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EXPERIMENTAL DETERUINATION OF THE YAWING MOMENT DUE TO
YAWI{NG CONTRIBUTED BY THZ WING, FUSALAGE, AND
VERTICAL TATL OF A MIDWING ATRPLANZ MODEL

By John P. Campbell and Ward 0, Mathews
SUMMARY

Values of the lateral-stability derivative Cnr' the
rate of change of vawing-moeoment coefficient with yawing
angnlar velocity, coentridutsd by tiae wing, the fuselage,
and the vertical tail have boen devermined for a midwing
airplane medel bty the frec-cscillation mcthod.

It was found that the values of CJlr contributed dy

the vertical tail and by the profile drag of the wlag were
in good agresment wilh theory. The dampirg contributed

by the wing waricd as the square of the 1lift coefficient,
but the actual values were somewhat lower than those pre-~
dicted by exieting theory. The valuc of Cnr contributed

by the fuselage anpcared to be nasgligidle.

4n empirical formula is presented for obtalning an
anproxinate value of Gnr for a conventional midwing air-

rlane,

IATRODUCTION

In calculating the latcral stability ef an airplane,
difficulty 1is often experilenced in estimating values of
the stability derivative Cﬂr’ the ratec of change of
yawing.-momeat coveflficient with yawing angular velocity. Al-
though theorctical methods for obtaining the value of Cp,
contributed vy the vertical tail and ths wing are gilven in
references 1, 2, and 3, little recent cxperimental work
has been dence to determine values of this derivative. In
order to provide experimental data on the coutributions of
the wing, the fusclage, and the vertical tail to Cnpo
scme measurcments for a midwing alrplane model have been



made in the NACA free.-flight tunnel. 4Additional measure-
ments were made for a rectangular wing of high-1lift sec-
tiun in order to extend the 1ift coefficilerts to the high
values encountered by fTull.ccale alrplanes. The results
are presented in the present roport,

A free-oscillation method similar to that described
in reference 4 wag used. The values of Cnr were direct-
ly determined from the dauping of free-yawing oscilla-
tions, which were obtained with the models mounted on a
strut that permitted freedom only in yaw.

LGE~T

Cn rate of change of yawling-moment ccefficient with
vawing aansgular velocity psr unit of «rb/2V
! /
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' BV/J

c rate of change of vawing-moment cocefficient with
angle of sicdeslip (aCp/08)

Cr, 1ift coefficient (L/qS)

GLW 1lift coefficient of wing alone

ACLf increment of 1ift coefficienﬁ due tc¢ flap

CDO profile~drag coefficient (D,/qS)

CDO profile-drag coefficient of wing alone

W

\GDof Increment of profile-drag ccefficient due to flap

Cy yawing-moment ccefficicent (N/qu} .

N yawing moment, foot—puunds

N, rate of change of aercodynamic yawing noment with
yaving angular velocity (ox/ar)

Nrf rate of change of frictional yaying ronent with yaw- -
ing angular velocity [(Bﬂ/ar)f3

N¢ rate of change of aerodynamic yawing mcment with an-

gle of yaw (@N/Bw)



rate of change of rostoring morent of torsicn spring
wlih angle of yaw

1ift, pourds
profile drag, pounds
- 1 4°
dynamic pressure, pounds per square foot <§pV
wing area, sauare feeckt
vawing angular velocity, radiaans per seccond
wing span, feel- .
flap span, fect

airgpecd, fcot per second

=
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alr 3density, slugs pe
angle of yaw, radiecnsg

maXimun amplitude of yawing oscillation at zero
time, radians

maximum amplitude of yawing oscillation at time &,
rafians

angle of sideslip, radians (-V)

totael logarithmic decrement or damping factor
logarithmic decrvement due to friction

time, sceccnds

pcriod of yawing oscillation, scconds

astceh ratio

taper ratio (ratio of tip chord to root chord)

distance from center of gravity to rudder ninge line,

foet

4

vawing moment c¢f inertia, slug-feet square

ks, ks, kg constants K¢



METHOD

The equation of motion of & srstem heving freedom only
in yaw can be expressed, to a close first approximation, as

% . \ v . e =
IZ Efg - \NT + NIf) E{ - \N¢ + k> v = 0 (1)

The yawing motion of the system represented by this
equatinn can be expresssd by an equation ¢f the forn

¥ = o72% (4 ¢in ot + B cos bt)

which represonts a damped harmonic oscillation wherce the
ravio of the maximam amplitudes of successive osclllations

18

v

max. -~at
Wmexo
The value of a, the logarithmnlc decrement or the damping

factor, can Te debtermined fron the experimentelly recorded
angles of yaw againet time by means of this reiaticnship
which, when transpeosecd, glves

tog Vyax, = 108 Vpax, :
L T B

¥

vl
-~

The damping derivative oxPreséed in terms of the Jdamp-
ing factor 1is

N, + Hrf = w2lga (3)
and the damping derivative due to Irlcticn is
Nrf = -2Ilgays (4)

Combining equetions (3) and {(4) gives

Ny = —BIZ (a - af)
or, in nondimensiohal form,

4T,V

C = - - (a - ag) (5)
1, 507 £
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The period of the yawing oscillation expressed in
torms of the coefficients of equation (1) is

T = Gl . (8)

2
J(F S (e
A 2ly :

The effcct of friction on the period is negligitle. At
z2ro airspecd, when Ny and NW become zero, equation
(6) reduces to

m o _ e
) w:}i
Iz
oT
2
Iy = - ¥ (7)
47

By substituting in equation (7) *he value of T at

zero airspeed, the yewing moment of incrtia Ty can be
obtained for use in equation (5).

It should bte noted that the restoring moment of the
torsion spring k affects the period of the oscillation
(equation (6)§ but does not affect the damping (equation
{(3)). It is possible, therefore, to adjust the period to
any desired value without aifecting the measurement of
Gnr.

APPARATUS AVD PROCEDURxs

The investization was carried out in the NACA free-
flight tunnel with the apparatus shown in figure 1. The
upper portion of the strut to which the model 1s attached
is mounted in ball bearings and is free to rotate within
the fixed base. The mcdel is therefore frze to yaw but 1s
restrained in roll and piteh. The movatle portion of the
strut is hinged to permit adjustments in the angle of at-~
tack of the model being tested.

4 torsion spring connecting the fixed and movable
portions of the strut provides the additional restoring mo-
ment necessary for obtaining short-period yawing oscilla-



tions. It is important that the period of the oscilla-
tiong be feirly short to insure a well-defined osciliation
envelope and thercfore %o permit an accurate measurement
of dasmping.

The airplane model used in ths tests is shown in fige
uree 1 and 2. The wing of the mod:1l had an aspect ratio
of 6,7 and a tarer ratio of 0,4C, and was equipped with
partial-gpan gplit flaps deflected 50°, Two vertical
talls, shown in figure 2, were uscd on the model., The
model was mounted on the strut with its center of gravity
on the axis of rotation,.

The rectangular wing uscé in the investigation had an
aspcet ratio of 6 and an TACA 103 ajrfoil section. This
airfoll section was uwsed Tecauce of its high raximum 1if{
conlficicnt at the low Reynolds numbers of the frec-flight-
tunnel teste. For some of the tests bthe wing was fltted
with a split flap: 20 psrzent of the wing chord and 60 per-
cent of the wing span.

The airplane nodel was tested at.dynamic pressures of
1.9 2nd 4.1 vownds por squars foot., Yo anpreclabic change
in Cnr was notcd with variation in dynanic pressure.

The rectangular wing was teshed only at a dymamic pressure
gu 8 3 I

of 1.9 pounds per scuara foot becanse of excessive vibra-

tion of the wing atv hilgher values »f dynamic pressure.

The testing procednre toneisted cimply in yawing the
model apvnrexinately ]OO, velzacing 14, and recording the
resulting cscillatiors with a movion-picture camera mount-
ed un topr of the tunnel, ' S

. The “rictidén of the eystem was determined from tests
at zerc airspeed with the models replaced by flat 1=ad
weights oun long rods.. These weights were adjusted tov sin-
ulate the yaving moments of inertia of the models and were
alined with the planc of rotatlon to give negligible air
damping. In tests of the alvplane rodel at zero airspeed
with verticel tail removed, essentially the same damping
was ottained A8 in Vhe friction testys, It anppeared, there-
‘fore, that ‘s tail-off run at gero aivspecd could be satis-
‘factorily used to replace tho specinl friction tests with
lead weighte.

The peaks of the oscillations reocerded by the camera
were read from the film record and plotted against time.
The netural logarithmeg of the faired pcakec were then plot-
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ted against time and the elopes of the resulting stralght
lines were graphical representations of the logarithmic
decrerents a &nd &.,. The numerical values fcr a and
Tom the slopes by equation (2) and
stituted 1n equation (5 to obtain

ar were deteralned I
these values were sub
Cnr.

Lift and dreaz coefflcients and rawing-moment coeffi.-
clents due to sideslip were determined by tests on the
six-component balance 1u the tunnel for uvce in correlat-
lag the messured valves of Cnr with the theoretical de~-
rivatives.

THZORBTICAL DAMPING DARIVATIVES

The value of Cﬂr for a complete airplane may be ag-
sumed to he made ap of diroctly additivs countributions of
the vertical tail, and fuselage, if interfercence ef~
fects are neglected; that is,

Cn.l,, = /-\:J'.";,. T + :‘5031 ) + AL

r{ving Br(fusslage)

It can be ehown Lhat the countribution of the vertical
tail 19

1
AC = . 2 = AC, (s)
Pr(tail) “p T8 (tail)
For a wing without flaps
o ¥.C 2
A\'“r(ﬁring) = KOC.’;O."' VL
Simple integration for K, yields
K, = ~0.33 'z;—i—f-ﬁ’-{i\‘) (9)
2 + 2A
Values for K, are given in figure 13 of reference 2,

wvhich may be represecated by bhe cquaticn

K, = -0,051 {1 - &A=& 3—-"-—-’-) ' (10)
~

The value -0.03 is for a rectangular wing of aspect



ratio 6.,0. Glauvert, in reference 1, gives a value of
-0.024 for this condition,.

For a wing with partial-span flaps extended, the
profile~drag term KOCDO becomes

K 6 = X.C + KoAC {(11)
0 DO 0 DOW { DOf |
where
b :
) 3 4 L] 3 - (l - >\)
Ke = -0,33 (i\ ———B (12)
\ b/ 2 + 2A

and the induced-drag tern ¥X,0p° takes the form

2 ) <
KICL = chLw + KaﬂchC

v A B

T+ K AC (13)

Ly 3 Lf |
Values for K; and Kz are given in figures 12 and

13 of reference 2, but the value for XKz 18 not given in

this referencs and is apvareatiy net avallable from octher

sources, Inaskuch as Aonr(witg) for the flapns-extended
I\ 1

~eondition cannot be coumputed without the value of Ky, it

arnears desirable to prevare adilitionsl charts for this
factor,

Calculationg of reference b indicate that the thecret-

_ 1 o ¢ i arc T fuselages that
ical value of nr{fuselage) s z or ages

are ellipsoidal in shape,

RESULTS AYND DISCUSSION

Contribution of Verticair Tail to Cp,

Valves of Cpn. for the complete model with partial-
[N .

span flaps extended are given in figure 3 as a function of

vertical-tall size. Values of Acnr(tail) ars obtainegd

directly frem the data in figure 3 by subtracting the

valus of Cnr with tail of{ from the values of Gnr with

tail on, The line drawn on the flgure was computed from

equation (8) and was based on the measursd valucs of

ACnB(‘ 11) given 1in the table on figure 2. The agreement
va ’
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-

between the test points and this computed line is an indi-
cation that the contribution of the vertical tail to Cnr

for a midwing airplane can be computed with reasonable ac-

curacy from the thecoretical relation given in cquation

(8). For high- or low-wing airplanes a correcticn factor

might be necessary for this relation because the sidewash

at the tail, which varies wlth wing position, causcs dif-
- ¢ C

ferent changes in Acnﬁ(tail) and & Drlyat1)"

Contritution of Fuselage to Cnr

The data of figure 4 show the variation of Gnr with
1ift coefficient for the fuselage-wing combination and for
the rectangular wing with partial-span flaps extended.

The value of Cnr for the fuselage and wing varied from
~0,014 to -C.028 over the 1ift range covered in the air-
plane model tests.

A compariscn of the Gnr values for the fuselage-

wing combinaticn wiith the values for ths rectangular wing
vith flavys extended {fig. 4) indicates that the fuselage
had a negligibvie effect on Cnr. Although it appears from

a direct comparison c¢f tihe data that the fuselage slight-
ly reducszd Onr, this apparent reductlon was probably

caused by the difference in plan form and by the greater
prefile drag of the rectangular wing. Other rescent tests,
the results of which are unpublished, have indicated val-

AC oy . m -0,.00 -0.0 . I
ues of A By(fuselage) ranging from -0.003 to 0,006 t

appears, therefore, that the fuselage contributlon to Cnr

iIs normally small enough to be neglectcd.
Contridbution of Wing to Cnr

Variation of Acnnivingl with 1ift coeffieient.~ The
. W

data of figure 5 show that 4Cy for the wing with

r{wing)
flaps retracted varied as the squars of the 1ift coeffi-
cient, as predicted by thecry, bdbut that the valuve of K,
wvas smaller than the value predicted by sither refercace 1
or refercnce 2. The experimentally determined value of
K, for the rectangular wing was -0.020; whorens reference
1 predicted a velue of -0,C024 and reference 2, a value of
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-0.031. It anpears that the vealue of -0,031 given by ref-
evence 2 and used in eguatica (i0) is toc large and should
te rerlaced by ~0.02C.

The varlation of Cnr with 1ift coefficient for the

wing with partial-cpan flaps exteaded {(fig. 4) differed
from the variation with flaps retracted in that the mini-
mum value of Cnr vag obtained at a smnll positive lift
coefficient rather tran at zero lift. This result, which
1s also indicated by cquatioa (13), is due to the fact
that at zero Lift the center flapped section is developing
positive 1ift, tho tip scction is developing ncgative 1ift,
and both are contrivuting to Cnr, Inasnuch as noy calsu-
latcd value for the counstant K, was availlable, no corre-
latien of the theovetical and experimental varlation of
AC, with 11ft coefficlent could be made for the
r{wing)

flapswextended condition.

Variation of AC, (ving) withh profile drag.- The
cluing )

e an - tem— s

value of Cnr for tre wing with [laps retracted at zoro

1ift was about -0.007, as shown in figure 5. Yhe profile-
drag coefficient CDO fer the winsz, as measured on the

bzlance in the tununel for the same condition, was 0.024.

From these two values, KO is found to be Igﬁggg or
~0.29. ZEquaticn (9) yielas 0,33 asz the trecretical value
for X for a rectangular wing., It aopears that the zal-

0
cnlated ond the experimentally determined values of K,
are in fairly good agrecment.

With the partial-span flaps deflected on the rectangu-
lar wing, the value of C,_ duve to profile drag can be ob-
oA
c

tained frem the value of Cnr at the 1ift coefficient

given by the flap. For the wing tested, the flap gave an
ineremant of 1ift coefficient of 0.60., TFrcm flgure 4 at a
1lift coefficient of C.80 ths value of Cnr was -0.017,
Combining equations (11) and (13) ard eliminating terms
containing Cp , ‘because Cj = 0 at O = 0.60, gives

W W

b+ EpdCp  + KyADy P
Of T

Lge—~1
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The value K, Oy was -0.007 from the wing-alcone test;

o
W

QCDO was 0.080 fror fores tests; KXKg was -0.072 from

j?
egnation (12); =and Ky was ~0.0092 from referencs 2. Then,
for a wvalue of ACLf of 0,60,

r 2
Cp, = =0.007 + (-0.072x0.GRO) + Lno.ocszx(o.Bo) J

-0.007 -0,006 -0.003

~-0.016

This resnlt is in gocd agreemgnt with tlie measured value of
~0.017, The magnitude of a1l of thesgs factors is small,
however, ccmpared with the contridvution of the tail surface,

Determiratior of Cnr for Comnlete Model

The following empiricsl formwla, which was derived
from teat results. shonid give a Falr anproximation ¢f the
value of Cnr for a coavertional midwing alrplane:

-

N A
C. = w{ 22400 Y TR S S =
Uy < b JnB(tail)) L 22 \2&2%]

AG Lo o2
4 0.020 /1 < 2 - Z0AY g, ?
‘D, * TR ]

The free-oscillation method of determining damping in
vaw 1s coneidered very salisfactory in that 1t provided
reasonably accurate results guickly and easily. The follow-
ing conclilusions were drasn frow the results of the free-
oscillation tests of the midving airplane mcdel and the rec-
tangular wing model:

1. The experimental values for the yewing moment due
to yawing contributad by the vertiecal tail were in guod
agrecment with the calculated velunss.

2. The values of the yvawing moment duec to yawing
contributed b7 the wing varied as the square of the 1lift
coceifficiont bat were Llower *than those preodicted by theory.
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3. The value of th
tridbutsd by the proiile
¥

the same as the thoore

2 yawing moment duve to ‘yawiag con-
drag of the wing was approximately
icel value,

4, The contribution of the fuselaze to the yawving
moment due to yawing was negligible compared with the
value for the complete model,

5., Whe test regullis i1ndicated that a failr approxima-
tion af the value ¢f the yawlng moment due to yewlng for a
convenbional midwing airnlane could be obtained from an
empiriecal formula,

Iangley Memorlal Aercuautical laboratory,
National Advigory Commitvee for Acrgnautics,
Langley Field, Va.
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