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EFFECT OF SLIPSTREAM ROTATION IN PRODUCING
ASYMMETRIC FORCZS ON A FUSSLAGE

By Herbert S. Ribner and Eobert Maclachlen

SUMMARY

Ao approzimate theory of the effect of slinshtrsam rotation on
il o
the forces on a fuselage without a wing roprese i

ts e slipstreear
rowabion by the flow about a vortex alined with the longltudinal axis.
This configuration gives rise to a lateral force snd vawing moment in
ritch or a rnormal force anl pitcning moment in yaw. The forces are
provorsional to angle of inclination and to slipswream rotation as
teasured by the ratio of propeller torgus to the square of tae diameter.

A wind-tunnel investigation was made Primerily to check the
bredictions for the lateral force on a fuselage shaped as a body of
revolution. The modsl was teated alons and in combination with each
of 6 four-blade propellers of differvent diameter and blade engle.
The msasurements were made in pitch, and a lateral force was Tound
with a magnitude of the order of the theoretical valus.

For completeness, measuremente were also made of the incremental
Pitching morient, yewing moment, normal force, rolling moment, and
thrust due to propeller operation. These messurements were gowswhat
atbiguous in that they represented the coxbined effects of fuselage
inverference and direct propeller forces; therefore, they were not
analyzed. This aubiguity is not presernt in the measursment of lateral
force, eince a propellier in pitch is known to experience no appreciable
lateral force.

INTRODUCTION

A strong tendency to yaw toward the left under conditions of
high thrust end low speed is one of the difficulbies experienced
with single-engine fighter ailrplanes equipped with & single-rotating
prropeller. (See reference 1.) This behavior is attributed in part
to the effect of the rotating slipstream in striking the vertical
tail. Some unpubliched tests made at the Langley Memorial Aeronautical
Laboratory show, however, that a substantial yawing moment and lateral
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force are still obtained when the vertical and horizontal tails are
removed. A part of the yawing moment is developed by the propeller
because of its inclinstion in pitch (references 2 and 3). The
larger part may be attributed to the elipsiream-interference forces
on the wing and fuselage-

and fuselage led to an idealizsd picture with the slipstream rotation
represented by the flow about a vortex. If tiils vortex is bound in the
fuselage and alined with the longitudinal axis the body contour will
be a stream surface of the flow. Xven in the absence of a wing and
tall this representation leads to a yawing moment and a lateral

force, both proportional to the angle of pitch and to the siipstream
rotation.

Speculation on the origin of the interference forces on the wing
el

A wind-tunnel investigation was made in the Langley stability
tuanel primarily to check the predictions for the lateral force on a
fvselege alonz. Most of the msasvrements were mede at low thrust
coeificient for reasons of practicability, since the egsential features
of slipstream-fuselags interference may be observed without carrying
the tests to the high values of thrust coefficient at which the effects
are prouinent on actual airplanss. The thsory is first presented in
some Cetall, end then the experiuments are described and the measure-
ments of lateral force are compared with the predictions.

SYMBOLS

The force and moment coefficients are based on the volume of the

fuselage. The forces and moments are referred to a system of rectangular

body axes with origin at the one -quarter-length point of the fuselage.
The X-axis lies along the longitudinal axis of the fuselege and is
directed forward, the Y-axis is directed to the right, and the Z-axis
is directed downward. The positive sense of & force egrees with the
positive sense of the force exis and the positive sense of a moment

follows that of a right-hand screw progressing in the positive direction

of the rmoment axis.

D diameter of propeller
R radius of propeller
% station radius

b section chord
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B

number ofvbladeé
section blade angle
blade angle at 0.75R of basic 26-inch propeller
length of fuselage
volume of fuselage
propeller torque
mass density of air
stream velocity

(9]

g e
dynamic pressure (-éod
\

o S g

v e se——

/ /i Q
-1 + VL + f{TC\s
propeller inflow factor e )

2 .
circulation
angle of attack
angle of downwash
longitudinal force
lateral force
normal force (positive downward)

yawing moment

: X
longitudinal -force coefficisnt\\"*~—~

qLV2/3

: Y N\

lateral-force coefficient s
(Zn)

\ qVQ/

s

: N
yaving-morment coefficient (a{;)

b B
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Z
CZ normal ~-force coefficient -wj;:7§
q
N\
Ca pitching -moment coefficient Pitching moment
= v y
/. 0
Rollir ment
Cl rolling-moment coefficient e Firt i )
qQV /
TC' effective thrust coefficient
/ R i X
s i e
propeller on propsller ofﬁi
‘ £
/ \/::/3 \
T thrust coefficient based on propeller diameter b —.p
\ o2 ©
\ 2D
, / Q \ '
Q torque coefficient { —=
c \kqv,)

SLILER, side -force factor
THEORY

Under average conditions the rotation in & slipstream does not
differ mmch from ths rotation about a line vortex; that is, the
rotaticnal velocity is relatively large near ths center and decreases
toward the outside. Exact equivalence occurs when the circulation
is constant along the propeller blades, a condition of almost uniform
distribution of thrust over the disk area for lightly loaded propellers.
Then no vorticity will be shed along the blades, and all the vorticity
will appeer in a central vortex of strength I' end B tip vortices of
strength I[' /B each, and of opposite sense where B is the number
of blades-

A blade element of length ‘dr at radius r will experience
a compgnont of force in the plane of the propeller of amount

oU(1 + a.'; dr, where U(lL + &) 1s the axial velocity at the propeller
disk. The total propeller torque is therefore
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fo/2 g

Q= | BpU(l+a)-£B—rdr

»

The inflow factor a 1is almost constant over the propeller disk for
the assumed loading. The expression is thus app ox1mately

! pU(1 + a)'D?

Q= 2 (1)
This expression relates the strength of the central vortex T' %o the
propellsr torgque @ and diameter D.

the propeller were not mownted on a body the vortex would

t*“ll f saly do n the centor of the slipgtream just as the tip
vortices trall freely along a nollx and constitute the slipstream
boundary. The fuselage or nacelle (assuued to be a body of revolution
for simplicity) must, however, he a stream surface of *the flow. The
determinaticn of the Ilow impozes a boundary valus problsm of an uwavsual
kind. The B propeller vortices of total circulation I’ may be
agssumed either to enter the body at the spirnsr or to be shed from
the blads roots a* the spinner. In either case this vorticity must
eventually leave the hody and trail with the general flow. The
vorticity can leave the body at svagnation points only, end the free
emergent vorticity must follow streamlines. The position of the
stagnation points and the shape of these streamlines are not however
known in advance because they are, in general, influenced by the
vorticlity.

For the particular case in which the fuselage is alined with
the stream directicn the problem possesses a simple sclution. The
central VOWLeX I' may be considered to pass through the body alcong the
longitudinal avis and to continue behind the body as a free vortex
also along the axis. The vortex flow thus fits the fuselage smoothly
and the position of the rear stagnation point end the siraight shape
of the stagnation streamline are unaffected by this flow

If the fuselage 1s inclined to the streem by a smell angle, the
rear stagnation point, in the absence of vorticity, will etill be near
the rear end. Now consider +the central slipstream vortex [' 4o be
‘bound, along the longitudinal axis as before and to emerge as a free
vortex at the stagnation point end to trail along ths stagnation
Sureamline as in figure 1. The flow induced by the bound pert of
the vortex 1s in concentric circles and so fits the fuselage smoothly.
The flow induced by the free part of the vortex does not guite Tit
the fuselage smoothly. A small additional flow will thersfore take
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place = it can, in principle, be calculated by potential theory -

in such a way that the combined flow will fit the fuselage smoothly.
If the vortex strength I' (which is proportional to the slipstream
rotation) is small, it appears that the position of the rear
stagnation point will not be greatiy altered by this combination

of vortex flow and vortex-induced additional fiow. Thus the
representation in figure 1, the vortex-induced additional flow, and
the flow of the sources, sinks, and doublets that make. the hody a
stream surface of the flow in the absence of a vortex, provide

en approximation to a possible flow about the inclined fuselage in the
rotating slipstream.

The sources and sinks will give rise to no forces on the body.
The doublets will yield the well-known unsteble moment of a fuselage
in pitch. The vorbtex-indnrced additional flow will be noncircalatory
and cannot conbribute to the total force on the hody. This flow
may influence the wmoment; but the influence will be assumed to e
emall compared with that of the bound wortex of figure 1. Thus the
forces on tiie vortex system of figure 1 are all that remain. These
forces shonld be a fiwst approrimation to the additional forces imposed
on a fusolage by slipstream rotation if the (escribed flow acivally
occurs. The discussion has sought to show that this flow 1s possible
but has not proved that it is the only possible flow.

The influence of the propeller tip vertices on +the flow about
the fuselags has thus far been ignored. These tip vortices form a
helix of which the main effect is to induce the well-known slipstream
axial inflow velocity. This inflow velocity is accounted for dy the
factor a in the equations. A secondary effect, which disappears if
the number of propeller blades is infinite, is a swall influence on
the rotation in the slipstream. This secondary effect may be neglected
if the angle of attack of the fuselage is small so that the fuselage
nowhere approaches the slipstream bovndary.

If the fuselage i1s at an angle of attack o the bound vortex is
inclined by the angle o - € to the local stream velocity, where €
is the downwash produced by the propeller. (See fig. 1.) The fuselage
ghould therefore experience a lateral force

Y = -pl'1(1 + 2a) sin (a -€) (2)

If the propeller has the usual right-hand rotation (viewed from the
rear), ' is positive and the lateral force is negative (toward the
left). The center of pressure is at the center of the fuselage; there
should be, therefore, a yawing moment ebout the quarter-length point
of the fuselage of amount

N = _EEE?Ei (1 +2a) sin (a - €) (3)
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For right-hand rotation this moment is positive.

Corresponding expressions result for a normal force and pitching
moment due to yaw. For right-hend rotation the normal force should
ho upward (negatlve) and tne pitching moment negative.

The values of lateral force snd yawing moment given by
equations {2) and {3), respectively, are a little too large. A small
opposing lateral force induced at tn reaer end of the fuselage by the
CUVJea part of the trailing vortex has been neglected. Also, the
helical tip vortices are deflected downward somewhat by the ILOW about
the fuselege. This deflection induces a swall further reduction in
lateral force. The exact lateral force can be obtained by a
consideration of the lateral momentum associated with the relative
displacement of the trailing central vortex and the helix center
line far back in the wake.

The circulation of an actual propeller blade will not be
congtant as assuwned in the simpls theory. 16 raaunction ef bi.
width near the shan¥s and the dsparture of janks from aix
shape will causg Zhal azo?ocwabﬁq amovnyo of right-hand vortiecity be
shed ocutside the fuselage. This part of the vorticity will trail with
the gsemeral P‘ow. Souwe atbienpis have been mads to evaluate, by crude

approzximations, the influence of this free- trailing VO”'lﬂltJ The
esu;.tU 8Ugg eut that equations {2) and (3) still provide solutions
" the vigat order of magnituds. A really guentitative solution
would presgent formidable difficulties.
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A more pictorial interpretation may be made of the origin of
these forces. The Lotwtlng glipstresm 1s considered to be constrained
to follow the fuselage so that the axis of *Ouatluﬁ is approzximately
lined with the longitudinal axis. If the fuge 2gs is at aa angle
of attack and the ro uatlon in the slipstream has & right-hand sense,
the rotational velocity has a downstrean componant to the left of the
fugelage and =n upstream compensnt to the right of the fuselage.
The resulitent Velocity is therefore greater on the left gide of the
fuselags then on the right side. According to Bernoulli's principle
the pressure on the left slde must be less than the pressure on the
right side. The result is a lateral force to the lert.

The addition of & wing to the fuselage would appear to have two
effects. First, the wing would remove a large part of the slips*tream
rotation. Seuoﬁa the downwash of tie wing in pitch would considerably
reduce ths effectivb inclination of the rear part of the fusslags.

The theory may therefors be extended to the casge in which a wing is
present by appropriately reducing the gtrength of the central slip-
gtream vortex behind the center of pressure of the wing eand by taking
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into account the downwash behind the wing in computing the forces
on the central slipstream vortex. Addition of the wing has thus
moved the center of pressure of the lateral force fer forward.
The resultant yawing moment is toward the left for conventional
cases, whereas for the fuselage eslone it is toward the right.

In the tests to be described the downwesh angle ¢ is small
and may be taken, with sufficient accuracy, equal to the theoretical
doymwesh far behind the isolated propeller. This downwash is
agsociated with the propeller normael force and can be determined by

. : ’ de ;
the procedures of reference 3. The computed values of l--a;» at
zero thrust for the six propellers that were tested are included in
table I. The values for zero thrust ere considered representative
because most of the tests were run at low values of Tc' For the

same rcason the propeller inflow factor a may be disregarded in
comparing the tests with theory.

APPARATUS AND MODELS

The experimental investigation was conducted in the 6- by 6-foot
test section of the Langley stability tunnel. The model was mounted
on a single strut extending from the rear of the fuselage to the
tunnel balances. The strut was constructed of hollow steel tubing

and served also to house all the motor leads. The arrangcment is shown
in figure 2.

The model consisted of a fuselage of circuler cross section
which was tested alone and in combination with each of six different
propellers. The fuselage was made of mahogeny to the dimensions
glven in the table contained in figure 3. Figure 3 shows also the
fuselage -support Junction and the location of the propellers.

Six four-blade right-hend wooden propellers were tested.
(See fig. i4.) The propellers were formed from identical 26-inch
propellers by cutting off the ends of four to provide diameters
of 12 inches, 19 inches, and 26 inches. Three of the propellers had
blade angles of 18.9° at 0.75 of a 13-inch radius, and the remaining
three had blade angles of 39.4° at the same station. The blade-form
curves for the two basic 26-inch propellers are given in figure 5.
Side-force factors (reference 4) for the six propellers, estimated
from these curves, are given in teble I. The values for the 26-inch
propellers were obtained by the method of reference 3 and the values
for the cut propellers were obtained from these values by the
considerations of reference 4. The blade sections inboard of 5.2 inches
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from the center wereassumed to mske no contribution to the side-force
factor.

The propellers were driven by a three-phase induction motor for
which a torque-calibration curve was available. The rotational speed
wes controlled by varying the frequency of the current input.

TESTS

The fuselage alone and in combination with each of six propellers
vas tested through an angle-of -attack range from -1° to 30°. The
angle of yaw was zero at all times. The propeller torque was held
congtant during each run. The values of torque used in the tests
ranged from 1.6 to 8 foot-pounds in increments of 1.6 foot-pounds.
For the higher-pitch propellers of 26-, 19-,and 12-inch diemeter the
upper limits of torque were 3.2, 4.8, and 8 foot-pounds, respectively;
for the lower-pitch propellers of 26-, 19-, and 12-inch diameter, the
upper limits of torque were 4.8, 6.4 and 8 foot-pounds, respectively.

11 tests were made at a dynamic pressure of 19.9 pounds per

sgquere foot, which corresponds to & velocity of about 91 miles per hour.

The Reynolds number based on the total length of the fuselage was
about 3,000,000.

PRESENTATION OF DATA

The date have been corrected for deflection of the model support
under load. In the absence of a suitable theory no corrections have
been applied for the effect of the tunnel-wall constraint.

The variation with angle of attack of the force and moment coef -
ficients for the fuselage alone is presented in figure 6. These values
were subtracted from the corresponding values for the propeller -fuselage
combinations and the net results are presented ag increments in
figure 7. The coefficients plotted in figure 7 therefore represent
the forces and moments acting on an isolated propeller plus the
additional forces and moments on bhoth propeller and fuselage due to
bropeller-fuselaege interference.
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RESULTS AND DISCUSSION

A lateral force and yawing momsnt due to slipstream rotation
in conjunction with pitch appear in the experimental results of
figure 7, as predicted by thecry. The prediction for lateral force
(equations (1) and {(2)) mey be expressed in the coefficient form

2
CyD
I - Constent x « (&)

QC.V2/3

if the slipstream factor & 1is neglected as being small. The values
1% & 2

of <the theoretical constant for the six propellers are included in
Bl Gpl

Qc’V2/3
are plotted in figure & with the theoretical line (equation {4)) for
comparison. The agreement at small angles of attack varies from poor
to good. The average slope through zero for the 23 experimental curves
is about 15 percent less than the theoretical slope end the average
individual scatter is +*11 percent. Individual values are given in
teble IL) The simple theory of propelier-fuselage interference thus
provides & fairly quantitative prediction of the lateral force due to
pitch or normal force due to yaw.

table II. The experimentel values of For QC‘ up to 0.38

The variation of lateral-force coefficient CY with torque
coefficient QC' is ghown in figure 9 for fixed diameter and angle

of attack. The variation shows the theoretical lineasrity only up
to QC'Q: 0.38. The theory implies small values of [' , or corre-

spondingly small values of QC'; therefore measurements at higher

values of torgque coefficient were not used in the preperation of
figure

Quantitative comparison could not be made with the theoretical
value of the fuselage yawing moment beceuse the measurements included
a propeller yawing moment (references 2 and 3) of uncertain magnitude.
The sense of the combined moments at smell angles of attack agrees
however, with the theoretical prediction. Four othcr quantities -
pitching moment, normel force, rolling moment, end thrust - are included
for completeness in figure 7. These measurements, like the measure-
ments of yawing moment,are somewhat ambiguous in that they represent
the combined effects of fuselage interference and direct propeller
forces; therefore they weve not analyzed. This ambiguity, however,
is not present in the measurcment of the leteral force, since a
propeller in pitch is known to experience no appreciable lateral force.




NACA TN No. 1210 1aiL
CONCL.UDING REMARKS

Slipstream rotation about a fuselage without wing or tail
leads to a fuselage lateral force and yawing moment for pitch or a
fuselage normal force and pitching moment for yaw. The forces are
proportional to slipstream rotation, measured by the ratio of
propeller torque to the square of the diametver, and to angle of
inclination.

These forces are predicted by an approximate theory that
represents the effect of slipstream rotation by the flow about an
equivalent vortex bound in the fuselage and alined with the longi-
tudinal axis. Wind-tunnel measurements in pitch for § four-blade
propellers of several diameters and blade angles yielded values
of fuselage lateral force of the order of magnitude predicted by
the theory. g

The theoretical representation may be extended to the case of
a fuselage with a wing by reducing the vortex strength behind the
center of pressure of the wing to allow for the slipstream rotation
removed by the wing and by taking into account the downwash from
the wing. A left yawing moment caused by pitch is indicated for the
fuselage with wing in contradistinction to the right yawing moment
found for the fuselage without wing.

Langley Memorial Asronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., November 15, 1946
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TABLE T
SIDE -FORCE FACTORS FOR THE SIX PROPELLERS AND DOWNWASH

ASSOCIATED WITH THE NORMAL FORCE

B D S.7.0. 7 ae
(deg) (in.) da
f.'26 101.4 0.918
39.4 < 19 159.0 R o)
118 23k.0 811
26 99.0 549
18.9 < 19 162.0 .917
|12 254.0 .870

NATIONAL ATVISORY
COMMITTEE FOR AERONAUTICS

13
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TABLE II
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SLOPE THROUGH ZERO ANGLE OF ATTACK OF THE CURVES OF
LATERAL -FORCE PARAMETER PLOTTED IN FIGURE 8

2
: C.D
4 /.._Y “\ \
do \\\Q 2/3//
M 4 Q'C : Y =0
(deg) (in.) »
Experimental Theoretical_
39.4 26 0.13 -0.44 =0, 51
¥ .25 -4k ¥
19 .13 -.57 - =.48
§ 17 =955
! .‘25 -.h3 |
v .38 -.37 ! "
12 .06 ~.59 -.h5
i ) ~.42
I .25 ~.}0
‘ W .38 ~.39 N
18.9 26 .13 ~.35 -.53
| .25 -.33
-38 =29 W
19 «13 =40 . i
, 25 ~-.35 i
v .38 i v
12 .06 ~. 42 -.48
’ i) -7 |
i 12 ~ 42 i
‘13 "-)-1'~2 !
el -.40
Q/ .25 e
gl i i -38 o o
Average -. 416 -.ho 3
Average Scatter 052 g

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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(a) Three-quarter front view.

Figure 2.- Propeller-fuselage-interference model with 26-inch-
diameter propeller.
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Figure 3. = Frope/ler -ruselage - interference model .
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Six propellers used for propeller-fuselage-interference
tests.
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