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SUMMARY

Tests have been made in the Langley free-flight tunnel
to determine the influence of mode of propeller rotation
and vertical-tail design upon the trim characteristics of

S a model of a twin-engine airplane with one engine inoper=-
ative. The test model was mounted on a trim stand, which
allowed freedom in roll and yaw under conditions simulat-
ing those required by the NACA and the Army Alr Forces for
asymmetric-power operation in flight. The seven vertical-
tail designs tested included three tails of low aspect
ratio and of different area, one twin tail of low aspect
ratio, two tails of high aspect ratio and with diffierent
rudder areas, and one all-movable tail of high aspect
ratio equipped with a linked tab. All tests were made
with the flaps down.

The teste showed that the effect of mode of propeller
rotation upon the directional trim characterlstics of the
model operating with asymmetric power was considerable.
Propeller rotation in which the upper tips rotate out-
board toward the wing tip (outboard rotation) generally
created more severe out-of-trim conditions than inboard
rotation.

The all-movable tail design was found to be more

" effective than the other designs tested in nullifying the
effects of asymmetric power. The conventional tail de-
signs with high aspect ratio were more effective than the

L designs with low aspect ratio in this respect. The single
vertical tails were generally more effective in trimming
the yawing moments created by asyrmetric power than
twin vertical taile of the same aspect ratio and equal
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area, particularly when the rudder was free, At emall
angles of gicdeslip, however, the moments caused by
asymmetric pcwer were more readily trimmed by deflecting
the rudders of the twin taliles than by deflecting the
rudder of a single taill.

The trimming effectiveness of the vertical tall in-
creased almost directly with vertical~tail area but in-
creased at a decreasing rate with rudder deflection and
chord.

When the rudder was free, the addition of dorsal-
and ventral-fin areas permitted increases in the asym-
metric power balanced by the tail surface at moderate
angles of sideslip.

INTRODUCTTION

The failure of one or more engines of multiengine
airplanes introduces a sudden and severe demand upon the
directional stability and control of those airplanes.

Such failures result in the instantaneous application of
large yawing moments that must be neutrslized elther by

the rudder control or by the directional stability of the
airplane. In addition, asymmetric power conditions create
rolling moments that must be balanced by aileron deflection
in order to maintain straight flight. This aileron de-
flection creates additional yawing moments that require
further trimming by the vertical tail surfaces. For multi-
engine airplanes, then, the asymmetric power condition
generally imposes the most severe requirements for di-
rectional stability and control and to a large extent
dictates the design of the vertical tail surfaces of these
airplanes.

. An investigation has therefore been carried out in
the Langley free-flight tunnel to provide data concerning
the relative merits of seven vertical-tail decigns and
two modes of propeller rotation under conditiocns of asym=-
metric power. . The NACA and Army flying-qualities require=-
ments (references 1 and 2) for directional stability and
control of airplanes operating with asymmetric power were
used to establish the test conditionse. The résults of the
investigation are reported herelin.
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A 1-~cale model of a conventional twin-engine air-

plane ifi the medium-bomber clas ‘(the North American

-2€ airplane) was used in the tests. The model wes
mounted on a test stand, which allowed freedom in yaw and
roll. The effects of asymmetric power could thus be visu-
ally observed from changes in the model attitude.

The seven vertical-tail designs studied in this in-
vestigation varied in either aspect ratio, total tail
area, rudder area, or general arrangement., Tests were
made with rudders fixed and free, and the effects of
adding various dorsal and ventral fins were studied with
the rudders free. The effect of mode of rotation of the
operating propeller upon the vertical=tail characteristics
was investigated for all tall arrangements. All tests

were made with the flaps down.

SYMBOLS

. P Bt
C1, iLEt egefficlient (z%;ﬁ
q L."W
Rolling mom@nﬁ\

C rolling-moment coefficient <

g ; qSy Py /
Cn vawing-moment coefficient ( :1n§>boment

i Swo W
Cn, rate of change of yawing-moment coefficient
N )
| . . écn
with angle of sideslip (-2
op T
T thrust coefficient for one engine __§_§
pVeD
D propeller diameter, feet
o) gensity of alr, slug per cuble foot
Vv tpec=gtrcam dirspeed, feet per secend
. ve 1ty at end of take-ofi run, feet per
W senoin - V9toclts : g <
second

Vol stalling speed with flaps down, feet pertsecond
q free-stream dynamic pressure, pounds per square

foot (%pV2>
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Ty effective thrust of one engine, pounds
; n propeller effieiency, percent
g W gross weight, pounds
)
| Sw wing area, scouare feet

blkp brake horsepower of full-scale airplane simulated
by model :

thp  thrust horsepower
Oq combined alleron deflection, degrees

O rudder deflection, positive when tralling edge 1is
to left, degrees

| Op flap deflection, positive when trailing edge 1s
down, degrees
B gléevator deflection, rdegrees
6T tab deflection of all-movable tail, positive
wheri trailing edge is to left, degrees
it tall incidence of all-movable tall with respect
to' eenter line of fuselage, degrees
a angle of attack, degrees
Ot local angle of attack of vertical tall, degrees
angle of sideslip, degrees
2 2
A gspect ‘ratio of vertical- teail (;t St
\ !
St arecs of venbicall tail, square dfeet
Sy, balance area of rudder, percent rudder area
Sr rudder aresa, sguare feet
by span of vertical tail, feet
bw wing span, feet
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APPARATUS

Wind Tunnel

The tests were made in the Langley free-flight tunnel,

a complete description of which will be found 1n refer-
ence 3. The tunnel was locked at an angle of pitch of 0°
for @llitests.

Trim Stand

411 tests were made on a trim stand, which was
securely festened to the floor of the wind tunnel. This
stand was so constructed as to allow the model freedom
in roll and yaw about the stability axes of the model.

The stability axes are a system of axes in which the
Z-axls 1s in the plane of symmetry of the airplane perpen=
dicular to the relative wind. The X-axis is in the plane
of symmetry perpendicular to the Z=-axis. The Y-axis 1is
perpendicular to the plane of symmetry. The origin of

the stability axes is at the center of gravity of the air-
plane, which for the present tests was located on the
fuselage center line 25 percent of the mean aerodynamic
chord behind the leading edge.

Photographs of the model mounted on the trim stand
are given as figure 1 and the construction of the stand
is illustrated in figure 2. Figure 2 shows that bearing A
permits freedom in roll and bearing B permits freedom in
yaw, A calibrated coll spring was inserted 1n bearing A
to provide stability in roll. This alteration made pos-
sible the measurement of unbalanced rolling moments as a
function of the angle of bank and thereby facilitated the
trimming of these moments by means of aileron deflection.
Both bearings A and B were equipped with ball bearings to
keep frictional effects to a minimum.

The trimming fin shown in figure 2 was added to the
trim stand to neutralize the drag yawing moments caused
when the wind was on by the forward struts at an angle of
yaw. Since this fin area was such that the trim stand -
was in complete equilibrium of yawing moments CnB = 0

over the yaw range tested, the trim

st
the directiocnal stahility characterist

and did not affect
ica of the model.
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Model 4

The model used in the investigation was a Qﬁ—scale
i &
model of the North American B-28 airplane. A three-view
drawing and a pnotograph of the model are given as figures

3 and 4, respectively.

The model was equipped with 2 four-blade propellers
having a diameter of 8.£0 inches and set at an angle of
pitch of 20°, Power was furnished by a direct-current
controllable-speed electric motor rated 1/8 horsepower
at 15,000 rpm. The left propeller, which was kept in-
operative during the tests, was so mounted as to windmill
freely, The right propeller, which was used as the oper-
ating propeller for all tests, was geared to the motor at
a ratio of 1:3, Provision was made for reversal of the
direction of propeller rotation. The model was equipped
with partial-span slotted flaps (fig. 3), which were de-
flected 45° for all tests.

Sketches of the vertical-tail designs used in the "
investigation are shown in figure & and sketches of the
dorsal- and ventral-fin areas utilized in the rudder-
free tests, in figure 6, Tall 2 represents the original ‘
vertical tail surface of the full-scale airplane and 1s
considered typical of conventional vertical-tail design.
The dimensional characteristics of this tail were varied
to form the other vertical-tall designs. All vertical
tails were constructed of the NACA 0012 section. 1In
order to maintain similitude of hinge-moment character-
istices as far as practicable, all rudders were of identical
blunt-nose balance type with a balance area 12.2 percent of
the rudder area. This type of rudder is of negative float=-
ing tendency and trails with the wind when free.

The dimensional characteristics of the full-scale
alrplane are given in the following table:

Wing:

S L e T S S TR R SN W (R A R PO - s TS 8
Span,. £t wsses W D R S I R T P PR (- 11 o
ST T T S e T B R ARV T (1 =
Sy o e 5 G & o ORISR e R SR S PP P o T

Tip C’h{)rd’ ln. ..... ® @ ¢ 5 % % 9 0 &6 & 00 9 0 0 8 0 e o e s e e e 67 ’OO .
Mean aerodynamic chord, ine ceececsosccccsces st 420 0
Root BECEION wowpsvesnmsnssons Rl s en e as e e BECHK 25017
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(SISO OGS ON g o 5 blsie 55 5660 v v 6 v e enn e e slere enetENAE Al GRS
Percent chord line with zZero SWEEDDACK e aoronnsions 33
Sweepback at leading edge, G€Z eoescsvvsccrscssssss 4.2

Diliedral -angle; ‘deg ‘v ovddvdvdvasadasadsvsssdansonncss 2
Iricidence, deg voeedv. R R e et e ol o RO
Geometric twist (wasbout), GEL shnssvarsn palh e AN
HENRIC BN ERGI O 5 oy vheis v 5w et v s a w ole e s siet e il R INITE w2 adiat]

Fuselage:

Lel’lgth, ft ® 6 ¢ 0 ¢ 9 2 8 % e e 0 s S e P SO P OO W SO OB P e e 64-5
Section ® o v e s e . I R S T I I I I R R . Circulal”
FI’Ol’lt‘dl 8.1"8&, QO ft AAE eSS e s ey NIRRT 58.5

Horigontal' tails

R Brea, 850 L cesovseosinssohbnsassvnankiine HEELEH
Spany fL 5¢5600 PR R Pl (I g e L e
PO R o s G NP IR IR SRR 1 F I SRS S R
Dilbedral angle, Geg «s.oossennseassseesiniiscesion. voads O
Stabilizer setting, deg vivevveuvwinosssssavsanases Lo
a Length from hinge of elevator to center of

gravity of alrplan Pl ssenshnanevsrsnsaPRan Ryt

Elevator balance area, sq ft eeceevosccenccnss +% 10.68

= Elevator area behind center line of hinge, sq ft 53.00
Vertical tail 2

FERERI Grea, 8 FT ovoscosonshoabsnuaonsnban ittty (8,00
S e R e R LT R R e
BREHEL PAELO wovosvsvnnnssssosnshassmbussbuibhpsn (Lo
Length from hinge line of rudder to center of

gravity of @irplane), ‘Tt Gessesnstaivibonannss 27,40
n TR T R R A T R L s
Ruddsr Brea, 8G° Tt «svei i iionssbononbissonsenns Ooask
Rudder-balance area, 80 £ seeesnvssesssssvasrsns J0ld
Rudder area behind hinge line, sq ft ......c000. 30,10

(Pertinent data for tails 1, 3, 4, 5, €, and 7 are glven

ABETEE." Ba)

Alleron (one of two):
Ares. behind hinge line, 89 ft «ossenssecnsssansy 2091

f Span, ft PO N E NS G VN E e S NN R GRS RS 11-/.1.1
| L I“"Te‘rln ChOI’d, ino O TN OB I TN TR R R O I N R Y RCRE R R AR R R AR A U B A Y.‘”.O
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Flap:

EOER b LR B on. A0 T E i wisiitin wivile e o s ioase. AB0ES
TOtal Span’ ft RN SRR L TR TR R R SR S R WA ST T IR IO e ol S 5804
Type L A I e ANC RO R R M SRR TR IR T T R TR B T R R T Lt SlOtted

SPECTFICATIONS AND CRITERICNS

The NACA and Army flight requirements for multiengine
airplanes operating with asymmetric power were chosen to
establish the proper test conditions. No separate attempt
was made to reproduce the Navy specifications for asym-
metric power because of the close similarity between the
Navy and the NACA specifications,

Specifications for Directional Control
(Rudder Fixed)

The NACA and Army specifications (references 1 and 2,
respectively) for directional control of airplanes operating
with asymmetric power are as followsg:

. NACA requirement (II-E) 3.- "The rudder control should
be sufficiently powerful to provide equilibrium of yawing
moments at zero sideslip at all speeds above 110 percent
of the minimum take-off specd under the following conditions:

a., Airplanes with two or three enginess
With any one engine inoperative
(propeller in low pitch) and the
other engine or engines developing
full rated power,"

Army requirement E-2c¢(1) (¢) e~ "The rudder control
shall be powerful enough to trim a multi-engine airplane
for straight flight with less than 10 degrees of sideslip

% Al R VSh iVsj = stalling cspeed of the airplane, throttles

closed, gear down, flaps in best take~off conditioé] when
the throttle on an outboard engine is abruptly closed
(propeller in low pitch) and the other engine or engines
are developing full take-off power, The flaps shall be
in the take-off setting, and the' gear ' shall be down...."
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Speclifications for Directional Stabllity

(Rudder Free)

The NACA specification (requirement (II-F) 4 of refer-
ence 1) relating to the reauirements for directional sta-
bility with rudder free under asymmetric power conditions
is as follows:

"The yawing moment due to sideslip (rvdder free with
airplane trimmed for straight flizht on symmetric power)
should be such that straight flight can be maintained by
sideslipping at every speed above 140 percent of the mini-
mun speed with rudder free with extreme asymmetry of power
possible by the loss of one engine.'

Criterion for Vertical-Tail Effectiveness
under Asymmetric Power Conditions

Each of the specifications previously llsted requlres

the directional. control or the directional stability of

he airplene in question to be sufficiently powerful to
balance the yvawing moments created by asymmetric power
under certain specified flight conditions. It follows
that the vertical-tail effectiveness in flight may be
gaged by the maximum amount of asymmetric power which such
a teil can balance under the specified conditions. In this
investication, therefore, the maximum asymmetric power
permissible under the alrspeed and trim conditlons speci-
fied by the Army .and the NACA was used to evaluate the
effectiveness of the vertical tails tested.

It should be observed that the flight specifications
require that straight flight or complete equilibrium of
lateral forces and moments be meintained. 1In order to
maintain such equilibrium in flight, the ailerons must be
deflected so that the rolling moments caused by asymmetric
power are balanced and the eirplane assumes an attitude
of bank, which nullifies the side force created by rudder
deflection and/or angle of sideslip. Inasmuch a8 an atti-
tude of bank does not affect the trim requirements of the
vertical teil surface, no attempt was made in the tests to
simulate the halance of side force by anzgle of bank.
Aileron deflection, however, directly affects directional
trim by virtuc of the yawing moments created by such de-
flections. Consequently, the ailerons wsre so adjusted
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for all tests as to maintain complete balance of aero-
dynamic rolling moments and thereby to simulate flight
gonditiong correctly.

TESTS

Test Conditions

The test 1ift coefflieclent was established from con-
eideration of the specified airspeeds in the Army and NACA
requirements. These values were converted to 1lift- '
coefficient forms as follows:

The NACA requirement (II-E) Z a (rudder fixed) speci-
fies an airspeed equal to 1.10 times the take-off speed.
If Vigpe-off 15 assumed equal to le2Vy15, the airspeed

requirement for this specification is equal to 1.32Vmin.
If the maximum 1ift coefficlent of the E-28 alirplane is
eagssumed equal to 2.0, the specified 1lift coefficient cor-

responding to l.SBVTi is defined by the expression
min i i
v 2 :
2 o« O st ndl, o which equals 1.15. In a similar manner,

the 1ift coéfficient necessary to satisfy NACA requirement
(II-F) 4 (rudder free) was found to be 1.02. The 1lift
coefficient necessary to satisfy the Army requirement
(rudder fixed) was calculated as 1.3% Because it was as-
sumed that slight changes in 1ift coefficient would not
affect the model test results if the correct values of
thrust coefficient were used, all tests were run at a con-
stant angle of attack of 52, which corresponded to a 1lift
coefficient of 1.10.

All tests were run at a test velocity of 4C feet per
second, which corresponds to a test Reynolds number of
128,000 baged on the mean aerodynamic chord of 0.503 foot.
The aileron deflections for all tests were adjusted to
provide equilibrium of rolling momente,.

Tegt Procedures

Rudder fixed.- In the tests with rudder fixed, the
model was mounted on the stand with the rudder deflected
in the direction that counteracted the yaw caused by
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ov‘)

metric power., Mesasurements were then taken of the maxi-

L\. f‘/

mum amount of uvmmetrlc thrust the rudder would balance at
angles of yaw of 0° and 10° for rudder deflections of 0°,
59, 109, 209, and 30°.

Rudder free.- The tests with rudder free were made by
measuring the amount of asymmetric tihirust and angle of yaw
prvduced by asymmetric power for various angles of yaw up
Eolithe angle at which directional instability was encountered.
Tests with rudder free were made of the model with each of
the following vertical-tall arrangements:

(1) Vertical tall alone

oy L Tertical tall plus dorsal fin &

(3) Vertical tail plus dorsal fin b

(4) Vertical tail plus ventral fin a
(5) Vertical tail plus ventral fin a

plugs dorsal fin a

The absolute dorsal- and ventral-fin areas required for
each test were determined from the percentages of the
vertical tails being tested given in figure €. No tests
were made to determine the influence of auxiliary fin area
upon the characteristics of twin tail 4.

Power calculations.- The thrus
obtained in the tests of the model
simulated asymmetric brake horsepower
airplane by means of the relationship

t coefficlents that were
were converted to the
of the full-scale

bhn = .E.h_:@_

or //"_ 5
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The fuvll-scale propeller efficiency m was assumed
to be equal to 0,72 for the calculations. Values of wing
loading W/Sw anc propeller diameter D were obtained
from the full-scale characterlistics of the North American
B-28 airplsne and were equal to 47,5 pounds per square
foot and 14.7 feet, recspectively. The value of the mass
density of air p was chosen as 0.00238, which is its
value at sea level under standard atmospheric conditions.
Substitution of these values in equation (1) ylelds the
relationship

m
‘e

bhp = 2900 (2)

CLS/E

The values of C in eguation (2) are those correspond-
ing to the airsp€ed specified in the Army and the NACA
requirements and were determined as shown in the section
entitled "Test Conditions." Substituting these values of
1i1ft coefficient in eguation (2) yields the expresasions
cefining the conversion of model thrust coefficient T,
to the estimated full-scale brake horsepower, which are:
Pop rudder {ixed,

NACA requirement

bhy = 80507, (3)
Army requirement
bhp = 6070T, ‘ (4)
Bor rudder free,
NACA requirement
bhp = 9620T, (5)

RESULTS AND DISCUSSION

The data obtained in the investigatlion are plotted
in figures to 18, Figure 7 shows the rolling-moment
coefficients produced by the ailerons used in the tests.
Figures 8 to 10 present the values of the asymmetric-

thrust coefficient balanced by means of rudder deflection.
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Figures 11 to 13 give the values of the asymmetrie=-thrust
coefficient balanced by the yawed model with rudder free.
Data showing the influence of dorsal- and ventral-fin areas
ypon trim characterlistics are presented in figures 14 to 18,

The test data in figures 8 to.l% were rearranged and
converted to values of full-scale brake horsepower in
figures 19 to 24. An index.to all fligures is presented
as table I,

Bffect of Mode of Propeller Retatdon

The mode of propeller rotation in which the upper
blade tips move toward the fuselage is henceforth designated
inboard rotation. The rotation in which the upper blade
tips move out toward the wing tip is designated outboard
rotations Almost all conventional airplanes are equipped
with right-hand propellers. On multiengine airplanes,
the direction of propeller rotation with respect to the
wing tips (inboard or outboard) is therefore determined

4 by.the location of the propeller. If the right englne
fails, the direction of the operating propeller rotation
is inboard and the airplane yaws in a positive sense.
For left-engine failures, the operating propeller rotates
outboard and the airplane yaw is negative. The results

of the present investigation show that use of different
modes of propeller rotation caused considerable difference
in trim characteristice of an airplane operating under
asymmetric power.

With only one exception, the data presented in
figures 8 to 13 indicate that the use of outboard propeller
rotation decreased the values of permissible asymmetric-
thrust coefficient balanced by any given vertical-tail con-
figuration and that this mode of rotation would therefore
determine the minimum vertical-tail size. The exception
occurred when twin tail 4 operated under the Army specifi-
cations (fig. 9); in these tests inboard rotation was less
favorable than outboard rotatione.

The difference in asymmetric power balanced by a given
- tail arrangement with either of the two modes of rotation
appeared to increase in magnitude with the amount of di-
rectional stability and of control being applied. The
‘ largest differences occurred at large rudder angles and for
tails 5, 6, and 7, which have high aspect ratios. Particu-
larly large effects of propeller rotation were observed when
bhemrudder was free,

I e et e o
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The magnitude of effeet of reversing the propeller -
rotation has been 1llustrated in figure 19, Thle figure i
presents the calculated values of permissible brake horse-
power for both modes of propeller rotation for the repre=
sentative rudder deflection of 20° (figs. 12(a) and 19(b))
and for that angle of sideslip at which directional in-
stability was encountered in the tests with rudder free
(f1g. 19(c)). This angle of sideslip was between 10° and
12° for almost all the conditions tested. The results
presented in figure 19 show that the difference in asym-
metric power balanced by the vertical tail for inboard
and outboard rotation was about 400 horsepower for most
conditions and was as large as 1C00 horsepower for some.

- The effects of changing the direction of prepeller
rotation appear to be exolainvd by the data of reference

4. Reference 4 concludes that use of inboard proepe ey

rotation with the flaps down caused the slipstream to con-

verge toward the tall and thereby increased the contri-
bution of the tall surfaces to directional stabllity for

small to moderately large angles of yawe This slipstream
displdcempnt would result in a beneficial effect of in- .
board rotation upon the trimming action of the vertical
tall surfaces, particularly for twin tail 4, which under
NACA cspecifications (B = 0°) appears to be.partly im-
mersed in the slipstream jet. Reference 4 also concludes
that ouvutboard rotation causes the slipstream jet to di-
verge., Consequently, this mode of rotation increases

the tail effectiveness at large angles of vaw but 1s less
satisfactory in this respect than the inboard mode of
rotation for other angles of yaw, This reasoning explains
the favorable effect of outboard proveller rotation upon
twin tail 4 when operating at an angle of sideslip of 10°,
At this angle, owing to its original lateral displacement,
this tail lies within the sTLQQLream.

The data obtained in the tests indicate that for
twin-engine airplanes equipped with single vertical tails
and conventional right-hand propellers, the fallure of a
left engine will impose the more severe flight conditlons.
For airplanes equipped with twin vertical tails, however,
the failure of a right engine should prove more critical
to the fulfillment of the Army requirements. Similarly, .
it may be reasoned that use of propellers rotating in-
board on both wings (symmetric rotation) would be adven-
tageous for airplanes equipped with single fins both to ¢
improve tail effectiveness and to make the handling of
controls similar regardless of the location of the
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inoperative engine. Conversely, symmetric outboard rotation
should be favorable for airplanes equipped with twin fins.

Effect of Vertical-Tail Design

Effect of vertical-tail area.- The effect of varying
vertical-tail area was obtained from a study of the test
data for geometrically similar tails 1, 2, and 3. The
data for these tails with rudder fixed were converted to
values of full-scale brake horsepower and plotted in
flgure 820,

The data of figure 20(a) show that increasing the
vertical-tail area resulted in increases in the asymmetric
power balanced by a given rudder deflection at zero angle
of sideslip. These increases, however, are not directly
proportional to the increase in tail (rudder) area, as
might normally be expected; this lack of proportionality
indicates the presence of secondary slipstream effects
upon the vertical tail surfaces., Such secondary effects
are probably produced by the sidewash angles generated
at the tail by inflow into the slipstream jet as well as
by the more direct effects of slipstream velocity.
Further investigation, however, is required to establish
a complete explanation of these secondary slipstream
effects.

The data in figure 20(b) illustrate the favorable
effect upon the asymmetric power characteristics of li=
creasing the vertical-tail area at an angle of sideslip
of 10°. These data show that, when the airplane is side-
slipping, the directional stability of the vertical tail
surfaces reinforces the action of the rudder control in
nullifying the effects of asymmetric power, and higher
values of asymmetric thrust can therefore be balanced
by & given vertical-tail arrangement. The magnitude
of the effects of directional stability can be obtained
from a study of the curve for a rudder deflection of
0° (fig. 20(b)), which is directly indicative of the
rudder-fixed directional stabilitye. These data show
that the directional stability contributed by tail 1l barely
palanced the unstable yawing moments created by the yawed
fuselage-wing combination. Making the tall area larger
than that of tail 1 increased the directional stability,

as would be expected.
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The effects of increasing tail area noted in the
tests with rudder fixed were also observed in the tests
with rudder free. Figure 11 illustrates the influence of
tall area upon the rudder-free trim characteristics of
the model operating under asymmetric power. In this
figure, the data indicate that freeing the rudder of
tail 1 was destabilizing, as would normally be expected
since the rudder type employed had a negative floating
ratio. Because of the slender margin of stabllity
associated with tail 1, the destabilizing action of
freeing the rudder was sufficient to cause directional
instability. Making the tail area greater than that of
tail 1 increased the directional stability contributed by
the tail surfaces sufficiently to overcome the destabiliz-
ing effects of the fuselage and, consequently, permitted
increases in the asymmetric thrust balanced by the vertical
tail surfaces.

Comparison of twin tail and single tail.- Twin tail 4
may be directly compared with tail 2 inasmuch as both
tails were of the came aspect ratio and equal area. Be-
cause the twin tail was located almost directly in the
glipstream, the twin tail was more effective than the
single tail at zero and small angles of sideslip. Figure 21
shows that the influence of power at § = 0° made
tail 4 almost as effective as tail 3, a surface of equal
aspect ratio but possessing 50 oercent greater area. At
angles of sideslip greater than 0°, however, tail 4 was
less effective than tail 2 with the rudder fixed at an
angle of sideslip of 10° and with the rudder free (fig. 22).
These data confirm trends noted in the past and indicate
that the directional stability contributed by a twin
vertical tail is less than that contributed bty a single
tail of the same aspect ratio and equal ares. The in-
creasec directional stabllity achieved by use of the
single tail is partly ascribed to the favorable end-plate
effect of thé horizontal gsurfaces upon the load charac-
teristics of the vertical surfaces. In addition, the
single tail has but one root juncture compared with two
for the twin tail and therefore is less affected by inter-
ference effects.

It should be noted that the curves for tail 4 for
rudder free (fig. 22(b)) do not pass through the origin
but fall above and below it. depending on the mode of
propeller rotation employed. These curves indicate that
reversing the propeller rotation altered the sidewash
caused by the propeller sufficlently to reverse the local
angle of attack of tail 4 at small angles of sideslip.




The results of the tests indicate that choice between
s’asle and twin vertical tails would depend largely upron
thv pilot's handling of the controls tollow:no a sudden
engine failure. If the rudder control can be applied be=-
fore the airplane reaches a moderately large angle of
sideslip, the twin-tail design should be more suitable;
otherwise, the single vertical-tail design would be
preferable.

Effect of increasing aspect ratio.~ The effect of
increasing aspect ratio was determlned from a comparison
of the data obtained with tail 6, a surface of twice the
aspect pratio. of tall 2, with corresponding data for tails
2 and 3, These data are shown in figure 23 and indicate
that doubling the aspect rdtlo of tail 2 has approximately
the same effect as increasing the area by 50 percent at
the same aspect ratio (tail 2). This effect is in close
agreement with the wind-tunnel force data of reference &,
which show that doubling the aspect ratio of a surface
from 148 to 3.0 lncreased the lift-curve slope from 2.2
to S&ls Por a given rudder configuration, . such a change
in lift-curve slope would result in an increase in total
tall load, or trimming effectiveness, equivalent to that
obtainable by approximately a SO=-percent increase in area,

Comparison of conventional tail and all-movable tail
with linked tab.~- The question has been raised whether the
efficient actlon of the all-movable tail reported in refer-
ence 6 arose largely from the "all-movable" feature or from
the faet that the tail was of high aspect. ratio and had
the inherent advantages sssociated with tails of that type.
For, the present investigatiop; therefore,. tests of,the &alle
movable tall £ were supplemented with tests of tail 7,
which is identical with tail 5 except that tail 7 is of
conventional - that.is, fixed-fin ~;design.

A eomparison of the effects of tails 5 and 7 upon
the characteristics of the airplane operating with asym-
metric power is shown in figure 24. These data indicate
that the all-movable tail is markedly more effective than
the.conventional tail at zero qLdeslwp with the rudder
fixed and with the rudder free. At 10° sideslip and with
rudder fixed, however, the all-movable tail was only
slightly more effective than the conventional tail
(fig. 24(a)).

These test reswvltes may be explained by use of the
curves showing typical tail loads (fig. 25,. These curves

NACA ARR No. L5A13 - l
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show the variation of tail load with vertical-tail inci-
dence and rudder deflection for a conventlional and an
all-movable tail. The tab area of the all-movable tail
is assumed equal to the rudder area of the conventional
tails The variation of the load with deflection of the
all-movable tall is indicated by the dashed line in
figure 25. This variation i1s due to the linkage between
the teb and the movable forward surfacees The slope of
the load curve is determined from the linkage ratio
5T/it which, for the case investigated, was equal to 1l.12.
If the effect of power is ignored, the angle of attack
(tatil ineidence) of the eonventional tail at g = 0° 1s
also zero. The rudder deflection therefore produces
changes in load along a path coincidental with the zero
ordinate. For example, a rudder deflection of 1C° produces
the tail locad corresponding to the load indicated by
point a. For the all-movable teil, however, a rudder
deflection of 10° causes a simultenzous change in tail
angle of attack and tab deflection and produvces the load
indicated by point b. Consequently, et zero sideslip,
the alle-movable tail is capable of producing much larger
vawing moments with which to balence the effect of asym-
metric power than the conventisnal tail,

4t moderate angles of sideslip (10° to 15°), the con-
ventional t&ll operates in the high=lift region of the
1ift curve of the taill and consequently produces tail
loads of an order compearabhle with those pnroduced by the
all-moveble tail., The conventional tall may concelivably
produce tail loads even greater than those of the all-
movable tail because the conventional tail is unrestricted
in the use of rudder. The all-movable tail, however, is
limited for a given linkage ratio to the rudder cdeflection
that produces the tail incidence at meximum 1ift. Further
deflection would cause the entire surface to stall.

In balancing the effects of ssymmetric power, the
superiority of the all-movable tail to the conventional
tail was most marked in the rudder-free tests. Thls su-
periority can be ascribed to the fact that the hinge-
moment characteristics of the all-movable tail force tke
entire tail to float against the wind when free (positive
tloating ratio) and consequently increase the directional
stability of the airplane. In considering the advantages
of the all-movable vertical tail over the conventional
tall, it should be observed that "snaking" oscillations
may be induced by control-surface friction with Improperly
deslened tails having posltive floating ratios. (See i
reference 6,)
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Bifect of  rudder chord.- The' effect oft deereasing
rudder chord is shown by the test data for tails 6 and 7
(figs. 10 and 13). These data show that, although the
rudder of tail 7 had only one-half the area and one-half
the chord of the rudder of tall 6, the rudder of tadl'7
balanced approximately two-thirds as much asymmetric power
at zero sideslip and approximately seven-eighths as much
power at 10° sideslip as the rudder of tail 6. These data
are in agreement with conventional trends because it is
known that decreasing the rudder chord increases the yaw-
ing moment per unit rudder sarea,

With rudder free, tail 7 balanced a greater amount
of asymmetric power than tail 6, which indicated a favorable
effect of reduced rudder area upon the rudder-free direction-
al stability. This action occurred because the rudders of
tails 6 and 7 are of the type that trail with the wind and
so reduce the directional stability when set free. CGCon-
sequently, tail 7, because of its smaller rudder area,
created smaller destabilizing moments when the rudder was
set free and so balanced a greater amount of asymmetric
power,

Effect of rudder deflectione.- The data obtained in
the tests showed that increasing the rudder deflection
increased the amount of asymmetric power balanced by the
vertical tails at a decreasing rate,

EBffect of dorsal and ventral fins.- The data 1llus-
trating the effect of adding dorsal- and ventral-fin areas
to tells 2, 3, 5, 6, and 7 are presented in figures 14 fo
18, No data are presented for tail 1 because the addition
of dorsal and ventral fins did not noticeably lessen the
directional instability associated with this tail arrange-
ment.

The test data indicated that the addition of auxiliary
fin area increased the directional stability at large
angles of yaw and thereby increased the maximum amount of
asymmetric thrust balanced by the tail surfaces when the
rudders were free, Increases in maximum asymmetric thrust
of the order of 20 to 100 percent were observed in the
tests,.

The addition of ventral-fin area was generally found
to be more effective than the addition of an equal amount
of dorsal-fin area, The use of a combination of donsal-
and ventral-fin areas (dorsal a and ventral a) was
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generelly more elfective then a single dorsal fln of the
came total area (dorgsel b).

dileron, dﬁfle_ i ns_regu ired to trim asymmetric
thrust.- & representative plot of total alleron deflec-
tions required to frwm the rolling moments created by
asymmetric thrust 1s presented in figure 2€. These
deflections were always obtained by equal up-and-down
movements of the ailerons,” Calcmlated values are also
presented in figure 26. These caleculations were made

by using the method presented in reference 7. The calcu-
lated 1ift increments created by the operating propeller
were rultiplied by the lateral arm of the propeller to
obtain rolling moments, wkich were converted to alleron
deflectlions required to trim hy use of the data in figure 7.

The results presented in figure £6 show that, although
the scatter was considerable, the test data avreed falrligm e
well with the calculated values and irndicated that moder-
ately large alleron deflections would be required to maine
tain straight flight uvnder asymmetric power conditions.

CONCLUSTONS

The following conclusions were drawn from trim tests
of a twin-engine-airplane model operating under asymmetric
power (single-engine) conditions specified by the NACA and
Army Alr Porces:

l. " The direction of rotation of the operating pro-
peller had an important effect upon the asymmetric power
‘that could be balanced by a given vertical-tall design.
Single vertical tails were moat effective when the oper-
ating propeller was rotating inboard. Twin tails, however,
were most effective when the operating propeller was
rotating outboard.

2. An all-movable vertical tail of aspect ratio 3
with a linked tab was more effective than the conventional
tail of the same aspect ratios and equal area in balancing
asymmetric power, particularly when the rudders were free,
The all-movable tail was markedly superior to the con-
ventional vertical tail of normsl aspect ratio (1.35).

2« The single vertical-tail designs generally balanced
a greater amount of asymmetric power than twin vertical
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tails of the came aspect ratio and equal area, particularly
w'icn the rudder was free. At small angles of sideslip,
however, it was possible to balance more power by rudder
deflection of the twin teils than by rudder deflection

of a single tail.

4, Increasing the aspect ratio of a vertical tail
resulted in increasing its trimming effectiveness under
asymmetric power conditions by an amount proportional to
the accompanying increase in lift-curve slope.

5. The trimming effectiveness of the vertical tail
surface increased almost linearly with the vertical-tail
area. Increasing rudder deflection and rudder chord in-
creased the trimming effectiveness of the vertical tail
under asymmetric ccnditions at a decreasing rate.

6. When the r»udder was free, addition of dorsal-
and ventral-fin areas increased the capacity of the
vertical tail surfaces to balance asymmetric-power effects
at moderate angles of sideslip.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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TABLE I.- INDEX TO FIGURES

Figure Description Remarks
2l Photographs of test model mounted on trim stand in Langley free- Model with tail-2
flight tunnel
2 Sketch of test model mounted on trim stand, which permitted
freedom in yaw and roll, in Langley free-flight tunnel
3 Three-view drawing of 1 _scale twin-engine model tested in Langley
free-flight tunnel with asymmetric power
4 Photograph of twin-engine model used in trim tests in Langley free- Model with tail 2
flight tunnel
5 Plan-form and dimensional characteristics of seven vertical tails
tested on a -ecale model of a twin-engine airplane in the
Langley free-flight tunnel
6 Various fin arrangements tested with vertical tails on a 1 _scale
model of a twin-engine airplane in the Langley free-flight
tunnel
Test speci- Test Tail Operating-propeller|
Pigure| fications [condition arr ement tatl 1 Curve Remarks
Tall|Dorsal|Ventral Foalion
7 B e 2 [e=ee-- —————— Propeller off }C, against 0,|Alleron calibration|
a NACA Rudder |1 to|__.....|eec._..|Inbo@rd and outboard| T, against 5,(Directional-control
5 (g = 09) fixed 3 run
b NACA Rudder 1 to|==cmc~|ecnacca |emoccccndOmmmmnnnn -| T, agalnst &, Do.
(g = 10°) fixed 3
a NACA Rudder 4 |-r---- cemvmene leeeemaaa do===s=anm T, against &, Do.
(p = 0°) fixed
9
b Army Rudder 4 B el do===== ----|T, against 6, Do.
(g = 10°%) fixed
a NACA Rudder §5 to|=====-= e [em—————— do---------|T, against r Do.
(g = 09 fixed 7
10
b Army Rudder S to|==-===|=-= memme e ————— do==mmmm—— T, agalnst = Do.
(g = 10°) fixed 7
a NACA Rudder 1 to|======|==n== - Outboard T, against Directional=-
(Rudder free)| free 3 stability run
11
b NACA Rudder 1 to|====== ————— Inboard Te against Do.
(Rudder free)| free 3
a NACA Rudder L e ——— Outboard Te against Do.
(Rudder freg| free
12
b NACA Rudder B ~m——= Inboard T, against Do.
(Rudder freq| free
a NACA Rudder |5 to|====e=|-ccc=c- Outboard T, against Do.
(Rudder fred| free 7
13
b NACA Rudder |5 to|-=-==-|-= ————— Inboard T, against Do.
(Rudder free)| free 7
a NACA Rudder 2 All Outboard Te against Effect of dorsal-
(Rudder fred| free combinations? and ventral-fin
area
14
b NACA Rudder 2 |e===-- do====== Inboard T, agalnst Do.
(Rudder free)| free
a NACA Rudder 3 |e===-- do=mmm== Outboard T agalnst Do.
(Rudder free)| free
15
b NACA Rudder 3 |--====d0==--- - Inboard T, against Do.
(Rudder free)| free

lﬂight propeller operative.

20ombinations tested are tail alone, dorsal a, dorsal and ventral a, ventral

' NATTONAL ADVISORY

a, dorsal b.

COMMITTER FOR AERONAUTICS
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TABLE I. - INDEX TO PIGURES - Concluded

Teset speci- Test Tail Operating-propeller
Figure| fications |condition arrangement rotationl Curve Remarks
| Tall] Dorsal [Ventra
NACA Rudder 5 ggiia;l:"’ Outboard Te against p [Effect of dorsal-
(Rudder free1 free doneal ".n‘ and ventral-fin
16 ventral a area
NACA Rudder S All Inboard Te agalnst g Do.
(Rudder free)| free combinations?
. NACA Rudder 68 |==--- do-=-== - Outboard Te against g Do.
(Rudder free)| free
17
NACA Rudder €6 |=----- do===== -- Inboard T, against p Do.
(Rudder free)| free
NACA Rudder 7 |==--- AO==mmmm Outboard Te against g Do.
(Rudder free)] free
18
NACA Rudder 7 |====- do===== - Inboard To against g Do.
(Rudder free)) free
NACA Rudder 1 to|===-- - |mm——— ~| Inboard and outboard bhp for Effect of mode of
(g = 09) fixed 7 Sni= 200 rotation
19
Army Rudder 1l to|==-eee |memcma | m—————— do=emmennnn bhp for Do.
(p = 10°) fixed % 85,=120°
NACA Rudder 1 to|==cvee|reena | m——————— do==em==n - bhp for Asymmetric power
(Rudder free)| free 1/ 10%g<120° balanced’ at verge
of directional
divergence
NACA Rudder |1 to|==-===|==== — Outboard bhp against | Curves of various
(g = 09) fixed 3 tail area rudder deflections
20
Army Rudder 1 to|====== e B L et dow==== Do.
(@ = 10°) fixed | 3
NACA Rudder 2 to|=ecmmn|omenaa - Inboard bhp against Comparison single
(pr=10%) fixed 4 and twin tail
21 -
NACA Rudder |2 to|====-=|cecn-a - Outboard bhp against 8 Do.
(g = 0°) fixed 4
Army Rudder 2, 4|-=-enn|== «=<<=|Inboard and outboard [bhp against 5‘{ Do.
(g = 10°) fixed
22
NACA Rudder (2, 4|-~====|~=== el e dom=nmmmmna bhp against 3 Do.
(Rudder free)| free
NACA Rudder [2,3,]«~--==|~===u- - Inboard bhp against &, Effect of aspect
(g = 0°) fixed 6 ratio
23
NACA Rudder |2, 3,l--=v-=locmcmaa ———————— e bhp against g Do.
(Rudder free)| free 6
NACA (p=0°) | Rudder |5, 7|======|-==== - Outboard bhp against O#Conmarison of all-
Army (§=10°)| fixed movable and con-
- ventional tail
24
NACA Rudder |5, 7 [-===-= Tl do=~=wm==em bhp against p Do..
(Rudder free| free
Taill load Illustrative of
25 |eeccccccccafeccaaaa e e e | e B el T T T ve———— against 14 principle of all-
movable tall
R B e ] e~ B oy - - [Inboard and outboard|T, against Og(Alleron deflections
required to trim

1Right propeller operative.

2Combinations tested are tail alone, dorsal a, dorsal and ventral a, ventral a, dorsal b.
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Fig.

Figure l.- Test model mounted on trim stand in Langley

free-flight tunnel.
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Figure 3.- Three-view drawing of 1/20 -scale twin-
engine model as tested /17 Lang/ey Free-
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Figure 4. - Twin-engine model of B-28 airplane used in trir
tests in Langley free-flight tunnel.
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