

The data show that the amount of rudder deflection
required for directional trim in any condition is
primarily dependent on the.effects of the propeller
slipstream on the vertical tail and on the wing-fuselage
combination and, to a lesser degree, on the direct effect
of the propeller forces. The increments of C, and Cy

at zero yvaw due to the effects of the slipstream on the
vertical tail, the effects of the slipstream on the wing-
fuselage combination, and the direct effect of the pro-
veller forces are given in table VIT for the wave-off

and low-speed climb conditions, Of the Total increment

of C, at zero yaw due to propeller operation for the
low-speed=-climb condition, 77 percent was due to slipstream
effects and 2% vercent was due to the effects of the pro-
peller forces. For the wave-off condition, 98 percent of
the total increment of C, at zero yaw due to propeller

operation was caused by slipstream effscts.

The curves in figure 2l of (61.,)C =0 against ,
n

besides indicating the rudder deflections required to
trim the ¢irplene yewing moments, are a messure of the
alrplane directional stability. The conclusions
regarding the alrplane directional stability character-
istics, which are derived from these results, are sub-
stantially the same as those derived from the curves of
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figure 8 showing the variations of (¢, against

. for .8, = 0, .

SUMMARY OF RESULTS

Data are presented of measurements made in the
Langley full-scale tunnel on the Grumman XF6F-l. airplane
to investigate the factors affecting the directional
stability and trim characteristics of a typical fighter-
type alrplane. Although these data are guantitative
for this particular airplane, the trends are believed to
be generally avplicable to reasonebly similar airplanes.
The results are summerized as follows:

1. For the conditions investigated, the value of
the dirsctional-stability parameter an' at angles of

vsw between *5° was smallest for the gliding condition
with flaps retracted (an = -0,00015) and was largest

for the wave-off condition with flaps deflected 50°
(Cng = -0.001L7). With the values measured in the

] low=yaw-angle rangs used as a reference, the airplane
; Girectional stability for the conditions with high
thrust coefficlents was decreased at large positive
angles of yaw and was increased at large negatlive
angles of vew.

AT i

2. For the XFb6P-l, airplane, the variation of averaze
sidewash argle at the vertical tsil with angle of yaw
was generally such as to decrsagse the contribution of
the vertical tail to the airplane directional stability.
Propeller operation increased the magritude of the
destabilizing effect of the sidewash but, at small angles
of yaw, alsc increased the dynamic pressure at the tail
sufficiently to mske the combined sffect stasbilizing.

3. The wing-fuselage combination with flaps retracted
was directionally unstable for the angle-of-attack range
investigated. Increasing the angle of attack and
deflecting the flaps decreased the unstable variastion of
yawing-moment coefficlent with angle of yaw of the wing-
fuselage combination.

li. For 211 the conditlions investigated with the
flaps retracted, the contribution of the propeller
decreased the directional stauility of the airplane at
small angles of yaw. With the flaps deflected 50° at
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small angles of yaw, the contribution of the propeller
increased the alrplane directional stabillity appreciably
for the wave-off condition, decreased the ailrplane
directional stability slightly for the landing condi-
tion, and caused no appreciable change 1n the stability
for the landing-approach condition,

5. The propeller sllipstream increased the contri-
bution of the vertical tail to the airplane directional
stability at small angles of yaw. As & result of the
lateral displacement of the slipstream with respect to
the vertical tall, the contribution of the vertical tail
to the airplane directional stability was greatest at nega-
tive angles of yaw and was sm2llest at positive angles of yaw.

6. The destabilizing contribution of the wing-
fuselage combination to the directional stability of the
airplane for the conditions with the flaps retracted, at

angles of yaw between -53 was increased by the effects
of thu propeller slipstream. The directional stability
of the airplane for the conditions with the flaps
deflected 50° was not changed appreciably by the slip-
stream effects on the w1n9-fuselai combination at anglss
of yaw betwesen 5° and -15 but was considerably decreased
at ongles of yaw between 5° and 15°,

7. The amount of rudder deflection required for
directional trim is primarily depsndent on the slip-
stream effects and only secondarily dependent on the
direct effect of the propeller forces. Of ths total
increment of yawing-moment coefficient at zero yaw due
to propeller operation for the low-speed climb condition,
77 oercent was dus to slipstream effects and 2% percent
was due to the effects of the propeller forces For
the wave-off condition, 98 percent of the totel increment
of vawing-moment coefficient at gzsro yaw dus to propeller
operation was casused by sliostream effects. The wave-off
gondition, at a 1lift ooefficient of 1.39, regquired the
largest smount of rudder defisction for trim (8, = -18.5°).

8. A comparison of thes results of ths extensive alrflow
surveys with the results of the force tests rade possible the
determination of a wvalue for the effective-lift-curve
slope of the vertical tail; this valus permitted
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calculation of the contribution of the verticsasl tail to
the directional stability of the airplane within accept-
able 11m1ts.

RN -

Langley Memorial Aeronautical Taboratory
National Advisory Committee for Aeronautics
Lengley Field, Va.
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TABLE I.- VALUES OF an AND ch FOR COMPLETE AIRPLANE WITH PROPELLER OPERATING
o} Vs -~ n, Cy

Oondition Fower ()| (aee)| b | (mpr)|  (a) (a)
Climb Rated (T, = 0.05) 0 1.0 | 0.2 | 235 | -0.02050 |0.0075]:

Climb Rated (T, = 0.11) 0 Y3l Q131176 -.000L3 | .0075

Climb Rated (T, = 0.30) 0 8.9 .96 | 118 -.000L6 | .0076

Climb Rated (T, = 0.51) 0 12.3 | 1.%9 98 -.0003% | .0070

Glide Idling (T, = 0.01) 0 9.2 .G3 | 127 -.00015 . 0043

Lending znproach | 0.65 rated (T, = 0.33){ 50 5.8 | 1.37 99 -.00066 | .0099

wave-off Rated (T, = 0.51) 50 .9 | 1.39 98 |+ -.00147 | .0197
Landing Tdling (T, = 0.01) 50 11.8 | 1.58 92 -.000L6 | .00%8 g
%values given for slopes are average values between V¥ = 50 and Yy = ~50. %
g
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TABLE IT.- WEIGHTED AVERAGE VALUES OF SIDEWASH ANGLE.AND DYNAMIC- PR&SSURE RATIO AT

VERTICAL TAIL;

PRCPEZLLER REMOVED .

FLAPS RETRACTED

Cav <Ci> Tay | q ) Oav q %av |/q
v (deg) Ao - (deg} ; G‘O.f)av (deg) 90 /gy (Ceg) qo)av
(deg) ¢ = 1.00 a = %.1,° a = 9.20 a = 13.0°
1, = 0.23 Cr, = 0.40 Cr, = 0.83 Cr, = 1.08
-14.6 | -0.1 | 1.00 | -1.7 0.9l -2.2 1 0,88 -2.0 | 0.82
-9.9 g .9 0 LOF -1.7 | .88 -2.0 v58
-5.1 .3 .97 .1 o -1.% .91 -1.2 ‘
0 1.2 § .92 .6 .91 -1.0 .87 0o g
5.0 .8 Ol .7 .9% .8 .90 1.7 8
10.0 1.1 | 1.00 1.0 1.00 2.1 .90 2.1
g7 | 1.4t .97 1.9 .96 2.2 .86 1.5 77
| LAPS DEFLECTED 50°
- Oay //_‘1_\) { Oay | (ﬂ_) Cav (_‘3_)
" (deg) 9o0/avy | (deg) | \30)ay (deg) do/ay
(deg) a = 5.6° a = 6.3° a = 11.8°
Cr = 1.09 Cr, = 1.11 Cp, = 1.56
-1l.6 -2.8 0.9! -2.9 0.95 -2.8 0.88
-9.9 -%.2 .9§ -%.9 .53 -2.9 .88
-5.1 -3 Ol -2 .90 -1.9 .88
0 -2.1 .92 -2.0 .90 -1.7 .86
5.0 Ay .92 .6 .93 7 .90
10.0 1.5 .98 1.8 .96 1.2 .91
1.7 1.h .97 1.7 .56 1.7 .92
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TABLE IIT.- CONTRIBUTION OF VERTICAL TAIL TO C

PROPELLER EEMOVED

92

Y\Jj AND an;

a ¥ aty - Oav)(\q%!av CL?)% ?zwt

(deg) v, fdeg) &y From force nCaloulated From force | Calculated
- (2) tests from surveys tests from surveys}

1.0 | 0.23 0 0.9 0.0021 0.0019 -0.00086 -0.00087
Z.0 13 0 91 | .0019 .0019 | -.00089 -.0008}
8.9 £0 0 LTh .0012 .0015 -.00070 -.00069
9.2 .83 0 .71 .0012 001l -.00058 -.00066
12.%3 | 1.0L 0 58 .0010 .0012 -.00050 -. 00054
.9 | 1.0k | 50 55 .0011 L0011 -.00060 -.00051
5.8 | 1.11 | 50 L E .0010 .0010 -.02066 -.000l5
11.8 | 1.56 | 50 on .0012 .0013 -.000L3% -.00059
%Values given for slopes are aversge values betwsen V¥ = 50 and VY = —50.
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TABLE IV.- WEIGHTED AVERAGE VALUES OF SIDEWASH ANGLE AND DYNAMIC-PRESSURE

RATIO AT THE VERTICAL TAIL; PROPELLER OPERATING

FLAPS RETRACTED

Cavy N Cay <i> Cav i) Gay (i Cav C—)
(deg) 3o/ oy (deg) Jo/ v (deg) 3o/ oy (deg) So/av (deg) 3o/ av
Angle of :
yaw,
(deg) a=1.0° a=3.4° a=8.9° a=9.2° a = 12.3°
¢ = 0.2, Cr, = 0.43 Cr, = 0.96 Cp, = 0.83 Cp, = 1.39
Rated power (T, = 0.05) Rated power (T, = 0.11)|Rated power (T. = 0.30) Te = 0.01 Rated power (T, = 0.51)
-1.6 -2.2 1.16 =3.6 1.39 -7.3 2.18 -3.6 1.11 -12.4 2.54
-9.9 -1.2 1.21 -5.2 1.16 -5.2 1.28 .o 1.10 -12.0 2.3,
-5.1 -. 1.16 -2. 1.17 -5.7 1.89 -2.1 1.00 - .g 2.29
0 -.8 1.12 ~1.7 1.20 -3.7 1.66 -1.1 .97 -6, 2.53
5.0 -.7 1.09 -1.1 1.23 -2.6 1.76 1.0 .90 “4.3 2.2
10.0 -.1 1.16 -.8 1.31 -2.1 1.71 1.0 1.01 -5.3 1.61
1.7 1.7 1.05 .8 1.1 .9 1.26 1.9 97 -. 1.38
FLAPS DEPLECTED 50°
Cav <i> Sav <l Ouv <l>
: (deg) do av (deg) 95 - (deg) .\, ay
Angle of N
yaw, ¥ g -
(deg) a=4.9° a=5.8 e = 11.8°
Cp, = 1.3 Cr, = 1.37 CL = 1.58
Ratsd powsr (T, = 0.51) 0.65 rated power (T = 0.33) Te = 0.01
-1.6 -7.9 2.74 -6.3 1.87 -h.2 1.29
-9.9 -7.0 2.35 -6.7 1.7% -4.8 1,11
-5.1 -7.2 2.30 ~6.5 1.70 =4 .98
0 -5.2 2.57 -4.1 1.72 -2.0 .95
1370 33 393 33 1.5 v 102
.7 2 1.23 15 1.1% f% 1.00
&
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TABLE V.- CONTRIBUTION OF VERTICAL TAIL TO an AND CYW ;
: t t

PROPELLER OPERATING

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

aq\ C. C :
AW - ogy) (q-) R Ny
a | Cp Power 5p o/ av (a) (a)
(ceg) (deg) ay From |Calculated{ From Calculated
force from force from
(a) tests | surveys tests surveys
1.0 {0.2,;{Rated (T, = 0.05)| O 1.15 0.0025] .0.0023 (-0.0011| -0.00106
2., | .L3|Rated (T¢o = 0.11)| O 1.09 .0022 .0022 -.00099| =-.00101
8.9 | .96|Rated (T¢ = 0.30)| O 1.38 .0030| .0028 | -.00124| -.00128
9.2 | .83{T, = 0.01 0 .70 .001y| .00l | -.00062] -.00065
12.3 [1.39|Rated (T, = 0.51)| © 1.42 .0025| .0029 - | -.00126| -.00131
L.9 {1.39|Rated (T, = 0.51)| 50 1.77 .0039| .0036 | -.00183| -.0016L
5.8 11.3710.65 rated 50 1.31 .0032 .0027 -.00105| -.00121
(TC = 0‘33) !
11.8 |1.58|T, = 0.01 50 .51 .0012 .0010 -.00050. -{ooohy
4Values given for slopes are average values between y = 50 and y = -5°..
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TABLE VI.- DIRECTIONAL TRIM CHARACTERISTICS OF THE XF6F-li AIRPLANE

6 B
Condition Power of a C; | (Cy z 0; | (Ch = O
{deg) | (deg) CY = 0) CY = 0)
(deg) (deg)
......... (0 9.2 | 0.83 -0.3 0.6
......... 0 13.0 | 1.08 .6 1.2
Propeller removed <
......... 50 5.6 | 1.09 -. 3.2
——————- 50 | 11.8 | 1.56 6.0 6.0
Climb |Rated (T, = 0.30)] O 8.9 .96 | -11.5 -7.6
Climb |Rated (T, = 0.51) 0 |(12.3 | 1.39 | -15.0 -11.0
Glide |T. = 0.01 0 9.2 .83 -3.0 -.
®ave-off |[Rated (T, = 0.51)] 50 h.9 | 1.39 | -18.5 -4.8
Landing (T, = 0.01 50 |11.8 | 1.58 | -3.7 -
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TABLE VII.- INCREMENTS OF C, AND CY AT ZERO YAW DUE TO : %
PROPELIER OPERATION
Increment due to|Increment due to Increment dﬁe to
effect of slip~- jeffect of slip- | direct effect of
Condition Power stream on wing- [stream on verti-f propeller
fuselage cal tail forces
combination
AC, ACy AC, aCy AC, ACy
Low=speed climb
1 (6p = 0% .
a = 12.3%; jRated (T, = 0.51){-0.0022 | -0.06l [-0.01l) |0.016 | 0.00L49 | =<===m-
C1, = 1.39)
W?ve-off o
6p = 507
af:_- h?90; R&ted (Tc = 0051) "0.0lh,6 -00028 -000100 0.018 -0.0010 ........

NATIONAL ADVISORY :

COMMITTEE

FOR AERONAUTICS

et — |

VOVN

60HST °*ON YuyVv

0g




Wing area (including ailerons, flaps, and
 48.5sq ft of body area) . ............. ...3345q ft
Canfra/ surface areas:

Full flap area (NACA slotted).......398sq ft
18°6" —= rin Total horizontal tail surface area...77.84sq ft
I‘—__ o Fin area (incl. 1.9 sq ft of contained
il T 59 rudder balance).................... /4. 4“sq ft
a Rudder area aft of hinge
(incl. 0.62 sq ft of tab). ... ..... D .9054f/
] ol ] — Engine. . ... ... Pratt and Whitney R-2800-27
T T T s BHP normal rating, 1600 at 2400 rpm at 5700. ft
— Hamilton Standard Hydromatic Propeller, '
Blade Design 650/A-0

Propeller gear ratio, 2:/
Gross weight, 11,400 /b

* dihadral

I-:use/age reference line

_ NATIONAL AOVISORY
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Figure |.— Three-view drawing of the XF6F-4 airplane.
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