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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metrie English
Symbol ' =
Unit, AR Unit  Lkretle,
Length______ l TAOHOR oL st fguraiar L m foot, (or mile) _________ £t (or mi)
Tirde. atos t geeold it Gahe G L e T 8 second (or hour)_______ sec (or hr)
Forcprioidiol F weight of 1 kilogram_____ kg weight of 1 pound_____ b
Power_______ P horsepower (metric) .o |~ _ .o - horsepower_ . _____.____ hp
Srsead v {kilometers per hour_____. kph miles per hour_ . ______ mph
et meters per second_ . _____ mps feet per second..._____ fps
2. GENERAL SYMBOLS
Weight=mg g Kinematic viscosity
Standard acceleration of gravity=9.80665 m/s® p Density (mass per unit volume)
or 32.1740 ft/sec? Standard density of dry air, 0.12497 kg-m—*-s? at 15° C
Kol and 760 mm; or 0.002378 1b-ft~* sec?
Me =g Specific weight of “standard” air, 1.2255 kg/m® or
Moment of inertin=mk?. (Indicate axis of  0.07651 Ib/cu ft
radius of gyration £ by proper subscript.)
Coeflicient of viscosity
: 3. AERODYNAMIC SYMBOLS
Area ] Tw Angle of setting of wings (relative to thrust line)
Area of wing s Angle of stabilizer setting (velative to thrust
Gap line)
Span Q Resultant moment
Chord Q Resultant angular velocity
% g b3 Ay :
Aspect ratio, 5 R Reynolds number, pl':—l wherelis a linear dimen-
True air speed sion (e.g., for an airfoil of 1.0 {t chord, 100 mph,

standard pressure at 15° C, the corresponding

; k
8, 5p V2 3 S
Dyumeopegeue, 2 Reynolds number is 935,400; or for an airfoil

. ; L of 1.0 m chord, 100 mps, the corresponding
i 1 t Op=-—5 ) Ps, P
Lt alzplute cosfliciomi O qS Reynolds number is 6,865,000)
; s i) p Angle of attack
Drag, absolute coefficient C’D-—QS 7 ; Angle e L
Profilé-dbag. ahoelut SBaiontg - ag Angle of attack, infinite aspect ratio
Syl e snlss i ST T af . Angle of attack, induced
Yhdoesduirat abssiuie G afinat Ong‘ P Angle of attack, absolute (measured from zero-
22 qS Lift position)

Parasite drag, absolute coefficient 0»,,2%1 74 Flight-path angle

Cross-wind force, absolute coefficient CC:Q—%
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EFFECT OF TILT OF THE PROPELLER AXIS ON THE LONGITUDINAL-STABILITY CHARACTER-
ISTICS OF SINGLE-ENGINE AIRPLANES

By Harry J. Goerr AND NorL K. DELANY

SUMMARY

The results of tests of a model of a single-engine airplane
with two different tilts of the propeller axis are reported herein.
The results indicate that on a typical design a 5° downward
tilt of the propeller azis will considerably reduce the destabiliz-
ing effects of power. This reduction is equivalent to as much
as a 0.05 mean aerodynamic chord favorable shift of the neutral
point for 2,100-horsepower operation (at a Gy of 0.8). For
3,450-horsepower operation the increase in the stability is equiv-
alent to a 0.10 M. A. C. shift in the stick-fized neutral point at
a Cp of 0.8. The improvement in handling characteristics
(elevator angle and stick force against velocity, and stick force
against normal acceleration) resulting from these effects is
evaluated. It is shown that, by use of the tilted propeller, the
stick force in accelerated manewvers can be reduced at no sacri-

fice of power-on stability.

A comparison of the experimental results with those computed
by use of existing theory is included. It is shown that the
results can be predicted with an accuracy acceptable for pre-
liminary design purposes, particularly at the higher powers
where the effects are of significant magnitude.

INTRODUCTION

The designer of a modern pursuit airplane is confronted
with the conflicting requirements of maneuverability and
stability and, due to the large effects of power, it is becoming
progressively more difficult to compromise these require-
ments in a single-engine airplane. For example, present
flying qualities specifications call for a low stick force per
unit normal acceleration and, at the same time, require stick-
fixed and stick-free stability under flight conditions where
the effects of power are large (e. g., a rated-power climb or
partial-power approach). A low longitudinal stability is
conductive to the attainment of the former requirement,
while a high stability (with power off or at high speed) 1s
required by the latter. The margin necessary on a modern
single-engine fighter tends to be so great that i order to
attain the desired light stick force in maneuvers, an unduly
close-balanced elevator must be resorted to. '

As an illustration of this point, consider a typical single-
engine airplane powered with a 2,100-horsepower engine,
weighing 14,000 pounds, and with a wing loading of 40
pounds per square foot. With an airplane of normal dimen-
sions a forward shift of the neutral point of as much as 10
percent M. A. C. will occur, due to the application of rated

power at a (', of 0.8 (143 mph). If stability is to be main-
tained in this condition, a d(,/dCy, of at least —0.10 must
exist power off (or at high speed where the effects of power
are small).  If the stick force in steady turns is to be kept
within the limit of 8 pounds per g (which is required for a
fighter or an attack airplane), a d(,/ds, of the order of
—0.001 on a 30-percent-chord elevator is required. The
maintenance of this close balance over anything but a
limited elevator-deflection range will be difficult, and the
control will be subject to overbalance due to small manufac-
turing deviations in contour or due to Mach number effects.

It is apparent that any design change in the airplane,
which will reduce the destabilizing effects of power, will
permit the reduction of the power-off stability which must
be built into the airplane. Thus, the attainment of both
a low stick force per g and stability in high-powered low-
speed flight will be facilitated. An effective means for
decreasing the destabilizing effects of power is to give the
propeller thrust axis a slight downward tilt. A 5° tilt on
an airplane of normal nose length will give the thrust axis
a moment arm of the order of 0.1 M. A. C. about the center
of gravity. On the typical airplane being considered, the
resulting thrust moment (if fully effective) would cause a
stabilizing increment of —0.04 in dC,,/dCy at a (', of 0.8 for
climb with 2100 horsepower 7.—=0.27). The schematic
sketch on figure 1 shows that a tilt of this magnitude could
be attained with very little, if any, change in the external
lines of the airplane.

In addition to the effect of tilt of the propeller arising
directly from the propeller forces, there will be a secondary
effect on the slipstream which also will be beneficial. ~Since
the vertical component of the thrust is decreased by tilting
the thrust axis downward, the change in downwash resulting
from this vertical component will also be decreased.! The
stabilizing effect of the decreased change in downwash can-
not be computed readily, but rough estimates indicate that
it could be about half as large as the effect due to thrust
moment.

Thus, this cursory examination indicates that the for-
ward shift of the neutral point might be reduced from about
0.10 M. A. C. with an untilted propeller axis to 0.04 M. A. C.
with a 5° tilt (figures given for 2,100 hp. at a 'z of 0.8).
However, there was the possibility that a given geometric
tilt of the thrust axis might not result in an equal angular

1 The destabilizing effects of power are traceable in a large measure to the increase of down
wash in the slipstream and the resulting influence on the tail-pitching moment.
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| change of the line of action of the thrust. There also was |

| a need for verification of the computed effects on the tail ‘
and a determination of the influence of the position of the

j tail with respect to the slipstream. Accordingly, the tests ‘

| reported herein were conducted on a model of a typical J
single-engine airplane with two different tilts of the pro- '

( peller axis. This report presents the results, shows the \

effects on the associated flying qualities, and compares the [

effects with those computed from the basic theory involved. |

The symbols used throughout the report are defined in

appendix A. |

MODEL AND APPARATUS |

All tests were run in the Ames 7- by 10-foot wind tunnel /
No. 2. Figure 2 shows the model mounted in the tunnel. (
(a) Normal tail A three-view drawing of the model is shown on figure 3.
It was assumed to be a ¥g-scale model of an airplane weigh-
ing 14,700 pounds, wing loading 39.2. The characteristic
dimensions of the model and the full-scale airplane (assum-
ing s scale) are given in the table on figure 3. The model |
was equipped with vaned, slotted flaps. It will be noted w
that there are two tail locations: one designated the pormal |
tail position, and the other the raised tail position. Figure |
4 shows the location of these tails relative to the fuselage |

f

reference line (a line corresponding to an untilted thrust

axis). |
Unless specifically stated otherwise all pitching moments

herein are referred to the 0.25 M. A. C. point, the location of f

which is shown on figure 3. The relation of the thrust axis, |

center of gravity, and wing is given in more detail in figure 1. |

Tilts of the propeller of —0.8°and —5.5° were tested. (Nega-

(b) Revised tail tive sign indicates a downward tilt.) This tilt was ob- ‘
: : . : : |
FIGURE 2.—Single-engine airplane model mounted in the 7- by 10-foot tunnel. tained hy I'Otiltlllg the motor about a horizontal line passing
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through the center of rotation of the propeller. Thus the
vertical position of the propeller was not affected by the
tilt.  Sufficient clearance existed inside the cowl so that the
motor could be tilted without any alteration of the external
lines of the model.

Details of the horizontal tail surface are shown in figure 5.
The tail volume was 0.535, which is believed to be in the
normal range for this type of airplane. The elevator was
restrained by an electrical type strain gage which was used
for the measurement of hinge moments. In the computation
of stick forces from the hinge moments, a 32° movement of a
25.5-inch stick was assumed with the elevator operating in a
deflection range of 20° to —30°. With a linear relation this
gives an F/HM of 0.735.

The model was powered with a 100-horsepower motor
driving a four-blade single-rotating propeller. All tests
were run with the propeller set at a blade angle of 21.0° at
the 0.75R7. The experimentally determined 7. against
V/nD) velationship for this setting is shown in figure 6. The
variation of K (propeller normal-force factor) with V/nD as
computed from the experimentally determined €7, against
V/nD characteristics of the model propeller at a 21.0° blade

; Basie data
‘! ———
Full scale Model scale

@rossiweightee SRR S e s 14,700 b Ui=esne - o T
Wing Spanis e i s dpift: i sl i B L 8.36 ft.
Wingares o oot oto oo e e il - = 13.181 sq. ft.
N A s e R e e T e X 1.63 ft.
Aspect ratio. 5.4.
Root chord . 2.09 ft
Mipichordios R ui i Mol Se oeite . dooa M S O Sl U W T
Totalfapspan- S ao ol o= st Y/ o1 1 e e e R e e 67% span.
Clenter ol graviiy e e o OB aAC s ot S B e 25% mac.
Horatallarease e ot it otboa LR s b e e B R 3.007 sq. ft.
@ ta CoProftatlnc o= =~ - NITRt AR L IS e 3.88 ft.
H=prop.toiC @ o TP 1Al 7 TR IS B m s E 2.198 ft.
L=05c toeleva B T, o= = M e et e BRI 4.205 ft.

FIGURE 3.—Three views of a #{s-scale model of a single-engine airplane.

Average fail height for

computed stobility Il diameter- = L2674
= | = j’

9.85' T———‘ 985’ —

Propeller disk

|
Fuselage reference line---"

Full-scale dimensions

FI1GURE 4.—Schematic drawing of normal and raised tail position.
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setting is shown on figure 7. The assumed full-scale 7
against Cy, relationships for 920, 2100, and 3450 horsepower
(and a wing loading of 39.2 1b./ft.?) are shown in figure 8.

TESTS AND REDUCTION OF DATA

The tests consisted of a series of runs at constant values
of 7., with flaps up and flaps deflected 38°, and with the
propeller tilted both —0.8° and —5.5°. These tests were
made with tail removed, tail in its normal position with

Fuselage infersection

Full-scole dimensions

25259 ofevator chord Jire,
hinge line

= 811’

= 9.85’ -

Total horizontal tail area =85.3 sq. ft.
Total elevator area aft of hinge line=23.3 sq. ft.
Average chord aft of hinge line =1.46 ft.

F1GURE 5—Detsils of horizontal tail.
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FiGUurg 6.—Variation of 7. with V/n2 for model propeller at a blade angle of 21° at 0.75
radius. Diameter=2.373 ft., n=100 rps.
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920, 2,100, and 3,450 horsepower. Wing loading=39.2 lb./sq. ft. Propeller diameter=12.67 ft
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several elevator deflections, and tail in the raised position
with neutral elevator only. A similar series of propeller-
removed tests was also made.

The values of 7, were selected so that the thrust resulting
from the use of 3,450 horsepower could be simulated with
flaps up and 2,100 horsepower with flaps down. The various
values of 7, were obtained by holding the motor power at its

safe limit and adjusting the test velocity to secure the re-
quired V/nD). The test Reynolds number varied from
900,000 to 2,500,000 dependent upon the value of 7. The
results obtained in this fashion were plotted against 7. as
the major variable with angle of attack as a parameter.
Cross plots were then made for the preselected 7', against
Oy relationships (shown in fig. 8) equivalent to 920, 2,100,

.08
J/oa.750 o
]
o/
d 04 S 3 4/W
5 NN =
o ] XN
& \\ St S i N 2100 hp i
A o N
~
E) \\ N ;
<
) Al =
S = > \\ S e
8 . \\\\
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BN \ 2 X 5 S
: SRS My
308 N PAY Slr Al
el Z-0 N [ 920
o 8 S
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(a) (b)
i Z 4 6 8 10 Tz 2 7 6 8 10 /2

a
Lift coefficient, Ly,

(a) Tilt of the propeller axis=—.8°

(b) Tilt of the propeller axis=—5.5°

Fiaure ¢.—Effect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propeller axis. Normal tail position 8,=0° flaps up.
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F16URE 10.—Effect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propeller axis. Normal tail position ,=—>5° flaps up.
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and 3,450 horsepower. The results of these cross plots,
which are equivalent to the conventional constant-power
polars, are presented herein.
RESULTS AND DISCUSSION
PITCHING MOMENT, FLAPS UP
The effect of propeller operation on the pitching moment
of the model (tail in normal position) with two different

propeller tilts is shown in figures 9 to 11.  The shift in neutral
point at various lift coefficients, as determined from d(.,,/d(},
about the 0.25 M. A. C. point with elevator deflected for
trim, is shown on figure 12.

From inspection of these figures the beneficial effect of tilt
of the propeller axis is evident. The characteristic desta-
bilizing effect of power is present with the —0.8° tilt, while
with the —5.5° tilt it is either considerably decreased or

.04 ]
0
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|
s N | 3%\ L
N NG _Lo3450mp T&\\\ o |
o - = ST s 1
g SR | \\Q o
o KR ]
2 \\\ b\ \\ nfal \ f
S L= __[2000 Hp SRRy
S -2 SN = “\‘\:L
E\ \X\A&\j I \k\ § |
S o 920 TN e
LR B NG
Q < \\Ef\g\{}o\hp
7 =0 RS
%\\1 - J ic\w 2/02 hp
-20 \ ] |
Prop. off j P:g,z; off
& B J i
wely 2 4 6 8 L0 0 = A 6 8 0 12

(a) Tilt of the propeller axis=—.8°

(2
Lift coefficient, €y

(b) Tilt of the propeller axis=—5.5°

Ficurg 11.—Effect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propeller axis. Normal tail position 5,=5° flaps up.
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F16URE 12.—Effect of propeller operation on neutral point location of a single-engine airplane with two tilts of the propeller axis. Normal tail position-—elevator deflected to trim—flaps up.
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entirely eliminated, dependent on the load carried by the tail
(as determined by the elevator deflection). It will be
observed from figure 12 (a) that, at a 7 of 0.8, the applica-
tion of 2,100 horsepower causes a forward shift in neutral
point of 0.10 M. A. C. with the —0.8° tilt in contrast to 0.05
M. A. C. shift with the —5.5° tilt. Thus, the beneficial
effect of the tilt is equivalent to a shift in the neutral point
of 0.05 M. A. C. compared to the possible 0.06 M. A. C. shift

discussed in the Introduction. A more extended comparison
of experimental and computed results is given in the section
Application to Other Designs. As indicated therein the
correspondence between the computed and experimental
results varies somewhat, dependent on the power and (.
However, in general, the correspondence tends to be best at
the bigher powers where the effects are greatest.

From the data presented in figure 13 (for tail off) and
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FIGURE 13.—Eflect of propeller operation on longitudinal stability of a single-engine airplane with two tilts of the propeller axis. Tail ofi, flaps up.

12
] 7
—— —
|
.08 .
£3450 hp &N
56 ~ B
L {1
Q‘ \Q\‘ — J/' e
% R \j = = I
T >
9 \&\ k
o~ s
t %\ SN \ O
o N <
0 '\\4\ sl N
5 { N F T T N
i . e weg/l 0
g.‘g4 \\ N ‘O-L NS
N
= <
5 \ R N920 Ap b\ 13450 mo
g | L N | 2/00 hp
- | AN
S0 RN
o
AN
\rﬁa :
-2 \ 920 hp
(a) i3 Pr'o,o‘A off (b) JPro,o off
-/6
0 2 4 (5} 8 L0 12 e A (o) 8 L0 (1=

(a) Tilt of the propeller axis=—.8°

%
Lift coefficient, Cy

(b) Tilt of the propeller axis=—>5.5°
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figure 14 (tail in the raised position), it is possible to deter-
mine the extent to which these affects are due to the direct
propeller forces and the influence of the tail height on the
tail effects. The incremental effects of the tilt of the pro-
peller have been determined from the data of figures 9, 13,
and 14, and are presented in figure 15 in the form of A(AC,,)
against C. It will be observed that the direct effects of the
propeller tend to predominate over the tail effects. The
increase in tail height causes a decrease in the beneficial
effect of the tilt, mainly, because with the higher tail position
the over-all destabilizing effects of power are somewhat less:;
therefore, there is less to be gained by a change. A more
detailed analysis of this is given in the section Application to
Other Designs along with a comparison of the experimental
and computed results. It is shown there that the normal
tail is in such a position as to suffer the greatest effects of
power; therefore, the effect of the tilt on the tail pitching

moment shown on figure 15 is probably the maximum which
will be measured for any tail height.

PITCHING MOMENT, FLAPS DEFLECTED 38°

The effect of propeller operation on the pitching moment
of the model with flaps deflected is shown in figures 16 to 20.
The location of the neutral point at various lift coefficients
as determined from dC,,/dCy, with elevator deflected for trim
is shown on figure 21.

The trend of the results is the same as that observed with
flaps up. In a typical approach condition (920 hp. at a
O, of 2.0) a favorable neutral point shift due to the tilt of as
much as 0.035 M. A. C. is realized. With 2100 horsepower
the shift is 0.05 M. A. C. at this 0;. TFigure 22 shows that
the major portion of the increase in stability came from the
direct propeller forces. The A(AC,) with tail off is very
nearly equal to that with tail on up to a €y, of 1.6. As will
be shown later this is due to the fact that the slipstream
passes under the tail, and thus there is very little difference
in the change in pitching moment resulting from the tilt for
the two tail heights.

EFFECT ON HINGE MOMENT AND LIFT

Elevator hinge moment for flaps up and flaps deflected 38°
is presented in figures 23 and 24. There is little or no
change due to tilting the thrust line. This might be expected
since dC), [di, is small for the model tested and the average

velocity over the tail is not changed to a very large extent
due to tilt.

The maximum lift coeflicient, tail off, was decreased 0.06
for flaps retracted and 0.07 for flaps deflected with 2,100
horsepower (fig. 25). The decrease in lift is directly trace-
able to the change in the vertical component of the thrust
and normal force. The low-power maximum lift, which
will be more frequently used, is decreased about 0.04,
probably a negligible amount.

EFFECT ON THE LONGITUDINAL HANDLING QUALITIES

The longitudinal handling qualities were predicted for
flaps up (fig. 26) and flaps deflected (fig. 27) from the data
previously presented for the various power conditions tested.

Flaps retracted.—The stick force against velocity curves
were computed for trim at C,=0.6 which corresponds to a
velocity of 160 miles per hour, a normal climb speed. Fig-
ure 26 (a) shows that, with —0.8° tilt, there is marginal
stick-free stability with 2,100 horsepower, while with 3,450
horsepower marked instability exists. In contrast to this,
with —5.5° tilt (fig. 26 (b)), considerable stability exists for
the 2,100-horsepower conditions and the airplane becomes
only marginally stable with 3,450 horsepower. It is obvi-
ous from the previous discussion that, since the tilt of the
propeller axis does not affect the elevator hinge moments,
all the change in the stick-free characteristics is due to the
increase in the slope of C,, against €. The increased varia~
tion of 3, with V; resulting therefrom (fig. 26) causes the
more stable variation of stick force with V.

As was pointed out in the Introduction, the maintenance
of stability in the high-power low-speed condition necessitates
that a high degree of stability be present under conditions
where the power effects are small (e. g., hich speed). This
condition is evident in figure 26 (a) where, in order to obtain
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just marginal stability with 2,100 horsepower, the basic
stability must be so high that an excessive stick force per ¢
(30 1b.) is present in high-speed maneuvers. If advantage is
taken of the decreased effect of power made possible by the
tilted propeller, the basic stability can be considerably de-
creased with a consequent reduction of the stick force per g.
The decrease in stability normally would be secured by a
decreased tail size, so that not only would a reduction in

stick force result from a decreased dC,,/dCy, but also from the
decreased area of the elevator. The precise evaluation of
such a saving could only be made by testing a reduced size
tail. However, a result (which will be on the conservative
side) can be obtained from the data available if the decrease
in dC,,/dC, is assumed to come from a rearward movement of
the center of gravity. (The advantage gained from reduced
elevator area is not included in this procedure.) The char-
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acteristics for a 0.30 M. A. C. center-of-gravity position with
—5.5° tilt of the propeller are shown on figure 26 (¢). Tt will
be noted that the stick force against velocity characteristies
remain more stable than for the —0.8 tilt and 0.25 M. A. C.
center-of-gravity position; and, in addition, a reduction of 10
pounds per g is realized in the stick force in maneuvers.

Flaps deflected.—The stick force against velocity was
computed for a typical approach condition with the elevator
assumed trimmed for a C;=1.0 and a velocity of 124 miles
per hour. In this attitude if there is a balked landing re-
quiring the application of power or if power must be applied
to maintain a given sinking speed, the airplane will become
marginally stable with 920 horsepower at 120 miles per
hour and will be unstable throughout the speed range with
2,100 horsepower (fig. 27(a)). In contrast, tilting the pro-
peller gives satisfactory stability for 920 horsepower and

marginal stability at about 90 miles per hour with 2,100
horsepower (fig. 27(b)).
APPLICATION TO OTHER DESIGNS

It is the purpose of this section to show the comparison
between experimental results and those which would be
predicted from available theory. The demonstration of
the computation of the results from this theory serves to
illustrate the methods by which the effect of tilting the pro-
peller can be estimated for other designs.

The computation methods follow in general those outlined
in reference 1, with some modification in detail. These com-
putations naturally divide themselves into two parts: one
dealing with the effects due to the direct propeller forces,
the other dealing with the effects resulting from the changes
in the slipstream insofar as it influences the contribution of
pitching moment by the tail.

Lift coefficient, Cy,
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EFFECTS OF DIRECT PROPELLER FORCES

Following conventional practice, the propeller forces can
be broken down into the component acting along the thrust
axis and the component normal to the thrust axis. From
reference to figure 1, it is evident that the moment about
the center of gravity produced by these forces will be as
follows:

AZ\/I,,,,,D:TZ—FNPZI (1)
anade o Nel :
ACh,.,~ oV " %oV 5% )

Substituting for 7" and N the relations
=T p V2 1)? (3)
Np=_Cy, pn*D*=K sin 6 pn*D* (See note.) (4)

NorEe.—Theexpression for the normal-force component is derived by the method of Glauert
as deseribed in reference 2 (pp. 351-357) and as applied in reference 1. An alternate method
which could be used with equally satisfactory results is the more recent development of
Ribner (references 3, 4, and 5). Several trials have shown that the results obtained by either
of the methods deviate about equal amounts from experimental results, provided the K used
in Glauert’s method is derived from a Cp against V/nD curve of the actual propeller used.
If such data are not available, the modification of the K of a known propeller by Ribner’s
“side-force factor’ (reference 5) to take care of blade-shape differences gives satisfactory
results.
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Plot of the result A(AC,

prop.

) against CL is given in figure 29 (b).
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propeller (referred to hereafter as A(AC, ), is to be
evaluated. This eliminates any large discrepancy in the
absolute magnitude of AC, ~— which might exist. Thus
the effect of the tilt of the propeller in the case at hand will
be as follows:

A(AOmnron) = Tc (zg) (—Z:Ci5— §%8>+

D2 [1 K sin 0_55 K sin 6_0.3>

s e\ 7wy — wmoyp) @

By use of the above equation and the data of figures 6, 7,
8, and 28, the effect of the direct propeller forces was com-
puted for the several power conditions, flaps up and flaps
down. (Table I shows a sample computation for the 2,100-
horsepower, flaps up condition and serves as an illustrative
example of the method.) The results and the corresponding
experimental data obtained from the tail-off runs are shown
on figures 29 and 30.
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The comparison, both with flaps up and flaps down, is
good when considered on the basis of A(AC, ). It is
worthy of note that the vertical force contribution to
A(AC,, ) consists almost entirely of a shift in the curve and
contributes very little change in slope. This suggests a
considerable simplification of the computation by consider-
ing only the 7, term in the above expression for A(AC, ),
since normally only the change in slope is of significance,
the vertical shift of the curves being unimportant. If this
is done and equation (6) is differentiated, considering the
second term a constant, the following relationship results:

dA(ACn) _ 4T, (2D° > (?_—5,.5_ ?,—9,-8,>

R R\ S G ¢
This equation is readily evaluated since for a given tilt of
the propeller d7,/dC,, is the only variable with Cy.
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EFFECT ON THE TAIL PITCHING MOMENT

In accordance with the procedure of reference 1 (and with
the simplifying assumption that ¢/g, at the tail with power
off is equal to 1), the effect of slipstream on the tail pitching
moment can be broken down into the following components:

AOmm“——Aépeﬂ d’L ( XAép s d“ +< % eIV (7)

Effect due to Effect due to com- Effect due to

change of bined change in changed ¢
downwash downwash and ¢ in the slip-
in the slip- in the slipstream. stream.

stream.

It is to be anticipated that tilting the propeller axis will
affect the first and second terms by virtue of the difference in
downwash increment due to power. This difference will
arise from the fact that the vertical component of the thrust
is decreased, so that from momentum considerations the
downwash induced by the propeller will be decreased. This
will be a stabilizing effect. 1In addition, the changed down-
wash will result in & different juxtaposition between the
slipstream and the tail, so that a different area of the tail
will be immersed. As a result (Ag/q,).,, will be changed, and
the second and third terms of the preceding equation will be
affected. This influence will be stabilizing or destabilizing,

Lift coefficient, C,
14 1.6

dependent on the load on the tail and the original location of
the tail in the slipstream.

As was the case in considering the direct propeller forces,
the absolute magnitude of AC, is not of interest for this

analysis, merely the difference in this quantity caused by
tilting the propeller (referred to hereafter as A(AC,, ).

However, this difference cannot be directly evaluated as it
was for the direct propeller forces, but must be determined
by first computing AC,, . for each tilt of the propeller and
then getting the difference. The steps involved in comput-

ing ACy, . are as follows:
1. Determine the change in downwash behind the propeller.

2. Determine the location of the tail in the slipstream and
the portion of the tail area immersed.

3. Determine the effective values of Ae, and Ag/q, for sub-
stitution in equation (7).

Note.—It should be noted that dCyn/di. is the power-off value measured at an angle of
attack where the tail is free of wake effects. This is normally the highest dC,,/di; measured
throughout the angle-of-attack range. In contrast leo is the actual pitching-moment con-

tribution of the tail, power off, that is, the difference between the tail-on and tail-off pitching
moment at each angle of attack.

Normal deviations from the assumption of free-stream dynamic pressure at the tail with
power off will not cause significant differences in ACy, ., as determined from equation (7).

[f an abnormally large decrease in dynamic pressure exists, the factor (¢/qo) power o7 should be
inserted in the first term of equation (7) and (go/9) power o in the last term,
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The foregoing procedure must be repeated for the two tilts
of the propeller under consideration. The difference in
AC,,. . computed thereby will be the effect of tilt of the
propeller.

The change in downwash is computed by the method of
Glauert (pp. 357 to 359, reference 2) with an added term to
take care of the fact that 6 does not equal ap (fig. 31) as it

Normal force
Propeller tilt (shown negative)

: /
o

Propeller axis

77 hrusfv

o & e
______ Eegilaa L Ll ,
%) NS e
///A'(x yowash due fo wing™ 4 SV S
7 Rl \\
< S~
Resultont direction of ey

flow at propeller disk Fuseloge reference /ine
(reference oxis)
az=a+propeller tilt
O=apt+Aa
=a+propeller tilt+Aa
FiouRE 31.—Schematic diagram showing definition of angles at propeller.
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does in Glauert’s original analysis. (See appendixes B and

@i Ehus,

AG;;:KlCiTJr‘ K2Aapou-(«r on (8)
Qo+ d+h)

K= reaitad+K)] ©)

- 2ak(1+a) o

T (1+20)[1+a(l+k)]

where K is the funetion of V/nD and blade angle for an
inclined propeller used previously for determining the normal
force acting on the propeller, and is defined as

il Vsl dc,
K:03600,,(V/’I'LD) <1 —'nD‘éCy’p d(fy/%ﬁ) (1 1)

The variation of K; and K, with 7, and K/(V/nD)* is
shown on figure 32.

With the value of Ae, determined, the location of the slip-
stream and the area of the tail immersed therein can be
determined either graphically or analytically from the
geometrical considerations outlined in figure 33.%

In accordance with Smelt and Davies (reference 6) the
values of Ae, and Ag/q, are as follows:

A =06 S‘imme{xezl (A ) (1.))

él’ejf_ 3 ‘Sm‘_” Ep &

A(l (S‘immerud> €

—= =X\—/"—J8 13
Q() eff Swil ( )

Aq ) : S,
—=XA = \s(0.6A¢,) < :!**ﬂi@t’) 13a
( W < LN tisy
where i |
=1+, o)
m™

and X\ is an empirical factor which for usual relations of
slipstream and immersed tail will be 1.

: 5 : A
Substitution of the appropriate values of Ae,, (§q> Per
0

and <;1A~q><Ae,,> in equation (7) then results in ACm 4. 1t
0 efr

should be observed that dC,/di, and Cm,, are the values
estimated, or determined from power-off tests.

The foregoing procedure has been carried out for four tail
heights, for both propeller tilts, and the value of A(ACm 41)
then determined. (An illustrative computation for the
flaps-up, 2,100-horsepower conditions is given in table I1.)

The tail heights are 0, 2.25 (normal tail position), 4.50
(raised tail position), and 6.75 feet above the reference line
which covers the range likely to be found in normal designs.
In terms of the propeller dimensions the heights are approxi-

2 This procedure is based on the assumptions outlined in reference 1, that the slipstream
remains substantially cylindrical. Despite the distortion of the slipstream which is known
to exist, the airplanes of reference 1, and at least five other airplanes to which the method has
been applied, show that the average Aep and the Ag/go in the slipstream computed from such
assumptions correspond quite well with experimental observations. It is true that thereis a
further change in downwash induced by the propeller in the flow outside the slipstream. This
change arises from the changed vortex system of the wing in the slipstream flow. (See Koning,

p. 411, reference 2.) If absolute magnitudes of ACn, ., were of interest this downwash would

have to be evaluated. However, since only the difference in ACy, ., due to tilt of the propeller
is concerned, only the difference in Ae, due to the propeller need be evaluated. On the
assumption that tilting the propeller will not appreciably affect the wing vortex system, the
difference due to tilt of the propeller will consist entirely of that arising from the reduced
vertical component of the thrust. This quantity is evaluated by equation (8).
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F1GURE 34.—Computed change in pitching moment of the tail due to propeller tilt. Flaps up, four tail heights,
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mately 0, 1/3R, 2/3R, and R above the reference line. The
computed values of A(AC,, ) are shown on figures 34 and
35. They furnish an idea of the magnitude of the effects
of tilt of the propeller on the tail, and the rate at which these
effects change with tail height. It will be observed that,
with flaps up, the normal tail is in the position which exper-
iences close to the maximum effect, amounting to a change
in dC,,/dCy, of —0.022 at a Oy of 0.8 (compared to —0.046
obtained from the direct propeller forces). The higher tail
positions are farther from the center of the slipstream and,
therefore, less affected by it. To give a physical picture of
this effect, and to clarify the steps of the computation, figures
36 and 37 have been prepared showing the relative location
of the tail and slipstream, the tail area immersed and the
magnitude of the Ae, and Ag/g, effect. As shown on figure 37,
with flaps down, the slipstream is below the tail for the major
part of the operating range and, therefore, A(AC, ) is zero.
Reference to these two figures will aid in following the com-
putation outline of tables I and II.

The extent to which the experiment confirms the compu-
tations is shown on figures 38 and 39, where the summation
of the computed effect of the direct propeller forces and the
tail effects is compared with the experimental determination.
For the flaps-up condition, where a major portion of the tail
is immersed in the slipstream, the computations tend to over-
estimate the effect of the tilt of the propeller on the tail.
This is probably due to the slipstream being distorted rather
than the idealized cylindrical shape. The fact that some
small effect is measured flaps down, when the computations
indicate the tail to be just out of the slipstream, fits in with
the hypothesis. It is worthy of note that the theory indi-
cates the proper trend; that is, the reduced effect of tilt on
the raised tail, which was measured (fig. 15), is predicted
(fig. 34).

The over-all accuracy of the method can be judged on the
basis of figures 38 and 39. At the higher powers (where the
effects of experimental scatter are less pronounced) the pre-
dicted increment in A(AC),) tends to run between 1.1 and 1.2
of that measured. 1t is believed that such a check is close
enough to justify use of the method in analyses which are
made in the preliminary design stage and will serve to
evaluate with sufficient accuracy the benefits to be obtained
from tilt of the propeller.

CONCLUDING REMARKS

The experimental results are considered to show quite
definitely the advantages to be gained by a downward tilt of
the propeller. It is clearly indicated that a 5° downward tilt
of the propeller will cause a rearward shift of the neutral
point ranging from 0.05 to 0.10 M. A. C. at normal climb lift
coefficients with power typical of modern airplanes. This
should considerably ease the difficulty of obtaining stability
under these high-power low-speed conditions, so that a
reduction in the high-speed stability, where power effects are
negligible, would be permissible. Advantage can then be
taken of this fact in order to ease the elevator balance require-
ments for the attainment of low stick forces per g.

The generalization of the results is made possible by the
use of the computation procedure outlined. It is believed
that the check between the over-all experimental and pre-
dicted results is sufficiently close to justify use of the method
in the preliminary design stage.

AmMES ABRONAUTICAL LLABORATORY,
NaT10oNAL ADVISORY COMMITTEE FOR AERONAUTICS,
Morrerr Fiernp, Cavrr., 1944.
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FIGURE 36.—Schematic pictures of slipstream location with two tilts of the propeller axis.

.

Summation of the components of the tail
pitching moment

Normal tail location, flaps 0°, 2,100 horsepower.
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FicurE 37.—Schematic pictures of slipstream location with two tilts of the propeller axis.
Normal tail location, flaps deflected 38°, 2,100 horsepower.
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F1aUurE 38.—Comparison of the over-all computed and experimental effects of propeller tilt.
Flaps up, normal tail.
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FIGURE 39.—Comparison of the over-all computed and experimental effects of propeller tilt.
Flaps deflected 38°, normal tail,
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SYMBOLS
The following symbols are used in this report. Wherever | 6 Inclination of propeller axis to resultant direc-
possible standard symbols have been used. tion of wind at horizontal center line of
%‘ft (’Oefﬁfgo.“t't propeller disk (ar+Aa)
rag coe 1en .
Pit?:lbli;l%-mf)r(r;ont oo db/d o Ratio of rate of change of # to « (dependent
Change in pitching-moment coefficient due to on distance av.hoad Qf wing, fig. 28) _
direct propeller forces €u, Downwash behind wing, with power off (to
Change in pitching-moment coefficient due to be taken as that at center line of wake
slipstream on tail unless slipstream is very much above or
Summation of AC,,,WW—{— G, below wing)
Increment in AC,, due to propeller tilt Ae, Increment in downwash, in slipstream due to
Rate of change of pitching-moment coefficient propeller forces
with tail incidence Aep, That part of Ae, due to ar
Pitching moment due to tail, with power off. Aep, That part of Ae, due to Aa
It power-oft force tests are available, this | ¢ Local dynamic pressure
can be determined from difference between 7 Free-stream dynamic pressure
C,, with tail on, €, with tail off, at equal A (g—gq,) in slipstre
a (not equal () 1 qﬂ. R
. i A\ rO ' \ 2 > 1o -
Propeller diameter (Ady: Effective '(lmng( in thesc two quantities as
Propeller radius (Ag/g.) | determined by change in tail pitching
Airspeed el ‘ moment
Revolutions of propeller per second a Velocity inerement factor at propeller disk
Air density V(1+a) Air velocity through propeller
elocit; gh pro
y 5 Velocity increment factor back of propeller
X . proj
Power input to propeller QT
disk (—1+ o )
: E . . N = wr
Power coefficient T V(1+4s) Air velocity back of propeller disk in the
pnt P ) .
slipstream
Axial propeller thrust S Wing area
i S, ail area
S Tail
: T S5 Elevator area aft of hinge line
Thrust coefficient (p"vgl’y) b Wing span
b, Span of tail immersed in slipstream
Force normal to propeller axis due to inclina- | ¢ Wing mean aerodynamic chord
tion of propeller to air stream ¢, Average chord of tail immersed
Sy, Area of tail immersed in slipstream (b,,<¢,
’\, ! i 1
Propeller normal-force coefficient < ;;2;)‘> e, ;\\'or&ge_ elevator chord aft Qf hinge line
p b Tail incidence to reference line
Propeller normal-force factor Oe Elevator angle, degrees
i ; ly Distance from propeller disk to center of gravity
- L of airplane (measured parallel to thrust line
A W 1 4o, i iy :
0.365C, =D l—nl) 30, d(VjnD) (5 Distance from center of gravity to elevator hinge
s 2 line (measured parallel to thrust line)
A . 2 Distance from center of gravity to thrust line
See fig. 7 for variation of K against V/nD S Sy :
1%]_ (t(g? ;)i'ofl())(l'll(\?' &1{:130221 Olf)‘ gainst V/ positive when center of gravity is above thrust
Parameter for determining downwash behind .lmv (measured pvrp(‘ndl(iular tp thrust line)
inclined propeller due to a; d, Distance from elevator hinge line to reference
Parameter for determining downwash behind axis, positive when tail is above reference axis
inclined propeller due to Aa (measured perpendicular to reference axis)
Factor used in computing K, and K, b Distance from slipstream center line to tail,
l . .
positive when slipstream is above tail
K/(V[nD)? H Elevator hinge moment
= ) o
& Ch, Elevator hinge-moment coefficient (qS :
eve
Angle of reference axis to relative wind dC, /di, Rate of change of elevator hinge-moment coeffi-
Angle of propeller thrust axis to relative wind, cient with tail incidence
'q-Hllt‘ of the propeller ) ) F Elevator stick force
Wing upwash at propeller disk without slip- g Acceleration of gravity (32.2 ft/sec?)
stream inflow (upflow positive) TR, o
- . . . Subseripts
Wing upwash at propeller disk with slip- Zaa) ) . .
stream inflow { o magnitude of tilt of the propeller axis

e
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APPENDIX B

In the computation of the normal force acting on a pro-
peller in the presence of a wing it is necessary to know the
additional effective tilt of the propeller (Aa), caused by the
upwash in front of the wing. In the report this has been
expressed as

d A wer o.
Bt =2 05e) (B1)
1
Aapuwer ow (ﬂz) (Aawnuer u!/’) (B2)

~Thrust axis

Propeller disk-.. ’

/
A=k(8-¢ +AQ/)} /

L % 4 | (@-e+da)- angle
FeCNis==— \EJI,.[, | of flow af propeller
stream i :‘~\\£V cdisk to thrust axis
\\\\\'\\\\\j,\.v:{:\ _': ——
Aar power orr \\\\L/ 2
T~
/ (o]

V ‘Ao power oh
F1oURE 40.—Diagrammatic representation of flow at propeller disk,
The relation between the power-off and the power-on A«
takes into account the increased axial velocity at the pro-

peller (fig. 40) due to inflow. The value of d'(égr”(",‘”""") is
'L

given in figure 28 as a function of the two main variables,
wing aspect ratio and distance forward of the wing quarter
chord line. (Vertical location of propeller assumed to be
sufficiently close to z-axis of wing so that it is not a sig-
nificant variable.) This variation has been derived as
follows. The downwash e at any point along the z-axis of
the wing with elliptical span loading will be

L2 R (et idy :
e“vré"f e | V&2 —7 &3

where
b
n=ry cos 0
|
e
Vi |
!<—~—— b/2 ———>|
-~ J e

and ¢, is the downwash at the lifting line

A
T A
and in the terms of the sign conventions of this report
Aa=—c¢
Substituting in equation (B3) and differentiating gives
dNa)i S de 200 (R =t dn i
i e i M Vopy—y B9

The curves of figure 28 are a plot of this equation for various

(B4)

values of b2 and aspect ratio.

APPENDIX C

In this appendix the symbol notation used by Glauert in
reference 2 is used, rather than that of the main body of
this report, so that ready cross reference can be made.

Glauert in reference 2 (pp. 357-360) develops a relation
between the side force Y on a propeller and the increased
angle of downwash e behind it. For the case considered the
side force is proportional and

Y— 6T (C1)
B=k(0—¢) (C2)
where
ANQ A dQ.

TR | 1 730, dx

e I 1 dc,
= 08650, <np> <‘ ~nD 30, ¥d(V/nD)

The angle (6—e) as shown in figure 123 of reference 2 is the
inclination of the propeller at the propeller disk. In the
case of a propeller in the presence of the wing, the inclina-
tion of the propeller is increased by Ae, the upwash in front
of the wing at the propeller disk. (See fig. 40 of this report.)
Thus for this case

B=K((—e+Aa) (C3)

Substitution of this expression for g (instead of equation
(C2)) in the equations

€ w a
6—F V4w 1ta (G
G A 772}(}7
618 V2w 1+2a (C5)
results in the following
el Aaka (C6)
| ““1ta+k (OA—a)dFad+h)]
anc
02a)(1+a)(1+k) | Ac2ak(1-+a) ©n

T2 Fa( )~ A+20)[1+a(l+F)]

It will be noted that the first term of each of the above

equations is that due to the inclination of the propeller to

the free stream and is equal to the Glauert expression for

same. The second term is the supplemental downwash

arising from the increase in propeller normal force due to
the wing upwash.

In the report K, and K, are defined in accordance with

equation (C7) so that

=K+ K,Ac (C8)

The variation of K, and K, with K/(V/uD)? and 7. is
given in figure 32.
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Positive directions of axes and angles (forces and moments) are shown by arrows

Axis Moment about axis Angle Velocities

Force
(parallel Tinoas
Designation Sym- ts0 a}glsz Designation Sym- Positive Designa- | Sym-| (compo- Al.mgular
& bol BE Lty bol direction tion bol |nent ga,l)ong
axis

L - Y—Z Rollks =W o @

Longitudinal X P
Lateral ¥ M Z——X Pitehe tosca R v q
Normal Z N X—Y Yaw ., A ¥ w r
Absolute coefficients of moment Angle of set of control surface (relative to neutral
5100 . :
sl oM s Y. position), 8. (Indicate surface by proper subseript.)
qbsS mqeS " qbS
(rolling) (pitching) (yawglg)
4. PROPELLER SYMBOLS
i ; P
5 ggﬁi_gc witah P Power, absolute coefficient 0p=pwn3 5
D  Pitch ratio : V5
I{,/, Inflow velocity C, Speed-power coefﬁcxentz.\/ PP%
Vs Slipstream velocity o n Efficiency
T Thrust, absolute coefficient OT:;;LTBZ n Revolutions per second, rps o7
Effective helix _angleztan“(zm,n)

Q Torque, absolute coefficient Cg=;ﬁ%

5. NUMERICAL RELATIONS

1 hp=76.04 kg-m/s=550 ft-1b/sec 11b=0.4536 kg
1 metric horsepower==0.9863 hp 1 kg=2.2046 1b
1 mph=0.4470 mps 1 mi=1,609.35 m=5,280 ft

1 mps=2.2369 mph 1 m=3.2808 {t






