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NATIONAL ADVISORY COMMZITEE-FOR AERONAUTICS

EFFSCT OF -PROPELLER OPERATION ON THE PITCHING

-

MOMENTS OF SINGLE-ENGINZ MONOPLAKES :

By Harry J. Goett end H. R. Pass
SUMMARY

An investigation of the effects of propeller operation
on pitching nmoments has been made with particular referencs
to the effect of propeller forces, the field of flow in the
gslivstrean, and the increments of 1ift on the wing and the
taile. Two zingle—engine monoplanes without flaps were tested
in the full~gscale wind tuanel and efforts were made to cor-
relats the results with the available theory of the phew
nomensa involved.

LA vrocedure, directly applicabdle oanly to gingle-engine
monoplanes without flavs, has been set up for predicting
the effect of propeller operation on pitching moments.

This procedure is, at Lleast for the present, a satisfacto-
ry en3lincering approximation, a

obtained for the two airplancs tested. An example illus-—
trating the proccdure has.been included. T

INTRODUCTION

P

cffects of propeller operation on the lLongitudinal-
atabl caaracterigtics of modern airplanes are beconing
increas 17 important as tho airplanes become more ahizhly
powered. As part of a 3Ieneral investisation directed %to-
ward an improved urnderstandinsg of stadbilitr and control,
sore prelininary theorctical and experimental gtudies have
been nade of the effects of propeller operation with par
ticular riference to the single~ensgine monoplane without
flaeps. Theo experinmental work consisted mainly of full-
scale wind-tunnel tests of two airplanes and included not
only force nesasurcrents but also numerous surveys of the
alr flow in the region of the tail., In the analysis, an
effort was made . to correlate the results with the availabdle
theory of the phenomens involved.
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The correlation botween experiments and theory was
considered %o be sufficiently Zood to justify a general
procodure for calculating the effectd of propeller opeora—
“tion Yor single-engin noplanes. Tho method utilizes

sinplicied concepts o neralizations for which the data
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may bo consgilered moager. It was belicved, however, that

an on3incering approximation would be of some use for tac

nreshnt ot least until a nmoroe precise and conplete trent-
nment is doveloped.

. . 2
Tie first part of this paper contalins a résuné of the

thoory, tojethoer with comparisons betwcen the theoryr and
tho subjeet cxperiments; the sccond part - sunnarizes the
proposecd procedure for predicting the effects of propeller
operation and illustra vbes, by an coxemple, the meitlod of
smplication,

SYMBOLS
L 1ifd
O, 1ift coefficiont
Cp ¢ray coofficicent )
M pitehing nonent ‘
C,, pitching-moment coefficient ’

T axial propeller thrust

Vp nornal foree ackin q on o brovellor ineclined to the
~ir sbtroon

D propeller dianeter unlegs suﬁscriptea
v alr spoed
n rovolutions per socond
o] alr density
o thrust coefficient ——T——\
T -3 4/
pn D
- L} L. I ] 3 T
T, thrust coefficient g
I PV D
8 1 s . P 27
= Tc thruet disgk-loading coefficient -
o y oo (disk area)
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propeller normal-~force coefficient < 5)

- P 3 o amk P

powey coefficient e
. 3P

power input to propeller

. 2
‘local dynamic predsure (3 p V')

free-stream dynanic pressure
ratio of local dynamic pressure of alr stream to
free-strean dynanic pressure

ve1001t¢*1ncreﬂe”u factor at propeller disk!

alr velocity througn propeller disk
velocitr-increnent factor bvack of propeller -disk

air velocity back of propeller disk in the slip-
strean -~ - ’ -

function of -V/aD and blade anzle for an inclined
propeller for deternining normal force ac¢ting on
propeller (CNP/s*n o)

paraneter for determining dovawash behind an in-

clined propeller <——~—K—~—§>
Te(V/aD)
function of thrust distribvubtion in normal-forcs

-

velocity inside boundsry layer

™

ift~curve slope for infinite aspect ratio

area

span

chord

nean feonetric chord

digtance from propeller disk vo center of graviiy
of zirplane (measured parallel to thrust line)



H

8istance from center of gravity to elevator hinge
line (mecasured parallel to thrust line)

digtance from trailing edge of root chord to elevator
ainge line (measured parallol %o thrust line)

distance from quarter-chord voint of wing to thrust
‘line (measured perpendicular to thrust line)

distange from clevator hinge line to thrust line (neas-
ured perpendicular to thrust line)

dlsbtance from guarter-chord point of winzg to center
line)of slipstrean (measvred perpendicular to tarust
‘line

disbance from elevator hinge line to center lianec of
gslipstrean {measured perpendicular to thrust line)

distence fror center of gravity of airplane to thrusit
line; negative when the center of 3zravity is below

tarust line (mensured perpendicular to thrust line)

distance above wake center line (measured pervendicular
to wake centor linc)

radiacl distance fron center linc of Fuseloge to a
point ir the boundory larer

propeller radius urless subscripted

angle of attack of thrust axis

proveller blade ansle

angle of tall sotting relative to thrust axis

nagle between thrust line and line Jjoining trailing
edge of root chord and elevator zinge

(When the thrust 1line is wused as 2 reference, the an-
%le is vpositive if the t2il is above the trailing

ed%e.)

control~surface deflection (with subscripts); boundary-
layer thickness

downwasgh ansle

Vi1



A empirical fadtor used in deternln ing increase in 1if%
due to «llpﬂtream velocitv' - ST

. .
;.__.-_ . S

r;cal con tant for wln” lift due to sllpsﬁreaﬂ

'%‘,e' iric
’ nclination

Hud

Ay theoretlcwl factor usged in deternlning 1ncre s in
tall 1ift due to slipstredm - - " - .

¢ an3le of inclination.of win3z wake, radiansg’
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fugelnse
"A  airplane

e. elevator’

r sbation at interseciion of wing and fuselage

1 wvor¥ion immersed in slipstrean
is isolated
g slipstrean D
TESTS

. The airplanes uséd for the tests were tho Brewsber
XSBA-1 and the North. Anerienn BTZ9B; their principal dinen—
sions are 3Iiven in Flﬂures 1 and 2, respectively. A de-
seription of the NACA full-scnle wind tuannel and the nethod.
of correcting the dnta are siven in references 1, 2, and 3.
The tests consisted of exténsivé velocity and stream-angle
surveys in the region of the airplane tall and force meas-



urencnts on the airplane with and without tho horizontal

t1il, Those neasurencnts were nade over a range ol pro~
peller~opcrating conditions. The tunnel air speed for thesc
toats was about 80 miles per hour except for a few cases -
in vhich it was varied in order to attain desired values -3
of V/aD. Forco tests of the isolated horizontal tail sur~ £
faces wvere also made for a range of an3les of n~ttack and
alevator nnsles.

I. THEORY AND DISCUSSION OF RESULIS

In the analyvsis, the effects of propeller aperation
on lon%itudinal~stabllity characteristics have been con-
gidered in three parts: (1) the direct effect of the pro-
peller forces on the 1if% and the pitching moment, (2)
the chan%es inposed by the slipstrean on the field of flow
2t the wing and at the tail, and (3) the increments of
1ift on Dboth the vwing and the tail resulting from thesge
changes, These factors are discussed in the following
sectiong.,

Effect of Propeller Forces on Lift and Pitchinsg Homent

The resultant force exerted by a nroveller vwith its
axis inclined, may be dlvided into two components in the
vertical plane: +the thrust acting along the propeller
axig and the force nornal to this axis at the propeller
disk. The resultant 1ift and pitchinz-noment increments
are?

AL

]

T sin ap + Np cos am (1)
AY = Tz + Npl, (2)

The value of T in thies esguation, as shown in reference 4,
riay oe obtained from propeller data for an uninclined pro-
peller. Glauert has shovn (references 5 and 6) the nornel
force on an inclined propeller Np +to De a functiow of
the angle of ineclination, of V/uD, of Cp, and of the
thrust distribution alonsg the blade., The normal force nayv
be expressed as '

¥p

it
<2
=]
H
=
=1
i}
(o]

o* (3)
where. ' ‘

(4)

I
=
0
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Fron Glauertls equations,

X =0 0 ( i oL %% (5)
K = P nD/ T T AD 205 4% | e
. ) , HD !

where O is a function of %the thrust distridbution. Ace
cording to reference 8, € = 0,365 and, according to rofw
erence 6, 0 vwvarieg with V/nD. The correspondence of
Glauert!s theory with the experinental results of Leslay
(reference 4) is showa in figure 3, With C = 0.365, X
.cellent agreenent is obtained, as noted by Mllllkun in
reference. 7,

" The averazle variation of K, - when

, ¢ = 0,365, with
the paranmeters V/anD and B, is shown in figure 4 for
"the three-bdlade prcpallers"df ferences 8 and 9. Up %o

of 2.0, the var-

refe
‘blade angles of 45° and values of V/ad
i'ous propeliers showed little difference so that the plot-
ted waluoe noy bs msed for prelininary estimates of tho
vertical force on any conventional inclined propeller withw-
in these linits. The data of roeferenco 4 were taken for

blade angles up to 28,.6%: .there exists no known ecxperinmon-
tal vorification of the tnoory for the hzzhor blade an-
%lose In addition, plots of X against V/nD for the

various propellers are verv erratic at valucs of V/aD
Zroator thdn 2.0. These linitations of the data are not
considered inportant because these hizh values of blade
~ngle and V/nD are encountered at a high speed where the
angle of attack of the thrust axis is normally small. -
Figure 4 nay be npplied with su?Fi ient accuracy to other
than three~blade propellers by nultiplyiag X Dy N/S,
rhere ¥ is the nunbor of blndes.

Equations (1) and (2) transformed to coefficient forn
with the coefficicnt based on the wing dinensions becone
O 7202

AG. = — { in (s
et ) sin oy (5)

(where the effcct of the vertical force has besen neglected
because it is small) and

Ac {23 (U .u.z.. l.l-.) w



. Conparigsons between the calculated and the experimen-~
tal effect of propoller operation on the pitching moment
of the XSBA-1 and the BT-9% airplancs, horizontal talls
rernoved, are 3Jiven in figures B and 6. The asrecenment is
considercd satisfnctory and indicetes that the c¢ffeet of
nrovellar operatlion is accounted for by the propeller
forces for the tail-removed condition; the effect of the
slipstroom on the wing-fusolage comdination appears to bo
neglizible. ' -

The variables that determine the effcct of the proprl-
ler, and vhich arse under the control of the desizner, are
the wertical location of the center of Zravitr with respect
to the .thrust axis and the angle of incidence of the thrust
axis with .respect to the wing. It will be noted that
these variables primarily control the value of Z/cw‘ The
distance of the propeller forward of the . center of Zrav-
ity has only o slight ‘effect and will probably be estad-
lished by other considerations. Fizures 7, 8, and 9, in
which only the propeller forces are waried, denonstrate
tae effect of the relative position of the center of Fravw-
ity and the propeller on the pitching moment. In any prac-
tical application other factors, notadbly the flow at the
tail, require consideration and would »robably modify the
results of these figures.

The calculated chanze in ©C, caused by the nornal
force of the propeller over a normal ranie of Ll/EW val-
ues, is shown in fisure 7 for a conventional 1000-horse-
power sinfle-eniine nonodlane with characteristics the
.same as those of the srirnlane described in the illustra-
tive exanple ir the last section of the naper. The calcu-
lated variation dus to the thrust component iz shown in
f¥3ure 8 and the effect of inclination of the propeller
axis (the location of the propeller hud being unchanged)
is shown in fisure 9. It is evident that a marked change
in d0n/dC; can be obtained by changini cither z/¢, or
the inclination of the propeller axis.

Field of Flow at the Tail

The velocity in the region of the horizontal tail nay
be considered ag the resultant of three superinmposcd fields,
nanely, the fuselage wake, the wing wake, and the propeller
glipstrean. The separrie velocity fields, showvn in ideal-
ized form in fizure 1C "1 be discussed in the following
sectionsg, L

oL-1
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The results of the survers of the alr flow in the re-
3ion of the ftail are pregsented in figures 11 %o 19 for the
XSBA-~1 airplane and in figures 20 to 26 for the BT-93 air-
planc. For the propeller-removed condition, the fuselase
boundary laver, the wing wake, and the rezion wherc the
two fields condbine ars evident. The strong local dowanwash
fields nbove the fuselals ars nossidly assocdiated with the
flow breakdéown over the cockpits. For the propsller-
operating conditions, the slipsitrean linits are clearly
definod; vecause of the interference from the ving .and tle
fuselasgs, howéver, the siipsiroanms are not circular dut
gonerally have some othor characteristic shape. The dif~-
feronce bhotwoen the downwash angles on.the two sides is
due to rotation. : 7

~ Fusgelaze wake.- The characteristics of the fuselaje
boundary laver aro dependent upon the dras, the zeometric
characteristics of the Ffuselasze, and ths angle of attack.
As a first approxinmation, however, it mav de assuned that
the fuselase boundaryr lawer is symneirical about the fuso-
laze and that its velocity distridbution veries according
to the l/?-power law (as sugsested in reference 10 for
fuselages): .

. S _ o 1/7
Z&—.R_F.-

7 <—‘__'3"":/ o S ey

where Reo is the fuselasge radius at the elevator hinse
line and &8 is the thickness orf tae boundary layer. It
may o6 assumed that the momentum loss in the boundary layer
near the rear of the fuselage corresponds to the entire
fuselage drag Dy (reference 11); thus

D¢ Cﬁ.?ﬁ' /u.27
%o YA v/
Rf+5
. Iﬂ r/x — Rf 1/7 - ) Rf 2/77
= 4n | [ S - (m—= xdx
L /s
Ry
o m F L 7m :
= %0 5 + T8 8 Re | (9 )



waich mar be solved for the Poundary-laxer thickneans:

B = 1.67 Rp + ,/ 2,78 Ro® + 2.72 Cp, Sy (o)

waere ch is based on the wing area.

02 most of the surveys behind the BT-9B airplane and
on some of the survers Yehind the XS3A-1l airplane, the Ffuse-
lage wake was clearly defined and separated from the wing
wake. For these caces the wake characteristics were in
satisfactorr agreement with ecquations (8) anda (19), where
GDf was the difference detween the veasured drasg of the on-—

*

t*rc airplane and the computed ar%ﬂ of the zinq. Both of
the equu*ﬂoas and the survews indicate that, For the usunl
r“n”e of fuselage size and fusclaze drag, tae average
lociLV~¢ac"ement factor 1n the fusgelazge boundaryr larer
mey be taken as ~0.07,

Fies watc.~ The theory describing the width and the
voloelsr distrivution of wing wakes is 3iven in references
12 and 15, ard caarts are therein furanished from vhich the
displacenent of the walk elow the wing trailing edge nmar

e
be Getermined as a Ffuncs:

b
ion of the wing l1ift coefficient,
the plan form, and the asy

ect ratio.

The variation in dynamic pressure in the wing wake is
¢iven as a function of the »rofile draj of the wing, the
distance beaind the wing, and the distarce above or below
the wake center line. The profile drag of the inboard sce-
tion. of the wing, the wake 0f which passes over the tail,
mav be estimated from airfoil data. The distance behind
the wing can be determined directly from tae dimensions of
the airplane. The distance of the tall avove tae wake cen-—
ter line may be expressed as follows (see Fig. 27):

P

[

itan (ap - €3) =~ San ¥ i (11)
L |
which, for moderate angles, becomes

m = i5 <mT -~ e - Y> (12)

The anvle of downwash €y, in the center of the wake, will
be approximately equal to GL ¢ where ¢ is the ansgle of
inclination of the wine - e (from reference 13%). Table I
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11
lists values of ¢ for wings of various taper ratios and
aspect ratios. :

The foregoing method was used to determine the values
of q/q, due to the wing wake at the tail locatiom of the
X8BA-1 airplane and, because the average valuescof ofq,
were also experlmbntally determinsd, a direct comparison
was nade. (S2e fig, 28.) The agreement between the ex~
perinental and the theorctical values is counsidered satis-
factory., On the BT-9B airplane, which has a low wing and
a comparatively high %ail, the winsg wake was below the
tail throushout the flisht range, as indicated by the fore-
going tacorr.

Slipstrean velocity.- The simple momentum theory indi-.
cates that the relation hetween the propeller thrust and
the, increment of dwnanic pressure in the slipstream may be
expressed as follows:

Ag _ 8 s 1 /‘“’“‘a‘“)
— o e a = e om o= |- + + = 7
A = Tc ‘ and a 5 5 1 1L+ = T (13)

The simple theorv assumes a uniform increment in velocity
over the slipstrean area. Owing to the ronuniform dis-
trivoution of thrust along the propeller, the ratio AQ/qo

varies consideradly over the propeller-~disk area; tae
tneoretical expression, however, may be used as a food ap-
proximation of the average.

No allowance ig made for the digtortion of the slip-
stream caused by the fuselage or the wake. TFor the XSBA~1

and the BI-9B alrplanes, the slipstream diameter in the re-

3ion of the Htail may be taken to be equal to the propellsr
diameter D insternd of equal to 0.8D to 0.9D, as would be
calculated from the momentum theorv. 4 comparison beitween

. the calculated and the experimental dynamic pressure incre-

ment Aq/qo, averazed over the propeller diameter at the
slipstrean center line, is ziven in figure 29 for the

X5BA-1 oand the BT~ 23 WLLnlunbs. It will e noted that the

exnevlﬂertal voints and the theoretical curve azrece within

‘10 percent; it mav-therefore be concluded.that the averase

charasctoristics of the slipstream corrcospond fairly wsll
with those indiénted by theorv despite. interference effects.

As %the tail moves away from the center line of the
idealized circulgr slip:.*ream, the average value. of Aq/qo
taken over a span equa. . .-e propeller diameter would
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vary accordiny to the following relation:

<q g2 _y.2
(Aq R

G

=0 h"b=°

where ht i1s the distance of the tail above or helow tae

slipstream center line. Actually, the slipstream is not
circular dut is considerably distorted oy the induced
sideward flow of the wing, dv the fuselage, and by the
propeller—slipstream rotation (reference 14). Comparison
of the exverimental surveys and tae theory for the BT-93
and the XSBA-1 airplanes shown in Figure 302 indicates
that, in spite of these interference effects, equation
(14) revresents a fair averafe a2nd the slipstrean maw
therefore be considered cylindrical.

Iacrement of downwash due %o the slipstream.- The
theoretical angle of downflow of the slipstreanm behind an
ineclined propeller is given by Glauwert (reforence 5) as

S . 2a(l + a) (3 + k) (15)
% (1 + 2a) [1 + a(l + k)]

wvhere ¥k is defined in terms of the normal-force constaht
~of equation (5):

R S (1)
-
R
¢ \nD

ven in 71 Qure 31 for warious vaolues

'.i
fte

Values of  ep/ag are 8
of T, and X/(v/nD)".

A Further inecrement of ‘downwash, correspondiang to the
increnent of 1ift at the wing, exists in the slipstream; i%
has beoen nssurba, as & rouga approximation, fto o equal 1o
¢ACL where ¢, given in tadle I, is based on the ovor-
all dlnensions of the wing ard Al will be discussed in

T :

e later section.

L-T
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It appeared from the surveys.at the tall that, to a
first approximation, bthe down:law due to the propeller and
hat due to the wing are addlclve- that ig, the averase
downwash angle at the tail is the sum of the wing downwash

n3le ¢0; and the slipstream downwash angle averased

ct

. ) 'b'b.
across the tail span <§AGL +"€P>~——i, where the faclor
: W by
Dy, is the tell span immersed in the slipstream, as dew
3 _

.rived in the next section. In the theory, the downwash in-
crement is dssumed to De uniform and confined to the slip-
stream; actually, because of turdbulencs and interierence,
it appears to affect a consideradle region outside the lim-
its of the slipstream. Tor this reason the incremént was
averaged across the tail span when the surveyrs were evalu-
.ateds Comparisons of the average experimental downwash—
angle increment due to the proveller across the tail with
the calculated increment for the XSBA-1 and tho BT-9B aire~
planes are shown in_fiqureu 32 and 33, respoctively.

e actual dovanwasih-angle distrido-
e tail for a power-on condition
¢ extent to which such high ro-
1
1

An illustration of %
tion across the span of %
ig ghown in Ffigure 34, 0
tations as shown nere comr:
129
n
i

iy B

d‘

2

icate the calculation of tail

able data indicate that, unless

to cause stalling of the tail

an upwvash, it doos not require
n figure 35 nre shown some Tow-

1if$ is unknown. The av
the rotation is sufficie
on thoe gide where there
separate consideration. f

sults of unpublished tests of the XF4U~1l airplanc in waich
similar thrust conditions were obtained with various val-
ues of B =and V/aD, corresponding to various cfficien-
cies and various amounts of .rotation. From this figure

the pitchingemoment increment appears to be a function only
of the thrust coefficiont ond is esseatially independent

of B.

u Hn d'l-""d [ o 3 el

sumed slipstrenon characteristices at the tail
ofether with the corresponding tneoretlc al and
1 charascteristics, are as Tollows:
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Velocityr and dowr-—
wosh incremerts

Thaory

Cirecular

0.8D to 0.9D

Uniform and conr-
fined to erwliandcer

Survers| Distorted, usunl-|Spread over Nonuniform and
1y vita a chaor- almost en~ sprend ovor al-~
"acteristic shnpe| tire tail mogst entire il
apan (for span (for the
the by/D by /D ratios
ratios tested)
testeod)
Agsunp-| Circular (figz. D Uniform and con-
tion 30) (fig. 29) fined to cylin-

der (fige. 29,-

%2, 23)

Location of the slipsiroam wiith rosvect to the tail.-

It is asg

an anzle
angle

€P+€

umed (fie,
€p
w

36) tha

% the

glipstream ig inclined at
between the propeller and the wing and at =2n

between the wing and the tail.

The dig-

tance from the elevator hinge line to the center of the
slipstream is then

2%

= (Tll'l‘.bg) tan Q’alIl - Tfl tan (EP e 7’8 tan'<€w+€P) et d-'b

which, for small angles, reduces to

hy = 1 (@T - GP) + 1a (&T - & .

where €

W

ig assumed tc be aqual to H
q Iy
P

the tail immersed in the slipstream is

' 2 . 2

Increments of Lift on the Wing and on the Tail

€p) - d

(17)

(18)

« The span of

The problem of an airfoil immersed in an accelerated
jet of alr has beon studied theoretically by Koning (refor-
ence 15) and experimentally by Smelt and Davies (refercnce

18).

L-T
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Smelt and‘Davies“preéent their results in the form
(chenzed to NACA notation) :

My = Of, —ak A5~ R A ahes  (20)

g the 1ift coefficient of the isolated air-

[y

whare -
hls

T011 in the uniform field, A 1is 7iven by the experimen=-
tal éurve of figure 37 as a funchiion of bl/cl, and Al

A matter of interest, the corresponding theo-
retical curve, besed on Koning's results, is also shown

in the Ilvure. The first term of eguation (2 20) corre-
sponds to the increased velocity in the siipstream (or de-
creased v31001tv in g wake) and the second term corre-
gsponds to the change in the local angle of =nttack. The
present discussion is concerned mainly with the "DD1101~
tion of tais- equatlon.'

{le
42
o
.
[0}]
-
P
w0
b]

Increment of 13ift on the wing.- Inasmuch as no. fuge-
lage wasg used in the tests of reference 16, direct appli-
cation of the results to the ving of & single—engine mono-
plane may apprear questionable. OComparison of the calcu~
lated results from reference 16 with the results of the
present tests (figs, 38 amd 39) nnd also with the resultbs
of o P-38A model tested in the NACA 7- bw 10~foot wind
tunnel (11,. 40), however, shoved satisfactory agreenent;
none of the more obvious modifications of the method to
take care of the presence of the fuselage seemed to im-
prove the asreement. Accordingly, it appears that the:
rethods of reference 16 nny be directly applied without
rezard %o the presence of the fuselage. The methods of
estinmating the constants of equation (20) are here sunna-
riged:

The angle of inclination of the slipstrean &p 1s
found from figure 31 for the given values of Tc and

2

X/(Vv/nuD) . The velocitv—increment factor back of the pro-
peller disk s is taken as twice the velocity—increnent
factor at the propeller:

il
n
o5

s (21)

The disbtance of “he wins 1lifting line from the axis
of the slipgtrean is

hy =12 (QT = €P) ~ dy | (22)
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where the angles are in .radians. The span of the part of
the wing fthat is immersed in the elipstreon is .

| Oy = e/[nla - 4h;? o - - (28)

vvhere

il
o]
FHH}
i+ 1
|1
ml'e‘-il
Y
0
h'}
S

Dy

The factor A is 1.0 for 5ingle-én%ine nonoplancs. .- -

The inerement of 1ift on the wing nmav affect the
pitching nonent, dependiny on the location of its point of
application relative to the center of gravity. The direct

I3

effect of the propeller forces, however, accounted for es— .

sentially all of the obnerved effect of power oxn the pitch—
inzy nmonents for the tail-removed condition (figs. 5 =2nd 6).
Accordinzly, for a single-eniine nonoplane. it apvears

that the change in pitching monment of the ving-fuselacge
conbination mav be nedlected. '

Ingrements of 1ift on the %tail.~ For the power-off
condition, the tail suffers a2 loss of 1lift and of eleva—-
tor effectiveness due to the passage of the fuselade wake
over it. The effect is relatively small. It could be
calculated with satisfactory accuracy by applving tiase
nethods .0of the preceding section, the slipstrean now beinsg
replaced by the fuselage wake and the wing being replaced
by the tail. The term bti _i1s here the dianeter of the

i
s

wake, vhich mar be taken as 2(Re + 8), where & s

siven by equation (10), A is still 1,0, a2nd 8 corre-
sponds to the averago velocity change in the boundnry :
layer and nay be takern as -0.07 unless the wing wake also
passes over the tail, in which case s -is furtier reduced.

- Tablae II shows the agrcenont between the oclevator of-
fectiveness calculatod by this method and the. experimental
values of the elevator c¢ffectiveness.

' For the power-on condition, tae increment of 1ift and
the slevator effectiveness due to the slipstream is super—
imposed on the (negative) -increment jusbt discussed. . Cal-
culation of the change in elsvator efrfectivensss by the
precedins nethod, hovever, Zave results nuch lower than
the experirental results. (See table III.) The discrep-



1
~2

ancy apparently cones fron thae use of the experineantal
A~curve of figure 37, which is probably not applicadle to
this .case. because ratios of b/D ecovering tail plares

were not tested and Koningls theory indicates that this
parameter requires consideration. Koning's theoretical
results (reference 15) were therefore worked up for a ransge
of /D covering tail planes, and a2 kt~curve was ob=

tained (fig. 41) The a=reement between the experinental
elevator ef ?ectivcness and the calculated values based on
this curve is nuch better than before (see last two col-
unng of tadble III), although it is not clear why the theon-—
ry should Dbe applicable at the tail and yet give definite-
lv hish rosults at the wing. The valus of bt used in

theso calculations was derived from equation (1 9) it was
practically equal to the propeller diamoter in ne orlv
OVeTrY Co56.

The data were not adapted to the direct evaluation of
the factor A!' (equation (20)) for the case of the tail
in the slipstream. Some calculations of this paranocter
were made, howover, by comparing the tail-on and the tail-
removed data on the basis of values of s, Ay, and Ac

values determined by the mothod alreadr discusscd. The

gt of the valueg thus obtained was octw cen 0.7 and 0,9.
Althoush, as with A, it night be expected that A' would
be increased for the case of the tail, the data are hardly
sufficisnt to Justify a revision of its value.

All the important effects of propeller operation on
the complete alrplane, flaps up, have now been evaluated
to at least a first approximation. As a check on the gen~
eral applicability of these approximations, the effects
of propeiler operation on the pitching moments, and hence
on the stabilitr, were calculated Ffor the ASBA-1 and the
BT-9E airplanes. The conparison between the calculated
and the experimental effects of propeller operation, to-
gether with wvalues for the propeller-removed condition, are
presented in tables IV and V and in Figures 42 and 43.

For tahe two ﬁl;blhkvs tested, the differonce between
propw¢1er~renovﬁd and propeller—operatiag conqvtlogs is not
very narked; the largest difference shown is equivalent to
about 2° of olevetor doflection. The slipstreom incresases
both the wveloecity of the gtrecan and the dowawash at the

tail, Theo corre sronalu, eff ¢t of each changze on the pitch-
ing moment is considerable; thesc chnnges act.in opposite
wa¥ys, howewvor, and tend to cancel, nlthouwsh the difforonco

betyecon taem is still important. Tnc dl-IOrpﬁGO betweon
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the ea lculwtbd and the oypor¢rental pitehing momonts for
tho XSBA-Ll airplane (fig. 42) could be nccounted for dv o
discropnncy of onlv approxinately 1° in the Jovawnsh naglo.

95T

II. APPLICATION TO DESIGN

part of theo paper a stop-by¥-sicp nmothod of
predicting s offect of propeller operation on the pitech-
ing noment of a singleo-cngine moznoplane without *lnp is
outlined and illustratod br an exarmnle. It is nssuned
that the Zoonetrical charactoristics of the alrplane are
girin, tozother with 1ift, drasg, and pitchi:ﬁ-nomcnt
curves Tor tho powor-ofr condition with $2il on and off,
propeller chanrts, ani ongine charactoristics. A constont-
spoced propoller operating at coastant power wos choson to
sinplify tho demonstration. The n~nglc of attack of thoe
shruet oxis will be talkon as the indepondent variadle
throushout tho enlculations.

In thi

2

tn O d“ w

}.

[N

-F

[

|- b
l

Detniled Procedure

A. Dotormination of propecller~operating charncteristics

1. GCrleunlate V fron valuocs of GL obtaincd fron
. [»]

wind~tunnel data.

2, GCalculate V/aD and Cp fron the cnzire chnrac-

teristics,

%3, Pick off vnlues of B nnd Op from approprinte
propeller ciarts (reference 17).

B, Effect of thrust ~nd znormal force of tho propeller cn
the Lift and thoe pitching nmoment :
Crp ' : .
1. OCalculate T, = ———=——z and solect wnlucs of X
(Vv/2D) - .

from figure 4.

* 2. The cffect of the thrust on the airplane 1lift is
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3. Tho effect of the propeller forces on tho airplane
pitchinsg nonmeont is _ P

2 a
AC = 2D ) L (c:-n :_E- + X sin & _—_-l'->
op S (v/aD)® T ey - T Cy

C. Wing 1lift increnent due to the slipstroean

1. The location of the ving with respsct to the siip-
strean contor line is '

= - - ] ; ;
h, = 1; (ag €p) dy, (an%*es_ln radians)
nod from figureo 31.

2e The slips tream~v010c¢uv 1ncrembnt will be assuncd

Y

to have reached its full valueo at the wing, so that’

3., The voritien of the gvan of the ving innersed in
the gli stream is - : ‘

5 5 . /T
\F Jri -~ 4h.®, whero D; =D m/rl i

4, The aspect ratio of the immersed portion is
g0 that A mnav noyw be deternined from figure 37;

—
Dygy/ Cuy

it is usvally cqual to 1.0.

5 Tho wing-lift incromont is
b,.,. C
ws Cws
60p = ——E2_—-l g (A =~ 0.6 &y A¢)
gv4 Sy o}
where Cy, is the power—off 1ift cooefficient, a, is the

S ms 8 o « P
infinite aspoct ratio lift-curve slope (0.11), and Ae =
€p 1s the change in angle of attack betwcen propeller—

operating and propcller~removed conditions.

The propoeller-oporating characteristics as dobtermined
in gtop A are calculated for a velocity based on the pnwor-~



efficient. Althoush the approximation is falirly
cond adproximation with the use of the power-on
cient may be made at this point if further re-
g desired., The results of the illustrative eox~
ample presented in a later section. indicete that this sec—

ond approximation is usvally unnecessary. The chanze in
tail 1ift may be assumed to be negligidle.

H o O

OL-T

D. Location of the tail relative tn the slipstream center
line and the immersed span of the tail

. Le The location ig

,

By = Uy (ap - ep) + 1p lap - & = cp) - 4y

(angles in radians) where €p is determined from Fiure
21, The value of Sy "is calculated by the use of rofer—
ences 12 and 13 or from &, = (Cp + AGLW) ¢, where ¢

+

is 9iven in table I,

N

2e The portion of the span of the tall immersed in

the glipstream is
=2/Ra*h2
bti t

and the aspect ratio of the immersed portion is bti/Cte'

E, YVelocity increments at the tail

e ta2il area outeide the slip-

It is assumed that th
¥ the free-stream dynamic proa-

stream 1s acted on
SUTE .,

t
D

l. The velocityﬂincremént factor due to. the slip-

stream is
. 8 '
— - M
8q = M/Fl + = T = 1

2. The velocitv-~increment factor in the fuselage
boundary laver will be taken, forall cases, as

8p = = 0.07



3., The velocity~increment factor in the wiag wake isg

it et it it o e

s, = /1% (_ég -1
' Qo
where (from reference 12) | .
1/2 oom
(a— = 7 cos 2 R
w2+ o0.3 0.68 ¢y */® <~-3- B o.15>
Cr (o] cr )
_II‘.:-' . I . -. . ' ’
Cp . .
for g 178 < 1
1/2 by '
0.68 c4 (—— + O.lB)
0 | \Cp
Ag
If the expression ig 2zreater than 1, (Eﬁ . 03
: o
w

mo= T, (Y - ap + ¢ ) (anzles in rediansg)

f

Yo

0
B

a d, is the section profile-drag coefficient in the

vicinity of the root chord.

P, Effect of slipstream on the tail piftchinzg moment
Tither of two procedures may be followed to odbtain
the effect of the slipstream on the $tnil pitcaing
moment, depending on the manner in which the isolat-
ed tail 1ift is determined. Fisgure 44 illustrates
the situation. Note that all coefficients are based
on wing area.

1. The value of CLt may bpe deternined fron
. 4 i 3 8 . ) U
propeller—removed bail-on and tail-reroved tests and is




wihere

The velue of &8 is given by equation (10), a valuc for

GD{ being assumed; ¢y, is the mean 3eometric chord of
f i

the tall inmorsed in the fuselage boundary larer; AN isg

deternined fron Ffigure 37 and corrcsponds to

2(qy + 8

B

Eti

Subgtitution of this value of th in the following
i
¢

ct 0

eguation for A aivesg the offe of the slipstroean on

=g
the toil pitching nonont.

2, The value of G mar also bo directly deter-~
isg
mined from the isolated tail character ¥ the usge of
the effeetive angle of attack at the tail. The isolated

t2il charactoristics mav be estimatod from refcrence 18 or
reforence 19 or from wind-tunncl tests of the tail. Tho

effoctive angle of attack of thc tnil (power off) is - a =

Op =~ € + iy, where g nay be Tound from recferonces

12 and 13. The effect of the slipstrecam on the tail pitech-
ing momont is '

.Lz . b.b N 'E.b . S-[;
Ac 2t e ...__:_"-..........;. cx (CT A o amr——— A' & A E)
m = Sg t = ot
5 Cw S¢ ftis _Sw
where .
Ae = ¢ + €y = € -
wp P Yo

The valus of A% ig determined from figure 41, A!' = 0,6,
aq = 0.11, nd the other factors have dbern previously evale

uated.



G. OCalculated.effects of propeller cperation

.

1. The power-on L1if¥ i§ .0

3 Op .= Gy + MG,  + A0p + AG
O . . ,
- Lp ' “o Lp Ly Ly
= s '
where _ACLt nay usually be neglected.
2. Tae power-on pibtching moment is
v = 0 + AC + AC
Ty ng T “Vop g
3. ZFrom the plot of Gq‘ against ap oxr Of
S Hp S P

the effect of propeller opuration on pitching moments may
be deternined. . : .

bl
L . L. o ' . ! R g
HE. Determiration of elevator angle required fron trim
ias to calculate the power-on clevator E
s for esch angle of attack. The procedure
lar to that used to determine the tail-—
nt with propeller operation:. x

is verw
1ift iner

1. If it is assumed that —§E> ig given,
- . . . . . N e - ..

G N e
2(Re + 8) _

- 1g 1+ SME T 005
% b

o

(s + 85) A

Y

he power-on clevator eoffectivenecss is %iven dy
s ’ e . ' : .. . e
<E9g> : . : : : B .
d&‘a . . . . o o ’ '

L eTey e
e e A R LA

n
-
+

. S ' ’
or may also be expresscd asg

(53
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bt a0y

) - (Gor) 2, G

3., The elevator angle required to trinm is

Illustrative Exanple

The detalled vrocedure of the precedinsg sections hogn
been applied to a typical case. The given date arc pre-
gsented below and the steps in the cnplculation are givon in
table VI.

Airplanc:

¥ing areca 8 gquare foet - - 4 ~ - - = = - - - =~ 250

W!

Gross weight, poundg = —~ = = ~ = = = « = = = - = 6000

Rutﬂo of digtance fron propcller

disk to conter
of sravity to mesn wing chord 3

k
[C; = = == = l.44

Ratio of distance fronm ceanter of sravity %o

tarust line to mean win9 chord z/Ew - . N8

Distance fron center of sgravity to eclevator hinge
line 15, feet -~ = = = = = = = = = = = = = =~ = = 18

Agpeet ratio of wing = = = « = = = ~ = = = ~ = - - 8.4
Taper ratio of wing = = = « = = = =« = = = = = = = 2121

Wing chord at root ¢

r!
Distance from trailing edge of root chord to cl- '
evetor hinge line 15, feet = - - - - - - - - = 12

Span of tail bt= FOOL = = = w0 = o= o o m m o= = 12,27

a1



"Propeller:

Airplane (cont.):

_ Aspect'ratip of'taii F:A‘J'a e e e = e m Z mom. B
Ta per ratio’ -of tail N —'~l3 -~ - - 2,831l
Rotio of fall spai to wing span’ by/by - - - - = .508

Engine:

Ungearcd ongine developing 1000 horsepower at 2100 rpnm

)

Go*utant—SDAGd onornt;on

fD amctor of nroncller, thrn°~blaae Burgéau of
Acronautics drawing No. 5868-9 (reforence 17)

FOOL ~ = = = = e o i e m e e e e e e e o e 9
“Scction profilesdrag coefficient in. vicinit¥ of root
~chord o4 - e % e e e e

(o]

Lift-and pitchingwnoment curves; tail on and tail off:

Deta given 4 ftable VI

The results of the dllustrative exanple, summariged"

-in fTigure 45, are of the same:Zeneral nature as those ob-
"tained from the tests of the twa airplanes in the full-

scale wind funnel. In general, the effects of the-increased
velocity and the downwash on the horizontal tail tend to
cancel, althousgh the difference mav still affect the pitche
ing moments. The results also indicate that the direct
effect of the Propeiler is probadly the most important sine
gle barameter 1n71uenclnr the lons 1+ud¢nal ,stability.

Fisure 45, in addition, presents the pitching-moment
curves Tor various elevator deflections and it should dbe
ted taat the lonvltudlnal $bability caap#eﬂ with elevator

"dellecﬁlon.



CONCLUSIONS

The Following concliisions probably apply more or lecs
enerally to sinzlo-~engine moncplanes without flaps!

94 1

. 1. The location of the tarust linc relative to ths
cenbter of gravity ie the most importent single factor do-—
tornining the effect of propeller operation on piftering
moncntg.

2. The direct offoct of the propeller forces on the
vitching noment of theo airplane can be ealculated wilth
satisfactory accuracy by the nethods giver.

S he effeet of the slipetrezm on the pitcaias no-

nent of ﬁ“m wing-fusclage comdination mav b2 neglectoed.

4, Tho glipstrean iz
at the t2il dut alse inerc

s thc veloeity of the ailr
o -,
affeoeting the n*tcnin eﬁt i

8¢
the dowawach, thus usually
n opposite. wars. .

-

o
2
S

X

. 5. The win% downwash and the downwash in the sl
str-am of an inclined propcllor are aporoxinatoly addi
at the tail. '

6e The velocity digtridbution in the fuselage vound—
ary layer at the taill apnroxinately obeys the l/?—nower
law, and the thickness of tae boundary larver corresponds
to the .entire Pusela?e dras .

7. The 1ocatlon of the wing wake and the veloclty
diskribution in the wake corresppad ggtlsxactorllv to equa-~
tions derived in NACA Reports Nos., 651 and 648,

. 8. 'The change in the 1lift of the wing due to the
. 'passage -0f 2 glipstreanm over it may be conputed with rea-
sonadle vrecision by the nmethod of R, & M. No. 1788. Tae
nethod has Dbeon modified, however, for application to tae
tail.. ; - ' '

- 9+ The methods of analysis uscd in this parper leazd
to o procedure that is su*fﬂclentlv accurate for onfircer—~
ing design.

Langley Memorial Aerounautical Laboratory,
Wational Advisory Committce for Abron&ut cs,
Langleyr Field, Va.
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TABLE I

Values of Angle of Inclination of Wing Wake
¢ for Various Wings

Aspect ratio Taper ratio

(radian)
0.10
.13
213
J1h

L-761
O

0.08
.10
11
12

0.05
.08

09
.10

Ul o VW - VT v -

TABLE II

Experimentael and Calculatod Elevator Effectiveness
for XSBA-1 and BU-9B Alrplenes, Propsller Removed

(The A-curve of reference 16 usged for computations)

Tlevetor effectiveness, dC, /a8,
Atrplane| “T s, = -0.07 + 5, |  BXperimontal Caloulated
(dog) ! ()

XSBA-L o3 -0.11 ~0,01h . =0.015
3-7 "013 "0013 "1015
TeT -.09 -.015 -,015
12 07 "00_7 ="001-6 “0015
BTGB 0.2 -0.07 -0 014 -0,Q1h
3.7 ~+07 =013 -.0L3
7 '7 = 007 - 0013 e -013
11.9 "'007 "’tOl3 '-013

8The calculated values were obtained from the following equation:

o . . 3ot .1 rac,,
L\ o)1 s _Eﬁi_zailﬁkl A (-0.07 + &) (;;%{)
B ) S &/ig



TABLE III

Experinental and Calculated Rlevator Effectiveness for
XSBA-1l and BT-SR Airplanes, Propeller Operating

Elevator effectiveness, d0,/d8,
Experi-~_ | Calculated | Calculated -
. “r g nental | from A~ from Ag-
Airplane 7w Tci Ss curve of curve of
(de3) reference | reference
138 15
: (a) (v).
X8BA-1 [ 3,7 |0,39 |0.18 | -0.020 + =0,0L7 =04 017
o7 | oB4| .24 | =,020 -, 018 ~,019
7.7 | W71 .31 -, 023 -, 019 ~.020
12,7 |1.30} .52 -,028 -,021 —o 324
12,7 | 1.60] .61 -, 030 -.022 - 026
BT-93 0,2 | 0,14]0.07.{ -8,015 -0, 014 -0,014
B L2110 .10 -,014 -, 014 -, 014
2.7 427 L19 ~.016 ~.C15 ~o¢O0LB
7-7 .42 .19 -‘;le "1015 "0016

8The calculated values were obbtalned from the following
equation:

ac r Cy 2(Re+8)Cy ac,,
d e P L. t S'b Loe iea
ac
For X5BA-1 airplane: /1—2\ = «(,016
\Qse/.,q
7 80\
For BT-93 airplane: { ——= = 0,014
» ne dee)i“ %

Phe calculated values were obvtained from the following
equation:
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TABLE IV

The Effect of Propeller Operation on the
Longitudinal Stability of the XSBA-1l Airplane

Longitudinal stability, -daC,/doq -
g T ap = 7° g = 100 Gy = 130
Experi~|Calculated |Experi~ {Calculated! Experiw~|Calculated
nental nental nental
(a) 040090 | =wcmaoeee 04015 | =mmomeam- 04026 | =mmm—mmnm
0,7 .013 N.011 017 0,016 .028 6,027
b9 e | e .018 L0186 .025 .027
120 jmemomme | e .018 .016 024 Lo 27
1e2 |mmmoem | mmmmea .018 L0186 .025 027
1!3 L i B bl i R K ] ‘018 lols .025 ‘027
1.5 ————— b T B e >~ bl e S N e R - .025 3027
1e8 fmmw—moe | e v | e s - .025 .027
&Propeller romoved.
TABLE V
The Effect of Propellesr Operation on the
Lonsitudinal Stability of the BT-9B Airplanc
~ Longitudinal stability, -dC,/dan -
£l  ag =50 ap = 7° ap = 11°
Experi~|Calculated |Experi~ {Calculated |Expori-|Calculated
rnenta nental neatal
(a) _ :
0.0ll “““““““““ 0.0ll “““““““““ 00012 “““““““““
0.2 «0L0 0,011 .011 0.011L .02 0,013
3 «010 . 011 011 011 012 .013
«5 . 008 .008 .008% 011 .012 013
o7 007 . 007 .008 . 009 012 014
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A, Determination of propeller-operating characteristics B. Direct effect of C. Wing 1lift increment due to slipstream
the propeller
ar oL, | i, v | v/m P Cq T, K {sin oy [ac, AC, -5?75 &/ap| | by by | s ac,,
aes (mph) (deg) ? (%) (aeg) (£8) | (£5)
— A —— [RpUE SN — S -
1 0.'251 0.501 | 283.5 } 0.900 | 25.5 |0.08} |o.104 |0.05354¢ 0.0175] 0.00L | 0.006} 0.066 |0.170) 0.2 ;0.13 |8.8 (0.1l |9.009
L 7Ll .689 | 206. 655 22.51 .07 | .249 | .0280% .0698f .011| .OL7} .06 «260) 1.0 .%7 8.5 1 .28 .037
8 .722 .8801 161. 5131 21.51 .120 .%56 .0135 .1392| .oh1 | .034 .o7§ .326 2.8]1 .8118.2 .%7 .07
12 | 1.062) 1.032 137.8 | .L37| 21.01{ .129 | .678 | .o1h5p§ .2079)1 .091 | .05Qf .07 Ji26 2.1 1,09 [7.8) .65 .1
1L | 1.195) 1.093 | 130.0| .Lhi3| 20.8] .13%3 | .780 | .0135) .2h19| .122 | .058{ ".079 | .hS5L| 6.3 |1.21 7.7} .73 | .1L
At, Determination of propeller-~operating D. Tail immersion in k. Velocity increments at the
charescteristics (2d approx.) slipstream tail over immersed ares
an | G _JEE; v | v/D B Cp | CLy |€wp | Pt |Pey§ %5 | % 8y Estimated
(deg)| P (mph) (deg) | P (aeg)| (£5) |(£1) : Cpe
iy - - ——— et ! ——
1 | 0.261] 0,511 { 278.5 | 0.88L | 25.0 | 0.085§ 0.260 1.2 -0.2519.0}§ 0.1} |-0.,07 |-0.06 | 0.021
% 5221 ,12%31197.0| .629 { 22.0| .110 .811 3, .g5 9.0f .2 ~.07 | ~.07 .023
.8881 .943 |151.2 | 480 | 21.0| .125§% . Z 2.2 .85 g.o - .%7 -.07 | -.0h .027
12 1.227 1.130 {126.0 | oo | 20.6 i .135§ 1.1 6] 1.2218.9F .65 ~07] 0 .033
1y 1 1.463) 1.210 j117.7 | .37 20.5 1 L1378 1.341 | 7.2 | 1.ldi] 8.9 15| =070 .036
It
. Efisct of slipstream on pitching’ G. Suwmation H. Elevator angle required for trim
moment (At = 1.55)
7ac, - dc- ac
ap Cr, oL, ae | AC AC Cr, c X ] ___ﬁ) —m 6
(deg) o “s {deg) " " P R e .eo Befig |\ ®
e _ : O | (deg) P {(deg)
1 | -0.012 | -0.01 | 0.3 | ~0.002 | 0,006 § 0.259 | 0.037]§ -0.013 2,0 | -0,016 |-0.016 2.3
% .00 .oog 1.2 0 o 522 .019 -,012 2 -.015 -.018 1.1
.oag .02 3.2 2005 | -,01l ! .883 -.017 -.01% ~2.8 -.01 -.022 -.8
12 .0 .05 5.7 012 | -.035 ] 1.282 | -.071 -.015% ~7.1 -.01 -.026 | -3,
1) .067 .07 7.0 027 | -.07 1.1i90 | -~.16lL -.013 | -11.1 -.015 -.028 | -5.9
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Pitching-moment coefficient, C,
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Pitching-moment coefficient, Cn

Figs. 44,45
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