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. AN EXPERIMENTAT, TNVESTIGATION OF THE EFFECT -
ON PROPELLERS USED AS AERODYNAMIC HRAKES
ON STABILITY AND comoi.

By Victor I. Stevens,’ George B. MoCullough,
and Frederick H, Hanson

SIMMARY

Tests were made of a model representative of a single-
engine tractor-type alrplane for the purpose of determining
the stabllity and control effects of a propeller used as an
asrodynamic brake. The tests were made with single- and dual-~
rotation propellerse to show the effect of type of propeller
rotation, and with positive thrust to provide basic data with
-which to compare the effects of negative thrust., Four con-
figurations of the model were used to glve the effects of
t1lting the propeller thrust axis down 5°, raising the hori-
gontal tail, and combining both tilt and ralsed tail. Re-
sults of the tests are reported herein,

The effects of negative thrust were found to be signirfi-
cant, The longitudinal stability was increased because of
the loss of wing 1ift and increase of the angle of attack of
the tail, Directional stability and both longitudinal and
directlional control were decreased because of the reduced ve-
locity at.the tall. These effects are moderate for moderate
braking but become pronounced with full-power braking, par-
tlcularly at high values of 1ift coefficlent.

The effecta of model confi@u'ation changes were small
when compared with the over-all effects of negative-thrust
- operation; however, improved stability and control character-
latics were exhibited by the model with the tilted thrust
axis, Ralsing the horizontal tall improved the longitudinal
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characteristics, but was detrimental to directional character-
istics, The use of a dual-rotation propeller reduced the di-
rectional trim charges resulting from the braking operation.

A prototype ailrplane was assumed and handling qualities
were computed and analyzed for normal (positive thrust) and
braking operation with full and partial power, The results of
these analyses are presented for the longitudinal characteris-
tics in steady and accelerated flight, and for the directional
characteristics in high- and low-speed flight. It was found
that by limiting the power output of the engine (assuming the
constant-speed propeller will funotion in the range of blade
angles required for negative thrust) the stability and comtrol
cheracteristics may be held within the limits required for safe
operation. Braking with full power, particularly at low speeds,
1s dangerous, but braking with very small power output is satls-
factory from the standpoint of control. The amount of braking
produced with zero power output 1s equal to or better than that
produced by conventional spoiler-type brakes.

INTRODUCTION

Modern aerial combat experlence has demonstrated the need

- of a device to produce rapld deceleratlon of certalin tactical-
type aircraft for the following purposes; (1) to allow more
time for aiming and shooting at & slow-moving target after it
has been overtaken;. (2) to reduce the time required to slow
down for torpedo launching; and (3) to limit the maximum speed
in a dive, Although not covered in this report, a fourth pos-
8ible use of a powerful decelerating device 1s to shorten the
landing run of an alrplane after 1t has made contact with the
ground. '

Previous tests of a model equipped with flap- or spoiler-
type asrodynamic brakes have shown this type to be subject to
several undesirable features: (1) change of trim of the sir-
Plans resulting from application of the brakes, thus spoiling
the pilot's aim on the target; (2) tall buffeting resulting
from the turbulent wake of the drag-producing flaps impinging
on the tail, (3) loss of effectiveness with decreasing speed ,
and (4) increased complications of the wing structure and d1f-
ficulties of producing a smooth exterior surface on the wing.
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Wind-tunnel tests have been made to determine the effect-
tivemess of a propeller as & brake (reference 1), It wvas
found that negative thrust could be more effective in glowing
down the airplane than the increased drag caused by flap-type
brakes, Curves showing the camputed .variations of airplane
speed with time are shown in figure 1 for both types of brak-
ing. Ko measurements wvere made, however, of the effects of
negative thrust of a propeller on the s‘ba.bility and control '
characteristics of the model.

It 18 the purpose of the tests reported herein to deter-
mine the effects of a braking propeller, as 1t might be used
in actual service, on the stability and control charaecteris-
tics of a wind-tunnel model.. The tests were made in the Ames
7- by 10=foot wind tumnel. The model used for the tests is
not a scale model of a particular airplane, but rather is
representative of a general type of hlghly loaded, highly pow-
ered, single-engine, tractor-type military aircraft. The
scope of the teats was intended to be sufficient to cover the
use of the propeller as a brake in level and diving flight,
No tests to simulate the landing condltlon were made.

Same brief preliminary tests made with another model in-
dicated that the use of negative thrust produced significant
changes in the stability amd control oharacteristics. For
thles reason the scope of the present test was expanded to in-
clude conflguration changes which 1t was hoped would result
in improved characteristics with negative thrust, and also to
provide a basis for estimating the characteristics of air-
planes of different conformations. The configuration changes
include tilting the propeller thrust axis, raising the hori-
zontal tall, and a combination of both. The model in all
configurations was tested with both single- and dual-rotation
propellers.

MODEL

The model used 1ls representative of a midwing single-
engine alrplane of a type requiring additlional means of speed
control because of 1ts taotlcal purpose. The fuselage lines
have been simplified and do not include a canopy,. For con-
venience,  the model is referred to as the stability model.

A three-view drawing 1s given in figure 2 and ocomplete
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dimensions in table I. Photographs of the model installed in
the wind tumnel are given in figure 3. -

The horizontal tall could be mounted 1in two positlions:
4.26 inches (basic configuration), and 12,77 inches above the
fuselage reference line, Also, the thrust axis of the pro-
peller, which normelly coincided with the fuselage reference
line, could be inclined in a vertical plane about a point ap-
proximately midway between the two propeller disks. A sketch
showing the relation of the propeller and horizontal tall to
the center of gravity 1s given 1n figure 4. A key to the con-
figuration notatlion used 1s given 1n the appendix.

Both the -single~ and dual-rotation propellers were mounted
in the dual~rotation spimner, The front hub was keyed to the
motor shaft, and drove the rear hub through reversing gears.
Four bledes were used in both the single- and dual-rotation pro-
pellers. TFor single rotation, four blades were placed in the
rear hub, 8ince the rear hub will accept left-hand blades only
loft-hand rotation was used for all tests with the single-
rotation propeller, The propeller dismeter was 2.52 feet.

The blades used were models of Hamilton Standard blade forms
Nos. 3155-6 and 3156-6.

A prototype alrplane was assumed in order that the wind-
tumnel data could be applied in terms of handling qualitles of -
a full-scale airplane. The dimensions of the prototype were
such that the model tested became a 3/16-scale replica of an
airplane possessing the following characteristics: (1) weight,
14,700 pounds (W/S = 39.2 1b/sq ft), and (2) power, 2100 brake
horsepower at 1350 rpm of propeller.

POWER CONDITIONS

In order to convert the wind-tumnel data into airplane
operating conditions, relationships between thrust coefficlent
Tec and 11ft coefficlent Cj, are required for the various
oonstant-power outputs to be considered. To achleve a constant-
power output with nogative thrust, the propeller-blade-angle
actuating mechaniem must be capable of functioning in the neg-
ative blade-angle range in the same manner as in the normal
positive blade-angle range for positive thrust. To avoid
overspeeding the engine, the blade-angle actuating mechaniem
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must be capable of rapid motlion through the windmilling range.
It may be well to review the operational states of & propeller
as the blade angle is changed from positive to negative.

Assume for simplicity that the propeller operates at a
constant value of V/nD (constant speed of the alrplane and
constant rpm)., At a large positive blade angle, the propeller
produces positive thrust and absorbs power from the engine,
As the blade angle 1s progresgively reduced, the propeller ab-
sorbs less power and produces less thrust until it no longer
absorbs power and 1s furnishing a small amount of negativo
thrust because of its owh rotational losses. This 1s the be-
gimning of the windmilling state, and the propeller now tends
to drive the engine and will cause it to overspeed unless a
brake 1s used to hold the revolutions per minute constant.
The negative thrust produced 1s progressively lnoreasing. A
blade angle, however, will be reached at which the propeller
no longer tends to drive the engine., This 1s the zero-power
condition and is accompanied by a substantial amount of negn-
tive thrust, Further reduction of the blade angle will cause
the propeller to windmill backward unless power is supplied
by the engine to keep 1t turning in the normal direction.
This 1s the beglnning of the power-on negative-thrust state;
the amount of negative thrust may be increased by increasing
the englne power.

The relationships of To to Cp (fig. 5) were camputed
from tho data of reference 1. A rate power of 2100 brake
horsopower at a propeller spood of 1350 rpe and a wing lood-
ing of 39.2 pounds per square foot were assumed., Curves for
zero powor at 1350 and 1000 rpm are also shown in figure 5.
It will be noted that, for low values of Cf, (corresponding
to high values of V/nD), only o small increase of negative
thrust results from the use of full power. An infinite num-
ber of families of T¢ versus Cy, ocurves may be obtained
by varying the power and revolutions per minute, and 1t
ghould be possible to find a power condition which will sat-
isfy the operatiomnl requilrements for negatlve thrust,

TESTS

The wind-tunnel tests were made of the model in the Ffol-
lowing configurations:

(1) Model in basic configuration

.
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(2) Model in dasic configuration wvith thrust axis
tilted down 5°
(3) Model with raised horizontel tail

(4) Model with raised horizontal tail, thrust axis
t1lted down 5°

Tests were also made with the tall removed.

In nddition to tests with negative thrust, tests were mado

with the propeller removed and with positive thrust to serve
as bases of comparison for the effects of negative thrust.
Tests made with the single-rotation propeller were duplicated -
with ths dunl-rotatlion propeller to give the effect of type

of propeller rotation. All tests with power were made at
constant thrust.

Scome preliminary negative-thrust tests were made with

propeller-blade angles of -50, -100, and -15° (measured at
the 0.75 redius station). The effect of blade angle on the
stability characteriastics of the model proved to be lnapprecl-
able, and, since a blade angle of -15° gave the best condi-
tions for tunnel operation, all further negative-thrust tests
vere mede wilth this blade setting. Tests with poslitive thrust
vere made with a dlade angle of 25°. Experimentally determined
Tc versus V/nD relations for these blade angles are shown

in figure 6.

Longlitudinal Tests

To determine longltudinal-stability and longltudinal-
control characteristics of the model, tests 1n pltch were made
of the model 1n all four configurations with various elevator
deflections.

Directlonal Tests

Tests in yaw to provide directional-gtabllity and
directlional~control characteristics were made of the model in
the basic configuration and with the thrust axis tilted down
50 with various rudder deflections. The model with raised
horizontal tall, thrust axies untilted and tilted, was tested
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with the rudder undeflected only. The tests in yaw were made

at. two angles of attack, a, = -2° amd . ay = 9°...

COEFFICIENTS AND CORRECTIONS ..

The data are predented in NACA standard coefficient form

. and are corrected for tunnel-well effects, -The corrections
.were applied to the negative~thrust date in the same manner as

for popitive thrust béceuse of lack of information on tunnel-
wall effeots with negative thrust, No corrections were ap-
plied for atrut-tare and 1nterferenoe effects, Previous ex-
perience with simdlar models has shown that the corirections
are small and have no appreciable influence on stabllity and
control characteristics., The dimensions on which the coeffi-
clents are based and the tunnel-wall correctiohs applied are
glven in the appendix,

Moment coeffilclents were computed for a center of gravity
located fore and aft by the 25-percent point of the mean aero-
dynamic chord and l-percent mean aerodynamic chord vertically
above the fuselage reference line,

RESULTS
Tests to Determine Longitudinal Characteristics

The large number of figures involved makes it impractical
to present all of the constant-thrust data for the four model
configurations tested. Instead, camplete constant-thrust data
for the basic configuration of the model, single-rotation pro-
peller, are presented. However, longltudinal characteristics
corresponding to various power odnditions obtained by cross-
Plotting the fundementel data are given for all model con-
figurations.

The wind-tumnel data obtalned with the model in the baslc
configuration, 8ingle-rotation propeller with positive and
negatilve thrust are gliven 1n flgures 7 to 13, Data obtalned
with the tail removed are given in figures 14 and 15. Data
obteined with the propeller removed, tall on and off, are
glven in figure.16.
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Longitudinal characteristics for the four model configu-
rations are presented in figures 17 to 32. For each conflgu-
ration, rated power was simulated with single- and dual-=
rotation propellers for positive .and negative thrust, Summary
plots of the variations of C, and che with C; to show

the effects of model configuration with either single- or:.-.
dual-rotation propellers are presented in figures 33 to 36.
The effects of a change in incidence of the horilizontal taill
for the baslc ccnfiguration are given in figure 37.

In order to show the offect of power on the longitudinal-
stabllity characteristice of the model with basic configura-~
tion, a symmary plot for varlous power conditions 1s given in

- flgure 38,

To investlgate the effectas of the sllipstream on the
horigzontal taill, velocity surveys were made in a vertical plane
containing the elevator hinge line. The data, plotted in the

Qtail
9rree stream

form of contours of equel valves of the ratio

are presented in the followlng figures:

Fig. né. Configuration o T,
(deg)
39(a) SPg~*®-EV 0 -0.1
39(b) SPg~f-HV 0 -.2
40(a) SPg~16-HV 9 -,1
40(b) * SPg™**-EV 9 -.3
40(c) SPg™f -EV 9 -.5

For the purpose of geining further insight into the sta-
bllity and control effects of negative thrust, the ratio
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doffective at the tall . and the angle of attack at the tail
Ufree stream

ay Wwere ocomputed as followss

9 _ (d'cm/dae)“u;oower on
1 (d%/db")“upower off

Cmy, ey
dp ‘W—)' (subsoript t denotes tail)

These results for rated-power operation are compa.red in figuro
41 for the four model configurations.

The computed variations of elevator angle and stick force
with indicated alrspeed in steady flight are presented in fig-
ure 42 for all four model configurations,.rated-power operation.

The longitudinal characteristics corresponding to zero
pover at a propeller speed of 1000 rpm for the model in the
baslc configuration, single-rotation propeller, are presented
in figure 43, The longltudinal characteristice with elevator
deflected for the other configurations of the model will not
be presented, because almost ldentloal elevator effectlveness
and hinge-moment characteristics were found. Hcwever, longi-
tudinal characteristics for all model configurations with the
elevator undeflected are presented in figures 44 and 45.
Computed varilations of elevator angle and stick force with
indicated airspeed 1n steady flight proved to be nearly
identical for all model conflgurations with this power ocondi-
tion, and are presented for the baslc configuration of the
model only in figure 46.

The computed variation of elevator angle and stick force
with normal acoceleration in a dive pull-out (T = -0,13, TAS

= 310 mph) is presented in figure 47. To serve as a basis of
camparigon, the variation of elevator angle and astick force
with normel acceleration in steady turning flight for positive-
thrust operation 1s presented in the same figure., Since all
configurations gave similar stilck-force gradlents, results
cbtained with the model 1in basic oonfigura.tion only are
preasented,
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Tests to Determine Directional and Lateral Characteriatios

The tests at a; = -2° with positive thrust were made at
T, = 0.03 to give characterlstics corresponding to high-speod

flight with rated power, and with negatlive thrust at T¢ = -0.19
to glve characteristics corresponding to diving flight with
rated-power braking., Results obtalned with the rudder deflected
are presented in flgures 48 to 52.

Tests at a, = 9° with positive thrust were made at T,

= 0,32 to give characteristica corresponding to climbing flight
with rated power, To obtaln characteristice corresponding to
slow-speed decelerating flight, tests with negative thrust were
made at Tgw==0,19 and T¢ = -0.38., The maximum negative
thrust avallable with rated power corresponds approximately to
Tg = -0.38, and Tg = 0.19 was selected arbitrarily as corre-

sponding to one-half tho avallable negative thrust.

Characteristlics of the model with rudder deflected, single-
rotation propeller, are presented in figures 53 to 59. The
rudder effectiveneas obtained with the dual-rotation propeller
was gimilar,

For the purpose of showling the effects of changes 1n model
conflguration and type of propeller rotation on the directional-
stability characteristics, results of tests with the rudder
undeflected, oy = -2° and o, = 9°, are presemted in the

sumary plots of figures 60 to 69.

Comparisons of the effectiveness of the rudder are made
in figures 70(a) and (b), in which the ratio

(dcn/dar)power on
(dcn/dsr)power qff

1s given for the basic model configuration.

The effect of power on the lateral characteristics of
the model, basic configuration, 1s presented for the high-
speed condlition In figure 71, Since the effects are small
the variation of C; with  only 1s presented. For the
low-gpeed condition the effects are considerable, and the
variations of Cy, Cp, Cy, and C; with V¥ are
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presented in figures 72. and 73 for the model with the tall on
and off. To give an indication of the effeot of power on
- lateral-direectional correspondence, ‘the ratio of dCp/dV

to aCy/ay 1s plotted as a funotion of T, in figure 74, :

DISCUSSION
Longitudinal Characteristios

To facilitate presentation and analysis the longitudl-
nal characteristics are discusséd under the headings: Steady
flight with full power, Steady flight with partial power, and
Accelerated flight. Handling requirements for a fighter or
torpedo bomber are used as a basis for Judgment of satisfac-
tory steady-flight charecteristics. Xlevator control in a
dive pull-out would be critical for a dive bamber and 1s
therefore used as a basls for Judgment of satisfactory
accelerated-flight characteristica. Because of the simllarity
of results obtalned with single- and dual-rotation propellers,
ell unqualified statements epply.to the model equipped with
elther propeller type operating et negatlive thrust.

It will be noted that a large part of this discussion 1s
devoted to comments on the handling quelities of this model.
This is considered Justifidble since it is typical of the
existing highly powered, single-engine airplanes and 1ts char-
acteristics are probably representative. On the other hand
these characterlistics may be altered by either a movement of
center of gravity (which would translate the moment curves
and cause different sections of the curves to be utlilized for
trim) or by a change in tail plan form (which would cause the
tall to respond differently to the influence of qy and at).

For this reason, due regard should be given to 4qi, «;, and

the tall-off characteristics which indicate the more fundamen-
tal effects of a priopeller producing negative thrust.

Steady flight with full power.~ Application of full power
to a braklng propeller produces very high deceleration by re-
ducing the air velocity through the propeller disk., When the
thrust coefficient T, becomes greater than -0.4, the mean

veloclty through the disk is lesa than half the free-streanm
veloclty, and the propeller wake 18 necessarily much larger
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than the propeller diemeter. The results of veloolty surveys
in tho taill region (figs. 39 and 40) show that the wake in-
tensity and size are.a function.of T,, and the wake location
1s a function of a. Simllar surveys were made wlth the pro-
peller thrust axis tilted, but are not presented because the
results were essentially the same, Conslderation of these
veloclity effects alone would probably lead a designer to ex-
pect the following results, which are partially substantiated
by experiment: (1) a lose in wing effectiveness (dCr/da),

(2) a loes in elevator offectiveness (dC,/dd,), and (3) loss
in tall load for a glven model attitude.

" Basic configuration.- As expected, the value of dCr/da

(tall off) with negative thrust applied by a single-
rotatlion propeller 1s 51 percent of the value obtalned
with propellers removed and 43 percent of the value ob~
tained with positive thrust (figs. 16, 17, and 18). A
change to dual rotation produces an unexplained change
in dCp/da which raises the foregoing fraction to 60

and 47 percent, respectively, (See figs, 16, 19, and
20.) These lift-curve slopes are not unreasonable when
1t is counsldered that one-~third the wing area is behind
the propeller disk, and that at Cp = 0.8 (T; = -0.4)

the mean-velocity flow through the propeller is less than
half the froe-stroam velocity. Also, as the velocity
over the wing 1s reduced, the wing of aspect ratlo 5.4 is
glving the effect of two smaller wings of aspect ratio 2.
" The loss in lift-curvo slopo probably could be minimized
by lowering the wing with respect to the thrust line, by
decreasing wing taper, or by increasing aspect ratio.

Applying negative thrust to the model with the tail re-
moved produces & negative increment in Cp. This incremont
grows with C; and, at the higher attitudes, the model with

tail off exhibits & negative dCp/dC;. A emall part of this
s8tability change 1s due to the negative-thrust moment, and

tile remalnder must be caused by propeller normal force and the
propoller wake effect on wing and fuselage. Evidence given
later 1n this discussion indicates that momonts produced by
tho normal force are smell when the propeller is producing
nogative thrust,
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The complete model operating ﬁth negative thrust pos-.
sesses moderate stability at low 1ift coefficlents and very
high stabllity at the higher 1ift coefficients, The high
stabili'_by is largely a result of a tendency toward stabllity
with the tail off ard the very low dCr/da, With dual rota-
tion the stability is not so great because dCr/da 1s higher
than with, single rotation. Contrary to expectation there is
no consistent reduction in dcmt/d.a. with application of-

negative thrust, although the loss in elevator effectlveness
can be seen by comparing figures 16, 18, and 20.

The cause for the maintenance of dCp,/da which is as

great as or greater than that observed with propeller off may
be found in the variations of qy/q anmd ay (fig. 41) and
their subsequent effect on dcm.b/d"' Tt can be shown that

the followlng 18 true:

-aCmy - AAgy/ ~1> Qg C%
+ —— ——
q \da

da.n%da.

At low angles of attack the stabllity contributed by the first
term of the foregoing equation and the high day/da are

nearly sufflclent to compensate for the low qt/q. At the

higher angles of attack (a>40) the stabilizer moves out of
the low-veldcity core of the wake (figs. 41 and 42), and
day/da  increases sharply to increase further the stability

contributed by the tail., The gensrally high value of day/da

can be attributed to the loss in wing downwash behind the
propeller, The sharp increase in da.b/du. between o = 4°

and a = 6° -is probably a result of the stabilizer moving

- into the wake upwash which 1g present in the lower half of

high-intensity wakes (reference 2). The same tremds of qt
and a; can be observed in the hinge-moment curves, bdbut,

since hinge moments are subJeot to secondary effects, they do
not lend themselves to a direct analysis.

The varlation of elevator angle anmd stick force with

' apeed' for the assumed alrplane shows adequate stick-fixed

and stick-free stabllity for negative-thrust operation (fig.
42). For positive thrust both the stick-free and stick-fixed
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stabllity are marginel which 1s not unusual for a highly power-
ed alrplane of thils type.

The minimum trim speed 1s about 160 miles per hour due to
the very high stick-fixed stability (high daCp/dCy, and low

dCp/d8,) 1in the low-speed range. Since this speed is approxi-

mately the speed for torpedo launching, such a limitation
would be obJectlionable for a torpedo bomber. At filret 1t
might appear that a compromise in stabiligzer ilncidence would
satlsfactorily lower the minimum trim speed, but at best only
5 to 10 miles per hour could be galned becauss of the extreme-

1y high stability (dCy/dCp).

On a flghter-type airplans 1t would be desirable to change
fram positive to negative thrust witkout a change in trim. The
chango in elevator required for trim at a given speed is asmall
in high-gpecd flight where the braking propeller would be used.
Tho untrimmed etick forces dilffer by 30 or 40 pounds. Proper
locatlon of a trim tab relative to the propeller wake and slip-
gtream probably could reduce this difference when the tab 1s
set for trim in positive-thrust operation,

Propeller tilt.- By tilting a propeller nose down, the thrust
line is raised relative to tho center of gravity, and the
thrust-lire angle of attack ie decreasad for a given attltude
or 1ift ccefficient. It has been shown that for. positive
thriat the resulting increments of propouller-thrust and normal-
force momonts will increese the stabllity. It can be simllar-
1y reasoned that with negatlve thrust the opposite effect
would be realized; that is, the stability would be decrcased.

As anticlpated, the sole effect of propeller tilt is to
shift the rotate the pitching-momcnt curves for either tall on
or off (figs. 34 and 36). The variations of gi/q and oy

wlth o presented in figuro 41 show no significant-change duc
to propeller tilt. Within the experimental accuracy the change
in momont characteristics can be Justified by the thrust moment
vhich indicates that normal forces are insignifiocant, :

Except for possible effects of stalled portions of the
blade, a'much reduced normal force should be expected from a
propeller dovelopling negative thrust., The cause for normal
force on a propeller developing positive thrust can be explalned
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by sketch (a) below which shows a propeller-blade element with
1ts rota.t'lonal and forward veloclity veotors. .

v( 1+a)

(a) Positive thrust . (b) Negative thrust " '

Whon the propeller axis 1s tilted ' ap®, the vector V(l+a)

rotates relative to the propeller plane assuming the position
r and 1 for blades on the right and left half of the pro-
peller. The difference between the resulting op and

produces unbalanced torque forces between right and left sides
of the propeller disk, - Tho difference between the torgus
forces 1s known as propeller normal force. As shown in
sketch (b), for a propeller delivering negative thrust the
vector V(1+a) 1s much emaller because & is negative. The

rosulting normal force 1s very emall and in the opposite
direction,

The change in trim and loss in stick-fixed stabillty re-
sulting from propeller tilt reduce the minimum trim speed dy 5
miles per hour (fig. 42). This is a step in the right direc-
tion but still leaves much to be desired. The effects of pro-
peller tilt realized with negative thrust, comblned with the
increased stabllity for positive thrust, reduce the-trim changes
between positive-~ and negative-thrust operation. Use of a trim
tab at high speeds might increase the difference in stick’ forces
because of a change in tab effectiveness between positive- and
negative-thrust operation. Lack of' definite oriteria speci-
fying allowable trim changes for a fighter makes f:Lna.l Judgment
of trim charaoteristics impossible. :

Raised horizonta.l taill,- The change in hor‘izontal tail posi-
tion from low to high resulterd in the following stability

inorements: (1) an inoremse at low. 1ift coefficilents, (2) a
large decrease at Cp, = 0.4 to 0.6, and (5) a ‘slight to large

decrease at high 1ift ocoefficlents depending upon vhether a
single- or duasl-rotation propeller was used (figs. 34 and 36).
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The cause for thege increments which produce an S-shape Cp
versus Cp ourve can be traced to the variations of ug/q‘’

and ay (fig. 41). BSubstitution for each of the variables in
the equation for dCp /do (glven in discussion of basic con-

figuration characteristios) will show the contribution of each
to the stabllity with a ralsed horizontal tall., In brief,
entry of the tall into the wake 1s delayed, which changes the
phase relation between ai/q and ay, and which places the

tail in the core of the wake at high 1ift coefficlents when
tho wake 1s intense.

The curves of 8, and astick force versus V; given in

figure 42 (for negative-thrust operation) are not significantly
different from those for the basic configuration. Even though
the stability is lower, the minimum trim speed is greater by 5
cr 10 miles per hour because of the very low elevator effective-
ness.- For posltive thrust there 1s a definite improvement in
stabllity as would be predicted from results of tests on
similar models,

Ralased horizontal tall and tilted propeller.- Within a fair
degree of accuracy, the pitching-moment characteristics of
the model with raised stability and tilted propeller are the
pltching-mcoment characteristice of the baslic configuration
wlth the individual effects of raised horizontal tall and
tilted propeller superimposed (figs. 34 and 36)., The trim
characteristics cannot be obtalned by simple superposition,
because ralsing the horizontal tall removes any semblance of
linearity in the C, versus (7 curves, and tilting the

propeller rotates the curves bringing a different section of
the curves acrces the Cp = 0 axis,

The stablllity of the model as Indicated by the variation
of B, and stick force with speed 1s reduced for negative

thrust and’ Increased for positive thrust. The resulting trim
changes from positive- to negative-thrust operation are emall
for any Bpeed greater than 200 miles per hour, The minimum
trim speed is reduced to 150 miles per hour., Of the four
configurations tested this configuration ylelds the best
longitudinal characteristice 1n steady flight; however, 1t 1s
apparent that the effects of configuration are relatively
small wvhen compared to the basic effeots of a propeller
producing negative thrust.
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Steady t with .= To check on possible
tail mﬁé% a" resuit of i 5 negative thrust, a grid of
yarns, .located in a vertical plane at' the tail, was observed
as the thrust oocefflolent was varied. ‘At a Tc of -0.2 the

tuftes began oscillating badly, and at a " T, of -0.5 the dis-

turbance increased so that the tufts oscillated through an in-
cluded angle of about 45°, For T; = -0.4 and -0.5 the flow

near the fuselage reversed and the oscillation was so severe
that i1t would appear unsafe to operate in this range. 8Such a
test 1s not necessarily a quantitative measure of buffeting;
however, it seems likely that full power should not be used
for braking at low speed.

An obvious solution to the difficulties experienced with
full-power braking 1s to reduce the power output, By properly
selecting the power and propeller epeed it 1s possible to ob-
tain e great variety of T, versus C; relationships (fig. 5).

The longitudinal-stability characteristicas of the model in the
basic conf:l.gui-a.tion are compared in figure 38 for several power
conditions, - Only 25 percent power produces half the stabllity
change (dcm/ch) between Zero power and full power. Zero

pover appears to be the best operating condition, since it pro-
ducea good braking and yet does not cause large changes 1n
pltching-moment characteristics.

With gero power the longitudinal-stability characteristics
for the four configurations tested are nearly the same (figs.
44 and 45), Most of the effects noted with full power are
still present but to a lesser extent. Both stick-fixed and
stick-free stability as shown by figure 46 are satlsfactory for
the basic configuration, and, although not presented, were sat-
isfactory for all configurations tested. The elimination of
extreme stabllity at low speed and the Ilnorease in elevator
offectiveness remove the serious limitatlion of minimum trim
speed existing with full power. The A8, required to maintain
a given speed upon application of the brake 1s small, The
stick-force increments required to maintain a given speed ehow
no consistent improvement. However, stick-force characteristiocs
are a function of many variables and 1f A8g 1is small the in-

crements could probably be held within the deslired limits by
ed justment of these varlables,

Acocelerated flight.~ One of the flight conditions for which
the use of the propeller as a brake 1s considered is that of
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limiting the maximum speed in a dive, It is essumed the pllot
will use a predetermined amount of power to hold the desired
speed in the dive and then pull out without changing the power
output of the engilne. This maneuver may prove to be the critical
cause of the stick force required of the pilot to produce the
desired amount of normal acceleration. (A steady turn possioly

" would require more stick force, but this 1s not considersd. to

be a normal maneuver with negative thrust,)

The condition selected for analysis 1s a 70° dive at a
speed of 310 miles per hour, The thrust coefficlent required
to 1imit the airplane to this speed 1s -0.13 for an assumed
drag coefficient of 0,025, The variation of 8¢ and stick

force wlth normal acceleration for the basic conflguration
of the model 1s presented in figure 47. In order to give
& basis' of comparison, tlie variations.of .8y and stick force

with normal acceleration in steady turning flight with rated
power and posltive thrust at the same speed as the dive pull-
outs are shown 1n the same figure. The stick-force gradlont
is only slightly greater for negative-thrust operation (about
18 1b per g). It would be expected that the use of regative
thrust would result in higher astick-force gradients than with
positive thrust because dC,/dC; 1is increased and dCp/ddg

1s decroesed with negative thrust. However, dCp_/dBy de-

ciroases faster than d.cm/dse so that ncarly identical stick-

force gradients for positive and negative thrust are the net
results. Simlilar results were found for the other model con-
figurations, However, tho model with the ralsed horizontal
tail and inclined thrust axis gave conslderably higher stick-
force gradients (about 28 1b per g) for both dive pull-outs

and steady turning flight,

The numerilical values glven for the stlck-force gradlents
are higher thean are desirable and could be reduced by redo-
slgning the horlzontal tall, but 1t is belleved that design
changes for the purpose of reducing the stlck-force gradlont
with positive thrust will have a similar effect with negative
thrust. Since the stick-force gradients are of the same mag-
nitudo for both positive-thrust &nd negative-thrust operation,
the use of tho propollor as & dive brake appears to be satis-~
factory from the standpoint of stick force in dive pull-outs.
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Directional Cha.racteristios

.- -The du-ectioml-stabuity énd directional control oheirac-
teristics are discussed under the headings High speed and Low
speed, High-speed characteristics were obtained at. a, = -2°

which, for positive-thrust operatiom, corresponds to high~speed
level flight and for nega.tive-thrust operation corresponds’ to
diving ﬂight Lov-gpeed characteristios were obtained at. )
1, = 9° which, for positive-thrust operatiorn, ‘corresponds to
‘oclimbing ﬂ:lght and for negetive-thrust operatlon oorresponds
to decelerating level flight. ’

High speed.- Inspection of the Gn versus V curves for
the model with tail removed ay = -2° (figs. 48 to 52) shows

the model to be directionally unsteble with the propeller re-
moved and that the application of power T, = 0,03 or -0,019

has little effect on the stability. As would be expected from
consideration of the velocity effects of the propeller slip-
stream, the yawing moment supplied by the vertical tail is
increased with posiltlve-thrust and decreased with negetive-
thrust operation, The differences are small, however, and
because of small differences in the stabllity of the model,
tall off, the directional stability of the complete model 1s
nearly the same for positive- and negative-thrust operatlon.
Similar results were observed for the effectiveneas of the
rudder (fig. 70(a)).

Low ppeed.- The varlation of Cpn wlth ¥ for the model
with tall removed an, = 9° (figs. 53 to 59 indicates a marked
reduction in stability for positive-thrust operation T, = 0.35,

particularly for moderate angles of yaw. Negative thrust with
To = =0,19 has small effect on the stability, but with T¢

= -0.38 the stability of the model with tall removed is posi~
tive for the range of angles of yaw between approximately £10°,
For larger angles of yaw the stabllity beocomes negative and
approaches the value obtained with the propeller removed. The
positive stabllity exhibited for moderate angles of yaw 1s
greater with the single-rotation propeller tha.n with the dual-
rotation propeller (fige. 68 and 69).

These results may be explained by consideration of the ef-
feot of propeller normal force and the effect of the propeller
wake on the wing-fuselage combination, 8Study of the sketch on
page 14 will show the effect of propeller normal force with
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positive thrust to be destabilizing, and computations show the
effect to be small, For negative-thrust operation, the effect
of propeller normal force is stabilizing, but of such small
megnitude as to be inconsequential. Therefore, it is belleved
that the effect of the propeller wake on the wing-fuselage cam-
bination is the principal factor affecting the stablility of the
model with tail removed. Since the model is unstable with the
propeller removed, it 1s logical that it should become more un-
stable when the fuselage is immersed in the high-veloolty slip-
stream assoclated with positive thrust, and become less unstable
when surrounded by the low-veloclity wake associated wlth nega-
tive thrust, The reason for the S-shape of Cpn versus V

curves for T, = 0.38 (figs. 68 and 69) 1s not understood, but

it is believed to be primarily an effeot caused by the emer-
gence of the tralling portion of the fuselage froam the propeller
wake at large angles of yaw.

With the tall on, the directional stabllity of the model
for negative-thrust operation 1s reduced to approximately half
that obtalned with the propeller removed. The stabllity for
T, = -0.38 1s slightly greater than for T, = -0.19. This ap-

parently contradictory result is caused by the stebility char-
acteristice of the model with tall removed. The yawlng moment
supplied by the vertical tail 1s actually much less for T,

= -0.38 than for T, = -0.19, but because of the positive
stability exhibited by the model with tail removed (T, = -0,38)
the resultant stebllity is slightly greater.

The comperative effectiveness of the rudder (fig. 70(b))
1s in the expected direction;.that 1s, the effectiveness 1s in-
creased with positive thrust and reduced with negative thrust.
For negative-thrust operation T, = -0.38 (approximately full

power) the rudder effectiveness is so greatly reduced as to
make the operation of the ailrplane exceedingly unsafe. It 1as
estimated that about 5° of yaw can be produced by use of full
rudder with the single-rotation propeller, and about 20° with
the dual-rotation propeller., The reason for this difference
in yaw 1s not greater rudder effectlveness with the dual-
rotation propeller but lower directional stebllity which may
be traced back to the dlrectlional characteristice with the tail
removed, With T, limited to -0.19 (approximately zero power)

more than 20° of yaw can be produced by use of full rudder.
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Rudder hinge-moment charecteristics in general follow the
samo trends as the directional-stability and directional-
control- characteristics, but aré not amépeble to analysis be-
cause of secondary eﬁ‘eota. ’

Same ‘approximate rwldar-peda.l-foroe calculations were made
‘neglecting the contribution of the lateral-control system to
directional stability. For the high-speed attitude, ap ='-2°,

and an indicated airspeed of 300 miles per hour, it was found
that the average gradient of the rudder-pedal force was approx-
imately the same for positive and negative thrust, Assuming
an instantaneous chenge fram positive to negative thrust (T,

= 0,03 to -0.18), the change in rudder angle required to hold
zoro sideslip is about 23° right rudder with the single-
rotation propeller, and about 13° right rudder with the dual-
rotation propeller. The corresponding average change in the
untrimmed rudder-pedal force is about 40 pounds on the right
rudder pedal,

For the low-speed altitude (o, = 9°) and an Indicated

airspeed of 160 miles per hour, the change in rudder angle re-
quired to hold zero sideslip for the change fram positive to
negative thrust (T, = 0.33 to -0.19) 1is about 23° right

rudder with the single-rotation propeller, and about 3° right
rudder with the dval-rotation propeller., The corresponding
changes in rudder-pedal forces are about 120 pounds and 10
pourds on the right rudder pedal, respectively.

The effect of tilting the thrust axis is to reduce slight-
1y both the pedal-force gradient and the change in pedal force
for trim because of the slightly lower atability exhibited dy
the model with the tilted thrust axis. No rudder~deflected
tests were made with the railsed horizontal tail because of dif-
fioulties of deflecting the rudder. However, lnspectlion of the
C, eand chr versus V¥ curves for the tall-high configura-

tions (figs. 60 to 69) shows & slight reduction of dCp/dV and
dChr/d\Il for angles of yaw between *16C and a cohslderable re-

duction for greater angles of yaw. This effect may be caused
by Iinterference between the horirontal and vertical tail, which
in all probability would result 1n reduced rudder effectiveness,

From the standpoint of direotional stability and comtrol,
i1t appears that the best model oonﬁguration is the normal
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position of tall with the thrust axis tilted down. The use of
a dual-rotation propeller will reduce the trim changes with
use of power. For braking operation, the maximum amount of
negative thrust which may be used with safety is that corre-
spording to a T, of about -0.2 which can be produced with the

use of little 1f any.power (fig. 5).

It appears probable that the dlreotional stabllity and con-
trol of a single-cngine alrplane would be improved for braking
operation by the use of twin vertical talls. As one tall en-
tered the low-velocity core of the propeller wake, the opposite
taill would be emerging into the higher velocity of the free
stream, Thus the combined effectiveneass of the two talls would
tend to remain more nearly uniform throughout the yaw rango.

Dihedral Effect

The dihedral effect of the model progressively increases
as power is applled to a propeller producing negative thrust
(f1gs. 71, 72, and 73), Convorsely, the dihedral effect 1a
roduced with application of power to a propeller producing
positive thrust. It has been proved that the effect with
positive thrust results from the high sllpstream veloclty Ilns
creasing the 11ft on the tralling wing, and that the effooct
is a function of wing lift coefficlient, thrust coefficlent,
and distance from propeller to wing. It can be similarly
reasoned that the effect with negatlve thrust results from
the.lgg slipetream velocity decreasing the 11ft on the trail-

ing wing, and that it 1s & function of the same variables.
The increment of dihedral effect can be computed within 20
percent by assuming that the propeller wake trails in the
free-gtream direction and that the loss 1n 1ift occurs where
the wake crosses the wing.

The large dlhedral effect is undesirable, particularly
when coupled with the low directional stablility assococlated
with & braking propeller. The lateral-directlonal corro-
spondencc, as indicated by the ratio d&Cp/daV to dCz/av,

varles over a wlde range when power is changed from full-
negative to full-positive thrust (fig. 74). As a result, if
an alrplane 1s deslgned for proper lateral-directlional corre-
spondence in the positive-thrust range (which in iteelf is a
difficult compromise), it will became too sensitive in roll
for high-negative-thrust operation. 8ince for the dive oon-
dition both 1ift and thrust coefficients are small, tho
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problem is not serious, If full-power braking is used for the
torpedo launching run, ‘a definite problem exists; however,
other problems involved in the use of full-power braking at
low speed probably will preclude its use, For gzero=power
braking, the lateral-directional characteristics would not be
necegsarily ideal dut probably would be acceptable.

CONCLUDING REMARKS

The results of these tosts indicate that the propeller
may be uged as a meana of speed control for a slngle-engine
tractor-type alrplane to an extent which will be equally or
moro effoctive than conventional spoller-typoc dive brakcs,
particularly at low specds. The advantages in favor of using
tho propeller rather than conventional dive brakes, in addi-
tion to groator offoctivoness at low speods, are those of
simplification of the alroraft structure and conocomitant sav-
ing in weight. The disadvantages are the significant changes
of the stabillty and control characteristios of the ailrplane
produced by the braking propeller. These effects are largely
caused by the low-veloclty wake of the propeller flowing over
wing, fuselage, and tall, rather than any direct forces acting
on the propeller.

The results of the tests also show that the undesirable
effects of a braking propeller may be minimized by proper de-
aign of the alrplane, Tilting the propeller thrust axis and
locating the tall as remote from the propeller wake as possi-
ble help to reduce the stabllity and control changes accompany=-
ing the use of negatlive thrust. The use of a dual-rotation
propeller is of benefit in reducing the changes of rudder angle
and rudder-pedal force required for trim with change of .power.

By limiting the power output of the engine, thus restrict-
ing the amount of negative propeller thrust, the stability and
control characteristios may be held within the limits required
for safe operation and still produce adegquate braking. The
possibility of tall buffeting still remains to be investigated
quantitatively, but visual observation of tufts indlcated the
absence of serlous buffeting for the range of negative thrust
corresponding to acceptable operation from the standpoint of
stability and control. T '

Ames Aeronautical Laboratory,
Netional Advisory Committee for Aeronautics,
Moffett Fleld, Calif,, Jan., 20, 1945.
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APPENDIX
CONFIGURATION KEY FOR THE STABILITY MOLEL

basic configuration, model in normal flying condition but
without propeller (i.e., wing, fuselage, vertical tall,
horizontal tall in normal position, flaps and gear re-
tracted)

propeller
subscript 8 denotes single rotation
gubscript D denotes dual rotation

superscript denotes blede angle B 1n degrees at
0.75 radius station '

horigzontal tail

vertical tail

COEFFICTENTS AND SYMBOLS

All coefficlients are given in NACA standard form referred

to the stabiiit) axes, and are definsd as Ffollows:

‘L

o

g o &

1ift coefficlent (L/gS)

dreg coefficient (D/dS)

lateral-force coefficlent (Y/q8)
pitohing-moment coefflciemt (M/qSc)
yeving-moment coefficient (N/gSb)
rolling-moment coefficient (L'/qSb)

elevator ]:-Linge-mane_gt coefficient (He/qse-c-e)

rudder hinge-moment coefficlent (H./gS.c,.)
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Ts thrust coefficient (T/pVED®)

where .

11, 1b

drag, 1b (also propeller dlameter = 2,52 f£t)
cross-wind force, 1lb

pltching moment, ft-1b

yewing moment, ft-1b

H =25 2 < 9 B

rolling moment, ft-1b
elevator hinge-moment, ft-1lb
rudder hinge-moment, ft-1b
effective thrust, 1b

dynamic pressure (.% pV‘) 1b/sq £t

wing area (13.18 sq ft)

@ e uop g

(¢}

mean aerodynamic chord (1.627 ft)

b  wing span (8.48 ft)

Se elevator area aft of hinge line (0.819 sq ft)

' 6y elevator chord aft of hinge line (0.274 ft)

8, rudder area aft of hinge line (0.369 sq ft)

r rudder chord aft of hinge 1line (0,321 f£t)
mass density of air, slugs/cu ft

V  airspeed, ft/sec

n revolutions per second

In presentation and analysis of the results, the follow-
ing symbols are used in addition to the coefficlents:
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o, wmoorrected angle of attack of the fuselage reference
line, degrees

a angle of attack of the fuselage reference line corrscted
for flow inclination and tumnel-wall effects, degrees

ay, effective angle of attaok of the horizontal tail, de-
groes .- C .

angle of yaw of line of symmetry, degrees

v

qmt pltching-moment coefficient produced by the tall

ip angle of incldence of propeller thrust axls with respect
to fuselage reference line, degrees

1ty angle of incildence of horlzontal tail with respect to
fuselage reference line, degrees

8 control-surface deflection, degrees
subscripts

e elevator

r rudder

t horizontal tall
CORRECTIONS

The following tumnel-wall corrections were applied and
are all additive:

B

3 = 2
ACD- lchu
Aa =59%0Lu>< 57,5

ACy* = -85 % Op x 57.5 x%?:

*Appllied to tall-on data only.




0.122
0.135
0.0966

70 8q ft

NACA ARR No. S5CO1

Cp, = uncorrected 11ft coefficlent with tail removed

a
_S_m = =0,031

a1
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TABLE I.- DIMENSIONS OF STABILITY MODEL

29

Horirzontal Vertlcal
Wing tail tall
Area, total, sq ft 13,181 3.007 1,160
fpan, ft 8.479 3.667 1,250
Mean aerodynamlc chord, ft 1.627 - ——— cemmmem-————
Aspect ratio 5.4 4,52 1,345
Taper ratio »500 .513 .592
Root chord, ft 2.093 1.093 1.188
Tip chord, ft 1.047 . 561 . 705
' NACA 2418 con~ | NACA 0012-64 | RACA 0012-64
sgtant to sta- modified to |modified to
Root sectlon tion 1,766 feet | 10.71 per- 8,9 percent
outboard of cent thick thick
ocenter line
NACA 0012-64 | NACA 0012-64
T modified to |modified to
P sectlion RACA 2415 10.71 per- | 8.9 percent
cent thick thick
Dihedral 8o 70 | cmcmcamanaa
0° with center
line, 29 to
Incidence with respect to 20 0° left with
fuselage reference line raised hori-
gomtal tall
_ " S
Area of movaeble surface aft of
hinge line, sq ft cmrarccoraam- 0.819 0.369
Hlnge line, percent chord R T 66.89 66.46
Aerodynamic balance, percent
of area aft of hinge line T 29.9 28.2
Tail length, 25 percent mean
aerodynamic chord to center
line hinge, feet R T 4,315 4,320
Aspumed mechanical advantage
of control for computing
control forces, force/Cy q e 20 20
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(b) Raised horizontal tail and thrust axis tilted down 5°.

Figure 3.- Photographs of the stability model mounted in the
Ames 7- by 10-foot tunnel.
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Figure 74.- Effect of thrust coefficient on the lateral-directional cor-
respondence of the stability model in the basic configuration.
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