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I SYNOPSIS

This report has three main purposes:

1'

To establish an engineering computation procedure for predicting

CM( ) as a function of CL ﬁpr a multi-engine monoplane of con-
C.g.

ventional configuration with tractor propellers mounted on and

forward of the wing.

To recommend aircraft configurations which will minimize the de-

stabilizing effect of power.

To provide a physical explanation for the effect of power on

stability.



II INTRODUCTION

Some recent high performance propeller-driven aircraft have
shown very marked effects of running propellers on static longitudi-
nal stability. Reports from this country and from England, Germany
and France mention the phenomenon. Although the effect varies con-
siderably in magnitude among different aircraft, it is almost always
destabilizing. There is a considerable body of literature reporting
on wind-tunnel investigationsinto this and contributory phenomena. It
is the purpose of this report to compile the available information
that seems pertinent to the subject and arrange it into a simple com-
putation procedure to predict stability of monoplane tractor-propeller-
driven aircraft.

The data upon which this report is based were taken by a great
many different investigators with greatly varying experimental equip-
ment and techniques. Whenever possible the results of several investi-
gators have been checked against each other in order to.verify any
theory which attempted to describe their experimental results. In
general the data correlated quite well. In several cases some rather
broad assumptions were necessary in order to obtain values for quantities
which were necessary for computation purposes and which were either not
mentioned in the literature or not measured by the investigators. An
example is model propeller characteristics which were obtained largely
from propeller charts which were not necessarily those for the pro-
pellers used in the tests. Errors introduced by such assumptions were
minimized by averaging the results of as many different tests as possi-

ble.
The method of presentation is planned to help give a physical

reason for separate effects and then combine all separate effects into

a complete calculation procedure. In Sec. III the separate forces and



moments are discussed and means for calculating them presented.

Sec., IV gives equations for combining all effects so that curves of
CL vs.oC and CM vs. CL can be calculated for a complete airplane with
power on.

In several reports cited as references, stability curves show
characteristics for which the investigator who noted then had no expla-
nation., These effects will be discussed in connection with the par-
ticular part of the calculations that they affect. They are seldom of
primary importance but they sometimes have a noticable effect on sta-
bility and they can not be pfedicted by the calculations employed in
this report. The complicated interaction and interference associated
with flow of a slipstream over parts of an airplane could logically be
expected to result in some uncalculable forces and moments. However these
unexplained effects are definitely associated with particular aircraft
and are shown not to be typical of any general configuration. It is
assumed that they are the result of nacelle shape, fillets, spanwise
flow, separation or some other arbitrary characteristic of particular
aircraft. Wind tunnel tests appear to be the only way of predicting

such effects.

Scope
Configuration: The calculation method of this report is applicable

to the following type of aircraft:

1. A conventional monoplane with tractor propellers on nacelles
mounted on the wing. The airplane may have any even number of
propellers. The axis of propeller rotation must pass reason-
ably close to the wing chord line.

The following special cases may be treated by this analysis:

1. Unsymmetrical power.

2. All propellers turning in same direction.

3. Opposite rotating propellers with propeller blades moving up

in the center.



L. Tallless aircraft with tractor propellers.

5. Any number of propellers feathered.

The following cases may not be treated by this method:

1; Extended flaps, spoilers, dive brakes, fuselage brakes, bomb
bay doors, or landing gear and externally attached bombs,
torpedoes, armament or fuel tanks whenever any of these ob-
Jjects interfere with the flow in the slipstream in such a
way as to disturb the flow past the wing or tail of the air—
plane. W#hether this disturbance will invalidate the analy-
sis is left to the discretion of the designer.

Power Conditions: Three distinct power conditions will be con-
sidered.

1. Constant thrust wind-tunnel power-model polar. For this con~
dition the RPM of the model propeller is held constant through-
out the test range of angle of attack.

2, "Matched Power" wind-tunnel power model polar. The RPM of the

model propellers is varied for constant blade setting so that
Té of the model equals T} for the siﬁulated full-scale air-
plane flying at equivalent Cj,.

3.- Full scale airplane in flight. The airplane is assumed to
fly from stall to maximum level flight speed with constant
power output and constant propeller RPM.

Power conditions 2. and 3. can theoretically be treated as equiva-
lent for all phenomena dependent on T} if scale and compressibility
effects are neglected. Although Té is the same for these two cases,
the conditions of constant blade angle for the model and constant
propeller RPM for the full scale airplane introduce differences in
Cp and J. These differences are usually small as shown in Ref.(15).

However under certain circumstances it might be necessary to con-

sider the cases separately. For the purposes of this report power

conditions 2. and 3. will be assumed to be equivalent except where



the differences are important in which case they will be specifically
noted.

The effect of Reynolds Number and Mach Number on the phenomena
described in this report is not known.

Only conditions of steady state flight will be considered.

Notation
Dimensions. Throughout this report all equations are adjusted to
use data with the following dimensions:

Lengths C Feet

Areas - Square Feet

Velocities - Feet per Second

Forces - Pounds

Pressures - Pounds per Square Foot
Moments = Pound-feet

Power = Foot Pounds per Second
Angles - Radians

Rotational Speeds - Revolutions per Second

Coordinate System. Fig. ( 1) shows the conventions for dimensions

and angles used in this report.

Dimensions denoted by x( )2 y( ) and z( ) refer to a Cartesian
coordinate system with its origin at the center of gravity of the
airplane. The positive x( ) direction is aft in the direction of the
wing zero-lift line. The positive () direction is up normal to the
direction of the wing zero-lift line. All z( ) dimensions are positive
and are measured normal to the plane of symmetry. Subscripts identify
dimensions. All dimensions shown in Fig. (1) are positive except xp.

Dimensions measured in other directions are given symbols other than

Xy V() Ay
Vertical angles denoted by i( ) are referred to the x( ) axis.

They'are positive when they are as shown in Fig. (1). The angle of

incidence, «, is the angle between the x axis and the direction of



relative wiﬁd, positive as shown. Horizontal angles denoted by 9( ) are
measured with respect to the plane of symmetry and are positive as shown
in Fig. (1). Subscripts identify angles.

Forces are referred to any direction in keeping with their physical
nature. As an example; 1lift is positive up, referred to a direction
normal to the relative wind; thrust is positive forward, referred to
the thrust axis.

All pitching moments are taken about the center of gravity of the
airplane.

The right-hand side of the airplane is to an observer's right when
he is standing behind the tail of the airplane, facing toward it and
the airplane is parked on its landing gear.

A propeller has a right-hand rotation when the upper blades are
moving to the airplane's right.



Symbols

Symbol Description Reference
A Propeller Coefficient. Fig. (2)
AP Distance from Propeller Plane to Center
of Gravity, measured parallel to
thrust axis, positive for tractor
propellers.
Re Effective Aspect Ratio of Wing, power-off.
a Radial Velocity in Slipstream
a, Slope of Lift Curve for Wing Airfoil
Section in Infinite Aspect Ratio
Wing.
ay Slope of Normal Force Coefficient Curve ant/dm
for Stabilizer.
B Propeller Coefficient Fig. (2)
B Distance from Thrust Axis to Center of ’
p Gravity, measured normal to thrust
axis, positive for thrust axis
above C.G.
b Propeller Blade Chord at r = 0.7D/2
c Propeller Factor. Equation @
C Drag Coefficient for Complete Alrplane, C,=2C + C
D D D D
power-off. Pe i
Cy Induced Drag Coefficient ¢y = 02 [/nAe
i i o
CD Parasite Drag Coefficient for Complete
Py Airplane, power-off,
c Lift Coefficient for Complete Airplane, = 2L/ VgS
L power-on. atlon
ac; 1ift Coefficient Increment due to Slip- Equation @?
stream over Wing.
CL Lift Coefficient for Wing Alone, power-
o] off.
Cy Pitching Moment of Complete Airplane, /QV
) power-on. E&uation %5
Cy CM at CL = 0, power-off.
o o



Symbol Description Reference
Cx Normal Force Coefficient of Stabilizer. Cy, = 2Lt/9vgst
t Equation
Cp Power Coefficient. Cp = PVeNaD
Cp Thrust Coefficient. Cp = T/oN?D
c Mean Aerodynamic Chord.
D Propeller Diameter.
by Slipstream Diameter at Wing Center of Equation {2
Pressure.
E Number of Propellers Operating.
e Elevator Peflection Angle, positive
for trailing edge down.
ey Slipstream Deflection Angle. Equation @D
F Slipstream Deflection Factor Equation {9
f dCu/dC of fuselage and Nacelles,
er-off.,
G Fraction of Stabilizer Area in Slip- Fig. (6)
stream.
H Slipstream Rotation Factor. Fig. (4)
h Dimensionless Slipstream Coordinate. Equation QD
ip Angle between Thrust Axis and x Axis. Fig. (1)
iy Angle between Stabilizer Zero-Lift Line Fig. (1)
at e = 0 and x Axis,
Ait Change in Angle of Stabilizer Zero-Lift Ay = ek
Line due to Elevator Deflection. ’
J Propeller Advance-Diameter Ratio. J = V,/ND
J Chord of #ing in Vertical Plane through
Thrust Axis.
K Elevator Effectiveness Factor. K=nai/e
K Span of Wing in Slipstream Equation @2
L Lift Force on Airplane power-on
measured normal to relative wind.
Ly Normal Force on Stabilizer.
¥ Pitching Moment of Airplane, power-on,

taken about center of gravity,
positive when moment tends to
raise nose of airplane.



Symbol Description Heference
m Distance from Center Line of Slipstream
to Wing Lifting Line.
N Propeller Rotational Speed
n Number of Blades per Propeller
P Power per Engine.
Q Propeller Solidity at r = 0.7D/2. Equation (I)
q Local Dynamic Pressure. q = QV?/2
9, Dynamic Pressure of Relative Wind. 9 = gvg/z
K Propeller Normal Force Coefficient. Equation @
r Radial Coordinate of Propeller.
S Wing Area.
S N Stabilizer Area.
s Slipstream Velocity Factor. Equation
T Thrust Force, positive foreward, parallel
to thrust axis, for one propeller.
T, Thrust Coefficient. T, = T/QV:;"D?'
Té Thrust Coefficient. TL = 2T/QV§S
U Slipstream Factor. Equation @
u Slipstream Velocity Increase Factor. Equation @
v Local Air Velocity.
v o Velocity of Aircraft, 4
v Dimensionless Slipstream Coordinate. Equation @)
w Total Velocity behind Propeller.
w Angle of Downwash from Wing at Sta- Ref. (24)
bilizer, power-off.
x5 Abscissa of Propeller Hub. Fig. (1)
e Abscissa of Stabilizer Center of Press- Fig. (1)
ure.
x Abscissa of Wing Center of Pressure. Fig. (1)
Yy Ordinate of Propeller Hub. Fig. (1)
Yy Ordinate of Stabilizer Center of Press-— Fig. (1)

ure.
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Symbol Description Reference
Yw Ordinate of Wing Center of Pressure. Fig. (1)
z Distance from Propeller Hub to Plane of Fig. (1)
P Symmetry, measured normal to plane
of symmetry, alwsys positive.
zy Stabilizer Semispan. Fig. (1)
o Angle of Attack, measured between wing
zero-11ft line and relative wind,
positive when the nose is raised.
o, Effective Stabilizer angle of Attack. Equation (5
(A "Stabilizer Efficiency Factor," power-off. Nt = V3/VE at sta-
bilizer
Qp Horizontal Angle between Thrust Axis and Fig. (1)
Plane of Symmetry, positive as shown
in Fig. (1{?m
A Lift Increment Function. Fig. (7)
Q Air Density, in slugs/cubic foot.
g Angle of Flow Rotation in Slipstream.



III EFFECT OF POWER ON AIR LOADS ACTING ON AIRCRAFT.

General Remarks.

The most common means of representing static longitudinal sta-
bility is a plot of Gl(c o) vs. CL for any desired power condition.
Stability 1is then measured by -dCH/dCL. In the simple theory with-
out power the plot of CM vs. CL is a straight line if the center of

gravity of the airplane is on the chord line. For this theory 'dcu/dCL
can be calculated without calculating Gn first. The stability can also
be calculated for the case where the center of gravity is above or below
the chord line. However this configuration introduces curvature into

thefcM vs. G, curve and the trim condition is important so that CM

L
must be calculated and then equated to zero.

The introduction of running propellers into the configuration has
a great many effects on Crs dCL/da; Cy and dCM/dCL. These effects
depend on such variables as J, Té, tail length, location of thrust axis,
and propeller characteristics. By making some very approximate as-
sumptions it is possible to calculate -dGu/dCL for trim at a given
power condition. However there are many conditions under which these
assumptions lead to extremely erroneous results. For this reason it
was decided to calculate CM as a function of CL’ power, and elevator
deflection and use the graphical slope of the CM vs. CL curve to ob-
tain —dCu/dCL. This is the form in which wind tunnel data are obtained
and the correlation of the calculated and wind tunnel data is then quite
simple.

Propellers.
Thrust. For any stability calculations it will be assumed that

a standard performance analysis has already been carried out for the

airplane so that "power available" curves are at the disposal of the

11



designer. From the "power available" curves and the condition of steady
flight it is quite simple to calculate curves>of power and thrust coef-
ficients and advance ratio as functions of C; for each propeller.

The propeller thrust coefficient whicﬂ is analogous to CL for static
equilibrium calculations is Ti. Ref. (9), Vol. IV, states that the
thrust of a propeller is not affected by small angles of pitch with re-
spect to the relative wind. It will be assumed here that T} is not af-

fected by any angle of pitch encountered in flight.

Té may be calculated as a function of C; as follows:
T = =
@ 71 =200
J*s
(@  Lift Component of T!: = ET! sin (+ iy)

(:) Pitching Moment Contribution of Té: = = ETéBp
c

Propeller Normal Force. A running propeller whose thrust axis

is at an angle to the relative wind experiences a force in the plane
of rotation. This force is a function of the angle of inclination,
thrust loading, thrust grading and number of blades.

Ref. (29) gives a method of computing the force for three repre-
sentative blade planforms. The same data are used in Ref. (22) with
a slightly different method. It appears that the method of Ref. (29)
is in somewhat better agreement with experiment and it is used here.

The propeller side force coefficient analagous to CL for static
equilibrium calculations is R(OC+ ip).

R may be calculated as a function of C; as follows:

@ R =(AQ +BCp)D>  where Q=nb
0 S 0.7wD

A and B from Fig. (2)
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@D Lift Component of Propeller Normal Force:
= ER(0C+ ip)cos(OC+ ip)

C) Moment Contribution of Propeller Normal Force:

= ER(d.': ip)Ap

A propeller at an angle to the relative wind also experiences a
destabilizing moment about the propeller hub. Ref. (15) states that
it is insignificant when compared with other pitching moments of the
airplane. It will be neglected in this report.

Flow in the .Slipstream.

Velocity Increase. The momentum theory for propellers treats

the propeller as a disc with a pressure difference across it. The
resulting potential flow is a contracting region of increasing ve-
locity downstream of the propeller. Theoretically the slipstream
develops an asymptotic velocity which extends to infinity. Actually
viscous mixing at the slipstream boundary converts this energy into
heat. Wake surveys show that in the region of the airplane actual
conditions approximate the theoretical quite closely. Again it is
assumed that tilting of the propeller axis does not affect the thrust
of the propeller.

The increase in velocity inrthe propeller slipstream is most
usefully expressed as a function of the ratio of V2

(slipstream) to

Vzo. This ratio is also the ratio of the dynamic pressures, q/qo,

which is of the most fundamental importance here.

Dynamic pressure ratios in ﬁhe slipstream are calculated as

functions of C; as follows:
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C) Dynamic Pressure Ratio at Propeller Disc:
/g, = (1 +u)? where u=%{—l+ 1+Tc}

"

Dynamic Pressure Ratio at Wing Center of Pressure:
Note: This expression is given in Ref. (25) and is used
in this report only for equations obtained from that refer-
ence.

/q, = (1 + 8)* where s =u|l + (xy - xp)
@ e (xw - xp)a

® Dynamic Pressure Ratio at Stabilizer Center of Pressure:

a/q, = (1 + 2u)? =1 + 8T,
n

Deflection of Slipstream. A propeller with its thrust axis inclined

to the relative wind experiences two forces normal to the relative wind
both in the same direction. One force is the thrust component normal to
the relative wind, the other force is the normal force in the propeller
plane. These forces arise from a change of momentum of the air normal
to the relative wind. The effect of this momentum change in the slip-
stream is a deflection toward the inclined thrust axis.

Ref. (9), Vol. IV, gives an expression for the ratio of the incli-
nation of the slipstream to the inclination of the thrust axis for small
angles of deflection. Experimental data in Refs. (5, 12, 17, 21, 26, 28)
indicate that this expression gives sufficiently accurate results for
all angles encountered in flight. The angle of inclination of the slip-
stream to the relative wind is e, = F(oc+ ip). This angle tends to de-
crease due to viscosity effects downstream of the propeller. The theo-
retical expression for this decrease given in Ref. (25) is complicated
and of doubtful accuracy. The downstream decrease in angle will be
expressed as an empirical correction factor for any condition where it

is important. This factor is determined from experimental data.
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ey may be calculated as a function of CL as follows:

@ e, = F(al+ 1)) where F = 2u(l +ru)[1 + (C/T,)
| 1+ 20)1 + uf) + @/, )}

F is plotted as a function of T, and C
in Fig. (3). This plot should be used
for design purposes.

e yla ]
i

C = RS
v

R from Equation QD

Notes The expression in Ref. (9) uses
values for C which are calculated
differently than is done here. The
physical significance of the two factors
is the same and the one given here is
used because it is simpler to calcu-~
late and seems to be more accurate.

Rotation in the Slipstream. The torque of a running propeller re-

sults in rotational velocity components of flow in the slipstream. The
radial distribution of rotation immediately downstream of the propeller
disc depends on the torque grading of the propeller. However in the
vicinity of the stabilizer it was found that the effects of viscosity
tend to give a characteristic shape to the rotational velocity distri-
bution, the axial velocity distribution, and to the slipstream itself
regardless of the original torque and thrust gradings.

In this report the method of finding the rotation in the slipstream
is to derive a parameter upon which angle of rotation depends and then
reduce experimental data to design curves in terms of that parameter.
Data from Refs. (10, 11, 13, 17, 19, 21, 26, 27) were checked against
the analysis given below and satisfactory agreement was found both for
magnitude and distribution of the rotational angle.

Rotation in the slipstream is one of the flow phenomena which is

not matched when a flying airplane with constant-speed propellers is
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simulated in a wind tunnel by a model with fixed-pitch propellers. No -
data have been found which can give some indication of actual experi-
mentél variation for these cases. However the effect of these dif-
ferences in slipstream rotation will be very small if the inboard
propellers rotate in opposite directions and the power is symmetrical.
For an airplane with the inboard propellers rotating in opposite direc-
tions or one inboard propeller feathered there will probably be some
difference in the effect on stability of rotation in the slipstream

for the full scale airplane and the "matched power" model wind tunnel
test. Performing separate slipstream rotation calculations will show
the magnitude of the difference and it is left to the discretion of the
designer to decide whether it is so small as to be beyond the accuracy
of the whole stability calculation.

Parameter Governing Slipstream Rotation as a function of CL:
Ref. (9), Vol. IV gives (in the notation of this report):
de/dr o gzxz where r = Radial coordinate of propeller.
u ®= Axial velocity increase factor.
a = - Radlial velocity in slipstream.
Ref. (9) also gives:
ua = 1 Wsin2y where W = Resultant velocity behind propeller.
z V= Angle of rotation in slipstream.
Substitutings

de/dr - 2u2w3(sin2v)r
p'N?

By the mean value theorem W* and sin2¥ can be replaced by mean values

in front of the intﬁgral sign before integratings

R
Cp = 2n? 7 W3(sin2y)rdr = 2n®WRsin2y / ridr = n Wisin2y
N2 0 pne O 1207~

Asguming that Yy 1s small and using a mean value of the thrust
loading:
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sin2y = 2y

we = Vg( 1+ 8T) Far downstream of the propeller.

n

Y= 6cpN2n2

wq( 1+ BTC)VQ

L)

15) Y = 6Cp
w2J2( 1 + arc)

11

This analysis indicates that the mean angle of rotation in the
slipstream is a linear function of Cp/['1'+ (BTc/nX] J%. Assuming a
radial distribution of y at the stabilizer which was obtained experi-
mentally permits calculations of y~ as a function of r and Cp/ [ 1+ (8Tc/n)] Je,
The vertical component of y has the only primary effect on stability
because it contributes to the downwash at the stabilizer. Fig. (La)
shows the values of the downwash angle contribution of y throughout the
slipstream in the vicinity of the stabilizer for Cp/ [1+ (BTc/ﬂ)] J: =1,
The use of this development in predicting the total downwash angle to
which the stabilizer is subjected will be presented under "Stabilizer
Pitching Moment" on Page (22).

Flow Qver Wing and Nacelle:

Lift Increment. The region of increased velocity over the wing

behind a propeller results in an increase in 1ift over that portion of
the wing. Spanwise and chordwise 1ift distribution surveys of Ref. (26)
show that the rotational components of velocity in the slipstream have
a first order effeet on gspanwise 1ift distribution.  However the total
1lift increment c#ﬁ be calculated without regard to rotation provided
the propeller is far enough ahead of the wing leading edge. This is
the situation for the usual nacelle arrangement of modern aircraft.

The 1ift increment is calculated as ACL and added to the 1lift of



the wing without slipstream. Ref. (25) gives a simple direct method
of calculating the 1ift increment. In this method the circulation of
the wing is assumed to be undisturbed in the vicinity of the slipstream
and the 1ift increment comes from the increased velocity. This as-
sumption seems to be a good approximation of actual conditions as veri-~
fied both by force and downwash measurements.

ACL due to power may be calculated as follows:

© aCy, = Ekja(cLo?\ - 0.6a e,)
)

where 8 from Equation
e, from Equation {2
k = VDf - bm®

D1= D/1I +u
1+ 8

m = (yp = yw) + (0C- ey)(xy - xp)

A =1 for two engine airplanes. See
Fig. (8) for four and six engines.

Note: s, e and o are functions of Cp,
However C; appears in the expression

18

: CL. The siccessive approximation method

for finding CL will be discussed on
Page (27).

Other Effects. Experiments in Ref. (17, 21, 26, 28) indicate that

the pitching moment increment of Cy due to a slipstream passing over a
(o]

wing is negligible.

The flow near nacelles is of such a random nature that no calculation

of its effects can be made. The usual procedure of estimating power-off

nacelle contribution to pitching moment is all that can be recomsended .

Unfortunately pronounced interference effects can occur which are of some

unknown nature. Ref. (1) cites several cases of noticeable effects on
the pitching moment of different propeller rotation modes. The effects

were noted in wind tunnel tests and no information on verification by
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flight tests is available. No instance of any such interference on a

wing without nacelles has been noted.

Flow Over Stabilizer.

The flow in the vicinity of the horizontal stabilizer of a convention-
al tractor multi-engine monoplane consists of a region of potential flow
downwash surrounding well defined, characteristically shaped slipstreams.
The distortion from a cylindrical shape of the slipstreams .results from
the interaction of the rotational components of the slipstream and the
wing. In the region where the slipstream flows past the wing the vertical
componente of the rotation are blocked while the horizontal components
cause horizontal translations of the upper and lower portions in opposite
directions. Downstream of the wing these two sheared portions do not
reunite but tend to progress downstream rotating slightly and giving a
shape to the slipstream which is shown in Fig. (4b). Since the rotation
in the slipstream causes the shearing it is to be expected that the shape
of the slipstream is a function of the rotational components in it. This
is verified at least qualitatively by all the data available. However
for the sake of simplicity in computation an averfge shape will be used
which is representatiwe of wake survey data found in Ref. (6, 21, 26, 27).
Attempts to calculate a more accurate shape for the slipstream lead to
complications which do not appear to be justified because of a relatively
minor increase in accuracy of the final calculations. Within the slip-
stream, the velocity distribution depends on the nacelle shape and size
and on the thrust grading of the propeller. Data from Ref. (1, 6, 21, 27)
show that for the purposes of calculation it is sufficiently accurate to
assume that within the slipstream boundary the full theoretical velocity
increment is developed and outside it the flow is that of an undisturbed
wing wake.

Downwash at the stabilizer can be calculated accurately by the charts
in kef. (24). For such calculations the vertical position of the
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stabilizer in the wing wake must be considered.

From finite wing theory w should be zero when 0 = Q because CL = 0,
Fuselage-wing interference sometimes causes a value of w as large as g9
at CLO = 0. This "zero correction" for downwash with power off should

be estimated from experience with similar fuselsge-wing combinations or

determined from wind-tunnel tests.

Location of the Slipstream. For the purposes of this report the

following assumptions will be made in logating the center line of the
slipstream at the stabilizer:

1. From the propeller disc to the wing center of pressure the slip-
stream is at an angle 0.7Sev with the relative wind. The factor
0.75 was obtained from analysis of experimental data found in
Ref. (6, 13, 28). It is due to induced upwash at the propeller
from the bound vorticity of the wing, viscous mixing at the
slipstream boundary and the "inclined cylinder" effect described
in Ref. (25).

2. Aft of the wing center of pressure the slipstream is inclined
to the relative wind at the local downwash angle plus 0'753v'

3. The downwash angle of the trailing vorticity of the wing varies
from w/2 at the wing to w at the stabilizer and has a mean
value of 0.75w.

4. The downwash angle in the slipstream is the same as it would
be if the slipstream were not present. This is a result of the
assumption of undisturbed circulation and is verified by ex-
periments in Ref. (26).

Rather than find the location of the center of the slipstream

~directly, two much more useful coordinates defining this location will
be used. These coordinates give the location of the tip of the sta-
bilizer with respect to the center of the slipstream. Such coordinates,

when made dimensionless by dividing by the propeller diameter, will
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permit easy determination of the portion of the horizontal stabilizer

which is in the slipstream. These dimensionless coordinates are v and h.

v and h are calculated as functions of Cy, as follows:
The distance below the propeller hub of the slipstream center at
the wing center of pressure is:
(xy = x;)tan(0.75e)
At the stabilizer center of pressure this distance is:
(%, - xp)tan0.753v ¥ (g = xw)tan(0.75e@ + 0.75w)
The distance of the stabilizer below the propeller hub is:
(xy - xp)tanac- (yy - y,)
Subtracting and assuming all angles small so tangents can be
represented by angles:
(x, —xp)0.753v + (xt --x')(O.?Sev + 0.75w) - (xt - xp)03+ (v - yp)
Collecting terms and dividing by D:
0 v =y - Yp) + (xp = x)0.75w - (x; - xp)(CI— 0.75e,)
D

Similiarly:

@ h = (zp - zg) - Fep(xt - xp)

D

where w = downwashangle at stabilizer in
radians from Ref. (24), calcu-

lated from CL s

o

ey from Equation @0
from Equation ED

=y

Stabilizer Lift and Pitching Moment. A horizontal stabilizer in

a propeller slipstream is subjected to a complex flow pattern which is
further complicated by the presence upstream of a lifting wing. Across
the span of the stabilizer both the velocity and the angle of attack

vary. Furthermore the flow pattern changes as the angle of attack of



the airplane varies and the stabilizer moves through a vertical dis-
placement. Calculation of the normal force coefficient of the stabili-
zer requires finding the spanwise flow pattern and then determining
the force that such a flow pattern will produce.

In previous sections the nature of the flow near a stabilizer was

discussed and a means of calculating it presented. The location of
the center line of the slipstream is given by v and h. The next step
is to combine the different flow regions experienced by the stabilizer
into some equivalent uniform flow for calculation purposes.

The equivalent uniform flow experienced by the stabilizer will

be described by an artificial parameter called "effective stabilizer
angle of attack"™ and denoted by ocy. Actually o is the product of an
average angle of attack and an average dynamic pressure ratio. The
use of the idea of an "effective angle of attack" simplifies the cal-
culation of the tail pitching moment. The calculation of @ is based
on the following assumptions:

1. Over the portion of the stabilizer outside the slipstream -
the downwash is w and the dynamic pressure ratio is 7¢» which
is the power-off "tail efficiency factor®" and is either deter-
mined by experience or simply estimated. The normal force
contribution of this portion of the stabilizer is proportional
to its area.

2. Over the portion of the stabilizer inside the slipstream the
downwash is w + 0.75e, plus rotational components. The dy-
namic pressure ratio is [1 + (BTC/nITQt. The normal force
contribution of this portion of the stabilizer is proportion-
al to its area.

3. The rotational angle of downwash in the slipstream has the
distribution shown in Fig. (La) and a magnitude which is a
linear function of Cp/[l + (8Tc/n)]Jz. The "effective"” angle

22
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of rotation is obtained by multiplying the true angle by
the dynamic pressure ratio which is [1 + (8T /)]t at
the tail. Therefore the "effective" angle of rotation depends
linearly on Cp/Jz. Fig. (5) gives curves for calculating the
contribution to the total "effective stabilizer angle of at-
tack" of rotational velocity components in the slipstream.
This quantity is actualiy 1+ (S'rc/n)] (1/0)/ dr integrated
over the portion of the stabilizer in the slipstream for
c p/J“ = 1. It is called H and is obtained from v and h for
a variety of propeller rotation modes as shown in Fig. (5).
H must be multiplied by Cp/J2 and D/22t in order to obtain
the increment of &y with the proper dimensionless magnitude.

4. For calculation of stability with one inboard propeller
feathered it is assumed that the dynamic pressure ratio at
the stabilizer on the side of the airplane where the propeller
1s feathered is %;. The downwash on that side is w. On the
side where the engine is operating the assumptions a;e the
same as above.

5. For moderately unsymmetrical power from the inboard engines
it is assumed that both engines are operating at a T4 which
is a mean of their two values.

The use of an "effective stabilizer angle of attack" is suggested
in Ref. (26) where it is called the "tail flow efficiency." Ref. (1 )
uses somewhat the same approach to investigate the effect on stability
of propeller operation for five airplane models. However the calculations
of Ref. (1) are based on a circular slipstream shape and no attempt was
made to calculate the effect of rotational flow in the slipstream.
Experimental data from Ref. (1, 6, 21, 28) are in quite good agreement

with the theory presented here.
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&y, the "Effective Stabilizer Angle of Attack", is calculated as follows:
Outside the slipstream the contribution to the effective angle
of attack iss.
?t(OC+ ig + Ke - w)(1l - @) where G is the fraction of
the stabilizer area
in the slipstream.
Inside the slipstream the contribution is:

Ny (&+ iy + Ke - w - 0.75ey) 1 + (8Ty/w) G + DCH

]
2z, J
Adding these together:

{5 oy, =‘Qt[FOC+ i, + Ke - w) {1 + (BGTc/w)} - 0.759vG 1+ (8Tc/ﬂ}?
+ DCpH

2th2
where /Tc = CT
e from Equation QD
w = downwash angle at stabilizer in

radians from Ref. (24) calculated
from CL .
o

H  from Fig. (5) using v from Equation {3
and h from Equation th.

G the fraction of the stabilizer area
immersed in the slipstream is ob-
tained as follows:

1. Obtain U from Fig. (6) using
v and h.

2. Obtain G from Fig. (7) using
DU/2z, and the taper ratio of
the stabilizer.

K = elevator effectiveness factor Ait/e.

e = elevator deflection.

The next consideration is the slope of the stabilizer normal
force coefficient vs. angle of attack curve. No general theoretical
method of predicting the characteristics of a stabilizer is available.

Such reports as Ref. (14, 23) give the results of tests on existing
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stabilizers. Data of this sort seem: to be the best way to predict
the slope of the stabilizer normal force coefficient curve and the
elevator effectiveness. For the purposes of this report the charac-
teristics of the stabilizer attached to the airplane fuselage,but
with wing removed,will probably give:r best results. However Ref. (13)
indicates that thede characteristics do not vary greatly from those
of the isolated stabilizer.

The use of an "effective stabilizer angle of attack" introduces
a difficulty in using stabiliser characteristic curves. Since o has
no real physical significance there is no way to predict at what angle
the 1ift will start to level off and the stabiliszer eventually stall.
Curvature in the stabilizer normal force coefficient curve at com-
paratively low angles of attack would lead to particularly large
inaccuracies. Since high elevator deflection often causes just such
curvature, calculations involving high elevator deflections should be
regarded as probably inaccurate. The effect of a slipstream on the
stall characteristics of a stabilizer is not known.

Lift and Pitching Moment Contributions of the Stabilizer may be cal-

culated as a function of CL as follows:

i@ CH "a'tat where CN = stabilizer normal force coefficient.
t t

o  from Equation {9

a, = slope of stabilizer normal force
coefficient vs. angle of attack
in radians curve for fuselage and
stablilizer only, or isolated sta-
bilizer.

€)  Lift Contribution of Stabilizer: = Cy St
t
——

i@ Pitching Moment Contribution of Stabilizer: = - CN Stxt”
t

Sc
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IV CALCULATION OF POWER-ON STABILITY

The following procedure is planned for tabular calculation. For
most applications,curves of Cy vs. o and Cy vs. C; will be desired
for a series of flight power conditions at various elevator de-
flections. Since the Gy vs. Ct curve is not straight with power-on,
the trim condition (Cy = O) gives the only value of ( - dCM/dCL)
which has a physical significance for steady state flight.

For stability calculations it is assumed that all physical di-
mensions of the airplane are known andypowaréoff aerodynamic charac-
teristics are known or estimated. Power conditions must be specified.
From the standard "power available" curves and the condition of steady
state flight it is possible to calculate Té as a function of CL. The
following power conditions may be assumed in the stability calculations.

1. "Constant thrust" power-model wind-tunnel test. For this case

Jd, Cp and Té are constant throughout the range of CL of the
test.

2, "Matched Power" model wind tunnel tests. T} varies with CL
in exsetly the same manner as in the case of the full scale
airplane. Cp and J are calculated as functions of CL for
constant blade angle of model propellers.

3. Full scale Airplane. In this case Cp is constant assuming
constant pgyur, propeller speed and altitude. Té and J are
functions of C;.

These power conditions are discussed in greater detail under

Scope on Page ( )).

G; vs. o Curve.

In cbmputing the total 1ift coefficient for a chosen angle of
attack, the direct porpeller forces and the lift increment due to

the slipstream passing over the wing are added to the lift coefficient



for the wing with power-off. This procedure makes the calculation of
GL as a function of &« a successive approximation process but finding

GM as a function of G, is a direct calculation. Consideration of the

L

1ift of the stabilizer in finding CL makes the computation of CN as
a function of CL a successive approximation process also and it is
not normally recommended. In this report the 1lift of the stabilizer

will not be used in computing CL‘

CL for a chosen value of & may be calculated as follows:
49 Cy, = CLo + 80 + TL(OCH 1p) + R(OC+ 1p)cos(OC+ ip)

1. Find CLo for the chosen value of O from finite wing theory.
It should be remembered that & is referred to the zero lift
line.

2. Estimate the value of CL.

-3, Find Té, Tc’ CT’ and J for the estimated C;.

L. Find R from Equation () and Fig. (2) using J, Cy, and the
propeller blade planform.

5. Calculate e from Equation @vusing Fig. (3) and R, T,» and cc.

6. CalculatedC; from Equation (2.

7. Calculate C; from Equation ({9 using CLO"’CL’ T!, R and € as
obtained above.

g8, If CL as calculated agrees with the estimated CL from step 2.,
then it is a correct value. If it does not agree use the
calculated value as a second approximation and repeat until
closure. This process will usually converge very rapidly.

9. Repeat procedure for other values of aC.

Cy_vs. Gy Curve.

Once the CL vs. OC curve has been established for a specified

power condition, the determination of Cy as a function of CL is a di-

rect calculation. It is a considerable simplification here to choose
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values of CL which were determined by the previous calculations in

order to use values of variables which have already been calculated.

CM for a chosen value of CL may be calculated as follows:

o) Gy * Clo +[f - (x,cosa + ywsinlrﬂ(cllo +40p)

c

+ (ywcosa'— x'sin(x) CD - E’I‘éB + ER(0C+ ip)Ap

P
c c c

= By Sy Xy

S ¢

G i CL, CLO, ACL, o, Tc.:’ Tc’ Cp, J and e are known from cal-
culating CL as a function of Xor are determined the same way.

2= C“O is estimated for the airplane without power.

3. f is the increment of dC‘M/dCL due to fuselage and nacelles
without power.

L. CD = CD | + CD:L for the entire airplane without power and

is assum:d to act through the wing center of pressure.

= (2
CDi CLo/u gee .

5. Calculate w in radians at the stabilizer from charts in
Ref. (24). Use CLO to calculate w.

6. Calculate v and h from Equation @ and @.

7. Find H from Fig. (5) using v and h.

8. FindiU from Fig. (6) using v and h.

9. Find G from Fig. (7) using DU/Z’:st and the taper ratio of
the stabilizer.

10. Determine a, and K from Ref. (14, 23) or other references
or from tests. ~ !

11. Calculate &, from Equation @3 using o w, T, G, e Co
J and H.

12. Calculate CNt from Equation @ using o, and a,.

13. Calculate C!l from Equation @9.
¢
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15.

16.
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Repeat for other values of CL with the same power setting
and elevator deflection. This will give a curve which may
be faired and ( - dCM/dCL) obtained graphically.

Repeat process for other elevator deflection. The value
of Q% is the only variable affected by elevator deflection.
Repeat process for other power settings. A new C_ vs.

L
curve must be calculated for each new power setting.

Things to_check before making any calculations:

1.

2'
3.

Be sure that all length dimensions have the proper sign as
determined by the coordinate system.

Be sure that all angles are in radians.

Be sure that the slopes of the 1ift and normal force coef-
ficient curves are for angle of attack in radians.

Be sure that Cp and Té are calculated for the power from
one engine:

Be sure that the flaps are retracted.



V DESIRABLE CONFIGURATION FOR POWER-ON STABILITY

The undesirable effects of power-on static longitudinal sta-
bility usually appear most pronounced at high 1ift coefficients.
This phenomenon has two basic reasons. First, the thrust coefficients
which describe the propeller effects on stability increase with in--
creased CL. Second, the angle between the propeller axis and the rela-

tive wind increases with increased C The direction of inboard pro-

L
peller rotation also has a pronounced effect on stability because of
flow at the stabiliszer.

The following recommendations will usuwally improve static longi-

tudinal stability at high 1ift coefficients:

1. The thrust axis should be inclined downward so that it is
parallel to the relative wind at as high a 1ift coefficient
as possible. This does not decrease the 1lift coefficient at
lower angles of attack due to the downward component of the
thrust as might be expected. Experiments in Ref. (26) show
that the effect of the increased local angle of attack in
the slipstream almost exactly balances the downward thrust
component giving a constant GL over a wide range of thrust
axis inclination. This improvement is limited by the possi-
bility of local stalling of the wing behind the propeller
blades which are moving upward or early separation in the
same region with laminarflow airfoils.

2. The most desirable propeller rotation mode is with the in-
board propellers rotating in opposite directiors . and the
in board blades moving upward. This configuration causes
the rotation in the slipstream to improve stability for
aircraft where the stabilizer span is about the same as the
distance between the inboard propeller hubs. There is often

a slight increase in CL with this rotation mode because of

30
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a better spanwise 1ift distribution over the wing in the
region of the fuselage. The case of both inboard propellers.
rotating in the same direction usually has very little effect
on stability from rotational flow in the slipstream. Co-axial
counter-rotating propellers presumably have no rotational
components of flow in the slipstream although this case was
not investigated and no experimental data are included among
the references cited this report. Opposite-rotating inboard
propellers with the inboard blades moving downward have a very
destabilizing effect and it is recommended that they not be
used for aircraft of the general configuration considered in
this report. For taillessaircraft the direction of propeller
rotation would presumably not have any affect on static longi-
tudinal stability except perhaps the interference effect with
the nacelles which is not subject to prediction by numerical
calculation methods.

The stabilizer should be located as low as possible in an
effort to place it below the slipstream at high 1ift coef-
ficients. This is more easily accomplished if the thrust

axis is inclined downward. The region below the slipstream
has an appreciably smaller angle of downwash than that above
it where the wing wake is most pronounced and the velocity

is decreased by flow over the wing. Ref. (6) gives the re-
sults of tests on a twin-engine model with the stabllizer in
three vertical positions and the low position yields the

best stability. Wake surveys in Ref. (13, 21, 26) show the
same results. It should be mentioned in the interest of ob-
jectivity that Ref. (3) gives the results of tests on a
single-engine low-wing monoplane with the stabilizer in

three vertical positions and the highest position gives best
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stability. Possibly the flow near the fuselage would in-
validate this result as it concerns multi-engine aircraft.
There is some indication that a low stabilizer position is
undesirable for the flaps deflected configuration due to

the change in the gzero 1ift line and the wing wake position.
The weke surveys which show the flow behind flapped wings are
so confusing that no general conelusions can be drawn. The
limitation in lowering the stabilizer is the possibility

of buffeting from the wing wake or exciting natural vibration
modes by oscillating velocity components in the slipstream
at high speeds.



VI DISCUSSION AND RECOMMENDATIONS.

In order to evaluate the usefulness of the procedure presented in
this report it would be necessary to carry out the calculations for ap-
plicable aircraft whose power-on stability characteristics are known.
This was not done because of lack of time for completing the report and
because it was felt that the theory should be checked with data which
were not used in its development.

Because the calculation procedure consists of adding together
several increments of 1ift or moment coefficient in order to obtain a
final value, it is possible to evaluate the probable accuracy of each

step and so predict the probable source of any inaccuracies.

Probable Accuracy of CL Calculation. The accuracy of the calcu-
lation of CL depends largely on the accuracy of CL + Such effects as
0
fuselage-wing interference and fuselage 1ift would lead to inaccuracies

iﬁ CL if no corrections are used. The thrust component of propellers
in s iifting direction could be somewhat inaccurate due to the effect

of parts of the airplane on propulsive efficiency. The method of calcu-
lating CL has been checked by a great deal of experimental data and
appears to be entirely reliable for two engine airplanes and usually ac-
curate for four and six engines. Neglecting the lift of the stabilizer
leads to errors in the original computation for CL but the amountvof the
error can be determined further on in the computation procedure when

CNt is evaluated. In general it is felt that the calculation of G,

is well within the usuwal accuracy which can be expected of preliminary

aerodynamic computations.

Probable Accuracy of CH Calculations. Unfortunately the pitching
moment coefficient is sometimes subject to several unpredictable effects

which can arise from wing-nacelle, propeller-naceller and wing-fuselage
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interference usually are associated with specific aircraft and no general
means of predicting them is available. Any discussion of the accuracy
of the computation of CM suggested in this report will be confined to
evaluations of individual contributions to Cye If no unpredicted inter-
ference effects occur the discussion will then be applicable to the method
as a whole. ’ \

Contributions to GM from 1ift and drag forces on the wing and fuselage,
direct propeller thrust and CM are calculated by standard methods so
no spscial comment is necessar;. The method of calculating the force
in the plane of propellers agrees with the limited experimental data
available to verify it. The normal force on the stabilizer, CNt, repre-
gents the most questionable quantity in the moment coefficient calculation.
The accuracy of the calculation of CNt depends directly on the accuracy
with which the "effective stabilizer angle of attack" represents the
effective flow at the stabilizer. There is considerable experimental
verification of the angle for zero stabilizer 1lift in this effective
flow. Available experimental data verify calculated values for t Qquite
well but the method cannot be regarded as dependable without further
checks. Determination of a value for a, for a particular stabilizer-
fuselage combination is often difficult so that exact verification of
the usefuiness of the concept of an "effective stabilizer angle of attack"
is hard to obtain. Pending further experimental checks, the calculation
of the stabilizer-pitching moment coefficient should be regarded only

as a suggested procedure.
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Fig. 8. A as a Function of the Portion of the Wing in the Slipstreanm.



