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BATIOULL ADVIESNRY  COIMITIEE FOR ABADEHAUTICE.

TECHAIIICAL WCTE NC. 1ol.

PRELIUINARY STUDY CF THE DAMPIUG TACTOR IN ROLL.

By Lieut. James ¥. Shoemaker, U.S.7., and John G. Lee.

The following peper was svbritted ov the writers as & Thells

.4

to the Department of Aervonauiical Enginecrineg, at the Marseconusctic

Institute of Technolocy. It consititutes & general theoretic
digcuesion of the damping facstor in roll, together with the re-
sults of wind tunnel teste on the continucus relling of & U.0.A.-
30 airfoil. Tvo general formulas are derived for *he demping of
roll, each of which contains uravoidaovle indeterminate “unctlions.
Certain of these functions have been evaluated from the test data
Of chief interest is the deduction that the actual damping as ex-
perienced in flight differs from *he dampinz as theoretically
calculated nv & function of the =7ing-tipr rressure distoibutior,
wnich ic in turn largely influenced by the form o7 the wing-

and by the rolling velocity. Finzlly, it nzs beern shown that ia

. . ac . . ac
the damping equations aa% may he subsiitated for aa?, even

under full flight conditions, without serious error.
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The Camping of an airnlane in 7oll Ie¢ 3n excecdingliv commiex
probliem and one which it ney never be pnssible to solve completelvw,
tut if we can form come ideaz of the wmaenitude of the vrincipal
factors invelved and of their imporiance in oractical flying, a
matheratically complete sclution can be Gispenced with. Oux int-
erest in the dewping coefficient is wainly as a cuide to the de-
termination of stability and as an indicetion of the forces en-
countered in maneuvers.

Tae damping coefficient itself is made ur of many commonents,
arising from the several elements concarred: winzs, fuselage, tail,
esc. As long, however, as we coniine our tects toc the complete
airvlane, we have no means of analyziag the source of the magni-

tuGe of the basic elements of damping. The chief contributor to

these elements, the wing, is itself affectzd by a series of com-

)

nlications. Dihedral, stazger, tzwer ond arpect ratio zre only 2

r

£

Tew of the complicating factors. In view of the foregoing, there-
fore, *this report will be confined principally to the straight

rectangular wing of constant chord and constant section.

Theorvy of Dimensions.

Probably the simplest method of attacking the nroblem is dv
*he theorv of dimensions. Ve may express the damping cozsfficlent

of a rectangular wing of constant section as a function of several



variableg, thus:

Crz .

Lo = o= 1 ok u, », &, % P, o

pa.!Q.«

' -

Lm = the total demping coefficient
arising from all cesuscs talen
together, as distingniched from
Iy, the damping coefficient of
r0l1l due to 1011.

L = the %otal rclling torque in lo-it.

'3
it

angiiler velocity of roll in radians
ver second.

ac
E%x = rate of change of the coefficient of
normsl force with anesle of atitack
(i.e., the slope of *he normal force
curve) .
The units of da are radiens.
u = air speed in feet per secord.

¢ = wing chord in feet.

b = wing cpan in feet.

Z = perpendicvlar cietance Trom the
axis of rotation to the mid-
point of the wing chord, in feet.

P = mass density of ths air.

C .
The term a~z ig used instead of the ancle of attack beccuse
c

[o}

a
the seme angle of attack does not give the samse results for differ-

ent wing sections, or for the same wing section t2sted at differ-

ent valuez of VL. Thus we eliminate both scerle effect and *he

[#4

. - d
effect of different wing contours. g 1e the slope of the curve
of that component of force verpendicular to the line of cteady

flight, (the trajectory cf the center of gravity) end should not

ac
be confuced with g4 which ie the slove of the 1ift curve ae

read from a wind tunnel plot and relates to the force perpendicu-
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lar to the relative wind, whatever direction that may *ake.

It is ugually assumed *that the torgue caused by a force on
an elemental area d3, 1is proporitional to Czd3 or o
(aCz/da) [AajdsS, and it would therefore seem necessary to intro-
duce a Ac +erm into the foregoing equation. Aa is the differ-
ence between the real angle of attack a2t the point in question
and that at the nlane of symnetrv. Howvever, since Aa is alwave
snall, Aax tan(pa) = py/u, v Dbeing the distance f{rom the plane
of symmetry along the syan, and since toth p ard u are al-
ready expressed in the equation it will not* te necessary t0 add
any Ao term.

Evaluating the various elements in the 2bove equation by the

theory of dimensions, we get:

- dCz | % CAPRYN e 2N g (2N ]
Ly = k ddf 1o £ \11> - (c/ f (b) (1.

The first of these indeterminate functions contains the
ratio of the linear velocity of rotation of the ving-tip to the
wind velocity which amounts to a particular value of tan(aa)

OT Ac, approximately. The second contains the aspect ratio.
The third contains the ratio of the height of the wing above the
rotational axis to *he span of the wing. Wote that all of thecse
functions are dimensionlecs ratios.

Before we can make any use of this equation it will be nec-
essary to examine the three indeterminate functions more fully,
and checY the results of our theory with the experimental data.

To this end a more elaborate, if less convenient theory Las been



develoyped.
General Theory-

The darmping coefficient in T0ll 1is usually calcialotcd theo-
retically by acsuming the wing to te made up of meny minute ele-

ments, the 1ift on each of which contritutes an eiemant of woliiiw

moment. Thus in the accompanying sketch,

dy
L
ol _..-<kz"72
vzt ioas Rathih IS
— f b
Z) V"Y'“;

Axis of rotation

b/2
L' = zd/f (Lift) (Arm)
0
b/2
=2 (heg)Vovid'e

L' = the theoretical rolling torque.
3S = element of area = chord x dy = c(dy).
¥V = resultant wind velocity where

V2=u2+(pR)2 orV2=u2+p2 Y2+p2 22
- - s _ dCZ A
C; = normal gorce coefficient = 35 (£0)
where agz is the slope of the normel
force curve, and is assumed constant,
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while Ac g the caanpe of anglie of

attack along the wirng from the plane

07 evemetrr. ANy ig the diffcrepcs

Setwesn the value of G, 2t tae viajg
center line and that at anv point,

y alors the oan.

Therefore: ,

h/2
n ‘
Lt =2 / S22 rpe) (w? o+ w2 y? 4 n® 2®) (y) (e dy)

At anv roint y elong the wing 240 tan py/u, and since
Ao is necessarily smnll we may teke AQ = py/u, where Ao i3
in radians, without appreciable errnr.
Then:
i /b/
dua (___i2 (U + 52 y2 + p? c2)dy

o
/

Integrating, and collecting terme, we obtain

dc, . r 1. 2,2 1 e .
L' = 35> (pcb?) e (0 Eaé~W pooL (IR (o

This formuls neglects the irregular rressure distribution
at the wing-tip, or any change in that dictribution due 1o the
rolling motion. If we meneralize the equation of T0ll =0 2s to
include the tip effects and to include +he efiects of the other
T0taTy and resistance derivatives zs well, we vet the total roll-

ing torque L taus

b

A
.

L=1L"+ [f(t)] b+ Ly v+iyvz+Tnp?2 {
where L' is the theoretical rolling roment due to roll owtoined
By equation #2; f{+) 1is an indetermincte function of *the tip pres-

sure distribution, and produces roll by acting in the direction of



1ift, at a dis*tance from the axie of rotation whicn ig some froo-
tion of #-e gour B I.. ig the Toliliag memenrs dusz to 3ide-slin,

vherein the side-glip iz introdvced by +he fact that the wing ic
rotating 2t 2 rormal disitence = Irom the axis of vell; v o ois
the zmount of the =ide-siip velocitr; ard ¥-- 20l Yn are *hre
lateral forcec due %o side-slip and to roll respestively, whicl
vroduce roll by az2ting alonz the wing sper. 2t zn arn 2z with
respect o the axis of rotation.

If we substitute v = »mz in eqguaticn #3 (waere = iz ir

radiana per unit time) and divids *throuch »v p, wme odtsin

anG since torque divided by the corresponding velocity gives the

coefficient, we hove the zeneral coefficient of »wcll eimressed

+hus:

In this equation the f(t), servcs as a correchicon factor for
the thcoretical demping of roll (L'p], which might he exnceted
to be too large since it neglects the falling off of the 1ift ag
wing-tips. The terms Ly, Yy, ard ¥, are the experimentel val-
ues Tor the wing in question. If no7 we divide eguation 72 by

p, wc get an expression for L'/p fli.e., L'D} which may be cub-
stituted into couvation #3. Collechinge teuwmg, we have the com-

etely general egqua*ion:

o]
—



1. /4C,\ pcb’
[£(t)p) b+ [Ly + Yp) 2 + [Yy + 13 (—d—oﬂ Lo z2] (s

In this equation the three terms involving %%Z and the
term [f{t)p] b together make up what is usvally called .Lp,
damping of toll due to Toll. The first of these 1%5“ (? TN
represents the damping obtained by the element theory, if the rte-
sultant airspeed is everywhere taken equal to the speed of flicght.
The second term represents the added damping obtained if wc toke
the airspéed as the resultant of the speed of flight and the nor-
mal speed due to rotation, and, under full flight conditionc
with the maximum probable velocity of roll, is about 2% of the
first term. The last term ﬁ%?-(%%fi}pacbaze represents the
further increment of T0ll added by considering the transverse
component of airspeed across the wing, and amounts at most to ap-
proximately 0.25% of the first term. The other terms have al-

ready been discussed.

Discussion of the General Theory.

Obviously the general equation is too complicated for conven-
ience and will have to be simplified by assumption. If we neg-
lect the two smaller terms in %%Z and thereby introduce an error
of not more than 2 1/2%, the equation becomes:

= L (8C2\ 2 . oo 2
Lo 15 (dxx/Cb u + [f(t)p] b + (Ly + Yp] z + Yy 2 (6.

Further simplifications will depend upon the gpecific conditions.
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If 2z is small, both of the last terms disappear; if 2z is ma-
terial, Yy 1is usually negligible; Ly and Yp increase with
dihedral, but the latter is apt to be unimportant. 1In the case
of the rectangular wing of constant section, all three terms

Ly, Y4 and Yp, can probably be neglected and the equation takes
the form

. 1. 4acC -
Ly = 4% EE; cbu + [I(t)p] b (7.

It will be noted in this case that Ly = Lp since the correction
factor [f(t)p)l b = Lp - L'p.

A study of equations Nos. 5, 6 and 7, will shed some light
on the variation of L with changes in aspect ratio and wing area.
In equation #5 the first term and the last term involving %%? de=
pend upon cb®, while the second term depends on c¢bS. The third
term [f(t)p] b, 1is rather difficult to analyze. Being a func-
tion of the tip pressure distribution, f(t)p evidently depends
upon the chord; alsc the extent to which this irregular distribu-
tion extends inward will presumably be a function of the chord
rather than of the span. We might say, then, that [f(t)p] b
depends on c¢?b. However, the question arises as to whether the
form of the tip distribution does not depend upon the normal com-
ponent of the wing-tip velocity, which, in turn depends directly
on the span. In other words, does not [f(t)p] b _depend primar-
ily upon ¥ 7 The latter seems more reasonable. Of the remain-
ing terms, Ly depends upon the area, the amount of the dihedral,

and the span, or on cbZ. Yp and Yy do not depend upon the
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span to any appreciable extent, but rather on c¢®. Summing up,
B
therefore, it appears that the rost important term derends on cb ;

the term [f(t)p] b, which may amount to 30% oF the total depends

5 saC D
. . - L ¢ - :
either on ¢2?b or c°b®; the term involving 50 kd?ﬁ/ , wnich

comprises about 2% of the total, depends on ch®; and the 2lwost
negligible terms Yy, and Yy depend on c?.
Applying the formula
X+ | y-x xty | y=x
e vy = |(ve) © A = |g 2 | R °
c/ ‘ _j

where S and R are area and aspect ratio respectively, it fol-

i

3

lows that the cb® +terms depend on S°R; the o¢°F  term on 5®

alone; the c¢3®b, if we choose to use it, on 7 R 5 the cb
term on S° R°; and the two c¢2 terms on 3R . At firct sight
the term involving S® R° mould assume undue importance. Actu-
ally this term also involves p?® (the square of the rolling ve-
locity) which obviously decreaces at about the same rate, or, per-
haps, faster, than S® increases in actual flignh%t, so the nropor-
tion of 2% of Ly vwhich was obtained for that term for typical
flight conditions on a 2000-pound airplane, will probably not be
exceeded for airplanes of any size or proportion.

Neglecting these less important terms, we come to a study of
equation #7, wherein the first term depends upon £ R eand the
second upon s? or s¥*rV® depending on how we consider f(t)p.
It seems most reasonable to take [f(t)p] b as dependent upon

c®bv®, (or on S*) which has the added advantage of bringing in

. ,
the area without fractional exponents, and checks the b term



obitained by the theory of dimensions in equation #1. It hac been
found by the N.A.C.A.,* however, that in zoing from mocel *egt *o
full flight, Lp increases less rapidly than Se, s0 there is
something to be said for the alternative supposition. In either
event, the mean exponent of the aspect ratio is bound to be less
than unity, probably around .8, since about 70% of Ly depends
upon aspect ratio to the first power. This aleco has a bearing on

equation #1.

The Slope of the Normal Force Curve.

Throughout the discussion we have used the term %%F— rather
than %%}. If we take 1ift as perpendicular to the relative wind
and the "z" force as perpendicular to the line of flight, we have
by the familiar transition

C, = Cpcosa + Cpsinc

Differentiating,
i J ’ . s a0Cy .
%%“ = Q%PCOS(AQ)—CLSID(AG)+CDCOS(AG)+aﬁQS1n(AG)

(8.

(Aa) There represents the change in angle of attack from the value
at the wing center-line. (Aa) 1is zero at the center-line. At
that point, therefore, g%% = %%% + Cp-

A full-scale example has been worked out in Fig. 1, for a
U.S.A.-30 wing of 60 ft. span and 10 ft. chord, turning at 1.5
radians per second, which is certainly an exaggerated case. It

dac . ac
will be szeen that the EEZ curve follows the EEL cCuUrve Very

* N.A.C.A. Report #167
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Lod

closely. Above a = -6° the deviation is less than 3 1/2% througn-
out the entire range. This means that for all present-day air-

: s 4s ac,; _ 4g, .
planes under ordinary conditions g3* = ¢ . For auto-rotation
the more exact form is reauired, and a new carve of normal force
must be plotted for each angle of attack censidered, and a graphi-

~
cal solution must be made if the roll is very rapid.

Experimental Results.

As a conclusion to the theoretical discussion, the results of
the experiments may be summarized. The indeterminate functions
of (%> and (%) in equation #1 were investigated for an aspect
ratio of 6. It was found, as might be expected, for the plain
rectanguler wing of constant section, that Lo was independent of
(%fl at least within the experimental error. This follows from
equation #6, since Ly, Yp, and Yy are known to he small. The

»

other indeterminate f'(%?j~ takes the form of kl(%?)n, vhere

k;, and n vary practically as straight line functions with

%%Z. The equation then takes the form LT = k, (%%z) ubt (%P)n.
Values for k; and n are plotted in Fig. 2. The full lines Tep-
resent decreasing values of do and cover the range of an aver-
age 1lift cﬁrve from maximum steeoness up to nearly maximum 1ift.
The dotted lines represent decreasing values of %%z’ which cover
the range of the 1ift curve below maximum steepness (i.e., in gen-
eral, below o = Oo) where the 1lift curve tends to bend upwards
from a straight line. The point of intersection is at the maxirmum

value of %%?. Obviously, with wings having a different maximum
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dcﬂ
value of @§g, the intersection would take place at some o*her

point, and opresumably the dotted line would be displaced vertical-
ly to correspond. The fact that these lines intersect at n = 0,
for this particular wing, is probably accidental. However, the
full lines, which cover the normal range of flight angles, should
apply equally well to any plain rectangular wing of constant sec-
tion and aspect ratio 6. The curves show very clearly a depari-
ure from a linear relation between rolling moment and rolling
velocity when the rolling velociiy is high.

A value of %k, can be calculated from the element theory on
the assumption that n is equal to 0. Using equation #2 and neg-

lectirg 211 terms within the bracket except the first, we have:

T S 1 N
Lp =93 .4q ,¢®

where the units are homogeneous throughout. In plotting the curves
of Fig. 23, %%% mas taken in 1t/sq.ft/mile per hour/degree, and

u in M.P.H. This introduces a correction factor of 57.3 x 15/32.
A further factor of 1/6 is introduced by the substitution of ©b*
for cb’ . The total value of the calculated coefficient, on a
basis comparable with that used in Fig. 2, is therefore, 57.3 X
15/32 x 1/6 x 1/12, or .53. The experimental constant will be

seen to approach the calculated one closely at small values of

%%?, but it falls far below at high values of the slope (corre-
sponding to angles of attack well below that of maximum 1ift).
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EXPERIMEIITAL DETERMIFATION OF THE DAVMPING CF ACLL.

Methoa of Test.

The tests were carried out in the.4—foot wind tunnel ot the
lMassachusetts Institute of Technology, on an 18" X 3% wood model
of the U.5.A.-30 wing at a wind speed of 40 M.r.H. A 13" gpindle
1/2"% in diameter was mounted axially of the tunnel between a pair
of cornical bearings. Each bearing was supported by ihree wires
to the side of the tunnel, so attached as to keep the bearings
seated snugly on the ends of the spindle. The spindle was provid-
ed with a pair of slots 2" apart, *hrouzh vhich pasced two 1/8%
diameter rods, the rods being screwed into the wing model at mid-
span, one behind the other. Special counter-weights were mounted
at the opposite ends of the rods. Thus, by lcosening two set-
screws opposite the spindle slots, both the angle of attack of the
wing and its distance from the axis of rotation could be altered.
Finally, a light flexibie cord was wrapped three times around the
spindle and the ends carried out through ths bottorm of the tunnel
to a pair of weights, which supplied the driving torque to %eep
the model in continuous rotation. The mounting is shown in Fig. 6.

Runs were made at various torques for five angles of attack
(-4.5%, 0°, 6°, 13°, and 18°) and at 0° for four vositions of tae
wing relative to the axis. Each run wac revcated in the reverse
direction and the results averaged to remove any error due 1o warp

in the wing. The speed of rotztion was obscrved for each valve of
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torque by counting the revolutions of the wing against a stop-watch.
The net torove was then ovtained by subtracting a friction and
windage correction which has been found independently by experiment.
Torque in foot-1b divided by angular velocity in radians per second
gave the damping coefficient. Tests were also made to determine
the usual characteristics of the wing and are given in Fig. 3.

From these tests the wvalues of g%f’ were obtained.

Analvsis of Results.

In order to determine the unknown function of =z/b in the di-
mensional equation #1, values of Ly were plotted against z/b in
Fig. 4 for three values of pb/u. Unfortunately, it was not possi-
ble to make pb/u exactly constant, since in making the experi-
ment the speed of rotation for a given torque could not be fore-
told. However, groups Sf values were selected in which pb/u is
escentially constant and since all values for all groups lay with-
in 5% of the average, which is within the error of the experiment,
the evidence seemed sufiicient to indicate that L 1is practically
independent of z/b for straight rectangular airfoils. A few
tests were made at a = 180, for various values of z/b to deter-
mine the effect of a change in %%? on z/o. These results were
slightly more erratic than those ot OO, but nevertheless bore out
the fact that Lp is independent of 2z/b. This is what the theory
led as to expect, knowing that Ly, ¥p, and Yy are small.

To evaluate the pb/u term in equation #1, the runs for each

angle of attack were plotted on logarithmic paper, using pb/u  as
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. 4
abscissae and Lp/(dCz/da)ud as ordinates. It was found that
a~ch ceb of oints i3y nesTly 2lonz a sitiaiznt line.  Accordingly,

from the intercepts of this line the values of %, and n ~iven 1ir

oot

ig. 3, were obtained. These values were plotted spainnt *he
slope of the 1ift curve instead of the angle of attacit 5o as to
be of more gzeneral application.

It is interesting tc compare the theoretical and cxperimental
values of L. Fig. 3 shows e typical comparison. The tottor line
represents the experimental values of Lg ard the top line the
theoretical values of the conventional Lp obtained from ecuaticn
A2, 3ince hoth thieory =2nd ervperirent agree that for *the straiant
rectanrular wing the extraneous terws Iy, Yy, etc., are nepliTi-

hie, it folliows that the only difference bectveca the theoretical

s 2>

e

Lp and the actual Ly snould be the tern [fltin) {i.e., the
tip loss correction). With this in mind the central line in Fig.

5 was ottained by solving graphically fer Lp and assuming the

conventional tip pressure distribution of 1/2 *the runrinz losd ot

)

nord-length irbonrd

the tip, tapering un to full load at .& of

W
Q

from the tip. Evidently, then, the tip preccsure distribution 1=
altered by the rolling motion. This is not unexrected.

The comparison shown in Fig. 5 gives the greatest devietion
mhich was found. As the angle of attack is increased, the devie-
ation becomes less, until near maxirmum 1ift the exverimental value
becomes the greater of the two, as already noted in Part T, in

connection with the discussion of Fig. 2. Except for the varving
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distortion of the tip loading no adeguate exnlanation accounts

for this vpeculiarity.

Conclugion.

Finally, it must te recalled that ths forepoing is in the
nature of a theoreticael discussion, and that the experimental data
represents only a single wing on which we cannot afford to sgencr-
alize too much. Ve maust have further data. 3pecifically, we re-
guire wind tunnel tests on wings with dihedral and taper, on 0i-
plane combinations, and on different tip forms; we recuire free
flight tests on various airplanes, both large and small, especi-
elly monoplanes. Without these additional data very little tangi-

ble progress can be made.
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The numbers above each point give values of pb/u.
Groups of essentially constant values of pb/u are
connected by dotted lines.

Fig. % Plot of wind tunnel test L, Vs z/b. Wing seciion,
U.S.A., 30.Angle of attack, 00
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Fig. 5 Comparison of theoretical and experimental values of
the damping factor in roll.
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