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I SYNOPSIS

This thesis has three main purposess

1. To estéblish an engineering computation procedure for predicting
OM( c. g.) 28 2 function of Cp and power conditions for a multi-
engine monoplané of conventional configuration with tractor
propellers mounted on and forward of the wing from a given curve

of Cy as a function of Cy, for the power-off condition.

2. To recommend aircraft configurations which will minimize the

destabilizing effect ofipower.
3. To provide a physical explanation of the effect of power on
stability. '

Calculated Cy vs. CLkéurves are compared with "matched-power" wind
tunnel model test results. The agreement is good £éor all-right-hand

rotation of propellers but unsatisfactory for other rotation modes.
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IT INTRODUCTION

Some recent high performance propeller-driven aircraft have shown
very marked effects of runniné propellers on static 1ongitudinal sta-
bility. Reports from this country and from England, Germany and France
mention the phenomenon. Although the effect varies considerably in
magnitude among different aircraft, it is almost always destabilizing.
There is a considerable body of literature reporting on wind-tunnel
investigations into this and ccntrib&tdry 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 computation procedure to
predict stability of monoplane tractorvpropelleredriven airecraft.

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 gquite wellel 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 eitherinot
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 resulits 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
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moments are discussed and means of calculating them presented.
Sec., IV presents the calculated results for five airplanes for which
wind tunnel data were available. The calculations are compared with
experimental regults and the accuracy of the different phases of the
calculations discussed. Sec. V gives a recommended tabular computation
procedure which incorporates the portions of the calculations which
agrée consistently with experiment. O and Gy are calculated as
functions of OcC, |

In several reports cited as references, stability curves show
characteristics for which the investigator who noted them had no expla-
nation. These effects will be discussed in connection with:: the par-
ticular part of the calculations that the affect. .They are seldom of
primary importance but they sometimes have a noticeable effect on sta-
bility and they cannot be predicted by the.calculations employed ip
this report. The complicated interaction and interference associated
with flow of a slipstream over parts of an airpiane could logically be
expected to result in some incalculable 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 théy are the resdlt of nacelle shape, fillets, span-
wise flow, separation or some other unknown 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 followiag type of aircrafts
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
reasonably close to the wing chord line.

The analysis is intended to be applicable to the following special



cases,
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The accuracy of the calculations for each case as compared

to experimental data is discussed in Sec. IV.

1.

All propellers turning in the same direction, power symmetri-

~ cal.

3.

b
5.
The

Unsymmetrical power.

Opposite rotating propellers with blades moving up in the

center.

Tailless aircrafﬁ with tractor propellers.

Any number of propellers feathered.

following casces may not be treated by this method:

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-
jects 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, Whether 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 coﬁstant through
out the test range of angle of attack.
"HMatched 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 Té for the simulated fullfscale
airplane flying at equivalent Cp.
Full scale airplane in flight. The airplane is assumed to
fly from stall to maximum level flight speed with constant

power oubtput and constant propeller RFM.
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2

Power conditions 2. and 3. can theoretically be treated as eguiva-
lent for all phenomena dependent on Té if scale and compressibility
effects are neglected. Although Té is the saﬁe for these two cases,
the conditions of constant blade angle for the model, and constant
propeller RPH for the full scale airplane, intréduce differences in
Cp and J. These.differences are usually small as shown in Ref. (1).
However under certain qircumétancas it might be necessary to con-
»sider the casés separately. .Fbr‘the purposes of this report power
conditions 2. and 3. will be assumed to be eguivalent.

The effects 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.

Hotation
Dimensions. Throughout this report all equations are adjusted

to use data with the following dimensionss

Lengths _ - Feet

Areas | - Square Feet

Velocities - Feet per Second

Forces 7 ‘ - Pounds

Pressures - Pounds per Square Foot
Moments - Pound-feet

Power . , - | Foot Pounds per Second
Angles . - Radians

Rotational Speeds o - Revolutions per Second

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

and angles used in this report.
Dimensions denoted by x( )? 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 any geomsirically

()
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convenient direction (ie. wing chord line, fuselage reference line)

The positive y( ) direction is up normal to the x axis. All 2( )
dimensions are positive and are measured normal to the plane of symme-
try. Subscripts identify dimemsions. A1l dimensions shown in Fig. (1)
are positive except xp. Dimensions msasured in other directions are
given symbols other than x( )? y( ) and z( )

Vertical angles denoted by i( ) are referred to ﬁhe x( ) axis.
They are positive when they are as shown in Fig. (1), The angle of
éitéckﬁ’fpc , is the angle between the x axis and the direction of
relative wind, positive as shown. Horizontal éngles:denoted by'IQQ()
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; 1ifv is positi@e 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, positive when they tend Lo raise the nose.

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

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

Propellers are numbered from left to right. The subscripts on

Apg Bp, Té and R identify which propeller they apply to.
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Symbols

Symbol Description

A Propeller Coefficient.

A . Distance from Propeller Plane to Center

Py of Gravity, measured parallel to
thrust axis, positive for tractor
propellers. - Subscript identifies
propeller,

a Radial Velocity in Slipstream at pro-

- peller discs :
al Radial Velocity in Sllostream far down-
stream from propeller

a Slope of Lift Curve for Wing Airfoil
° Section in Inflnlte Aspect Ratio
Wing.
o ‘Slope of Stabilizer Airfoil Section- for
t Infinite Aspect Ratio.
a, Slope of Normal Force Coefficient Curve
for Stabilizer.
B Propeller Coefficient
B Distance from Thrust Axis to Centér of
Py Gravity, measured normal te thrust
axis, positive for thrust axis
above C.G. Subscript identifies
Propeller.
b Propeller Blade Chord at r = 0.7D/2
C Propeller Factor.
C Lift Coefficient for Complete Airplane,
L power-on.
ACy Lift Coefficient Increment due bto S1ip=-
stream over Wing.
CL Lift Coefficient for Complete Airplane
e} power-off.
CM Pitching Moment of Complete Airplane,
- power-on.
CMo CM’ Tail Off, power-off.
CNt Normal Force Coefficient of Stabiliszer.
C Power Coefficient.

Fig. (2)

dCn,/dec

Fig. (2)

Equation

= 2
Cy, ZIVéVoS
Bquation @2

Cy = ZM/PVESG

t Equation
P/e N3D
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Symbol Description Reference
Cp Thrust Coefficient. Cr = T/pN3D*
c Mean Aerodynamic Chord.
D Propeller Diameter.
E Number of Propellers Operating.
e Elevator Deflection Angle, positive
for trailing edge down.
e, Slipstream Deflection Angle. Equation i)
F Slipstream Deflection Factor Equation (9
g Axial Velocity at Propeller Disc
g! Axial Velocity in Slipstream far downstream |
from Propeller
G Fraction of Stabiligzer Area in Slipstrean. Fig. (6)
H Slipstream Rotation Factor. Fig. (kL)
h Dimensionless Slipstream Coordinate. Equation QD
i Angle between Thrust Axis and x Axis., Fig. (1)
By Subscript identifies propeller.
it Angle between Stabilizer Zero-Lift Line Fig. (1)
at e = 0 and x Axis.
Ait Change in Angle of Stabiliger Zero-Lift aAip = ek
Line due to Elevator Deflection.
J Propeller Advance-Diameter Ratio. J = V,/ND
3 Chord of Wing in Vertical Plane through
Thrust Axis. Use average value for
four and six engine aircraft.
K Elevator Effectiveness Factor. K =nig/e
k Downwash Factor. |
L Lift Force on Airplane power-on measured
normal to relative wind.
Lp Normal Force on Stabilizer.
M Pitching Moment of Airpléne, power-on,
‘taken about center of gravity,
positive when moment tends to raise
nose of airplane.
Downwash Factor.
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Symbol Description Reference
N Propeller Rotational Speed.
n Number of Blades per Propeller.
P Power per Engine.
Q Propeller Solidity at r = 0.7D/2. Equation ()
a Local ﬁynamic Pressure. q = pV?/2
o Dynamic Pressure of Relative Wind. 1 = QV§/2
5 Propeller Normal Force Coefficient Equation ()
Derivative. Subseript identifies ;
propeller,
r Radial Coordinate of Propeller
S Wing Area.
St Stabilizer Aréaa
s Slipstream Veloeity Factor. Equation
T Thrust Force, positive foreward, parallel
to thrust axis, for one propeller.
T, ~ Thrust Coefficient. T, = T/QV3D*
Té_ Thrust Coefficient. Subscript Identifies T} = 2T/Qv§s
1 propeller.
U Slipstream Factor. Fig. (6)
u Slipstrean Velocity Increase Factor Equation (7)
v Local Air Velocity.
VO Velocity of ﬁircrafta
v Dimensionless Slipstream Coordinate. Equation @}
w Total Velocity behind Propeller.
We Total Velocity far downstream from
propeller.
w ingle of Downwash from Wing at Sta-
biliger.
X, Abscissa of Inboard Propeller Hub. Fig, (1)
Xy Abscissa of Elevator Hinge - Fig. (1)
Line, :
X, Abscissa of Wing Center of Pressure. Fig. (1)
yp nOrdiFate of Inboard Propeller Hub. Fig. (1)
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Downwash due to rotation in Slipstream

in terms of location in Slipstream.

Symbol Description Reference
Ty Ordinate of Stabilizer Center of Press- Fig. (1)
ure.

Yy Ordinate of Wing Center of Pressure Fig. (1)
Z Distance from Propeller Hub to Plane of Fig. (1)
‘Symmetry, measured normal to plane

of symmetry, always positive.
it Stabilizer Semispan. Fig. (1)
0 Angle of Attack, measured between some
" reference direction and the re-
lative.wind, positive when the nose
is raised.
[ Helix Angle of Flow in Slipstream at
Propeller Disc.
¥ Helix Angle of Flow in Slipstream far
Downstream from Propeller.
24 "Stabilizer Efficiency Factor," power-off
ep Horizontal Angle between Thrust Axis and Fig. (1)
' : Plane of Symmetry, positive as' shown
in Fig. (1).
A Slipstream Inclination Factor.
e Air Density, in slugs/cubic foot.
Angle of Downwash due to rotation in
Slipstrean.
¥, Function expressing variation of angle of
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II1 EFFECT OF POWER ON ATR LOADS ACTING ON ATKCHAFT

General Remarks.

The most common means of representing static longitudinal sta-
bility is a plot of CM vs., Cp for any desired power condition.
Stability is then measéﬁégcgy -dCy/dC;. In the simple theory with-
out power the plot of GM VS. GL is a straight line if the center of
gravity of the airplane is on the chord line. For this theory --dGM/dCL
can be calculated without calculating~CM 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 curva-
ture into the CM VS, CL curve and the trim condition is important so
that CM must be calculated and then equated to zéro.

The introduction of running propellers into the configuratidn
has a great many effects on CL’ dCL/d s CM and dCM/dCL. These effects
. depend on such variables as J, Tj, tail length, location of thrust
axis, and propeller characteristics. By making some very approximate
assumptions it is possible to calculate —dCM/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 GM as a function of CL’ power, and elevator
deflection and use the‘graphical slope of the Gy vs. Cp curve to ob-
tain -dCM/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 thaf "power available" curves are at the disposal of the

designer. From the "power available" curves and the condition of



-12 -

steady flight it is quite simple to calculate curves of power and
thrust coefficients and advance ratio as functions of CL for each
propeller.

The»propeller thrust coefficient which is analogous to Gy for
static eéuilibrium.calculations is TL. Ref. (2) states that the
thrust of a propeller is not affected by small angles of pitch with
respect to the relative wind. It will be assumed here that T! is not

affected by any angle of pitch encountered in flight.

Té may be calculated as a function of C1, as followss

71 o= 2T
© 212
eV2D
@  1ift Compoment of T¢s = ET sin (r+ i) = ET}(®+ i)
©) ~ Pitching Moment Contribution of Tls = —ETéBE
¢

Propeller Normal Force. A running propeller whose thrust axis

is at an angle to the relative wind experienéés 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. (3) gives a method of cpmputing the force‘for three répfe—
sentative blade planformss The same data are used in Ref. (i) with
a slightly different method. It appears that the method of Ref. (3)
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(0G+ ip).

R may be calculated as a function of CL as follows:

<:> R = (aQ + BCT)EF where Q = nb
ia— 0.7nD

A and B from Fig. (2)
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C) Lift Component of Propeller Normal Forces

= R(ax+ ip)cos(OC+ ip) = R(oc+ ip)

Moment Contribution of Propeller Normal Force:
= R(KX+ 1 )]
(oe+ i )A,
c
A propeller at an angle to the relative wind also experiences a
destabilizing moment about the propeller hub. Ref. (1) 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 flow is a contracting region of increasing velocity down-~
étream of the propeller. Theoretically the slipét;eam velocity
approaches a fixed value far downstream and the slipstream continues
indefinitely. Actually viscoﬁs mixing atvthe slipstream boundary
causes the edges of the slipstream to become indistinct and the
flow tends to return to the undisturbed velocity very far downstream.
Wake surveys in Refs. (5, 6, 7, 8) indicate that the magnitude of the
velocity increase in the slipstream approximates the theoretical values
in the region of the wing and stabilizer of a conventional airplane.
The size and shape of the slipstream and the approximations to be
used in this report will be discussed in the sections dealing with
forces arising from the presence of the slipstream. Again it is as-
sumed that tilting of the propeller axis does not affect the thrust
of the propeller of the increase in velécity in the slipstream.

This velocity increase is most usefully expressed as the ratio

of V2( 13 strean) T V5> This ratio is also the ratio of the dynamic

pressures q/qo, which is of the most fundamental importance here.
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Dynamic pressure ratios in the slipstream are calculated as

functions of CL as followss .

(:)‘ Dynamic Pressure Ratio at Propeller Discs
Q/qo =5‘(1 + u)2 where u = % [— 1+ 1+ EZE.]
’ i

Dynamic Pressure Ratio at Wing Center of Pressure;
- (Notes This expression is given in Ref. (9).)

= 2 _
a/q, = (1 + s) where s =u |1 + (x; - x.)

\/éz N (Xw _ xp)2f
h .

.9

(®  Dynamic Pressure Ratio at Stabilizer Center of Pressure:

' 2
a/q, = (1 +2u) =1+ 8T,

i

Deflection of Slipstream. A propeller with its thrust axis
inclined to the relative wind experiences‘two forces normai to the
relative wind,both in the same direction.' One force is the thrust
component normal to the relative wind, the other forge is the normal force
in the propeller plane. Thesé,forces arise from a change of momentum
of the air normal to the relative wind. The effect of this mﬁmentum
change in the slipstream is a deflection towérd'the inclined thrust
axis.

Ref. (2) gives an expression for the ratio of the inclination of
the slipstream to the inclination of the thrust axis for small angles
of deflection. Experimental data in Refs. (6, 7, 10, 11, 12, 13)
indicate that this expression gives sufficiently accurate results for
all angles encountered in flight. The angle of inclination of the
slipstream to the relative wind is ey = F(oC+ ip). Ref. (2) also
gives the ratio of the inclination of the slipstreah at the propeller
disc to the inclination downstream in the wake as u(l + 2u)/2u(l + u)
or approximately 1/2 for small u. It will bé assumed that the.value

of the inclination of the slipstream is ey/2 at the propeller and
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increasaes to the full value in the vicinity of the stabilizer. There
is some indication that viscous mixing at the slipstream boundary
and the "inclined cyclinder" effect of Ref. (9) tend to decrease the
theoretical value of e, as the slipstream progresses downstream.
This possibility and also the uncertainty in the caiéulated value
will be investigated by introducing an undetermined coefficient A
ﬁﬁltiplying e, anyﬁhere~that errors:in its determination could lead
to first order errors. The coefficient will then be determined by

experimental data.
e, may be calculated as a function of C;, as follows:

© e = Faxri) where F = 2u(l +u) [1 + (¢/T,)]

(1 + 2u) {1 +ui ¢ (‘c/'rc)]}

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

u=%_ ’[-,1+\/1+8Tc]

i

C = RS
2D

R from Equation(l)

Note: 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
calculate and seems to be more accurate.

Rotation in the Slipstream. The torque of a running propeller

causes rotational velocity components of flow'in the slipstream. The
radial distribution of rotation immediately behind the propeller depends
on the torque grading of the propeller. Farther downstream the: effects

of viscosity modify the rotational velocities which are typical of a
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particular propeller and produce a pattern which tends to be the
same for all propellers. Wake surveys behind wing-propeller combina-
tions show this effect clearly. Plots of velocity distribution and/or
downwash angle in a plane normal te the free stream direction in the
position normally occupied by an airplane stabilizer were found in
Refs. (b, 7, 8, 12, 1k, 15, 16, 17). These surveys show that several
propeller diameters downstream of a wingwpropeller combination the
slipstream takes on a characteristic shape, axial velocity distribution
“and rotational.velocity'distributien@

In this report the method of predicting the magnitude and distri-
bution of thé rotational velocities in the slipstream is to derive
- a parameter upon which the magnitude of the helix angle of flow due
to rotatioﬁal velocities depends and then reduce experimental data
to a typical angular distribution in the slipstiream in terms ofvthat
parameter. Data from the references cited above indicate that this
procedure is generally réliable for predicting the downwash at a

stabilizer due to rotation in the flow behind.s propeller}

Parameter Governing Slipstfeam.Rotation as a Function of C;:
Ref. (2) gives an expression for the radial gradient of power-
coefficient of a propeller acting in an incompressible fluid (in the

notation of this report)s

dC
= )@
2 = ln*rfga where: r = radial coordinate of propeller
dr D°N®
g = axial velocity at propeller
disc for radius r.
a = rotational velocity in slip-

stream at propeller disc for
radius r.

Considering the components of velocity in the slipstreams

( RESULTANT
W(vetocrry

¥ = helix angle of flow due
to rotational velocity
immediately behind propeller.
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a/W = sin¥ 3 g/W =—cos¥ ; ag/W? = sin¥ cos¥ = sin 2¥
2

Substituting into the expression for de/dr:

dC, = 5 2n2w2as
P =on r$W'31n 2¥ wheres W and ¥ are both functions
dr D°N? of r.

It is now assumed tha£ stresmlines which pass through the ?ropeller
form concentric circular cylinders which have a reduced radius down-
stream but méintain their identity and relative geometrical position.
Primed Bymbols are for conditions far downstream from the propeller.

The following sketch illustrates the assumed flows

Slipstream Boundary

Streamlines

Making the assumption that g and g' have the same functional
dependence on r/D and r'/D' respectively, continuity of'flow between

streamlines a distance dr apart at the propeller disc gives:

gf/g = rz/rlz

Conservation of angular momentum gives:

r3/r1? = al/a

Considering flow far downstream from the propeller:
W'2sin 20" '

2

= glaﬂ

ga(g'a'/ga)

L}

WRsin 23'(gu/g)z
2
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Substituting:

dc

p = 2u2r2f'2sin 25!(g/g')2

dr D'N%

This is an expression relating the powef coefficient grading
of a propeller to the angle of flow due to rotation far doﬁnstream
from the propeller. :

In general W', 8%, g and g°* will be functions of r so this
expresssion is not directly integrable. However in order to derive
a parameter upon whiéh the downwash dﬁe to rotétion will depend,
these variables will be replaced by mean values outside the intégral
sign. This is possible because W'2, sin 2¥', g? and 1/g'® all satis-

fy the conditions of the Theorem of the Mean as given in Ref. (18).

C b/2 2 O?/Z 2 2.2
= = 12g4n 2" ,
S O/acp §E_ W'2sin 2¥'g®r® ar
D5N2 g|2
' n/2
= 2q2W"2sIn 28" g J ridr
DoNEg' 2 0
= u2W'2sin 2y EE
12 D2N? g'?

Assuming that & ' is small and taking mean values for W'2, g
and g' from the simple momentum theory:

wr = Vo(l + 2u) where; wu =

(VI # 8T07ﬂ - 1)

OV o

s Vo(l +u)

oad

g! = Vo(l + 2u)

Cp = n2%'72(1 + u)?
6D?N2
Givings
=T = A
Y 60

72J2(1 + u)?
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Finally assuming that u is small compared to 1 (1ightly loaded
propeller):

¥ = 6Cp

w2J2(1 + th/n);

This analysis'indicates tﬁat the mean helix angle of rotation in
the slipstream far downstream from the propeller is proportional to
; Cp/J2(1 + th/n),‘ The vertical component of this rotation angle will
give the predominant effect on the stability because it contributes
to the downwash at the stabilizer. é@anash surveys behind wing-
propeller combinations in Ref. (7, 8, 12, 1k, 15) were analyzed by
subtracting the portion of the dowﬁwash which was’constant acr@ss the
slipstream leaving only the components due directly to rotation.

These were put in the form:

= 2(1
@ ¥-% /e + b /m) |
~ wheres ¥ angle of downwash due to rotation as
a function of the location in the slip-
stream and of the propeller operating
conditions. ‘

]

7ﬁ % function describing the distribution of
in the slipstream independent of
,propeller operating conditions,

Contours of}Vo throughout the slipstream from Refs. (7, 8, 12,
14, 15) were compared,and good agreement in both magnitude and distri-
bution was found. A plot Of'¥6 which represents a mean of these curves
is used for calculation purposes. This plot is shown in Fig. (La)
in coordinatés reduced to dimensionless fofm in terms of the propeller
diameter., To find ¥ at a particular location in the slipstream (lo-
cation with respect to the center of the slipstream at the stabilizer
hinge ling)gmultiply the value of'yb at that location by the parameter
Cp/Jz(l + th/nj for the operating conditions of the propeller.

The use of this development in predicting the effects of rotation
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in the slipstream will be presented under Stabilizer Lift and
Pitching Moment on pagé (30).

Rotation in the slipstream is one of the flow phenomena which
is not matched when a flying airplane with constant-speed propellers
is simulated in a wind tunnel by a modél with fixed-pitch propellers.
No data have been found which can give some indication of actual
experimental variations for these cases., It appears reasonable to
neglect these differences until the accuracy of the whole computation
procedure is established and then examine them as compared to the
overall accuracy.

Flow Over Wing and Nacelles

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 lift distribution surveys of
Ref. (7) show that the rotational components of velocity in the slip-
stream have a first order effect on spanwise 1lift distribution,
However the total 1ift increment can be calculated without regard tgj
rotatign provided the propeller is far enough ahead of the wing lead-
ing edge. This is the situation for the usual nacelle arrangement of
modern aircraft as iﬁdicated by data from Ref. (9) where the effect
was investigated. | |

The 1ift increment is calculated asiC; and added to the 1ift of
the airplane without power. Ref. (9) gives a method for finding this
1ift increment involving determination of the 1ift distribution and
a parameter which is a function of the aspect ratio of the portion
of the wing in the slipstream,

A considerable simplification in the calculations appears to be
possiblé by using a modification of the method of Ref. (9). This
modification uses the total 1ift coefficient to calculate ZSQL.

The expression given below predicts ACL accurately for the five - :-
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airplanes for which data were available. It should be noted here
that experimental verification of the following equation has been
obtained 6nly for two and four engine airplanes with symmetrical
power all of which were tested in the same wind tunneI:

L&CL due to power may be calculated as followss

@ A Gy = EDjs (CL0 - 0.6aey)
S
where s from Equation

- e, from Equation @

Notes s and ey are indirect functions.of
C;. However Cp must be calcu-
lated in order to find Cr- This
requires a sucessive approximation
process which will be discussed

on page (3h). .
Other Effects. FExperiments in Refs. (6, 7, 12, 13,) indicate that

the: increment of CMO due to a slipstream passing over a wing is negli-
gible,

The flow near nacelles is of such a random nature that no calcu-
lation of its effects can be made. The usual procedure of estimating
power-off nacelle contribution to pitching moment is all that can be
reconmmended. Unfortunétely pronounced interference effects can occur
which are of some unknown nature. Ref. (19) cites several cases of
not{ceable effects on the pitching moment of different propeller
rotation modes. The effects were noted in wind tunnel tests and no
information on verification by 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 con-
ventional tractor multi-engine monoplane consists of a region of wing
downwash:surrounding well defined, characteristically shaped slipstreams.

The distortion from a circular shape of the slipstreams results from
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the interaction of the rotational components of the slipstream and the
wing. In the region where the slipstream flows past the wing the
vertical components 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 such as is shoﬁn in Fig. (Lb).
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 ro-
tational components in it. This is verified at least qualitatively by
gll the data available. Assigning a définite shape to the slipstream
is also difficult because of the indistinct border between the region
of increased velocity and the‘undisturbed flow. The size and shape of
the slipstream behind a wing-propeller combination are defined in this
report based on the following assumptionss -
1. For a given dynamic pressure survey in a slipstream, the . .
flow is idealized into a region of increased velocity as given
by the momentum theory. The following sketch shows a typical
plot of dynamic pressure ratio in a slipstream from Ref. (5) and
the ideélized slipstream ﬁhich will be assumed. The idealized
slipstream boundary is defined so that the area under the wake
survey curve is the same as the area under the idealized curve.
When generalized to two dimensions, this method of definition of
the slipstream boundary permits giving a specific shape to the

slipstream which is determined by experiment.
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Dynamic pressure survey data on an
elevator hinge line intersecting the
propeller axis for intilted propeller
on a nacelle and wing, T, = 0.2

- Idealized Slipstream
/g, =1+ BTC/n = 1,51
2.0+

% 15 ~ \//\

““*——— Propeller Diameter ——————v+

2. For different power conditions the defined shape of a slipstream

L0

varies due to different contraction and rotation. Typical variations

are shown in the following sketch from wake surveys in Ref. (5).

Propeller Disc Size.
{@ipﬂrem Boundaries

, =
Center of
Slipstream .

-

Computing a different shape for a slipstream for each different
power condition leads to complications which do not seem justified
at this stage of the analysis. At ordinary propeller thrust loadings
the shape of a slipstream does not vary greatly with changing pro-
peller operating conditions. Data from Refs. (5, 6, 7, 8) verify this
effect for values of thrust loadings which are typical of wind tumel
‘model tests. These data were used to compute an average shape which

is typical of slipstreams of propellers operating at T, near 0.25.
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Fig. (hb) shows this shape. It will be used for all poﬁer conditions
in the analysis of this report. The slipstream shape chosen will
be most accurate for matched power wind tunnel tests in the range of
1ift coefficients just below the stall where the effects of running
propellers on stability are most pronounced.

The simplifying assumptions concerning the nature of the slip-
stream nearrthe stabilizer would clearly divide the flow field into
tw5 distinct regions if it were not for rotation. Outside the slip-
stream, whiéh is defined by Fig. (Lb), the flow would be the same as
though the airplane were unpowered except for a slight increase in
wing downwash due to the increase in GL' Inside the slipstream thére
would be the same downwash angle from the wing as outside, the veloci-
ty would be increased by a factor 1 + 8Tc/n and there would be an
additional downwash from the inclination 6f the slipstream. Unfortun-
ately the rotation field extends outside the slipstream as shown by
a comparison of Fig. (La) and Fig. (4b). The extension of rotational
velocities outside ﬁhe‘assumed slipstream boundary means that it is
impossible to make the assumption that the‘effect of the presence
of the slipstream is felt only by parts_of the airplane which actually
enter the slipstream. -

Because of the behavior of the rotationél velocities it will
be necessary to make somewhat different assumptions than those out-
lined above when 99mputing their contribution to the forces acting
on the stabilizer of an airplane. The simple assumption of a slip-
stream with definite shape and increased velocity will be used in com-
puting all effects except rotation. For the rotation analysis
somewhat modified assumptions will be used and they will be discussed

in the section on rotation.

Wing Downwash. For an airplane without propellers the downwash
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at the tail usually varies across the span of the stabilizer because
of the disturbance caused by the fuselage or nacelles. The mean
downwash is most conveniently expressed in terms of the stabilizer
angle at which the stabilizer normal force is zero. Based on such a
definition, the downwash angle can be expressed in the forms

w =m + kCp

For elliptical 1ift distribution over the wing and no fuselage
or nacelles, m is theoretically zero., Most airplanes show some finite
value of m sometimes as large as 2°,

In this report it will be assumed that the downwash has the form
shown above and that m and k are constants. Tﬁe value of k can be
estimated from threekdimensional wing theory. In general m can be
found‘only by tests.

It should be noted here that for a fixed angle of attack, CL varies
with power due to‘propeller forces and the slipstream passing the wing.
This added 1ift must appear as downwash and the largest portion of it
comes from the increased 1ift of the ﬁingo Calculating w in terms of -
Cp, will give this increased downwash with power-on at a fixed angle

of attack.

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

vertical location of the slipstream at the stabilizer will be determined
based on the following assuéptions.
1. The propeller causes the slipstream to have an inclination
to the relative wind of ev/2 at the propeller and e, far
downstream. Since the expression for the ?ariation between
these values is not known accurately, it will be assumed
that the deflection of the slipstream is as though it were
all inclined at an angle O,7Sev to the relative wind.

2. The slipstream is assumed to be far enough from the fuselage

so that the effects which cause downwash at Cp = O do not
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contribute to the wing downwash in the slipstream. The
downwash from the wing is then kC; in the vieinity of the
stabilizer. At the wing this angle is kCL/Z in accordance
with three dimensional wing theory. The deflection of the
slipstream due to the wing downwash will be assumed to be
the same as though it were OQVSkGL from the wing to the
stabilizer. The inducéd'flow field from the bound vorticity
of the wing is assumed to have no effect on the displacement
of the slipstream.

The following sketch illustrates the means of locating the verti-

cal position of the slipstream.

Center of
Slipstream

Relative

Wind
. ' ~ T X
Propeller f _;:::=>‘<:::““"—‘=ﬁ~\
Thrust Axis \\\\\\\\

Rather than find the location of the center of the slipstream

directly, it will be found in terms of a cartesian coordinate system
in the y, z plane at x = Xy o These coordinates give the location of
the tip of the stabilizer with respect to the center of the slipstream.
Such coordinates, when made dimensionless by dividing by the propeller
diameter, will permit easy determination of the fraction of the sta-
bilizer which is in the slipstream. The dimensionless coordinates are

v and h.

v and h are calculated as functions of CL as follows:
The distance below the propeller hub of the slipstream center

at the wing center of pressure is:
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- tan(0.7
(% = x,)tan(0.75ey)
At the stabilizer this distance iss
(xw - xp)tan(O.?Sev) + (xt - x,)tan(0. 75, + O.?SkCL)
The distance of the stabilizer below the propeller hub is:
(x, - xp)tanql:* (yy - yp) |
Subtracting and assuming all angles small enough so that
tangents can be replaced by angles:
(% - x5)0. 758, + (xy = x, )(0.75e; + 0.75kC;) -(x -xp)t;?c* (yt - ¥p)
Collecting terms and dividing by Ds
G v= Gy - yp) + (xg -x)0.75KkC - (% - %) (- 0.75¢y)

D |
Similiarly:
QED h = (?P - zt)kw Fep(xt>- xp)
; S :
where Cr, Lift coefficient power-on.

ey from Equationk Q:)
F from Equation @

The meaning of v and h is illustrated by the following sketch:

Thrust axisit:///////”F !
Propeller
. - Stabilizer
#

Center of : _____///} )
Slipstream a?__//i:::><::f ¢ of Symm. of Airplane

_Stabilizer

Fraction of Stabilizer in Slipstream. Once the coordinates v

and h have been calculated and the shape of the slipstream estab’lished,
the portion of the-stabilizer in the slipstream can be found. Fig. (6)

gives a quick means of finding the length of stabilizer span in the



- 28 -
slipstream, The parameter U is this length divided by the propeller
diameter. The length in feet is DU and the fraction of the stabilizer
span in the slipstream is DU/2zt. Assuming a trapezoidal planform
for the stabilizer, Fig. (7) shows a plot of G which is the fraction
for the stabilizer area corresponding to the fraction of the span

DU/2z, .measured from the tip inward. This procedure for finding G

t
takes into account the rotation mode of the propellers and the fact

that in general both stabiliger ends will be immersed in the slipstream.

Stabilizer Lift and Pitching Moment. A horizontal stabilizer in

a propeller slipstream is subjected to a flow pattern complicated by
the presence upstream of a lifting wiﬁg. This pattern changes as the
angle of attack of the airplane varies and the stabilizer and slipstream
move through vertical displacements.

In previous sections:the nature of the flow near a stabilizer
was discussed and a means of calculating it presented. The relative
location of the center of the slipstream and the tip of the stabilizer
is given by v and h. With the aid of Figs. (6 and 7), G can be
found,“ | \

The normal force coefficient of the stabilizer will first be
calculated neglecting rotatiQn and then the effect of rotation added.
For the first part of thé‘caiculation a fifst order strip theory will
be used. The lift distributiop of the stabilizer in undisturbed
flow will be approximated by a trapezoid ﬁith the taper ratio of the
stabilizer. In the region of'incréésed velocity the local section
normal 1ift force is: iﬁcregsed‘by a faétar‘(V/Vo)z. kef. (20)
carries out calculations for a wing with lineafly varying velocity by
a complete lifting line theory and the results are in excellent agree-
ment with the assumption just mentioned. The following sketch illustrates

the assumptions.
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Lift Distribution

for:
vV = Vo(l + 2u)
Downwash w + ey

Velocity V
Downwash w

S~ 1ift Distribution
1

for:
vV = V0
Dovnwash w

Downwash W + ey | S Lift Distribution
for:

Fraction of V=Y

Stabilizer Area Downwish w + e

in Slipstream = G v
Stabilizer

The 1ift coefficient of the portion of the stabilizer outside
the slipstream is: '

a£7t(OC+~it + Ke = w)(1 - G)

For the fraction of the stabilizer in the slipstream, neglecting
robation, the 1ift coefficient iss

at’?t(l + BTc/n)(oc-o- iy + Ke - w - Ae,)(G)

In this equation A is a factor included to permit an experimental
investigation of the assumptions concerning the inclination of the
slipstreaﬁa It is evaluated for the five airplénes whose charac-
teristics are computed in Sec. IV and a value of 1.2 is recommended.
This evaluation will be discussed in Sec. IV.

| For computing stabilizer normal force coéfficients, ay is the
slope of the stabilizer 1lift vs. angle of attack curve for the isolated
stabilizero Ref. (21) gives values for ay as obtained by lifting
surface theory for low aspect ratio surfaces with elliptical planforms.
In Ref. (22) these results are compared with experiments on a large

number of isolated stabilizers of various planforms. The curves of
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Fig. (8) are obtained from Ref. (21) and it is estimated in Ref. (22)
that their accuracy is within 10% for conventional types of stabilizers.
77t is the stabilizer effeciency fa¢tor for the power off condition.
It is obtained by experiment, experience or simply estimated.
Adding the above two expressions together gives the stabilizer
normal forcé‘coefficient without rotation:

= g, [(€+ i, Ke - w)(1 + GBT /n) - Ae G(1 + 8T /n
Nt(no rotation) b t[' K c v . ¢ ﬂ

- In computing the effect of rotational velocities somewhat differ-
ent aésumptions'concerning the axial velocity field are indicated.
Comparison of Fig. (ha) and Fig.(lb) shows that the rotational veloci-
ties are néﬁ confined to the inside of the slipstream. Around the
outside of the slipétream there are rotational velocities which are
in the opposite direction to those inside. This effeét can be predicted
qualitatively by the vortex propeller theory. Since the region of ro-
tation and the region of increased axial velocity do not coincide, the
‘prediction of their effect is sreatly coinplicated° ‘Also the parameter
which»describes rotation is valid only within the slipstream. A purely
arbitrary assumption will be made concerning the effect of rotation
and the validity of the assumption must be checked experimentally.

For the effect of rotation it will be assumed that the increased
velocity field extends anywhere that rotation is present. The effect
of the rotation on the stabilizer normal force coefficient will be the
integral of the vertical fl&w angle caused by rotation over the span
of the stabilizer divided by the stabilizer span. This integral will.
represent the mean angle of downwash caused by rotation and will be a
function of v,)h, and Cp/J2(1 + BTc/ﬁ) and different for each rotation

mode. The following sketch illustrates the meaning of the integral:
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4
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The integral defines a quantity H(v,h):

H = j"y%(r/D) d(r/D) Integration is carried out over the
: , entire stabilizer span.

H is plotted as a function of v and h in Fig. (5) for two ro-
tation modes and instructions for éingle engine computations given.
It should be noted that both slipstreams which act on the stabilizer
of a multi-engine airplane are taken into account in the form of H
which is given in Fig. (5).

The stabilizer normal force coefficient resulting from rotation

is then:

agpy (L + 8T /n)(C /21 +UT /n)(D/22,)H = atthpDH(l + UTo/n)/ 3222,

The total stabilizer normal force ceefficient is obtained by
adding the separate parts:
@ CNt. = a7, [(OC+ i, + Ke -w)(1 + 8GT,/n) —;\evG(l + 8T./w)
+ CoDH(L + th/rf)/J22zt]

where e, from Equation
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w = m + kG

H

k

e

from Fig. (5) using v
from Equation and h
from Equation

the fraction of the sta-
bilizer area in the slip-
stream is obtained as

- followss

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

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

stabilizer. .

elevator effectiveness 4i,/e

elevator deflection.

From this the stabilizer pitching moment coefficient is ¢

CM&'.

~Cy x St/Sc
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IV CALCULATION OF POWER-ON STABILITY

The following procedure is planned for tabular calculaﬁioﬁ. For
most applicaﬁions.curveé of Cp vs. & and Cy vs. Cp will be désired
'for a series of flight power conditions at various elevator deflections.
Since the CM vs. Gy, curvé is not straight with power-on, the trim con-
dition (Gy = O) gives the only value of ( - dCM/dGL) which has a
physical significance for steady state flight.

In order to calculate the power~oh Cy, vs. & and Cy vs. C; curves,
all necessary physical dimensions of the airplane must be known, the
power—off curves must be known or estimated for both the tail-on and
tail-off configurations and the éower conditions and propeller charac-
teristics given. ‘v

Angle of attack is the most convenient independent variable
because C;.is a function of power and must be caiculated from CLo for

chosen values of &,

QL vs. OC Curve.

In computing the total 1ift coefficient for a chosen angle of
attack, the direct propeller forces and tbé 1ift increment due to ihe
slipstream passing over the wing are added.to the 1ift coefficiént of
the complete airplane power-off. This procedure makes the calculation
of CL as a function of X a very rapidly converging sucgssive‘approxi-
mation process. Consideration of the changes in 1lift of the stabiliger
due té power in finding GL would make the computation of Cy as function
of C; a double sucessive approximation and it is not recommended. In

this report the 1ift of the stabilizer will be assumed to be equal to

the unpowered value for a specified @ in computing Cy.

CL for a chosen value of 0C may be calculated as follows:
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, _? E
c = C. + AC. + ‘Tci (oc+ lpi) + z‘ai(ou 191)
X - Ti=l
i=1

where:  subscript i dosz.gnates
number of propeller for
L or 6 engine alrcrafte

Procedures

1. Find CLO for the chosen value of OC from power-off, tail-on
curves.,

2, Estimaﬁe the value of GL. ‘

3. vFind Té, Tc’ CT and J for the estimated CL'

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

5., Calculate e, from Equation using Fig. (3) and Ry, T,y and .

6, Célculate a G from Equation @.

7o Calculate CL from Equatlon @us:.ng CL s 4G, T R and

X as obtained above.,

8. If C;, as calculated agrees with the estimated C; from step 2.;
then it is a correct value. If it does not agree use the '
calculated value as a secpnd approximation and repeat until
closure. This process will usually converge on the second try.

9. Repeat procedure for other values of OC.

_C_)M VSe CL Curves..

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

power condition, the determination of CM as a function of Cp, is a di-

rect calculation. It is a considerable simplification here to choose

values

of & and the calculated values of CL which were determined in

previous calculations in order to use values of variables which have

been calculated.

Ca&”mo*fi(“*ig)%i " ) TeiPoy CN"”

: c Sc
i=1 ¢ i=1
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where:  subscript i designates
: number of propeller for
i or 6 engine aircraft
Procedures

1. CL, Té, Tc"R’ and e, are known for the values of OC used
in claculating CL'
2. CM is the tail-off, power-off pitching moment coefficient

cozresponding to>values of &, The powér-off; tail~-off CM
curve is usually plotted against C;. This Gy is not CLO
because the tail contributes to the 1lift coefficient. The
value of CMo must be found by determining the tail-off power-
off C; for a chosen value of & and then finding Cy for that
Cpe 7 A
3. Use the same expression”for w as was used to find the power-
6£f tail pitching moment. Use the power-on Cr, to find w.
L. Galoulate v and h from Equations @3 and an.
5. Find H from Fig. (5) usingﬁv and h,
6. Find U from Fig., (6) using v and h.
7. Find G from Fig. (7) ﬁsing DU/2z4 and the taper ratio of
the stabilizer.
8. Use the same a, (from Fig. (8), Ref. (22,323, 24) or elsewhere),
ky, and 74 as were used in the 'poﬁer~off analysis.
9. Calculate CNt from Equation @
10. Calculate Gy from Equation
11l. Repeat for other values of o€ with the same power conditions
and elevator deflection. This will give a curve which may
be faired and ( - dCM/dCL) obtained graphically.
12. Repeat process for other elevator deflectionsif desired. The
value of Cﬁt is the only variable affected by elevgtor de-
flection.

13. Repeat process for other péwer settings. A new Gy vs.Ccurve
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must be calculated for each new power setting.

Dis cussion of Results.,

Calculations based on Equations and were carried out in

order to obtain C, vs.@C and CM vs., G, curves which are compared with

L L
experimental curves of five airplane models for which adequate wind-

tunnel data aré;availableﬁ

Description of Test Datas Thebwind—tunnel tests were conducted in

the closed working section of the GALEITl ten foot wind tunnel. Air-
plane No. 5 was tested with wire rigging and the other four models

with a three-strut support system. The usual wind tunnel wall cor-
rections for a eircular closed section were made as a part of the

GALCIT feports from which the data were taken. Ixperimental test points
which are compared with calculated curves in this report are copied
directly from the GALCIT reports. The dynamic pressures at which the
tests were run are 10vor 15 gm/cm®.,  All pdﬁér funsﬁ are matched power
with all engines operating and delivering the same power.

Wind=-tunnel models were supplied by the Consolidaﬁed Vultee Air-
craft Co. Airplane No. 2 was tested for the Vultee Field Division:and
the other four airplanes for the San Diego Division., Dimensions,
propellef characteristicé, center of gravity location, angular settings
and power settings for these models were specified by Consolidated
Vultee, incorporated into the GALCIT reports on the tests and copied
from the GALCIT reports for this repoft, Propeller characteristic
data given in the GALCIT reports wefe insufficient for the rotation
analysis for airplanes No. 1, 2, and 3. The missing data were obtained
from Ref. (25). The references cited contain the tested characteristics
of propellers with approximately the same activity factors, blade
section and blade twist distribution as the model propellers for the

1
Guggenheim Aeronautical Laboratory, California Institute of Technology



- 137 -

airplanes mentioned. Hrrors in agreement between test and calculated
curves which might be caused by differences in propellers will be
discussed in the general analysis of the results. Three view sketches
'of_airplanes No. 1, 2, and 3 are shown in Figs. (9, lQ, 11). Di-
mensions needed for calculations are tabulated in Fig. (17) for these
three airplanes. Airplanes No. li and 5 are not shown in order to
avoid the necessity of release of the data from ﬁhe military service
for which they were designed. Airplane No. L is a two-engine twin-tail

monoplane,flying boat., Airplane No. 5 is a four-engine land plane.

Discussion of C. vs. & Curves from Equation.@}) Calculated curves

“and test points of Gy, as & function of{x?for power-on are shown in
Figs. (12 to 16) for five airplanes. The dashed lines show the O,
vs. & curves which were used in calculating CL'

In general the agreement of Equation with test values is excel—v
lent. The effect of the assumption of using the power-off tail load
for calculating the power-on CL appears to be negligible, Figs. (12,

lh, 16) indicate that propeller rotation mode does not have an appreci-

able effect on ZSGL as was assumed.

Discussion of C,, vs. C. Curve from Equation (18: Calculated curves

1
and test points of CM VS CL for power-on are shown in Figs. (12 to 16).

The dashed lines show the power-off, tail-on curves used for calculations.

Power—-off, tail-off GM VS, CL and CL

used to obtain Cy (€)s The power-off tail pitching moment coefficient
)

vs. O test points (not shown) were

was obtained as follows:

CM = CF - CM
“t(power-off) “(power-off, tail on) o
wheres A1l values are for the same value of .
After C vs. OC was obtained, downwash at the stabilizer

Mt(power~off)
in the form w(Q& ) was calculated assuming values of Mt and ay.
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Airplane No. 2 had a sufficiant number of different stabilizer settings

to obtain w accurately by picking points where = 0,
t(power-off)
Using the CL vs, € curve, the downwash angle was put into the form:
o .
w=m + kCL

Determination of the downwash angle permitted calculation of CM
from Equation 18 as outlined on page (3L). |

For the configurations with all propellers having right-hand ro-
tation the general trends of all the computed curves follow closely the
test points. Airplane No. 5 shows the worst agreement in Fig. (16).
This may be partly because the value of ip>used in the calculations was
of somewhat doubtful accuracy. Contradictory values of ip appéared in
two different places in the GALCIT report which gave the data for the
airplane. The value finally used appeared to be the more logical and
it was measured from a sketch, The other value would have yielded an
even larger error than the one used. FHigh thrust‘lines, low stabilizer
location and small stabilizer incidence all tend to reduce the de-
stabilizing effect of power at high angles of attack., However this air-
plane exhibits such a small‘effect of power on stability in the test
results that none of these explahations is sufficien£ to éxplain it.
The tail-off power-on characteristics agree very well with calculated
results so the explanation is to be found in the tail pitching moment.
Curves of CM VS. CL power-on for elevator deflected (not shown) indicate
that the stabilizer is still in the slipstream at high angles of attack
so that the vertical location of the slipstream in the calculations is
correct. The only remaining explanation is some unexpected effect.of
the nacelles or wing-fuselage ihtersection on the flow near the stabilizer.

Airplanes No. 1, 2, 3.and Ly exhibit the usual effects of power-on
stability. Calculations by means of Iquation @ predict this effect

for all-right-hand propeller rotation'with good accuracy. One important
result of the calculations is that the contribution of the rotational
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velocities in the slipstream for this rotation mode is neglegible as
shown by the values of H obtained from Fig. (5). This seems reasonable
since rotation produces an upward force on the right half of the sta-
bilizer and a downward force on the left. For this rotation mode, the
numerical value of H is a small difference of two slightly different
quantities and is negligible.

The factor A for all~right—hand—rdtation is obtained by equating
experimental values of CM‘c to Equation which gives an expression
with only A as an unknown after all the known variables of the problem
are substituted. This proéedure was E:arried out for all values of |
for which calculations were made on airplanes No. 1, 2, 3 and h. At
high angles of attack A came out 1.25, 1.20, 1.25, aﬁd 1,10 respectively
for these four airplanes. Variation at lower angles of attack was not
, large and was mostly due to the fact that’small differences of quantities
which were not calculated to enough significant figures were used in
solving for A ét low values of Cy. Computed curves in Figs. (12 to 16)
are based on A= 1.20 and this value appears to be representative of
this rotation mode for conventional aircraft. It should be noted here
that éhe computed curves of Figs. (12 to 16) are based on a value of A
which was obtained from the experimental daﬁa to which the computed
curves are compared. Alsblthefvalue is based on tests of only four
airplanes. ‘FUrther investigatign is necessary in order to determine
whether a value of 1.20 for A is always applicable to this propeller
rotation mode and even to establish whether it can be regarded as a
constant for any operating condition. The data for airplane No. 5
shows that this value of Ais not always applicable although the reason
for the disagreement in this case is not immediately obvious.

For ppposite rotation of the inboard propellers there is no
consistaﬁt agreement between the calculated curves and experiment.
Airplane No. 1 has the most complepe variation of rotation modes,

Curves for up-in-the-middle and down-in-the-middle rotation show trends
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which are opposite to the experimental values. The up-in-the-middle
rotation for Airplane No. 2 exhibits the same erroneous calculated trend.
Airplane No. 5 shows the proper trend for the up~ins=the-middle rotation
mode but the stability is wrong in the same manner as with alléright
rotafiona

This confused situation indicétes that the analysis of this report
is not reliable in predicting the effects 'of rotation in the slipstream.
The all-right-hand rotation analysis indicates that the vertical location
of the slipstream and its general shape and velocity distribution are
correctly determined. It is apparently the effects of phenomena associ-
ated directly with rotation which are not properly calculated. The
errors are too iarge to be explained by any error which could result
from the choice of propeller characteristics where they were not speci-
fically given in the GALCIT reports. Evidently these discrepencies are
due either to improper simplifying assumptions in evaluating the‘effects
of rotationsl velocities or to improper determination of properties of
the slipstream which depend directly on rotation or both.

In‘defining H, the difficuity of the different regidns of rotational
velocity and increased axial velocity in the slipstream became evident.
The assumption that the two regions are the same may lead to serious
errors in the evaluation of H. It is also possible that a Strip theory
based on some assumpbion of the 1ift distribution of the stabilizer in
undisturbed flow would lead to a better determination of H as a function
of v and h. Spanwise flow over the stabilizer due to horizontal com—
ponents of rotational velocities may cause important changes in the
sbabilizer normal force,

There is some experimental indicatlon that an inclined slipstrean
drifts sidewsrds as it progresses downstream. No theoretical means of
predicting this drift is available and reliable quantitative data are

lacking, This effect may be impdrtant for opposite-rotating inboard
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propellers. It would probably have very little effect for all-
right-hand rotation because both slipstreams would deflect in the
same direction and thus cause only slight changes in'the fraction of
the stabilizer immersed in the slipstream. The field of induced
rotational velocity outside the slipstream has not been computed
theoretically and downwash surveys can give only qualitative indi-
cation of the parameters which govern its distributioniand magnitude.
Although it is evident that the rotational velocities inside the
slipstream will have a strong effect on the rotation outside, the
nature of the effect is not entirely‘clear. Another possibility for
error is that sbme’nacélles,jwing~fuselage intersections, thrust line
locations or wing 1ift distributions so strongly influence the down-
wash distribution due to rotation in the slipstream that the approach
to predicting the effects of rotation in this report may be in-
validated entirely by cert#in airplane COnfigurafions.

In general it appears that the means of predicting the effects
of rotation in the slipstream on stability suggssted in this report

is not sufficiently accurate for design purposes.
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V DESIRABLE CONFIGUEATION 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 6n stability increase with in-
creased C;. Second, the angle between the propeller axis and the rela-
tive wind increases with increased Ci+ The direction of inboard pro-
peller rotation alsc has a pronounced effect on stability because of
flow at the stabilizer.

The following recommendations will usually 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 theylift éoefficient at
lower angles of attack due to the downward component of the
thrust as might be expected. Experiments in Ref. (7) show
that the effect of the increased local angle of atﬁack in
the slipstream almost exactly balances the downward thrust
coméonent giving a constant CL 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 laminar flow airfoils.

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

distance between the inboard propeller hubs. There is often
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a slight increase in CL with this rotation mode beqause of

a better spanwise 1lift distribution over the wing in the
région of the fuselage. The case of both inboérd pr@?ellers
robating in the same direction usually has very little effeqt
on stability from rotational flow in the slipstream. Co-axial
counter-rotating propellers presumebly have no rotational
components of flow in the slipstream although this case was
not investigated and no experimental data are included aﬁong

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 tailless aircraft the direcﬁion of propeller
rotation would presumably not have any affeét on static longi-
tudinal stability except perhaps the interference,effect with
the nacelles which is not subject to prediction By numerical
calcuiaﬁion methods.

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

axis is inclined downward. The region below the slipétream
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. (5) gives the re-
sults of tests on a twin-engine model with the stabilizer in
three vertical positions and the low position yields the

best stability. Wake surveys in Ref. (6, 7, 16) show the
same results. It should be mentioned in the interest of ob-
jeqtivity that Ref. (26) gives the results of tests on a

single-engine low-wing monoplane with the stabilizer in
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three vertical positions and the highest position gives best
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 pesitiqn<is
undesirable for the flaps deflected configuration due to
the change in the zero 1ift line and the wing wake position.
The wake surveys which show the flow behind flapped wings are
so confusing that no general conclusions can be drawn. The
limitation in lowering the stabilizer is the possibiiity,
of buffeting from the wing wake or exciting natural vibrstion
modes by oscillating velocity components in the slipstream.
Stabilizer incidence with respect to some wing reference
direction (root chord line, zero 1lift line, etc.) should
be as positive as possible. This result was obtained
theoretically in Ref. (27) but its magnitude could not be
determined by the méthods used. The reason for this effect
is that there are two dominant effects of the slipstream on
the stabilizer besides rotation., One is thé inclination of
the slipstream due to the inclined propeller. This effect
always gives a more positive pitching’moment than the power-

off case and can be minimized by tilting the thrust axis or

moving the stabilizer out of the slipstream. The other effect

is the increased velocity which increases the effectiveness
of the stabilizer. This is clearly a function of the sta-
bilizer setting and a more-positive stabilizer setting will

improve stability.



- b5 -

VI RECOMMENDED TABULAR COMPUTATION PROCEDURE

In order to compute values of Cp and Cy for a series of angles
of attack, some form of tabular procedure is necessary because of the
large number of varisbles involved. It was found most convenient to
carry out computations in three series in order to avoid dupli-
cations. Series 0O is used to collect the necessary data concerning the
airplane itself in the form in which it will be needed. Series I is
used to reduce operating parameters to a useful form and to find CL'
Series II is used to compute CM'

The following recommended precedure applies only to the case of
both inboard propellers with right hand rotation and symmetrical power.
Other rotation modes have not been investigated sufficiently due mostly
to lack of data. The results of computations which were made show bad.
agreenent with tests. The case of unsymmetrical power has not been

investigated because of lack of data.

Seriesi0: Airplane Characteristics.

Fig. (17) shows the mumerical values of necessary dimensions and
ratios for Airplanes No. 1, 2 and 3. The values have identification
numbers[1] to [39]. All dimensions are in feet to model scale
although full scale could be used since values appear in calculations
only in dimensionless ratios. Note that Xp and yp are for the in-
board propellers only of four and six-engine airplanes. Ap and Bp
must be shown for all propellers. Subscripts on Ap‘and Bp denote ihe

number of propeller (left outboard propeller is No. 1 and counting is

from left to right).

Series I Calculétion of CL'

Fig. (18) shows calculations leading to a value of Cy for a

chosen value of OC for Airplane No. 1. Tue steps are [101] to [132).
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Only enough decimal places are carried to give two places in the
final answer because CLO and the power settings are only kgown to
that accuracy. Values of CLo were found from the1dashed line in
Fig. (12) for selscted values of &, The curve of Té VS CL from
which T{ was obtained appears in the GALCIT feport for this airplane.
Propeller characteristics were obtained from the T vs. CL curves,
the propeller blade angle as given in the report and propeller charts
from Ref., (25), Results are plotted as solid lines in Fig. (12).

This calculation is essentially a successive approximation pro-
cedure since Cp must be estimated in step [2] 2nd then the value of
Cp, which is calculated compared to the estimate. This is such a

rapidly converging process that a second try is almost never necessary

to obtain two decimal place accuracy.

Series II: Calculation of GM.

Fig. (19) shows calculations leading to a value of Cy for chosen
values of & for Airplane No. 1. The calculation steps are [201] to @,
Three decimal place accuracy in the final result was all that could
be justified because of the data against which the calculations were
checked, The downwash angle at the stabilizer was obtained as out-
lined on page (3'?)o Note that the rotation factér, H, is not used
because 1t was found to be negligible for the all—right-hand rotation
case. Results are plotted as a sélid line in Fig. (12).

With the calculations in this form it is easy to investigate .
how variations in any of the physical characteristics of the air-
plane can affect stability. Thé quantities ﬁhich_have the most notice;

able influence are ip, it’ and Vo
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