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'By Merlon O. McKipney, Jr. and Hubert M. Dweke..
SUMMARY

A correlation of experimentel and calculated effects of the
product of inertia on the stability of the latexral oscilletloms of
alrplanes has been o'bta.tned. from Flight teste of a free-flying air-
plane model having a L2® sweptback wing end Tfrom calculatlions of the
stability of the modsl. In order to provide a comprehenslve correla-
tion, the static directional stability of the model was varied by
changing the vertical-tail area and tail length and the inclination
of the longitudinal principal axis of inertia relative Lo the wind
axis was verled by changing the wing incidence.

The calculated lateral-stability boundaries were found to be
in good agresment with measuwred lateral stability when the product-
of -inertie terms were included in the calenlations. Neglecting the
product of inertis, however, led to wide discrepancies bebtween
calculated and measured stebility. These resulits emphaslized the
necessity for considering the product of mertia. in latera.}.-sta.'bility
analyses. .

The gensral flying charscteristice were influenced primarily
by the static directional stability end to a lesser degree by the
stability of the lateral oscillations. A certain minimm emount
of static directionel stebillty was required to gilve good controlla-
bility even when less directionel stebility provided good damping
of the lateral oscilletions.

INTRODUCTION

Until recently the effecte of the product of inertis usually
have been neglected in lateral-gtebility anslyses because the
lateral ~stability studles of reference 1 indicated that these
oeffects were relatively unimportant for conventional airplanes.
Calculetions in reference 2, however, show that the product of
inertia may have & pronounced effcst cn the lateral stabllity of
same high-speed airplanes because of high wing loadings, large
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differences bétween yawing and rolling moments of inertie, high
operationsl altitides, g sweepback. The sweepback may cause

high effective dihedrel and high angles of attacl: and, consequently,
large angles between the principal longitudinel axis of inertia

and the wind axis.

In order to cobtain an experimental check of lateral-stability
calculations including the product-of -inertia terms, a systematic
series of flight tests have been made in the Langley free-flight
tunnel. A model heving a 42° sweptback wing was used to determins
experimentally the effects of the product of inertia on the lateral
stability of the free-flying modsl for.correlation with the cal-
culated stebility characteristics of the model. In order to
provide. a comprehensive checlk of the caloulations, the directional
stability of the model was varied. by changins; the vertical-tail
glze and tail length and the q_ua.ntita.tive effects of the product
of inertia were varied by changing the wine, incidence and thereby
changing the inclination of the principel axes of inertia relative to
the wind axes. ¢

SYMBOLS

" The forces and moments are referred to the stability axee, which
are defined as an orthogonal system of axes intersscting at the
airplane center of gravity in which the Z-axls is in.the plene of
symme try and perpendiculer to the relative wind, the X-axis is jn
the . plane of symmetry snd perpendiculer to the Z-a.xis , and the
YT-axls is perpendiculer to the plane of symeixry. A diagram of
these axes showing the poeitive direction of forces a.nd. moments

is presented. in f*gure 1.

The symbols and coefficlents are defined as follows:

W . weight of model, pounds

m mass of model, slugs

8 wing ares, square feet

Sg vertical-tail area, squere fest

b wing span, feet

c ,wiﬁg chord, feet _

1 tail lengt.h (d.ista.nce from center of gra.vity to

Tudder hinge line), feet
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z helght of center of pressure of vertlcal tail above
fuselage axis, fest
i, angle of incidence of mng; dogrees
oy radius of gyration of model asbout principal longitudinal
axis, feet
ey radiue of gyration of model aboubt principel normal &axisg,
fest
Kyo, product-of -inertia factor, foets ((kza - kxe cos 71 sin 'q)
n angle of attack of principal longitudinel axis of ailrplane;
positive when forwerd end of meJor principal axis is
gbove X-axis
v airspeed, feet per second ‘
a dynemic pressure, vounds per square foob (%pve) ’
T rolling angular velocity, radians per second
r yawing angular velocity, radians per second
mass densibty of alr, slugs per cubic foot
angle of sideslip, degrees except where ctherwise noted
@ angle of attack of fuselage axis, degrees
vd angle of climb, degrees
13 : eirplane rolative~density factor =
pShb
Cy, 1ift coefficient (mis )
Cy lateral ~force coefflcient (w—zs c)
_ e o
C rolling-moment coefficient (Mm
Tawing mowent
cn yawing-moment coefficient ( aSb _
CYB rate of change of lateral~force coefficient with angle of

8ideslip in radians 36
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c, rate of chenge of rolling-moment coefficilent with angle
B of mideslip in radians (except where specified to be

&
in degrees) 5-51-

c rate of chF:'nEa_of yawihg-moment coefficient with angle of
sldeslip in radians (excep’t where specifiied to be in

et +§
degrees) 58

CYP rete of change of lateral-foroce coefficignt with rolling-

angular-veloclty factor in radians -—c'}
2v

Cz rate of chenge of rolling-moment coefficient with rolling-~
D oC
engular-veloclty factor in radians 'a—’_’%
} 2V,
01.JP rate of change of yawlng-moment coefficiggt with rolling-
anguler-veloclty factor in radians ——T;%
' 2V.
Czr rate of change of rolling-moment coefficécent wvith yawing-
angular-veloclty factor in radians -é:—r:%)
v
Cnr rate of change of yawing-moment coeffic glgt with yawing-
engular-veloeity factor in radians -—-*lﬂ
2V,
APPARAYUS

The investigation was conducted in the Langley free-flight tunnel,
which is equipped for testing free-flying dynemic alrplene models. A
description of the tumnel end its operation is given in yreferences 3
end 4. Free-oscillation tests were made to determine the demping=-in=-

yew derivative Cnr by the method described in reference 5. Steady~

rotation tests were made to determine the dsmping=in=-roll dexriva=
tive czp by the method described in reference 6.

A sketch of the model uged in the investigation is shown as
figure 2. This model is described in referonce 7 except for a few
chenges vhich wore necessary for the present investigation. Wedge-
shape blocks were provided in order that the wing might be mounted
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with 0° 5 100 ard -~10° incidence. The model was

- (40 —_— e AN e A AR RS -

~equipped with a set of intercha.nueablo vertical talls, ranging in
size from 2.6 to 10.4 percent of the wing area, which could be
mounted at any of the three tail-lenagth positions indicated in
figure 2. The various model configurations tested are identified
in table I. . :

on the fuselag

TESTS AND CALCULATIONS

Force tests of the model were made to determine the values of
static-lateral-~stability derivatives wilh various vertical-~tail
arrangements end wing incidences. Flight tests of the model were
made at a l:!.ft coefficient of O. 6 with engles of incidence of the
wing of 0°, 10°, end -10° and with verticel-tall arrangements
gliven in 'l:a'ble I that provide the valuwes of the directicnal-
stabllity peramester  C, and the effective dihedral parameter -C."B

indicated in figure 3.

The model was flown at sach test condition to determine the
8tabillity of the Dutch *oll cosciliation, which was recorded by
photographing the uncontrolled moticns of the model after & dis-
turbance caused by aebruptly deflecting the ailsrons to roll the
model from approxirately 30° bapk to level Fflight and then centering
the controls. In some of the cases-the flying charecteristics of
the model were too poor to perinit recording the uncontrolled motions
of the model end it was necessary to resort to the pilot's observa-
tions to determine whether the model was steble. The pilot's
impression of the general £1ying characteristics of the model were
also noted in order to provide data concerning the easo of flying
the model, both for level flight and for performance of the mild
maneuvers posslble in the tunnel. The retings of the general flying
characteristics of the model in contreolled flight menerally indicate
vhother stability and controllability ere adeguate and properly
proportioned. The vertical-tall aree and tell length were selected
in an attempt to bracket the oscillatory-stability boundaries in
order to provide the desired correlation of test and theoxry.

All the flight tests were made with the yudder coupled to the
allerons for lateral control, and . the ratioc of rudder deflection to
.aileron defleqtion was adJusted for each best condition to minimize
the adverse yawing duve to rolling and alleron deflection. Fox the
lower values of dlrectional stabiliiy, however, the adverse yawing
could not be entively elimlnated.
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Calculations were made by the method pressnited in reference 2
to determine the boundery of neut.ral stability of the lateral oscilla-
tion of the modsl. Two sets of calculations were made, one taking
into consideration and the other neglecting the product of inexrtia.
The boundaries for the model with a 10° engle of incidence of the
wing were computed by assuming changes of the tall size, and the
boundaries for the model with 0° and -10° angles of incidence of
the wing were computed by assuming chenges in the tail length in
oxrder ‘to make the calculatlions consistent with the test procedure.

The asercdynemic and mass cheracteristlcs of the model used in
the calculations are presented in teble IX. The mass characteristlcs
of the model were obtained by measurementa. The inclination of the -
principal longltudinal axis of inertls to the fuselage axls was
found to be leas than 0.3° for £11 wing incldences and was assumed
to be zero in the calculations. The trim sirspeed, flight-path angle,
and angle of attack were determined from free-flight tests. The
values of CYB (tail off) and Cnﬁ (tell off) were obtained from

force temte. The values of CYB (a1l) for configurations B and C

were also obtalned from force tests. (See table IT.) The tall-off
values of CZP and Cnr vere determined from steady-rotation and

free-osclllation tests, respectlvely; and ths tall-off values
of clr and Cnp vere estimated from the charts of reference 8 and

unpublished wind-tunnsl data. The tall contributiona to the stabllity
derivatives were estimated from the equetions gilven in the Ffootnote

of table II, which are similar to those given in reference 9, by
utilizing the experimentally determined values of OYB contributed

by the vertical tails and the arbitrarlily chosen velues of tail

length in the case of canfigurationa B and C and by utilizing the

gliven tail length and arbitrarily chosen values of CyB |
(tail

the cese of configuration A.

RESULTS AND DISCUSSION
Stability

The results of the stability investigation are presented in
figures 3 and 4. Figure 3 shows the calculated oscillatory-stability
boundaries of the model and indlcates whether the uncontrolled
lateral osclllations of the model were steble, neubral, or unstable
in the configurations toated. Flgure U shows typlcal time historles of
the uncontrolled rolling motleon of the modsl following a rolling
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digturbance. Only the rolling motions are presented for simplicity.
The periocd and damping of the rolling motions, however, are identical
with those of the yawing and sideslipping. Inasmuch as splral
gteblility is considered relatlvely vnimportent snd the calculations
indicate no effect of the products of inertile, the spiral stablility
of the model was not investigeated.

VWhen the product of inertia terms were included in the calcula~
tione of +the stebililty Pounderies, the boundsries were in good
agreement with the flight test results as shown in figures 3(a)
and 3(b). Figure 3(c) shows that the model was steble, as is
indicated by the calculated stability boundary which included
product of inertia. However, it waes Impossible to check this.
boundary closely because the model could not be flown at negative
values of Cn . A simple 1llustration of the pronownced effect of

the product of inertia. mey be obtained by a comparison of test
polnts for configurations Az and B; in which the model con-

flgurations were identical except for the change Iin wing incidence
and the consequent change in the angle of atteck of the princlipal
longitudinal axis of inertia. In configuration Az (i, = 10°)

the modsl was unstable whereas in configuratian By (i, = 0°) the
model wes gquite stable.

.The test results are at veariance with the stebility boundaries
which were calocuwlated by neglecting the product of inertia. Thie
difference is particularly evident in figures 3(b) and 3{c). Some
additional calcuwlations were made in order to insure that poor esti-
mates of the stabillity derivatives which were not msasured could not
account for the discrepancy between the test results and the calcu-
lations in which ‘the product of inertls was neglected. The results
of the calculaticns are presented 1n figure 5 which shows the effects
on the stebllity boumdary of introducing a large value of the
stability derivative CYP, doubling the tail-off value of czr 5

or using one-half the estimated value of cnp (tail off). None of

these changes in the stability derivatives could account for more
than approximately one-fourth of the dlfference betwecn the calcule-
tlone neglecting the product of inertla terms and the point of
neutral stebillity as determined Ffrom the tests. The product of
inertia texyms.shounld therefore be included in lateral~stebility
calculations.

The stebility or instabllity of the uncontrolled motions of the
models, as shown in figure 4, was quite definite except for test
configuration 33_which appears, to be about neutrally steble. No
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records of the uncontrolled lateral motions could be made for the
condition of ~10° wing incidence because the pcor flying charec-
teristices of the model with o 1ititle directional stahility wnade
such records very difficult to obtain. The pillot's lmpression
was, however, that the lateral osclllations of the model for these
condltions were heavily damped.

The date of figures:3 and % are in good azreement with refer-
snce 2 regarding the proncunced effects of the product of inertia
on lateral stablility. At the present time there are not sufficlent
data to determine vhen the effects of the product of ihortia will
be important; hence, +the nroduct of. inertia showld be cansidered
in all lateral-stdbility analyses.

General Flight Behavloxr
The flight-test results. presented in figure 6 show that the
general f£light behavior of-the modol was influenced primarily by
the stetic direoticnal stabiliby, which hes & pronounced effect
on the response of the model to the controlw, and to & lesser degree
by the dynamic lateral stabllity. .

At constant an’ increasing the oscillatory stability by

decreasing the wing incidence improved the general flight behavior

of the model because an increase in the stability increases the
tendency of the model to £fly itself end thereby mekes the piloting

of the model easier and the flipht smcothier. The most apparent
effect of the oscillatory stablllity on the genexral £iight behavior
was found by corparing the flying cheracteristice of configuratlons A3
and Bl.

Increasing the directional stability lmproved the general
behavior of the model by improving the response to controls as
waes explained in reference 10. This effect was ospeclally noticeable
with the present model because of the high effective dihedrsl of the
model. Wiaen edverse yawing occurred this high effective dihedral
produced rolling moments which opposed the allercn rolling momente
and thus reduced the effectiveness of the ailerons Ffor controlling
the model. The date presented in figure 6 show that the model was
easier to Tly in configurations Ap and Az than in configurations Bp
and B3, in spite of the fact that the lateral oscillaticns were

unstable for the A configurations and stable or neutrally stable
Tor the B configuretions. The directional etebillty of the model
was too low for satisfactory response to the controls in configuwa-
tions Bp and B3. For configuration C3 the response of the model

to the controls was so poor that it wes virtually unflyeble although
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the leteral oscillatione wers spnereéently varv gtable, as was indicated

~Wesm WOST SRSy AT

by the calculations. The model could nob 'be flown with eny less
directionsl stablility than it hed in configuration G3.

It was therefore cancluded that general fiight behavior was
infivenced primerily by stetic directional otebility and toc & lesser
degree by the dynemic lateral stebility and that a certain minimaon
amount of static direoctional. stabliliity wae regulred to give good
response to the controls even when lese directional stebility

provided good damping of the lateral oscillations.
CONCIUSIONS

The following conclusions were dxewn from an investigation In
the Langley free-flight tunnel +to obtein & correlatlon between the
calculated and the measiwed eifects of the product of inertia on
lateral stability characteristics: _

1. The calculated- lateral~stsability boundarlies were In good
agreement with measured lateral stebllity when the product. of
inertle terms were included In the celculations. Neglecting the
product of inerties, however, led to wide discrspancies between -
calculated and measured stabllity. These results emphesized the
necessity for considering the :pror..uct of inertia 1In lateral-
stability analyses. R )

2. The general flying chara.cteristics were in:_E'luenced primeriiy
by the static directional stebility and to a2 lesser degree by the
gtability of the lateral oscillations. A certain minimum amount
of atatic directional stebll ity was required o gilve good cantrolla-
bility even when less directional gtablliity provided good damping of
the lateral oscillations.

Tengley Memorial Aeronsitbical La'bm:‘a.toi‘j : -
Netional Advisory Commitbee for Aeronautics g
Lengley Fleld, Va., Ha.y 21, 19h7
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TABIE T

VERTICAL-TATT ARRANGEMMNTS FOR THE VARIOUS

MOTITT, CONFIGURATIONS

Model inc‘:lfdjﬁgce, Eﬁf'lti:ai; 3 Ei;lih ,
configuration (2‘5‘8) "“*S":G' /g*"' Y.
A, 10 0.10k 0.67
Ap 10 .078 E7
Ag 10 .052 67
B, (o] 052 67
"By 0 052 A1
By 0 052 .15
C, -10 026 67
Cp -10 .026 A1
Cgy =10 026 15

NATIONAL ADVISCRY

COMMITTEE FOR AEROCNAUTICS
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TABIE IX

NACA TN No. 1370

CHARACTERISTICS CF THE MODEY USED IN THE QALCULATIONS

Comfiguration A Configuration B Configuration C
1y 10.0 o -10.0
W 5.10 4.6% %.10
w/s 2.04 1.855 2.0h
1} 3.8 3.8 3.8
o 0.00238 0.00238 0.00238
v 53.5 5%..2 3.5
[T T00 ve3k T.00
Xp 0.47% 0.510 0.7
X 1.31% 1.290 1.315
Xyp 0.0Mh7 -0.161 -0.538
1/ 0.67 PYarieble brariable
z 041345 - 0.072 0.036
= Vo8 sy
oy, 0.6 0.6 0.6
& =4 .0 6.0 16.0
7 9.0 9.0 9.0
~0.007h + ~0.00Th + ~0.00Th +
e c’f’(m) c"’(t-.u) oot c"n(uu)
0+ + Q
"o 28 (tat1) %op(ma1) * %8 (ta11)
L) -0.230 + € ~0.830 + -0.230 + C
iy 2 (tat1) 19 (tasn) *B(tas1)
ag, =0.0332 + 0, . ~0.0332 + C, =0,0332 +
oy “p(tas1) "2 (va11) c“!?(1;-5.:.)
&g o. c 0.125 + C 0. c
r B2 Ot eatn) 'r(tat1) 5t Ot a1
& ~0.0090 + C ~0.0090 + C =0.0090 + C
®ar r(ta11) I (tad2) r (tat1)
oy byariable -0.1870 -0.0784
B(vat11)

%na1l contributions are dstermined from the following equatione:

byarted

!
%opeeasy) T T %8 (tat2)

Jofe_ 2 2
czl’(ta,il) E(b bnm u.) c’ﬁ(m)

m O -
%20 (tmt1) O P(ta2)

1

7 o iaany 2(‘17)2 %8 (1at1)

systematically ag independent verisble to rrovide the desire
of the atability boundaries.

L _1
-2 s(% - Y ain G.)Czﬂ(hu)

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTIKCS

"

d renge of 0y, for the determination
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Figure /[ - The Slabiity systern of axes. Arrows indicale
positwve  direcfions of rmoments, forces, and control-
Surface deflections. This Sysfern of axes 15 qefined as
an orthogonal spsfern having ther originn at he
cenfer of grawily and In whrch fhe Z-axis s /7 The
plane  of symmeltry and perperdicular fo the relative
wind, the X-aws s in the plane of symmefry and
perpendicular fo The Z-aws, and the Y-axis Is
perpendicular  fo rthe plane of symmetry.
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Fig. 4

L4

(POt YR O SUoIIOW Puijfod PajIosuoddn o4y 4O SpdoFd 1ybllS — b 84nbld

:0="1(q)

205 “auyy(

£

4 [

|__SHINYROYIV 404 FILLIKKOD
AHOSIAGY TVNOILYN

\

~

AN

\

/

o o
R /

N . %, R
bop ‘yuogq fo 3/buly

R S

4

201 =" ()
288 ‘auny

\

14

Q\l
0
07 »
-]
02- ®
Q
~,.
S
0 X
Ky
02
0z
0

4



NACA TN No. 1370 Fig. 5

Oscitlatory-stabiiity ratings {O Stabfe

from Fltght tests &) Neutral
Variation from contigurations
) /n table I
None
Cq/cu/oz‘ea' asC///qz‘ary— _____ . ®
cfmbihitis Fmsipelesingg e 4T T kXZ::Or Cyn -a/
stability boundaries T kyz =0, 1, o ﬁ:)z: 0.250
alt ¢,
[T k0, G, =-0.0/66
%\ 004 (ta! off)
s
Q
G /7/; -
&, Lz A
S & —
s //‘7 - /
R w2 Z Q4
. 4 /’
S e
3 A 5
*s T
L oo/ Vi
5
V% o
‘la / A
3 /, —
Q 0 /)
0 o/ 002 03 004

Effectrve-dihedral parometer, - 7 > per deg

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure S.— Effect of varying some of the stability
derivotives on the oscillotory -stability boundarres

(l'w=00)'



NACA TN No. 1370

Fig. 6

SHLLAYNONIY 04 EEL.S
AYOSIAGY TYNOILYN

W W A 0 0D w0 KD

bap 17 ¢ "o “aspounnand [0qpayp-arpoalT
QW0 g0 20

10

(300U 3p JO SS9 MDify Uiodg SBUDL LAADRG-YBYE Biauae) — o 3nblS

§.|
—— — —" o
c/ 0-2%1 (9) L0="1 (9 L01="1 (b) - ]
Y
<. fx m
J00- &
e %
% &
>\ vVV\, NEGR WY LNEN Q M
) Q) algofpun 1sowyy N
@) Hood Ly 7 ,\MVM\D& W
Q) Jood > % o §
P %9() 00 J y
[ VVV\ WJ
Ry 20 -
90 e YO J00g X
> 3
D" oo &

> T
1 () poog w00

DrJRU 10 SpIN00Id BUipryau
SalOplnog AUNIGOISALOIONISO PRALINYE)

13/903%) .



