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RATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCE MEMORANDUM

EFFECT OF ENGINE SKEW ON DIRECTIONAL AND LATERAL
CONTROIL. CHARACTERISTICS OF SINGLE-ENGINE ATRPLANES

By Arthur R. Wallace and Reymond J. Comenzo
SUMMARY

An investigetion has been conducted and an analysis made on
the effect of engine skew on the dirsctionsl and lsteral control
characteristica of a sinzle—engins airplans with a single-rotating
propeller. The investigetion consisted of tests in the Langley 77—

by 1l0-foot tunnal of a %—Bcale model of a single—engine airplane

with a skewed thrust axis. With the aid of wind-tunnel data,
eatimations wers made of the effect of sgkewsd thrust axia on the-
full-scale airplane and thess were campared with flight teste of '
an FEF~3 airplane with a skewed thrust sxis end offset fin. '

The eetimated and flight test results considered hereln
showed guite definitely the advantnges to be gained by a skewed
position of a aingle-robteting propeller of a single-engine air-
plane, The data indicated that the skewed thrust exis is an
effective methed of overcoming imadeguate rudder control in
power-~on flight at low speeds and that- it also had a pronocunced
effect on alleron control, particulerly with flaps deflected.
There were indicatione thzt the vertical tail lozds obtained and
rudder pedal forces regquired in a high-speed dive wculd be less
than with ths normal thrust axis.

INTRODUCTION

Conventlonal single—engine alrplanes with single-rotating
propellers usually require large changes in rudder angle for trim
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with power on through the speed renge and also with power changes
at a constant speed. During tske—off, asymmetric yawing moments
dus to the propeller slipstresm are so severe on soue ajrplanes
that full rudder is Insufficient to allow take~off in a straight
path. Although ths pilot learns to coordinste rudder pedal move~
ments with throttle movements, the situation is still obJectionable
because the control availleble for mansuvering is grsatly reduced.

Attempts have been made to increese the amount of rudder
control. available by increasing the rudder chord of offsetting
the fin but these are dilsadvantageous becauce of large pedzl
forces which may result. One method used to reduce the adverse
effects of asymetric yawing and rolling moments i1s to shift the
center of gravity to the right relative to the thrust axis, for
right-hand propellers. This method has been found effective when
tested. (See reference 1.)

Another method which has been proposed is to skew the thrust
axis through a small angle so as to prcduce a thrust moment which
counteractes the normal asymmetric yawing moment. ZEngine torgue
reaction ls known to be troublesame in at least one type cf air-
plane, namely, the single float seaplane. During take—off ons
wing tip remains in the water long efter desirsd., This is due to
the 1nability cf the silercns to neutrelize engine torgus reaction
until near take—ofl gpeed. Skewing the thrust axis also produces
favorable rolling maments by dirscting more of the slipstream over
one wing half then the other.

The purpose of the pregent paper is to investigate briefly the
effocts cof gkewlng the thrust axls. A concise theorstical analysis
and flying quality estimstione obtained from data of tests of

a %—scale model of the XF2M-1 alrplane with ncrmal and skewed

thrust axils in the Langley T— by 1l0-foot tunnel are presented.

Data acquired from flight tests made by the Grwmmen Aircraft Corpo—
ration of an FEF-3 airplane with normal and skewed thrust axis and
offset fin are also presented.

COEFFICIENTS AND SYMBOLS

The positive dlrectlons of the stabllity axes of angular
displacements of the airplane and control surfaces, and of hinge
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moments are shown in figere L. The following coefficlents and
symbols appear in the text and figures:

Cy
Cy

LR

H

i @

(o]

lateral-force coefficient (Y/qS)

rolling-mcment coefficient (L/qSh)

yering-moment coefficient (I/qSb)

hinge-mcment coefficient (H/qbhz?)

effective thrust coefficient based on wing aree (Tgpp/aS)
effective thrust coefficient {Teff/pn?Dk)

effective thrust coeffif:ient (Tsff/p“."eDE)

torque coafficient (Q/anDs)

tergue coefficient based cn wing area end span (&/aSb)
toraue coefficient (Q/ pV9133)

propeller effective thrust, pounds

propeller torgue, pouwrd-feset

propulsive efficiency (T psV/2rmQ)

forse along Y-sxis, pounds
mements about exes » powmd-Teat

hinge moment o? centrol surface, povnd-fest
free-strear dynsmic pressure, pounds psr sguzire foot (P-E?)
wing area (9.40 sg 2t on madai)
airfoil section chord, feet

root-mean-sguare chord of a control surface back of hinge
line, feet

wing span (7.51 £4 on modsl)
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L

bt contrel-surface span along hinge line, feet

v alr veloclty, feet per second

Vs indicated airspeed (mph)

D propeller diamster (2.27 £+ on model)

n proyeller speed, revolutlions per second

¥ etick force, pounds

a digtance from propeller center line to center cf gravity
(13.32 4u. on model)

d digtance between skewed thrust line znd center of gravity
(1.59 in. on model)

h vertlcal dleplacen=snt of center-of-grevity from thrust line
(1.1% in. on model)

p nagad densgity of air, slugs per cubic fcot

a argle of attack of thrust line, degrees

v mngle of yaw, degrees

Y sngle of skew, degrees

B centrol-surface deflectlon, degrees

Subscripts:

a aileron (ap, ar, risght and left ailerom)

r rudder

T Tlap

Y] propeller

Y denotes partial derivatives of a coefficient with respect to

yaw

Exemple: C,, = éEL
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MCDEL AKD ATRPLANE TESTED

Model

Tke model which was tested in the Langley 7- by 10-foot
tunnel to provide data for estimating the flying qualities presented

herein 18 a >-scale model of the General Motors XFOM-1 sirplane,

& conrTenbional single-engine fighker. (See fig. 2.) Thrust
coefficients for the mciel were such that the full-scale power
represented was 1500 breke horsepower with & wing loading W/S

cf 31.25 pounds ps1 square foot. The model propeller was te scale
dlameter, bubt the propeller blade chord was not to scale. However,
full-scele velues of Tc' /Qc' was obtained by inbsrpolstion between
tegts at two model propeller blads angles. The full-ecale propeller
for which the flying quality estimations woire made wae a three-
blade Hemilton Stendsrd design Mo. 6235GA-13 with NACA 16-series
blade mectiong. TFigure 3 shows the egtimated power cheracteristics
of the X¥M-1 alrplene using propslier datae obtained Trom reference 2.

For the skowed-tmrust-sxis tsate the engine shaft was skewed
about the Intersecticn of the prcpeller plane with the alrplane
center line as shown in Ffigure k.

The brake horscpover simuleted for various wing loadings and
model scales by the test variebion of T, ageinst CL is

_Dpresented in Figure 5.

Adrplane

The FAF-3 airplene (fig. &) was tested by tho Grumman Aircraft
Corporation with fin at 0° and offset -2° with normal thrust axis
and with the thrust axis skewed 20 with 0° Pfin settinz. The '
airplene englne was skowed gbout the center of the engine mount.
The FEF-3 was tested with rated-power (1650 bhp at 2550 rpm
propeller speed), 1/2 rated powen and with windmilling propeller.

TEST PROCEDURE

For the skewed and unekewed thrust axis conditions, tests of
the model through the angle-cf-shtack range with power on snd
zero mmgle of yaw with several rudder deflections werse rum to
procure the effect of skewed thrust axis on rvidder angle requlrsd
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for trim through the flight range. A sample figure showing the
form In which the above tests were plotted is given as figure 7.

In crder tn obtaln the effect of skewed thruast axis during
ground run, tests wers rum with the model set at -ero angle of
ebteck and zerc angle of yaw,and the components plctted on
Plaure 8 were read for a range of propeller speeds. These tests
were zlso ugsed to obtalin the effect of skswed thrust axis on
aileron angle reguired. TFor computations dowm to zero speed in
take-off, plotes of W, Y, I, and.Eﬁ;againstTeff are required.
(See sample plot fig. 9.)

THEORY

The asymmetric yawlng moment encovntered In the power-on
condition with the normal thrust axis 1a due vprincipally to the
vertical tall swrTace cpersting at an effective angle of atback
cther than zero, when the airplane is at vero sideslip. This
change in effectlive angle of attack at the ta2il is a function
of the rotational veloclty in the slipstresm (vhich in turn is
a functicn of the torque ccofficient), the relative gecmetry of
the slinstream and the tail, and the axial veloclty at the tail.
Other contributing factors are the effect of the zlipstream on
the ring fuselage Interference and the yawlng momsnt produced by
the propeller in pitch. This asyrmmetric yawlng moment, which is
negative for a right-hand propeller, has to be trimmed beiore a
straight flight path can be maintained.

Skewing the thrust axis has the following actions which are
beneficial for the reduction of rudder deflectlon necessary for
trim:

A yawing moment is produced by the thrust acting et a
distance from the center of gravity, as shown 4n figure U,
which counteracts the yeswing moment produced by the slipstresm
rotatlcn. The yawing-moment coefficient Increases with thrust
coefficient snd, therefore, is greatest at low speedse, as can
be seen with the aild of figure 3. The skew of the thrust axis
glves rise to an incremental side force In the plane of the
propsller (Ffin effect). There is a corresponding incremcnbal
sidewagh at the vertical tail in the opposite dlrection. Both
offects 8dd yawing moments that sugment the direct thrust moment
caused by the skew,

Engine torgue reaction cauvsing the left wing to be depressed
for right-hand propeller 18 tho main dilfficulty encountered in
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aileron control during take off. This torave reaction ls slightly
annoying for landplanes but is more bothersome for singls floatb
seaplanes, below take-off speed. At high speede the engine torgue
ragctlion 18 not particulerly botherscme. The skewed thrust exis
dlrects the slipstresmm mcre over cne half of the wing than the
other, from wi'ch results an asymmstrical 1ift due to power
counteracting the engiine torque reaction. The skewed thrust

axis ls more effective fleps down because the 1ift Inocrement dus
to the slipstiesm over the wing is greater; it is also more
effectlive at the high thrust ccefficlents associated with low
speeds. (See fig. 3.}

METHOD OF ANALYSIS
Estimating Requlred Data in Absence of Wind-Tunnel Data
For the case with a normal thrust axis, the sldewash at

the vertical teil cam be estimated.by the methed of referernce 3
from which aeymmetric C,, C3, and Cy can be compubted from the

vertical tail and propeller charscteriscics.

From date with a zero skew thrust exis estimations can be
mede for a skewed thrust axis in vhlch four additionsal fectors
must be conslidered as follows:

1. Direct thrust of the propeller.
2. Side force on the prcpeller,
3. Change in sidewash at the tail.

i, The ssymmetric 1ift created by the slipstream passing
over cne wing half more than the other.

The dirsct thruet of the prepeller affects Cy, Cp, and G
in the following masnmer:

1. Cy = Tt sin ¥y
2. Cp =Tt afp
3. C; = T," sin 7 b/b

The differsmce in efrective thrust cosffliclent between the
unskewed and skewed thrust axisz is belisved to be negliglble.
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The side force of the prcpeller also affects these three
contponents as follows:

1. Cy= CYP cos ¥ .
2. CI]. =l. CYP a/'b

wherea h 1 the vertical displacement of the center of gravity
fron the thrust line. An explenation of the other symbols 1s
shown in figure 4. Generally, the angle of skew 1s small; there-

fore it can be asoumed that sin 7 = -Z— anl ccs 7 = 1.0. The

5T.
side force of the propellex CYP can ove cagtimated with the ald

of reference 4., The change in sidewash at the vertical tail can
also be estimated with the ald of rslference 4. Knowing the change
in angle of attack of the vertical tall, the increments in Cy, Cp,

and C3 contributed by the vertical tail are readily computed, as
for the zero skew conditlon. The asymmotric 11t produced by the
slipstream (rolling moment) can be estluated with the 21d of
refercnce 5 by First estimating the increment in 1ift on the wing
andl sccond estimating how far the slipatrsam is displaced laterally
when it reaches the center of pressure of the wing.

TLe increments in Cy, Cp, and C; can now all be added to

the zsro slkew conditicn toc obtain the skewed condition and the
results plotted in a similar way to the plots obtained for wind-
tunnel tests.

Egtimation of Flylng Qualities from Skewed Thrust Axis Data

Free flight.- For this conditlon all forces and moments must
be in trim. Vhen C, 1is reduced to zerc by rudder deflection, (y

iz usvally not quite zero, at zero sideslip. This amall Cy can

be neutrallzed by bunking the sirplane so that a component of the
wolght 1s equal and opposite to Cy; or if the wings are held level

the airplane will sideslip slightly until Cy equals zero. The

latter condition represents the menmner in which airplsnes ure flown
and is the condition assumed in this report.

Rudder and sldeslip angles for trim can be cbtained by
crogs plotiing Cn egeinst  “n. To obtain the correction due %o

gidsslip the values of Cn\‘\!‘r and CY‘L’ are required from estimates
or wind-tumnel tesgts,
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Once the rudder and sideslip angles are known the asymmetric
C; may easily be cbtained from a cross plot of O3 against B&p
meking e correction due to sldeslip with the velue of C7,\!r acquired
from estimates or wind-tunuel tests. The velue of Cy 1s then
located on a plot of Cj ageinst total &5 (obtained from wind-

tunnel tests or estimates) tc determine the total ailsron deflection
required for trim.

Particular caution 1s required with regard to signs since the
control-swrface deflection required Lo oppose the oub-of-trim force
cr momsnt must be used instesd of the contrecl-surfece deflection
required to produce this ocut-of-trim force or momsnt.

Inclusion of grommd reacticn ( landplane).- For the present
repcrt the alrplans was assumed to be melntalned in a level
condition (a = 0) foir the entire grouni mm. Tall-wheel reaction
wag assmed zero and compubations were mads for -nly the conventional
landing zear. A coefrficient of rolling frictlicn of 0.02 end zero
gldeslip were assumod. ‘It was elsc assumed that no brakes were
used to help correct agymuetric yewing moments.

Although no rudder deflection date were obtainad for the
flaps-deflected condition, the data for the flaps-up condition
are belisved to be epplicable within reasonzble accuracy since
the presence of the ground prevents the slipstream from bsing
groatly dsflected downward by the flaps.

It wag found +that ths fres-flizht rudler sngles with wings
level trim diéd not fair smoothly into the rudisr angclees with
ground resacticn et zero angle of gideallp. For this reascan it is
believed that a transition periocd occurs beiwesn 75 and 85 miles
per hour in whlch the behavior of the alrplance is dependent on
the ectual flight Lteests of the airplane in question and is
indeterminable frcm windi-tunnel tosts.

Inclusion of water recaction (sinsle-float seaplane).- For the
pressnt report thse seaplane was assumed to Pe at uero angle &£ baznk and
the ailcron angles rejuired tc maintsin the leval conditlion were
somputed, The rudier angles on the seaplene are nct glven sinse
they are substantially the sams as for ths landplane. The water
reaction was cssumed to produce no yawing moments since the single
main float 1s directly Pelow the center of srevity wlth wings
level, vhich alsc mesans both wing tip floats would be out of the
water.

Data were obtained for flaps neutral and deflected, in this
Instence, since Flap deflectlion has a pronowmced erfect on the
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1ift increment produced by the slipstream and hence the rolling
moment, with a skewed thrust axis.

DISCUSSION

Effect of Offret Fin and Skew on Rudder Control

Egtimsted effect on XFM-1 airplane.- The effect of skowed
thrust axls on rudder control is presented in figure 10. Trimming
the alrplane at zero sidsslip on the ground and calcuwlating the
effect of grovnd resction, it is shown (fig. 10) that with the
normal thrust axis the rudier control avallsble is insufficient
et low cpeeds, wheress with the skewel thrust sxls the 1udler
deflection required 1s reduced considerably. Above cruising speeds
the skewed thrust axis has s negllizsible effect on ruldder effectliveness.

Effect on F6F-3 sirplane.- In general, the results cbtained
from flight tests of the F6F-3 airplane have the seme trend ag
those estimated for the XF2M-1 eirplane, Data of Figmure 11
indicate the distinct advantage of the skewed thruat axis which
is the reductlion of ruvdder angle reguired for trim throurhout
the speed range, with power on. However, with windmillinz propeller
the effect of skewed thrust axis 1o negligible. Offsetting the
fin has no effect on the variation of rudder angle regquired for
trim with speed, although with powsr cn the curve is displaced
in such a mammer thet the rudder angle required for trim is reduced
at low gpeeds, With windmilling propeller the coffset fin has o
detrimentel effoct on the rudder angle required. for trim throughouvt
the speed rangs.

Effect of Skewed Thrust Axis on Alleron Control

The deta (fig. 12) indicate that the skewed thrust axis
reduces the alleron deflection required for trim at low speeds
end has a negligible effect at high speeds, with flaps vp. It
1g believed that with flaps deflected the thrust axis wano
sxcesslvely skewed which resulted in reversal of aileron deflection
requlired for trim of the same magnitude, at low speeds. A
gkewed thrust axis of approximately 3° would be a happy mediim
and would reduce the aileron deflection reguired for trim at low
apeoeds. At high speeds the offect of skewed thrust axis is
noglligitle, with flaps deflected.
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Miecellaneous Effects of Skewed Thrust Axis

tebillty and vibratlons.- The skewed thrust axis is believed
te haves no adverse effects on longitudinal, lateral,or directiocnal
stabllitios. Howsver, 1t may cause the vertical tail to stell at
a different angle of yew, with power on.

Hoxrmally an ai:rplene flies through larze angles of yayw and
pitch =2nd no propeller vidraiion difficuliy has been encounbereds
therefore, 1t io believed that no serlcus vibration problem will
neve to be overcoms vith & skewsd thrust axis.

Performence. -~ With the thrast axis in the skewed position
the propeller is at en angle of yaw when the alrplane is at
zero gidesgiip. In this particuisr case the angle of Faw is
50 and from figure 12, vhich was prepared from data of reference 6,
it 1g shown that for 3° of yav +the propsller efficlency decrezsaes
aboub I percent. A 1 vmercent loss in efficlensy cauvses a loss
of 2.0 miles per hour at a speel of LOU milas per hour.

Then opsreting at high apassds, the change in mectlion blade
angle of attack due to the skewed thrust axis causes 2 reductinn
in the critical tip epsed of the prcpeller (veference 7)) thero-
fore comprassibility efPents wlll occux at a scomeviat lovwer
speed.

Vorticel tail loads.- Ko dete were ohtained fram which
vertical tail loads can be calculatsd for tho sxewsd thrust
axis; thersfors an attexmpt has been mele to obtein an indication
of the vertical teil loads. From figure 1k it ig believed thet
the tail lced= will probebly be less with the sitewed thrust axis
than with ths noyxmal thrust axis.

PBudder pedal foice in dive.- Calculations based on hinge
mment date indicate (fig. 15) that the rudder forces required
in a high-sgpesd dive condition will probebly be less with the
srewed thrust exis then with the rormal thrust axis.

CORCLIISIONS
From the estimated end experimertal results obtained with
the skewed thrust axis, the following conclusions cen be drasm:

1. The rudder deflection required for trim was reduced
congiderably at low spesds with the skewed thrust axis.
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2. Estimations made for a single-float geaplane revealed
thet the skewed thrust =xis reduced the aileron deflection
required foxr trim with flaps up. With flape deflected the thrust
axis was belleved to bs exceseively skewed, thereby producing a
revergal of aileron deflection reguired for trim of the same
masnitede as thet obtained for noxmel thrust axise,

3. The data indicated that the rvdder forces recuired in a
high-epead dive and the vertical tail loeds obtalned will
probably be leas with the skewed thrust exis than with the
normal thrust axis.

Langlecy Memorial Aeroneuntical Leborstory
Fational Advisory Comnittee fecr Aeronauntics
Langley Field, Va.
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Figurel0,- Effeot of skewed thrust axis on estimated rudder characteristics of the
XF2M-1 airplane during ground run and olimb,
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(a} Rudder angle versus indiocated airspeesl.

Figurell.- Effect of skewed thruet axls and fin offaet on the rudder charscteristics
of the F6F-3 alrplane. Crulsing oonfiguration, trimmed for level flight, Fn = 0.
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(b) Budder angle versus percent rated power.

Figure 11,- Ooncluded.
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Fig, 12 NACA RM No. L6I16
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Fig. 14 NACA RM No, L6116
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