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REPORT No. 17.

PART 1.

By ArExanpEr Kremin
and
Epwarp P. WAeNER and GeEoraE M. DENKINGER.

INTRODUCTION.

This report is the result of experiments conducted at the serody-
namical Iaboratory of the Massachuseits Institute of Technology
during the summer of 1917. The work is divided into two sections,
the first dealing with static, the second with dynamic, effects. The
outlines of the statical experimentation were determined after con-
sultation with Lieut. Col. V. E. Clark, to whom the authors’ best
thanks are due. :

The work on statical conditions, in turn, falls under two heads.
In the first place, working from the lift, drag, and performance
curves of a standard military tractor biplane as a basis, the portion
which each element of the machine contributes to the fiff and
forces was determined by testing each element separately and in
combinations of special interest. As a continuation of this work the
length of body, size of tail, and angular setting of the same were
varied, changing one at a time, thus determining the effect of an
such cim.nges on the lift and drag. Incidentally it has been possible
to secure date on the downwash from the wings and its effect on the
forces contributed by the tail.

Secondly, by computing the moments about the center of gravity
of the machine due to the air pbressu.re on each element, a vector
diagram for the airplane can be built up from its component parts,
and rules can be laid down for the travel of the vectors and for the
initial balancing up of the machine without the necessity of & wind
tunnel test in the very early stages of & desi Moments about the
center of gravity were also calculated for each of the changes in size,
setting, etc., of the tail surfaces, in order to secure definite data on
the effect of such changes on the statical stability of the airplane.

The second main section deals with dynamical stability. The
resistance derivatives and damping moments were determined for
each of the cases, and the length of period and time required to damp
to a certain degree were thus calculated, giving the effect of variations
in the tail surface on the safety and comiort of the airplane, so far as
the longitudinal motion is concerned. Some progress was also made
in finding the proportion of damping contributed by the various
parts of the machine.
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DETAILS OF MODELS TESTED AND METHODS OF TESTING.

The standard machine selected for investigation was a Curtiss
JN2 advanced training machine, this type being selected because so
much similar work had already been done on it by Dr. d. C. Hunsaker.
Drawings of the machine are shown in figure 1, and a table of dimen-

sions is given herewith:
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The model was made to a seale of one-half inch to a foot. The
wings were made of aluminum, thus combining lightness with the
%ifat&t possible accuracy of working and freedom from warping.

ey were machined roughly end then scraped by hand to the
desired section, the working tolerance being 0.003 inch. The tail
surfaces were made of brass, and were simply cut from & sheef
7s inch thick, no attempt being made to reproduce exactly the
camber of the tail on the actual machine. The body was made of
pine, and the chassis was built up from brass wire, with solid wood
wheels, The mcﬁis were maintamed in their proper position with
respect to each other by 12 round struts 0.087 inch in diameter, and
made of steel wire. In order to prevent the struts from working foose
in the aluminum wings steel bushings were pressed into the wing
planes, and these bushings were drilled and tapped to take the ends
of the wire struts. By threading these struts oppositely on their two
ends, an easy and delicate means of adjustment was provided for
the elimination of any deca.laﬁ? or warp in the wing cellule. No
bracing wires were used, and the propeller was not in place during
the tests, It has been found that & model thus made gives results
comparable with those for the full-sized machine, the gain due to the
omission of wires and propeller being counterbalanced by the loss
caused by the use of round, instead of stream-line, struts. e wings
were made in the shop of Mr. George F. Day, and under his super-
vision. Other parts of the model were constructed, and the assembly
was carried out, by Mr. W. H. Phillips, and by Messrs. Carl Selig and
%dvgnart% Tighe, model and instrument makers at the Institute of

echnology.

In ordgto meke it possible to vary the length of the body, and
consequently the moment arm of the tsil, the body was sawn 1n two
just behind the rear cockpit, and the two portions were dowelled
together. Two additional rear helves were then made so that either
could be fitted on in place of the standard one, their lengths being
such as to make the distance from the center of gravity of the machine
to the leading edge of the tail 10 per cent greater and 10 per cent less
respectively, than in the standard machine. Two additional teil
surfaces were also made up, geometrically similar to that normally
used, but one 10 Eer cent larger, the other 10 per cent smaller. The
three bodies are hereinafter referred to as long, medium (standard
JN-2), and short, and the three {ails, which were tested in various
combinations with them, as large, medium (standard JN-2), and
small. Figures 2 and 3 show the model with medium body, and
figure 4 illustrates the three bodies and tails.

" 'The static tests were carried out in the customary fashion, the
forces being measured by weighing on the aerodynamic balance, to
pitching moments by the torsional strain which had to be set up in

8 calibrated wire in order to balance them. The :ipipa.-ratus, and the
method of procedure, has been described in detail elsewhere.! All
static tests were made with & wind speed of 30 miles per hour which -
hes been found to give the best results in the Massachusetts Institute -
of Technology laboratory. The;neﬁbcgl of testing for dewpitig, attd”
calculating the dynamic stabilify, W#ill be taken-up in connecﬁo{
with the discussion of the results obtained under those heads.

1/The New Four-Foot Wind Chanmel, with & Deéscription of the Welghing Mechanism; Report of the
Briiish Advisory Commitiee for Aeronsuntics, 1912-18, pp. §3-71. I I A L
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TEST OF EIFFEL 36 WING ALONE.

As a preparatory step, a test of the Eiffe]l 36 wm§ alone was made,
and the resultant curves (Ky, Kz, and L/D) are plotted in figure 5.
Each of the two wings was tested separately, the results checkin
within 2 per cent at all points, and within 1 per cent at practically a
angles, indicating that the accuracy of manufacture was such thaf the
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variations in profile exerted a negligible influence on the aerodynamic
characteristics of the wing. e gerformance was exceptionally
ood, the maximum K, being 0.00315 and the highest L/D 2I.

e good L/D is in large part chargeable to the raked wings, the high
aspect ratio (7.2), and the slightly flattened tips, due to the presence
of the ailerons. The corresponding values secured by Eiffel! for

1 Nouvelles Recherches sur la Resistance de I’Alr et 17Aviation, by Q. Eiffel,
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this wing were 0.00295 and 16.1. The discrepancy seems unjustifiably
large, especially as the Hiffel tests were made under the better con-
ditions as regards the speed of wind and size of model.

CHARACTERISTICS AND PERFORMANCE CURVES FOR STANDARD JN-2.
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Figures 6 and 7 represent, respectively, the characteristic curves
(ift, drag, and Hhr—itg-) and the performance curves for the standard

machine with the customary tail setting (—384° to the wing chord).
The angle of zero lift for the complete machine is —44°, whereas that
for the single Eiffel 36 wing is —6°. The burble point for the com-~
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lete machine is at 15°, the maximum lift being 1.69 pounds. The

reak in the curve just at the burble point is somewhat more abrupt
than the corres%cl)nding bend for the wing section alone, but the
falling away at higher angles is less rapid. The maximum L/D is
7.8, at 73°, and the minimum dra.§ is 0.105 pound, at —1°.

. The characteristics thus obtained furnish the basis for the computa-
tion of the performance curves. The speed required for sustentation
and the lift on & model of 1/24 scale at 30 miles per hour and a like

angle of incidence are co:qnected by the formula: V =gg I % for

W=1,800 pounds, V":W,'{%@' A curve of angle of incidence

z.ﬁzi.nst. speed may be plotted from values thus obtained, and shows
t the minimum speed possible is just below 41 miles per hour,
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and that an angle of incidence of 0° corresponds to a of 74

miles per hour, which is about the usual performance of this type of
machine. Points on the curve of drag against speed are secured by
dividing the weight of the machine by the L{1D at a.ndy given angle of
incidence, and laying off the resultant at the speed appropriate to
the angle of incidence in question. The minimum resistance is 230
pounds at 47 miles per hour, and indicates a best gliding angle of 1
in 7.8. The minimum horsepower required is 28, at 45 miles per
hour. With an engine developing slightly over 90 horsepower, such
as was used in this machine, and a propeller efﬁciencg of 80 per cent;, -
a speed of 74 miles per hour should be secured. The angle of inci-

dence at the maximum speed will then be 0°. Dr. J. C. Hunsaker
found® a maximum speed of 73 miles per hour for this machine, using

& different model, with wooden wings,

1E ental Analysis of Inherent Longltudinal Stabillty for a Typical Biplane; First Annusl Re
of the National Advisory Committee for Aglmm.ntics, P sa.ty pane: port
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PART IL

STATICAL ANALYSIS.
By Azexanper Kreuny and Epwarp P. WarNer and GEoreE M. DENKINGEE.

LIFT AND DRAG CONTRIBUTED BY BODY AND CHASSIS, TESTED WITH-
OUT WINGS.

This series of experiments comprised tests of each of the three
bodies alone, of the medium tail alone, of the medium body with
cgﬁssis attached, and of the medium body with chassis and medium
tail.

A comparison of the tests of the three bodies indicates nothing
except that such changes as were made in length of bod%l affect
neither lift nor drag to an extent affecting serodynamic efficiency
in design. The curves drawn for the three cross and recross in a

ighly irregular fashion, the difference between them always lying
well within the limits of probable experimental error, which error is,
of course, & relatively large percentage of the force involved when
that force is very small.

In figure 8 is plotted the lift of the body and the lift due to chassis
alone when in ecombination with body (obtained by subtracting the
lift of the body alone from the lift of body and chassis together).
In figure 9 are given the corresponding curves for resistance. The
gg‘ijnts marked on the body curves are those obtained for the medium

T{e lift due to the body is zero at_+3° (all angles referred to the
line of the bogllongerons asdatum). Itisnearly dlreciitg proportional
to angle at mi? from —8° to +20° (i. ., the curve is vir-
tually o straight line). It shows a tendency, however, to increase
rather more rapidly at la;l.'rg'e angles than at small. It should never
be forgotten that these values for lift, as well as those for resistance
due to the body, will be materially modified by the addition of the
wings, the downwash from which members will decrease the lift.
The quantitative values of this effect will be discussed later.

The lift due to the chessis is always positive and is virtually
constant. Although no test was made on the chassis alone, the
natural assumption is that the apparent chassis lift is the result of
the formation of eddies and screening of the rear portion of the body,
and that there is no dynamic lift on the chassis itself. This effect
is hardly worth considering on the full-scale machine, the lift from
this source being always less than 5 pounds. -
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The resistance of the body is, as would be expected, & minimum
at 0° and increases rapidly and almost symmetricafly with any
change of angle in either direction. The resistance due to the
chassis, on the other hand, is least at a large negative angle, where
the chassis is screened by the forward portion of the body, and
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increases at a decressing rate zg‘sto an angle (referred to the top
longerons) of about 2° ~After this it is virtually constant until an
angle of 16° is reached, where it begins to fall off again. The maxi-
mum resistance due to the chassis is practically identical with the
minimum resistance of the body.
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LIFT AND DRAG CONTRIBUTED BY TAIL, TESTED WITHOUT WINGS.

Inﬂfgu.re 10 are plotted the lifs and drag of the medium tail alone
and of the medium tail when in combination with the body and
chassis. The Ia.tteursgfures were obteined by & method of differences,
analogous to that for finding the lift and drag due to the chassis.
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The lift of the tail elone follows a straight-line equation very
closely, and is, of course, symmetrical about a zero o of inci-
dence, the surface itself being symmetrical in respect of the upper
and lower surfaces. Dividing the lift at an angle of 6° by the area
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of the surface, the square of the speed, and the angle of incidence in
degrees, we find that Ky=0.000139;, which is the equivalent ¢ of the
lift ient on the rectangular flat E}late of aspect ratio 3. The
drag coefficients, however, are somewhat higher than those appro-
priate to this aspect ratio, with the net result that the L/D ratio is
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about 13 per cent lower than it should be for a rectangular plate of
aspect ratto 8. The much improved lift, in view of the fact that the
maximum chord of the tail is nearly as great as'its maximum span,
m:ﬂr be assigned to the raked extremities and rounded corners, as
well as to the fact that the thickness was greater in proportion to the
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ares than for the&RIates tested by Eiffel, and that the edges were
rounded off smoothly.

The lift due to the tail in the presence of the body is also nearly

roportional to the angle (measured from the angle of zero lift as a
tum point), but shows & tendency to increase somewhat more
rapidly at large angles than at . The curve cuts the axis of
zero Lith at an angle of 3°, and the slope of the curve is about 0.75 of
the slope of the lift curve for the tail alone. This change in slope
may be attributed to three causes. The most obvious is that & con-
siderable part of the tail (about 7 per cent) is actually resting on to
of the bogy, and is virtually nonexistent, in so far as aerodynamic
effects are concerned. The second is the decrease in speed of the air
which has passed over the body, and the third is that, as observed
by Eiffel, the angle of downwash increases less rapidly than the
angle of incidence. (Nore.—This phenomenon is probably less
marked then Eiffel’s experiments would indicate, as he failed to
take account of the second of the causes which we have mentioned).
The cause for the downweash when the wings are not present is not
a?pa-rent, as an_upcurrent would seem more probable from the shape
of the body and position of the tail.

The drag due to the tail, because of the downwash noted above,
has its minimum at an angle of 2°. It is not symmetrical about this
angle, increasing much more rapidly at negative than at positive
angles. The minimum drag due o the teil is very smalli, bei
barely half the minimum value for the tail alone and less f&lal?.u%%
per cent of the minimum for the body, but it increases more rapidly
than any other component, so that at 20° it is materially larger than
that for either body or chassis. The drag curve for the tail in com-
bination with body and chassis is less regular than for tail alone, the
lv;IaIues i.nclrea.sing rapidly at smeall, and much more rapidly at

e, angles.

ft should be noted that great caution must be exercised in drawi
conclusions from tests of the tail, since the elevator position is neutr
thm\]:ﬁhout, as is the custom in practically all wind tunnel tests, and
the lift and drag are therefore comsiderably different from those
which would arise in actual flight.

THE EFFECT ON LIFT AND DRIFT OF INTERFERENCE BETWEEN THE
WINGS OF A BIPLANE COMBINATION.

In e 11 are given thelift and dra% curves for & single wing plane
of the Curtiss JN-2 (with all values doubled to make them compalxj-able
with the total lift and drag for the two wings and for the complete
assembly), for & biplane combination made up with the same stagger
and ia}p es in the actusl machine, for the complete machine with
the tail set, as in practice, at —34° to the chord of the wings, and for
the complete machine with the tail removed. To avoid confusion
among so man‘_:zﬁ;uwes the observed points have been omitted from
the drawing. ery point lies within 0.005 pound of the curve to
which it pertains. '

The drag curves for the various arrangements do not, of course,
permit of any deductions as fo the biplane effect on K; and L/D,
since the effect of the struts is unknown. It may fairly be assumed,

1 Nouvelles Reckerches sur Ia Resistance de PAilr et 1" Aviation, by Q. Elffel.
29165°—S. Doc. 123, 65-2——1¢
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however, that these strufs have no important effect on the lift,
and interesting date may be obtained as to the effect which the
biplane errangement without overhang has on the lift of an actual
machine. It is easily conceivable that the biplane correction for &
reel wing, with raked tips and with ailerons cut “on the bias’”” and
rounded off at the corners, may be materially different from that
for wings with square ends. It also permits of a comparison of the
biplane lift corrections for the Eiffel 36 wing with those for other
wings which have been tested as biplane combinations, and notably
for the R. A. I, 6 section tested by Dr. J. C. Hunsaker.! 2

The biplane lift corrections at the practical angles of flight range
from 0.820 to 0.937, the large values corresponding to the la.r%e
angles of incidence, and the correction ratio growing less with angle
until, at about 8°, it reaches a minimum and thereafter increases in
magnitude as the angle becomes smaller. This is strictly in accord-
ance with the results of previous experiments. The maximum
values of the lift coefficient, to be used in computing the landing
speed, are in the ratio 0.937, as against (.955, obtained by Dr. Hunsaker
for both the R. A. F. 6 and Curtiss wuéﬁs The latter tests differed
from the present ones, in addition to the points already mentioned,
in that there was no stagger, the gap/chord ratio was 1.2 instead of 1,
and the aspect ratio was less. Tests made by Dr. Hunsaker at-the
Massachusetts Institute of Technology, and by the stafi of the
National Physical Laboratory,® indicata that there is a loss of about
5 Eer cent consequent on the reduction of the gap/chord ratio from
1.2 to 1, and a gain of about 2 per cent from the use of a 20 per cent
stagger. The exact result of changing aspect ratio in a biplane is
uncertain, but it is probable that a decrease in this ratio increases
the biplane lift factor slightly. Taking all these modifications into
account, the lift correction obtained by us may be regarded as
coinciding very closely with Dr. Hunsaker’s results, that from the
present experiments being & trifle the higher, and we therefore draw
the conclusion that the biplane coefficients may be considered as
virtually independent of the plan form of the wings. The effect of
changes in section, and especially the gain from making up the two

i of different sections, remains to be further investigated.
There is, of course, some loss in lift, especially at large angles, due
to turbulence about the struts, although this should be slight enough
not to affect the validity of the conclusions which we have based on
the assumption that the strut effect was nil. Any such effect would
be relatively more pronounced on the model then on the full-scale
airplane with stream-line struts. Taking account of all such dis-
tur%ing factors, a correction coefficient of 0.95 may be used in finding
the maximum lift for a biplane combination with a gap/chord ratio
of approximately 1, and a stagger of from 10 to 25 per cent. The
effect of chassis, body, and tail on the landing speed will be discussed
in the next section. - . :

It was previous(liifremarked that-little can be deduced from &
comparison of the drift curve for the biplane with that for the mono-
plane, since the effect of the struts can not be readily determined.

1 8table Biplane A ments, by J. C. Hunsaker; Englneerlng, Jan. 7, 1916,

¢ serodynamio Pro of the Triplane, by I. C. Hunsakerand T. H. ﬁuﬂ; En%noeﬂng, July 21, 1016,

3 Determination of the Effect on Liff and Drift of a Varlation of the Spacing in a Biplage; Report of the
British Advisory Committee for Aeronautics, 1611~12, p. 78.
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It will be noted, however, that the distance between the two curves
constantly grows smaller as the angle increases, and that they
finally actually cross each other at an angle of 144°. It is thus
evident that the ratio of bif)lane to monoplane drift grows con,
stantly less, and that, at angles of incidence larger than about 12°-
the drag per unit area is actually less for the biplane combination
than for the monoplane. This is what might be expected, in view
of the screening of the upper plane by the lower, and is in accordance
with the indications of other experiments of a similar nature, but—
it is a striking fact that the relative decrease in the drag of the biplane
combination should be so marked as to give it, at large angles, an
L/ Dsuperior to that for the monoplane, and the possibility of decreas-
ing the angle at which this change octurs perhaps opens a field for
future investigation.

LIFT AND DRAG CONTRIBUTED BY THE ADDITION OF BODY CHASSIS
AND TAIL TO A BIPLANE COMBINATION.

At verﬁ small angles the lift curves for the biplane combination
and for the machine without tail are practically coincident, showing
that the lifting effect of the body and é)hassm is is nil, or, in other words,
that the downwash from the wings, acting on the rear of the body,
is roughly sufficient to balance the lift arising from direct dynamic
pressure on the lower surface of the boc(ig. As the angle of incidence
increases, however, the two curves 'velafige, the separation first-
becoming noticeable at about —1°, and thelifting effect thusindicated
increases in magnitude until, at 10°, the lift due to the body and
chassis is about 0.015 pound. This is, of course, in excess
of the lift which must be furnished by the body to replace that lost
because of the containing of the part of the lower wing (about—5
per cent of its total area) within the body. The two curves cross at
about 15°, indicating that the body exerts an effect opposed to the
lift of the wings from there on, but the flow about the wings is so
unsteady at these large angles that the measurement of the forces is
comparatively inaccurate, and it would be highly unsafe to generalize
on conclusions drawn from such small differences betwoen 1
quantities as those with which we are dealing, and based on one or
two points from a single test. :

The manner in which lift is affected by the addition of a tail will
be discussed more extensively at a somewhat later point, in con-
nection with other fests under varying conditions with respect to
the tail. It is sufficient to note here that the tail has a considerable
effective negative lift at negative angles, that this decreases steadily
until, at about 11°, the effect becomes zero, and that at larger angles
it gives rise to an increaging positive lift.

additional drag caused by the addition of body and chassis
ramains almost constant, increasing very slowly, except at very
large angles, where the increase becomes more rapid. It has, at 0°,
& value of 0.015 gound, as against a minimum drag of 0.080 pound for
the biplane combination, and 0.105 pound for the complete machine.
At an angle of 12° this resistance has increased from 0.015 pound to
0.025. It will be noted that the drag caused on the complete machino
by the addition of body and chassis is materially less than their
parasite resistance when tested separately—about 60 per cent of that
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quantity under conditions of minimum resistance, to speak statisti-

cally. is reduction, which is of considerable importance in the

determination of probable performance for a machine, may be attribu-

ted chiefly to decreased skin friction because of the decreased relative

velocity of the turbulent air along the surface of the body. The

zﬁm? a% enomenon will later be noted in connection with the drag of
e tail.
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TOTAL PARASITE RESISTANCE.

In figure 12 is shown & curve of the total parasite resistance with
the exception of that due to the interplane bracing. The coefficient:
of resistance dus to body, chassis, and tail is constant within 20 per
cent at all angles from 0° to 9°. Beyond the latter point the co-
efficient beging to increase very rapidly, but this increase would be
partly counterbalanced, in an orthogonal biplane, by the decreasing
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resistance of the struts and wires with increasing angle. In astaggered
biplane such as the JN2, this counterbalancing effect would not ap-
pear, as the struts are more nearly normal to the wind for a large
angle of incidence than for a small.

o parasite resistance coefficient for the entire machine, exclusive
of the interplane bracing, at 4° the unaits being pounds per square
foot per mile per hour, is 0.020)<%%=0.0128. The parasite re-
sistance coefficient for 8 struts, 5 feet long and 1% inches wide, having
a fineness ratio 3, together with 4 similar struts 2% feet long, is
0.0028,! and the coefficient for the interplane wires roughly 0.0040,2
making a total of about 0.02. No allowance has been made for the
resistance of fittings. -

EFFECT OF ANGULAR SETTING OF THE TAIL ON LIFT AND DRIFT AT
VARIOUS WING INCIDENCES.

For the tests reported in this and the following section the medium
body was used with the tails inclined to the wing chord successively
as follows: Large tail, —1°, —2° —3%°; medium tail, —2°, —3%°,
—5°%; small tail, —3%°, ~5°, —7°. Different ranges of angles were
adopted so that, as far as could be estimated in advance, the static
longitudinal staﬁi]ity*wodd not be excessive, nor would the insta-
bility be very great, in any test.

e results are given by four sets of curves, figures 13 to 186, inclu-
sive Bach of thefirst three gives the L and D curves for the three set-
tings of some one tail. Figure 16 is a collection of the L and [) curves
for the three tails at —34° to the wings, and is dedggled particularly
to show the results of varying the size of taill. An averaging of
results for the thres sets.of ﬂgraphs shows, what would be expected,
that the lift increases steadily as the negative a.n%gof the tail with
respect to the wings decreases. The amount of this increase, for a
given variation in tail sett,ingf does not vary appreciably with angle
of incidence, except at v arge angles, and ranges from 0.010 to
0.015 pounci per d{;gree of tail angle the larger values occurring
on the small tail. o variations in effect are so small, however, that
little significance should be attached to the latter fact. At angles
close to and beyond the burble point, the curves spread out somewhat,
the apparent effect of the change in setting becoming greater, and
this has the effect of causing the bmbleacﬁ)oint to occur at & fa.rger
angle of incidence as the tal and wing chords become more nearl
parallel. As a concrete example, we may consider the landing speed,
which was found to be 41 mles per hour for the standard machine.
With the tail set at —1° instead of at —3%°, this value would be
decreased by % mile an hour—a gain hardly worth taking into con-
sideration. )

At small angles the change in total drag is almost too small to
determine, although a decrease in relative tail angle has a tendency
to decrease the drag. At intermediate angles (the exact range dif-
fering for the three tails) the three curves merge together. At some

1 mﬁu Btrlul&f of Varying Fineness Ratic; Report of the Brifish Advisory Committee for Aero-
nau . 111,
oE ! e ton it Resistance of Wires; Report of the British Advisory Commlitee for Aeronsutics,
P 180,
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angle between 6° and 12° they separate, and the drag is thereafter
greatest for the least angle of setting, just as is always the case with
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the lift—this is explainable by the fact that as the angle of setting
of the tail increases its zero incidence occurs at greater angles o
the wing chord.
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Since the angle of maximum speed with & 90 horsepower engine
for the machine under investigation corresponds very closely to the
angle of minimum drag, and hence to the point where the slope of

Fed " ] e
Vr.’_jmv\ -\g\
it J//’ .\\:\ 2
? //' I
o d V. 3
; / §
d

IR

£1-3
y ; /
/ |
/ Limr & Lmac
. MELiusm BODY
MED TH

M My — —

~af'e

g ———

) |
9%

y7

Hrvora lor inc
o HL——‘EJ P N " Y S SR S .
Fra. 14.

the drag curve is zero, the maximum speed is unchanged by what
is in effect a shifting of the lift curve to the left. What change there
is will be due to the change in drag, but this is so slight that no vari~
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ation in tail setting within the bounds of reason is likely to alter the
maximum speed by more than I mile per hour. The effect on climb-
ing speed be somewhat greater, as the angle of incidence for best
climb corresponds to the rising portion of the drag curve, but even,
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here it is not considerable (probably never enough to change the
horsepower required at any point by more than 3 orsepov::r%.

In résumé, it is apparent that the effect of tail setting on the effi-
ciency of such a machine as the Curtiss JN2 is quite negligible, and
tha.g;mthe tail angle should be chosen purely from considerations of
stability.



908 REFPOBT NATIONAL ADVISORY (OMMITTEE FOR AERONAUTICE.

.
4T [‘J‘\
’:_-.-'_.:L—‘- ——
. vl “E”:b
W
r's //

R

4 LY - |

7
/ iy LomT & ORAG /
/i AMaouse BOOY /,;

/ timere ——= /]
4 LANGE + ——
fr /

, 7 -

h

LT

"y

Fre, 16,



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 209

EFFECT OF VARYING SIZE OF TAIL, KEEPING ANGLE OF SETTING
CONSTANT.

The curves for the machine with the three tails already deseribed,
the tail being set at —34° to the wing chord in every case, are plotted
in figure 16. These curves show thaf the lift for the whole machine
throughout ranks inversely as the sizes of the tails—that s, it is great-
est for the small tail and least for the large tail. The spacing between
the three curves is nearly constant. e arrangement of the curves
in this order is what would be expected at small angles, where the
total force due to the tail is downward and the negative effect is
naturally least for a tail of small area, but the reason for such behavior
at large angles is Jess obvious. While it would be impossible to draw
definite conclusions without making an exhaustive investigation of
the pressure distribution over the surface of the tail, the most prob-
able hypothesis to account for the phenomenon is that the down-
wash from the wings is less felt near the body than out in the open
and that the farther away from the body on:sﬁets the greater the
downwash angle becomes. The mean downwash angle will then be
larger for t};nﬂrge tail than for the small, and the lift (taking account
of sign) will always be less for a large tail than for & small one.

TE: drag, too, 18 largest for the small tail at angles equal to and
greater than 2°. From ~2° to +2° the curves merge together
and at negative angles greater than —2° the drag for the small tail
is Jeast. e%?his, too, may be accounted for by the hypothesis stated
above in conjunction with the fact that at the points of maximum
downwash @. e., the parts farthest away from the body) there is
probably an actual negative drag on the tail, due o edd, and the
existence of pressure on the top of the tail. This is ana ogous to
the force which when a pair of plates are exposed in tandem tends
to draw the rearmost forward into the wind.

EFFECT OF VARYING LENGTH OF BODY AND SIZE OF TATL AT THE SAME
TIME, EEEPING CONSTANT MOMENT OF TAIL SURFACE ABOUT THE
CENTER OF GRAVITY.

The reason for adopting this method of testing relates especially
to the pimbj.ﬁ moments, but the results can be used to show the
way in which Iift and drag are affected by the variation of the distance
between tail and wings. )

Figure 17 represents the lift and drag for the machine with the
medium and short bodies, each carrying the large tail at an e
of —3%° to the wing chord, whﬂzrﬁre 18 gives similar data for
the medium and long bodies in conjunction with the smell tail. In
the case of the first, the lift for the two bodies is virtually identical
at es less than 5°. At this point the two lift curves diverge,
the 1ift for the short body being the greater, and the divergence
becomes steadily greater as the e of incidence increases until
at 16° there is a difference in Iift of over 0.08 of a pound, so that
the landing speed would be somewhat reduced by shortening the
body, quite aside from the fact that the weight of the machine would
Itllela n]l)ar}edly decreased by a reduction of 10 per cent in the length of

e body.
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The drag for the two is identical within the experimental error up
to an e of 10° beyond which angle the curves separate in the
same way as for the lift, the drag being greater for the small body.

In the case of the small tail, the lift is about 0.01 pound more with
the medium body than with the long one at all angles from —4° to
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12°. The two curves then come together, being virtually coincident
at angles beyond 14°. The drag for the medium body is greater
than for the long at all angles, the difference being very small at
small angles, and increasing steadily to over 0.01 pound at 18°.

These results, like those of the last section, at first sight seem
quite unrea,sonai;le, and their fair interpretation requires an examina-



REPORT NATIONAL ADVISORY COMMITTEE FOR ARRONATUTICS. 301
tion into the actual conditions of flow about, and in the rear of, a
Pi-otograpbic investigations of the fiow about a wing section in &

water channel, carried out at the National Physical Laboratory *
show that the fluid behind the wing, especially at large angles of
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incidence, forms marked eddies, and, on the dissipation of these,
takes up & wave motion extending backward for a considerable
distance. It is, therefore, probable that there is some point or
points where the downwash angle is & maximum, and a motion in

1 Photo, hich%e Flow Round & Model Asero by E. Relf; Re of the British
A.dvhory%ggxmittee for , 1619-13, p. 133, el port
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either direction from these points will result in a decreased down-
wash and increased lift and drag. It appears that this is what has
happened in the present case, and it would undoubtedly be found
that, if the body should be shortened up still farther than weas done
in the tests with the large tail, the lift would be 2 maximum for gome
length, beyond which any further shortening would diminish it.

he gains in efficiency consequent on shortening the body depend
chiefly on the reduction in weight, permitting also a further reduc-
tion in area. The direct gain in 1ift is small, as it was for changes in
the angle of tail setting, although it is by no means negligible. = The
application to other airplanes of the results obtained from this
particular set of tests is not to be recommended, however, since the
effect of changing the body length might be quite different-when a
different machine, using a different wing section, was affected.

A QUANTITATIVE DISCUSSION OF THE FORCES ON THE TAIL AND THE
EFFECTS OF DOWNWASH.

Although we have now examined the. characteristic curves for the
complete machine in a considerable number of cases (11 in all), as
well as for the machine without the tail, we have not yet made any
attempt to correlate the figures for tail effect, or to secure any
measure of the downwash angle, and this subject will be treated next.

Enough has been done to make it evident that no single figure
or formula can express the degree of downwash, which varies with
distance from wings, angle of incidence, type of bodXi]a,nd isnoteven
the same on all parts of the tail at a given time. y formule that
are given, therefore, must be accepted with due reservation, as repro-
sen & “mean effective’” downwash which, if it actua]iy corres-
ponded to the conditions of flow, would give rise to the same tail
effects as those observed. It is further obvious that the figures
thus secured will not apply to the effects of the tail on the drag curve,
as the eddying flow above and behind the tail actually results in its
having a negative drag at times, -

In e 19 are plotted the lifts due to each of the three tails when
attached to the medium body at an angle at —33° to the wing chord.
The wavy curves, drawn in full lines, pass through all the points with
the exception of one or two which wers obviousl very far off.
Although the peculiar shape of these curves m:g be due in some part
to observational errors, which would show forth very much exa.g%tlar-
ated on such & plot as this, it will be noted that the curves roughly
parallel each other, and it is probable that the irreglﬂant_les represent
approximately & condition actually present. Such irregularities
may be accounted for on the hypothesis stated in connection with
the tests of different body lengths, the lift due to the tail vary
in an irr manner with the angle of incidence, since the lengt
and amplitude of the fluid waves back of the wing change with the
angle, and the position of the tail with respect to the wave form is
consequently altered. As a measure of simplification, however, and
for possible use in the framing of empirical rules, ideal curves have
been drawn with all irregularities removed, and these lie within
0.005 pound of the more exact curves ab all points. These faired
plots curve slightly upward, the curvature being greatest near the
middle of the curve.
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The curves for the other six cases in which the medium body was
employed were plotted in & similar manner, and led to the same
conclusions, but lack of space has prevented their inclusion herewith,
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An incomplete investigation of the effective downwash angle
@. e., the di@erence between the angle of the tail to the wind and
the angle of incidence at which the tail, tested alone, would give
the same lift as that which it actually confributes to the machine)
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indicates that, as was also shown by Eiffel,' the graph of downwash
angle against angle of incidence, can be at least approximately
represented by astraightline. (In the present experiments, a broken
line, its two portions meeting at an angle of incidence somewhere
between 6° and 10°, gave greater accuracy, though at the sacrifice
of simplicity.) Eiffel’s formula oc =1+ 34, does not, however, suit
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our results so well as one with a larger constant term, the discrepancy
doubtless being due to the presence of the body and to the use of the
flat tail, in place of two wingsin tandem. Theequation of thestraight
line plot for the mdium tail set at — 33°, for example, is: o =3} + §1,
and this is & fair average of the results obtained. "They are not given
in ]e;xtengfo,las they ‘were not sufficiently consistent for comparison
to be useful.

1 Nouvelles Recherces sur Ia Resistance de 1’Atr et I’ Aviation, by G, Eiffel,
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In Figures 20 and 21 have been plotted the effect which the presence
of the tail has on the total drag of the airplane. The first shows this
effect for the three tails in connection with the medium body, each
of the tails being set ab 8%°, and the second relates to the medium-
sized tail set ab its three different angles. °

The first set of curves manifests more clearly a point to which we
have already, called attention, that the drag is least for the largest
tail, clearly indicating a region of negative drag. The drag dus to
the medium tail falls very nearly to zero, and tﬁat for the large tail
actually becomes negative over & considerable range of angles. The
drag increases rapidly as the angle of minimum resistance is departed
from in either direction.
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Tn the case of the curves showing the effect of varied angle, it is
evident that, as might be foreseen, the three curves are very nearly
Eara]lel, simply bei.n.% displaced horizontelly with respect to each other
T{a.n amount roughly corresponding to the change in angle of setting.

e minimum values all lie between 0.001 and 0.0024 pounds, the
difference being well within the probable experimental error in view
of the indirect method by which the figures were obtained. Taking
an average value, we find that the drag due to the tail is a minimum
at or near that angle of incidence at which the angle of the tail to the

ath of the flight is +4° In other words, the angle of minimum

ag and the angle of zero lift due to symmetrical tail tested in the

presence of the wings are very far from coinciding, the latter being
the greater by several degrees.

20185°—S. Doc, 123, 65-2—20
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EFFECT OF SIZE AND SETTING OF TAIL ON STATICAL LONGITUDINAL
STABILITY.

'We are now able to consider the stability of the airplane and the
manner in which it is affected by variations in the design. i
stability is best investigated with reference to the moments about the
center of gravity of the machine, as the popular vector diagram,
while it possesses the merit of simpiicity, does not give & true eriterion
of stability except at the angle where the machine is in equilibrium
with the elevator neutral. In order to insure statical stability at
]l angles the pitching moment must always decrease (the positive
sign being given to stalling moments) as the angle of incidence
increases, or, in other words, the slope of the moment curve must be
negative throughout the range of normal flight angles. On the other
hand, it is obvious from a moment’s consideration, as well as deducible
from Bairstow’s solution of the general stability equations, that the
slope of the curve should not be excessive, as too much statical stabil-
ity results in & very short pitching periocf, which is uncomfortable for
the pilot. Ultra-stable machines are also sult)f';gt to the disadvan-
tage that they require large elevators, moved through a considerable
range of angle, to balance them at angles of incidence far removed
from the normal.

The complete machine was tested under 11 different conditions,
as already described in detail in. connection with lift and drag. The
moments about the spindle were measured with a calibrated torsion
wire, according to the usual procedure. Since so much depended
on the flow of air from the wings to the tail, and since it was feared
that the straight spindle generally employeci might unduly interfere
with this flow, it was discarded and an offset spindle, bent through
right angles at three points and passing into the bottom instead of
the side of the body, was substituted. The position chosen for the
spindle ﬁave a center of rotation, about which the moments were
measured, just above the trailing edge of the lower wing. The
moments about the center of gravity were com&)uted by a process
explained in detail by Dr. Hunsaker’s Eapel‘,1 and which need not be

ne into here. ‘The center of gravity has been chosen, in every case,
in such & position that the machine was in equilibrium at ah (]
of incidence of 2°. This necessitated using a different position for
the center of gravity in each case, the extreme movement being about
one;lfggrth inch on the model, corresponding to 6 inches on the
machine.

The resulting eurves are plotted in figures 22 to 25, the moments
being reduced to foot-pounds per unit mass (slug). The mass of the
Curtiss JN2, ready for flight, is 55.9 slugs. It will be seen that they
are very similar in generaf shape, and that there are no abrupt
decreases in slope except in the case of the medium tail at —2° In
this case the discrepaml:g with the other curves is very probably due
to an error. The stability, represented by the slope of the moment
curve, is always least at or near an angle of incidence of 3°.

The curves speak for themselves, and it is difficult to draw any
specific criteria for stability, especially since the degree of-statical

! Experimental Analysis of Inherent Longitudinel Stability for & T{glg:l Bl&\hne, by J. C. Humsaker;
First Reaport of the National Advisory Committee for Aerona » Pe
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stability to be wished for is not definitely known. All of the cases
tested give satisfactory stability. It is apparent that & decrease of
10 per cent in the size of the tail has an effect equal to that of & de-
cresse of 2° in the angle of setting, and & consideration of all factors
of stability, control, etc., would seem to point to the use of a tail of
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large size set ab & small a.ngle relative to the wings. This recommen-
dation is fortified by the decreased drag from such an arrangement,
this factor alone bain&enough to balance the slight increase in weight.
Even with a tail of the present size the angle might be decre to
—2° without prejudiciel results, and the ease of motion would proba~
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bly be improved. These latter g)oints will be investigated further in
connection with dynamical stability. The maximum angle of inei-
dence likely to be attained is 14°, this corresponding to a speed less
than one-half mile per hour above the absolute mimmum, At this
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angle, with the standard arrangement of tail surfaces and with the air-
plane balanced up at 2°, the moment about the center of gravity is 68
gounds feet perslug, ora total moment of 3,800 pounds feet. Thismust

e overcome by the elevator, requiring a force of nearly 200 pounds on
the elevator. On the other hand, when the angle of tail setting is
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reduced to —2°, the total moment is only 2,880 pounds feet, per-
mitting & decrease of 25 'Efr cent in the elevator load. With a tail
10 per cent larger than that normslly used, the same body length
being retained and the tail being set at —1°, the stability is still
quite sufficient and the total moment is just under 3,000 pounds fest.
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The angular movement of the elevator will, of course, be reduced in &
still greater 'ﬁfoportion than the loading, since the control area is
increased. ese moments would be somewhet less if the airplane
were balanced with respect to an angle of 34° (the angle of the wing
chords to the top longeron), since the center of gravity would then be
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moved back nearer the 14° vector. A backward movement of the
center of gravity, too, has the effect of decreasing the stability, since
the change in moment arm is the same for every vector, and the mo-
ments are consequently most increased where the force is greatest;
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i.e., at large angles of incidence. The result is to flatten the moment
curve.

For the sake of comgeteness, and to facilitate comparison with
other machines, the vectors for the JN-2 have been superposed on the
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side view in figure 1, and & vector diagram for the biplane combina-
tion has been drawn in figure 26.

EFFECTS OF LENGTH OF BODY ON STABILITY.

Figure 27 shows the moments for the JN2 e%uipp.ed with the stand-
ard body and with the long and short bodies, the tails used being such
that the product of their area by their distance from the center of

vity o? the machine was the same in the three cases. If would
hen appear thet, if the angle of downwash were the same in the three
ceses, the moment curves should be sensibly identical, and this is
actually the case. The short and medium bodies gave moments so

VecTom Dracrarr
fore Sirprane ComBINATION

Fia. 26.

nearly the sams at all angles that one curve represented both sets of
points, while the stability of the long body combination with the
small tail wasslightly less. In a previoussection we have discussed the
angle of downwash, and deduced that it varies somewhat with the
length of body, and that the effectiveness of the tail surface also
varies with its distance away from the body. These and other similar
effects are all small, however, and it appears that they virtually bal-
ance each other in respect of moments.

In figure 28 are plotted the moment curves for the long and me-
dium bodies in combination with the small tail at an angle of —3%°
to the wing chord. The stability is greatest for the long body, as
would obviously be the cass, but the effect of changing length is less
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than might be expected, and the inevitable conclusion is that, so far
as statical lonélr_itudinal stability is concerned, a considerable decrease
in the length of the body over presentpractice is permissible, and may
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be strongly desirable. Of this, too, we can speak with more certainty
in connection with the determination of dam&ing coefficients and the
study of the periodicity and damping of the general longitudinal
motion.
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THE EFFECTS OF THE VARIOUS ELEMENTS OF AN AIRPLANE ON
LONGITUDINAL STABILITY AND THE PLACING OF THE FORCE
VECTORS. .

Although the sbove subject was not extensively investigated, tests
were made for the single wing, for the biplane combination, and for
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the machine complete except that the tail was lacking. The resulis
of these experiments have been plotted in two different ways. In
figure 29 we have plotted the travel of the center of pressure of the

ingle wing and of the biplane combination, the Iatter being defined
as the point of intersection of the force vector and & line parsllel to
the chord of the wings and midway between them. The chord of
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the biplane combination is limited by the lines connecting the lead-
ing and trailing edges, respectively, of the upper and lower wings.
Secondly, figure 30 shows the moments of the biplane combination
and of the machine with tail removed, the moments being referred to
the point located as the center of gravity of the standard machins,
with medium tail set at —3%° e difference between the above
two cﬁxa.nmtles is also plotted, this representing the effect of body
and chassis, :

The travel of the center of pressure is closely similar for the single
wmf and for the biplane combination (with struts, of course, in-
cluded) is very similar, but the biplane center of pressure is slightly
farther back through the greater part of the range, the maximum
separstion in this portion being about 1% per cent of the chord.
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The biplane curve turns less abruptly as the angle increases, so that
at large angles the center of pressure is farther back for the single
wing. The dotted line in this figure represented the position of the
center of gravity of the machine under standard conditions.

From figure 30 we see, as is equally obvious from a cursory in-
spection of the vector diagram for the complete machine, that the
biplane combinsation exerts a diving moment about the center of
gravity af all angles of incidence. e machine without the tail ex-
erts an even greater diving moment at all points, indicating that the
sign of the moments due to the body and chassis is always negative.
ﬁlils is due chiefly to the resistance of the chassis, centered far below
the center of gravity. The moment due to the addition of the tail
is zero at between 10° and 11°, This angle of zero pitching moment
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checks with a fair degres of accuracy with the angle of zero tail lift,
already determined. Although the slope of the pitching moment
curves for the biplane combination and for the machine without the
tail is everywhers negative, it must not be inferred that this indi-
cates stability. The slope of the curve is a satisfactory criterion only
when the moments are related to a point at which the system is in
equilibrium at some normeal angle of incidence, and this is not the
case here, as the moments are everywhere negative. If a moment
axis be chosen such that the moment about it is zero anywhere
between ~2° and +20°, it will be found that the curve has a positive
slope through at least a part of its range.

. order to define the position of the center of gravity of the
machine, and to furnish a guide to designers in choosing & position
for that point which will give equilibrium at the desired angle of
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incidence, & line has been drawn connecting the center of pressure
of the two w-ua os at 2°. 'The horizontal distance between the middle
of this line and the 2° force vector was then measured and multiplied
by a proper scale ratio to convert it to full size, thus giving the
distance, in a horizontal line, from the mesan center of pressure of
the wings to the center of gravity, assuming that the airplane flies
at 2° incidence with the elevator neutral. The same process was
carried through for each of the cases, both for 2° and for 4°, and the
distances are tebulated herewith. The center of gravity was as-
sumed to lie on the line of thrust, but the vectors for the angles in
question are so nearly vertical that any reasonable raising or loweri;:ig
of the center of gravity relative to the wings will affect its fore-and-aft
location only & very salight degree. The center of the line connecting
the individual centers of pressure 6f the wings was used to locate
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the datum plane in preference to the center of pressure of the biplane
combination, as it is much easier to secure information on the center
of pressure travel for & single wing of a given section than to secure
similer information for a combination of two wings.

Centey ot b
T of pres-
Agﬁlggf sure to vcétc:
Body. Tall, win ol gravity,
cho
2%, 4«
b Inchee, | Inches, .
3% 13 8
5 14 Y
7 18 12
ul @ 8
5 15 9
1 8 4
2 10 &
g 4 8
13 8
13 6

This table shows that the position of the center of gravity to give

uilibrium at_any given point smeall angle is nearly independent,
within reasonable limits, of the length of the body and the size of
the tail. It is, however, materially affected by the angle at which
the tail is set. As the angle of equilibrium increases, the required
position of the center of gravity approaches the center of pressure
-of the wings alone with great rapidity.
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PART Il

DYNAMICAL ANALYSIS.
By Arzxanper Kreyiv and Epwarp P. WarNEr and GeEoreE M. DENKINGEE.

FUNDAMENTAL PRINCIPLES OF DYNAMICAL STABILITY.

Before te.kin% up in detail the dynamicel stability of the Curtiss
JN2, we shall briefly tabulate, for purposes of reference, the well-
known principles on which the treatment of dynamical stability
depends, and shall discuss the methods of applying those principles.
t has been found by Bryan® and other investigators that the
general equations of motion of an airplane, with symmetry taken
mto account, reduce to two sets of equations of the fourth d
in A, X being the logarithmic inerement or decrement of the oscilla-
tion, one of which equations corresponds ?;ﬁ]sy;mmeh'ic or longitudi-
nsl, the other to asymmetric, or lateral, oscillations. fhe second of
these equations does not enter into the present investigation in any
form, and we shell not discuss it. Before proceeding to an examina-
tion of the first, it is necessm& to describe the notation adopted.

The origin is located at_the center of gravity of the airplane.
The three mutually perpendicular axes of reference are fixed in the
machine in such & position that they dre parallel and perpendicular
to the relative wind when the machine is in steady borizontal flight.
They therefore change their position with respect to the earth as
the airplane oscillates. 'When there is a change in speed of flight,
however, and consequently in am%;a of incidence, the axes change
their position in the machine. ese axes are denominated t
z, v, end z axes, and the forces parallel to them, respectively, are
called X, Y, and Z. The x axis is parallel to the relative wind,
the y axis is parallel o a line connecting the wing tips, and the
2 axis is vertical. The moments about these axes are denominated,
respectively, L, 3, and N. The com%onents of velocity ‘parallel to
the z, ¥, and 2 axes are called %, v, and w, and p, ¢, and r, similarly,
are the components of angular velocity about these axes, and corre-
sponding to the moments L, A, and H.

It has been shown that the longitudinal motion may be considered
as entirely independent of the side slipping velocity v and of the
engular velocities of roll and yew—jp and-r. This is not strictly
correct in every case, & side slip having a distinet influence on the
drag, and a roll affecting both lift and drag, for example, but it is
necessary to make the approximation in order that the equations
of motion may simplify as described above. Each of the five coeffi-
cients in the biquadratic may then be written as a function of one

L Stability in Aviation, by G. H. Bryan. 317
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or more of 11 quantities—the speed % (negative when the machine
is moving forward in the normal manner), the radius of gyration
about the u axis Kz? and the nine resistance derivatives X,, Z,,

¥, Xy, Zuy My Xy Zg wnd M, X, representing S, It is

found that X, and Z, are so small as to be negligible, and 1, is
zero, since the moment about-the center of gravity of the airplane
due to air forces is zero in horizontal flight and therefore will not be
affected by variations in speed.

Our eleven original quantities are thus reduced to eight, and the
coefficients in the equation AN BN+ O\ 4+ DA+ E=0 may then be
written in the following form:

A=Kz
B=— (M, + X K+ Z, Ks?)

O=fpr F + XM+ K2 Ko T U (24 X - UMyt

M, M,
K5 (Xuzw _‘ZuXw)
X, X, 0
D=-7, Z, U=-~M(X,Z,—Z,X;)+ UX M,
0o M, M,

E=—g M, Zy
COMPUTATIONS OF RESISTANCE DERIVATIVES.

The first step in computing the resistance derivatives for a specific
irplane is to determine X, Z, and A for each angle of incidence at
which the model was tested, and to plot these against the angle of
pitch away from the position of equilibrium. To avoid the appear-
ance of mass in the stability equations, all forces are reduced to
ounds per unit mass. The transformation is made for X and Z
Ey the application of the equations:

X=Dcos@—Lsgin @
Z =L cos6+Dsin @

6 being the a.nfle of pitech. The method of obtaining M hay already
beeerlxnfwcribe in the first ga.rb of this report, and has been carried
through for all the cases under examination for an a.n%Ie of incidence
of 2° and angles of pitch extending from —6° to +18°.

X, and Z, may be readily calculated from the fact that all the
air forces on a machine vary as 4. X therefore equals Cu® and Z
equals Cw?. Differentiating the first of these, we have

%"ug ='--2C’1u=—2-%—“, and Z,, similarly, equals ?U—Z:

To determine X, Z, and M, it is necessary to consider their physi-
cel meaning. A vertical velocity w, compounded with a horizonta]
flight-velocity U, results in & flight path inclined to the horizontal

~3
at the angle: —teu ﬂ-[’—} If the angle of the airplane with respect
to the earth remains unchanged, in accordance with our assumptions,

the angle of incidence will be increased by tan—* %’ Since
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1
5.Y X 46 LwsX X U X U
w0t = — % Tt o
1+ Nigl
w is always small in comparison with U, and we may, therefore,
write, without serious error, ;%ml% . % may be obteined graphi-
celly, being equal to 57.3 times the slope of the X —curve in units of
force per degree. Z,and If,, similarly, are given by the expressions
573 'AZ o 573 AL
Phhe ouly rogining d he d

e only remaining resitance derivative is Af, the damping
coefficient of pitching. This is secured by oscﬂla%i%lg the model in
a current of air, measuring the time required for the amplitude of
the oscillations to be damped to a certain predetermined degree.
The I]l:lxethOd has been fully described elsewhere,! and will not be gone
into here.

The solution of the equation of motion for the oseillator reduces fo:
log, %’=2f-;, where £ is the time required to damp the angle of swing
from 6, to 6 end I is the moment of inertia of the entire oscillating
mass, calculated by ti.midxﬁthe periods of oscillation with the oscillator
counterweights in two different positions, and eliminating the effect
of the springs between the two equafions thus secured. The maxi-
mum amplitude of oscillation is about 3° each side of the equilibrium
position.

Beirstow has shown 2 that g, the damping coefficient, is a function
of pl*v where 1 is any linear dimension of the machine, this deduction
being based on & strict pr%portiona.lity between the air forces and
the square of the speed. The above relation, in so far as it states
that the dampi.ﬁ coefficient varies as the first power of the speed,
is in close accord with the results obtained bir oscillating experi-
ments at different speeds for the complete model of an airplane; but
the damping coefficient for the apparatus alone varies with the speed
in a highly irregular manner, being nearly constant at speeds of from
20 to 35 miles per hour, beyond which points it changes rapidly.
This behavior is in accordance with that indicated by Frevious tests
with the same apparatus, as is shown by the positions of the observed
points with respect fo their curves, although it has always been
assumed that the discrepancies from a straight line were caused by
experimental errors, and such a line was drawn through an average
of the points. In the present experiments, since p for the complete
model is considered to be directly proportionsl to thespeed, & mechan-
ical method of fairing the curve and obtaining 1f; has been substi-
tuted for the device of plotting all the points and drawing the line
by eye, as has formerly been the custom. g was found for each
case at seven different speeds, ing from 12 to 39 miles an hour,
and was divided by the speed of test, thus giving the damping coeffi-
cient at 1 mile an hour. An average of the seven valuesu;%ta.ined
for the seven different speeds was tnen taken to be the true value

1 Eﬁnenmlbngfﬂs of Tnherent Longitndinal Stabilify for 8 Typical Biplane, by J. C, Hrmsaker:
First ual R:port of te Natlonal Advisory C ommlittes for Aeronay p. 4145, -

2 The Experimental m?etermlnagca;l %1%-01"33:’ (; g%‘mients, by Lecnard tow: Report of the British
Advizory Aeronanties, D. 1
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for 1 mile an hour, except where one or two of the values were so far
from the rest as to be obviously wrong, in which case these aberrant
values were omitted from consideration in making up the average.
This method also has the advantage that the mean deviation of tﬁle
individual values from the average gives an excellent quantitative
measure of the accuracy of the run. This deviation was almost
always found to be less than 4 per cent. Having found this unit
damping coefficient, Jﬁ, is found iﬁx;multiplying by the fourth power
of the scale of the model and by the speed, dividing by the mass of
the lr;11inrpla‘ne and changing the sign, since M, acts so as to resist
itching.

P & SOLUTION OF THE STABILITY EQUATION.

Since the motion is. oscillatory, the roots of the biquadratic sta-
bility equation will be complex, and will occur in pairs, ~ The substi-
tution of any-root in the expression y=e¢* gives the product of an
exponential, the exponent corresponding to the real part of the
root, end a triﬁonometric expression involving both sine and cosine,
and therefore having the period 2,, the magnitude of the angles (in
radians) corresponding to the imaginary part of the root. In order
that the motion may be & damped one, the real parts of all the roots
must be negative, and the condition for this is, as demonstrated by
Routh * that all the coefficients in the equation: AN+ BX4 OM 4
D\ E=0, must be positive, and that the expression BCD—AD?*—
B*E, known as Rouafs discriminant, must also be positive. The
ma.gﬁitude of Routh’s discriminant is frequently taken as a criterion
of the degree of stability, but it is not entirely satisfactory for this
purpose, as will be shown later.
airstow has shown ? that this equation can be so factored as to

ive approximately correct roots, since the values of the coefficients
o not vary widely in modern airplanes of standard type.. The
solution is as follows:

(++50+2) (++[2-BF 4 B)-o
The first factor corresponds to a short and heavily damped oscil-

lation, the second to one of much longer period. If there is an
instability, it appears in the latter motion. It is evident that, if

the second motion is to be atable, g—%{—? must be positive, and CD

must therefore be greater than BE. This is & somewhat simpler,
although less absolutely correct, criterion than is the use of Routh’s
discriminant, AD AB

The above product multiplied by A4 is: A"‘+(B + o Nt

O+ 27+ 52BN+ Dr+ B=0. T onder that this mey bo

identical with the original equation, the conditions: CD=BE and
AE +BD=%}§must be satisfied. These conditions are incompatible
unless AE=0, which is manifestly impossible in a statically stable

1 Advanced Rigid Dynamios, by E, J. Routh,
2 Invsetigation into f‘gelaa Sta.bfllt; of an Aeroplane; Report of the British Advisory Committee for Aero-

nauties, p, 160,
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machine, as neither Af, nor Z, can be zero in such an airplane.
Bairstow’s solution is therefore never ectly correct, but it is close
enough at all times to be of great value, which is all that has ever
been claimed for it.

It has already been stated that Routh’s discriminant is not a
satisfactory measure of stability. A better quantity for this purpose
can be obtained in the following manner.

The most satisfactory basis for a single expression defining the
degree of stebility, is the percentage of damping during one complete
oscillation. A large value for this expression is to be desired, as it
involves heavy damping in combination with a long period, both of
which make for comfort and safety. The damping in one oscillation
depends on the ratio of the period to the time required to damp the
amplitude 50 per cent, both of which quantities heve been determined
for every case investigated. If we write our quadratic in the form

M +ax+b=0, the period equals —4-_%1—%7?—&; and the time to damp one-

el aquals 2% 2. Then %=1/Z—{i7’ where Fis a constant, and,
D B

p_\NC_CJ .

¢ [4E /D BEV
7—(o-or

$his expression is & maximum when 2=BEY i o ragimum
exp ) T .
%ﬁ_@ will therefore serve as the desired measure of stability.
A word of caution is necessary to the effect that this does not furnish a
means of distinguishing degrees of instability, and that, of twomachines
%'ivmg negative values, the one for which the value is algebraically

est (nearest to zero), may be the more unstable of the two. Onl
positive values, therefore, should be taken into account. To mini-
mize the effect of insta.bi{ity it is desirable that the product of the
period and the time fo doubls in amplitude, not their ratio, be a
maximum.

substituting their true values for & and a,

DYNAMICAL STABILITY OF THE CUGRTISS IN2.

The resistance derivatives were computed and the stability dis-
cussed for each of the 11 different combinations of body and tail
which were made up. The machine was also placed on the oscillator
without & tail, in order to determine the amount of damping, or the

roportion of M;, due to the wings, body, and chassis. It would,

owever, have been useless to make compiete stability calculations
in this condition, as if is obvious that & machine which is unstable
in a statical sense can not possess dynamical stability. The cal-
culations have all been made, as in the case of the statical work and
the reduction of the center of gravity, for an angle of incidence of
2°, corresponding to & speed of slightly over 60 miles per hour.
Investigations by Dr. J. C. Hunsaker ! have shown that the degree
of stability of any given machine falls off rapidly as the speed de-

1 Experimental of Tnkerent Longlindinal Stabllity for s Typical Biplane, by 7. 0. Hunsaker:
I‘i:s%malBeport msNaumudﬁm-yCommmetgA N

29165°—S. Doe. 123, 65-2—21
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creases, and that all typicel machines investigated became unstable
in respectof the long oscillation at some speed greater than the mini-
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Case I. Medium body, small tail at —83.
Case IT. Medium body, small tail at —b°.
Case ITI. Medium body, small {ail at —7°.
Case IV. Medium body, medium tail at —2°.
Case V. Medium bggg, medium teil at —33°,
Case VI. Medium bog’ medium tajl at —5°.
Case VII. Medium bog’ large tail at —1°.
Caze VIII., Medium body, large tail at —2°.
Case IX. Medium body, large tail at —34°.
Case X. Short body, large tail at —~83°,

Case X1, Long body, small tail at —383°.

was therefore chosen for the present experi-
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The curves of X and Z are plotted in figures 31 to 34.
TasrLe 1.—Tebulation of resistence derivatives.
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All the values above were obtained by direct calculation from the
observed forces, moments, and damping times, with the exception of
those for M, These are faired values, a few of those originally
gecured being slightly inconsistent with the rest. In no casedid this
fairing alter the value by more than 3% per cent.
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DISCUSSION OF THE RESISTANCE DERIVATIVES.

X, veries only slightly. It incresses with the angle between the

ings and the tail, and increases very slightly with size of tail. Itis
greater for theshort body than for thelong. Thelargest and smallest
values among the 11 are separated by less than 5 per cent.

Z, is inversely proportional to U, and calls for no special comment.
The maximum variation here is less than 4 per cent.

X, Zu, and M, are determined much less accurately than X,
and Z’u, as they depend on the slope of the curve, noton the value o
ite ordinate. X, varies in a highly irregular manner through a range
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of about 12 per cent. Errors in the determination of this quantity
mey account for a large part of the variation.

Z, also varies irregularly, but not so badly, showing a general
tendency to increase with the absolute value of the tail e.

The behavior of the moment curves and the variation of their slopes
have already been discussed. 1/, incresses rapidly with increasing
tail angle and with increasing size of tail. The only serious discrep-
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ancy here is in the values for the large tail, where the change in the
slope of the moment curve due to a change in tail o from —1°
to —2°is almost negligible, compared with that arising from a change
from —2° to —33°.

The most interestinf of the derivatives, however, is the dampi
coefficient, 3f,. The a.mpinﬁ action on the teil is generally assum
to arise from the fact that when the airplane is in pitch the tail has
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angle of incidence due to the pitch. If the truth of this hypothesis
be admitted, the damping moments should vary as the square of the
distance from the tail to the center of gravity, and should also be
proportional to the area of the tail. In §heometrica]1y similar ma-
chines, therefore, the damping coefficient should vary as the fourth
ower of a linear dimension, a fact which has salready been remarked.
n varying the length of the body and the size of the tail simultane-
ously in accordance with the convention which we adopted, the damp-
ing coefficient should be directly proportional to the length of the
body, and it will be seen that this represents the actual condition
within the limits of experimental error if allowance is made for the fact
that the damping does not all arise from the tail. A quantitative
discussion of ‘this point (the distribution of deamping between the
elements of the machine) will be entered on at another place. When
the tail ares alone is nhtmfed the da.mpi.tﬁlincreases with ares, in-
deed, but the increase in damping, especially when the large tail is
substituted for the medium one, appears to be considerably more
rapid then that in area. The changing of body length alone also
causes a variation in damping moment more rapid than would be indi-
i:atedhby 8 strict adherence to proportionality to the square of the
th. .
he most striking feature of the damping coefficients, however,
is their variation with angle of tail setting. In every case, even
before any fairing was attempted, the value of A, increased with the
angle between the tail and the , & result which is in direct con-
travention of the damping hypothesis which we have already de-
seribed. It has never been conclusively demonstrated, however,
that the force on a plate at-a fixed angle of incidence is the same as
the instantaneous force when the angle of incidence is constantly vary-
ing,! and it-may be that there is an inherent damping force arising
directly from & change in the type of field of flow. Such a force
would undoubtedly vary with the magnitude of the direct force on
the tail, and would therefore give the observed result.

COMPUTATION OF Kp’.

The radius of gyration under each case was computed on the fol-
lowing assumptions:

(1) Changes in tail angle have no effect.

(2) The weight of the tail is proportional to the area.

(3) The weight of the body is proportional to its length (for small
variations). - )

(4) Theradius of gyration of the part of the body behind the center
of gravity is proportional to its length. .

g} The difference between the moments of inertia of the various
tails about their own respective centers of gravity is negligible.

The radius of gyration for the JN2 in its standard arrangement has
been very carefully calculated, and the computation has been checked
by fswinging the complete machine,® the result being very nearly
5.8 feet.

A tabulation of the other cases, as calculated from the standard
radius of gyration and the assumptions above, follows:

1 ngm!ml Stability of Aeroplanes, by J. C. Hunsaker.

s Effet exercé sur un alle par un vent rapidement, by Com. Lsfmy: La Techniquo Moderne, May 1, 1914,
3 Exz:;bmntal Analysis of Inherent Longitudinal Stability for a Typleal Blglme, by J. ¢. unsaker;
First ual Report of the National Advisory Committee for Aeronautics, p. 4
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Ep? Ep
Mediom body, . 577
Medium body, mediom tefl........... eeep T 340 5.8
Medinm ylarge tall. cveceeennanes %g g..gg
Short bﬂi, (. 312 3 L I S
Long body, tafl..2ll0 36. 602

FORMATION AND SOLUTION OF STABILITY EQUATIONS.

Each case has been treated separately, the coefficients of the
biquadratic being computed from the resistance derivatives and other
quentities previously given, and the period (p), time required to damp
to 50 per cent of the or]iﬁi.nal amplitude (), and percentage of damp-
ing in one complete oscillation (d), being computed for both the long
and the short oscillations in accordance with Bairstow’s approximate
solution, already described.

Case L Medium body, small tail at —3%°:

A=33
B=226
=598
D=82
E=53

BCD—-AD*—B*E=82x10%
Short oscillation: A*+6.78 A +17.96=0

——3.39+ ———‘”“5'92’71'8 = —3.30£2.554

p=2.46secs.  t=0.205sec. = d=00.98 per cent.

Tt is evident that the period of this oscillation is so short and the
damping is so heavy and so complete that its existence would be
hardly perceptible to the aviator.

Long oscillation: A*+0.103\+0.0885=0

‘Whence )
A= —0.0515+£0.293¢

p=21.4secs. $=13.5secs. d=66.6 per cent.

The stability here, while much less than for the short oscillation,
is still amply sufficient for safety and comfort.
Case I. Medium body, small tail at —5°:

A=33
B=233
0=684
D=92
E=66
BCD—-AD*—-B*E=107X10°
Short oscillation: p=2.18 secs. §=0.199 secs. d=99.75
per cent.
Long oscillation: p=20.4 secs.  #=13.6 secs. =647
per cent.
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Case ITI. Medj"ium body,small tail at—7°;
= 33 .

B=240
0=802 -
D=110

E= 84
BCOD—-AD*—B*E=160Xx10°.
Short oscillation: p=1.89 secs. ~ #=0.193 secs.
per cent.
Long oscillation: p=19.85 secs. t=13.1 secs.
er cent.
Case IV. Medlﬁlm body, medium tail at—2°:
= 34

B=235

=591

D= 72

= 45
BOD—-AD*—-B*E=70x 10"

Short oscillation: p=2.7 secs.  ¢=0.201 gecs.

per cent.

Long oscillation: p=23.1 secs. t=15.1 secs.

cent.
Case Medmf body, medium tail a.t 84°:

= 34
B=242
0=1735
D=100
E= 74

BCOD—-AD*—B*E=131 X108

Short oscillation: p=2.10 secs.  #=0.195 secs.

per cent.

Long oscillation: p=20.1 secs. = #=13.5 secs.

er cent.
Case MedIApm body, medium tail at —5°:
= 34
B=250
0=819
D= 11‘7
Fo's .
BOD— AD2 B:E=169X 10°.
Short oscillation: p=1.93 secs. t=0.189 secs.
per cent.

Long oscillation: p=19.8 secs. t=13.4 secs.

er cent.
Case VII. Medium body, large tail at—1°:
= 35 .
B=262
=725
D= 97
E= 59
BCD—~AD*—B*E=141X10°.
Short oscillation: p=2.43 secs.  £=0.185 secs.
er cent

ng oscillation: p=22.1 secs. ~ {=13.25 seca.

per cent

d=99.89
d=64.7

d=99.9
d=65.3

d=99.9
d=64.4

d=99.92
d=63.1

d=99.99
d=68.5
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Case VIII: MeAdium body, large tail at —2°
= 35
B=270
C="758
D=101
E= 60.5
_ BOD—-AD*—B*E=159 X 1(¢. _
Short oscillation: p=2.42 secs. t=0.179 secs. d—99.99
per cent.
Long oscillation: p=22.7 secs.  £=13.25 secs. @ d=69.5
er cent.
Case IX. Medzum body, large teil at —3%°:
= 35

B=281
0=946
D=128
E= 93
BCD—-AD*— B*E=261Xx10°
Short oscillation: p= 1.90 secs. #= 0.173 secs. d=99.95
per cent.
Long oscillation: p=20.3 secs. ¢=13.1 secs. d=65.8
er cent.

Case X. Shorf body, large tail at —3%°:
A= 32

B=236
O="T752
D=101
E= 74
BCD—AD*~B*E=135x10°
Short oscillation: p= 1.99secs. &= 0.191 gecs. d=99.93
per cent.
Long oscillation: p=20.3 secs. #=13.5 secs. d=064.8
er cent.
Case XI. Lonﬁ body, small tail at —3%°:
= 36
B=264
a="1737
D= 99
E= 63
BCOD—-AD*—B*E=144 X 10°
Short oscillation: p= 2.36secs. #= 0.191 secs. d=09.98
per cent.
Long oscillation: p=21.8 secs. {=13.5 secs. d=67.3
per cent.

On reviewing the above cases it is seen that from the point of view
of dynamical longitudinal stability, it is evident that all these slight
variations from the normal give entirely satisfactory results at the
medium speed for which anealyses were mede. The short oseillation
never gives any trouble, and, indeed, the pilot would hardly be able
to perceive its existence as an oscillation. Altho there are dis-
tinct variations in the period and strength of damping for the long
oscillation, these variations are small in magnitude.

We shafl, somewhat later, treat the effects of variations of certain
derivatives on dynamical longitudinal stability, but in reviewing



880 REPOET NATIONAL ADVISORY COMMITTEE FOR AERONAUTIOR.

these 11 cases, where everything changes at once, it is only possible
to draw the most general conclusions. In increasing the angle of
tail setting, passing from Case I to III, IV to VI, and VII to IX, there
is manifested a general tendency to shorten the period of the long
oscillation and decrease the time required to damp one-half. The
percentage of damping in one oscillation decreases somewhat, so
that the net effect of such changes may be considered to be unfavor-
able. Anincrease in tail angle brings about a considerable increase in
M, the static righting moment, and & slight increase in M, the
damping moment. Itisevident at once that the first of these changes
will decrease the period and that the second will decrease the time
required for damping. - : o

e effect of tail area was less than might have been anticipated.
There was a general tendency to decresse both period and damping
time with a larger tail, the angle being kept constent,

A comparison of Cases V, X, and X1 shows that the period increases
as the length of the body is increased, the tail area being correspond-
ingly decreased. The damping time, on the other hand, is abso-
lutely identjcal for all three cases. When the body length in increased
without changing the tail area there is, agein, surprisingly little
change. Such as there is is a general improvement, through a length-
ening of period, a decrease of da,mdp' time, or both.

In short, it appears that considerable modifications can be made
in the size, placing, and arrangement of the tail surfaces without
serious adverse effect on dynamical longitudinal stability at moderate
and high speeds, and that these details may be chosen primarily
from the standpoints of weight, aerodynamic efficiency, maneuver-
ability, and the possession of a sufficient degree of static stability
to insure a moderately rapid recovery from_a mnose-dive or other
abnormal attitude. e needs of lateral stability, too, must be kept
in mind when changing the length of body.

PHYSICAL CONCEPTIONS OF THE RESISTANCE DERIVATIVES.

By appropriete alterations in design, almost all the derivatives
can be slightly veried one at & time and without substantial change
in the others. To determine what these alterations should be, the
most straightforward method is to assume variations in each of the
derivatives singly, and to calculate the effects of such deviations on
the long oscillation. At the same time, it is of the highest importance
to have & Ehysical conception of the nature of the derivatives, as a
check on the conclusions derived from & purely mathematical treat-
ment. ~ The basis for such pigsica,l conceptions has been expounded
with particular clearness by Dr. J. C. Hunsaker.!

(@) M, the statical moment derivative, represents the change in
pitching moment with vertical velocity. If the airplane rises, the
relative wind has a downward component, and the angle of incidence
is diminished. If M, is positive, it will tend to head the airplane
up. Conversely, if the airplane drops the relative wind has an
upward slope, the angle of incidence is decreased, and since w is now
negative, 3, will tend to head the machine down. The effect of a
positive M, is therefore to maintain the airplane always at the same

le to the wind. If M, is very large, it tends to produce violent
oscillations with & short period, the condition being analogous to

1 Dynamical Stability of Aeroplanes, by J, C. Hunssker,
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that of & ship with excessive metacentric height, or, to choose a more
homely illustration, to that of & weight vibrating at the end of a
very strong spring. If M, were very small, the motion would be
gentle, with a long period, but, on the other hand, the recovery
after a disturbance would be insufficiently prompt.

In the calculations submitted Af, varies t-hrmﬁh a wide rangt?, as
wes pointed out in connection with the statical section. Table I
shows that large changes can be made in A, by changing the angle
of the tail, and that such changes have no commensurate effect on
the other derivatives.

Taking the standard case (medium body, medium teail at —3%°) as
a basis and carrying through the customary computations for various
values of A, all the other derivatives and the speed being assumed
unchanged, we have the following results: .

Time to | DA

Changs | 4, | Perod. | dsmp | Imooe
n M. - D | oseills-
one-half, Hoo,

Per cenl. Per ceni.
0 (Std.)| 3.90 2.1 13.5 644
+20 3.96 19.0 1.8 €L5
—~ 264 ars 8.1 67.8
+50 £.95 17.85 | 145 574
-5 1.65 ;6 2.0 7.2
-5 0.66 9.0 10.3 27

It is evident that the effect of increasing 3f,, is wholly unfayorable
the period being shortened and the damping decreased. The third
and fifth of the above combinations appear most satisfactory, the
period being long and the damping considerable, and still without
sacrificing a dengerously large amount of static righting moment.
If if, be sufficiently decreased the solution of Bairstow’s second
factor becomes a real number, and the motion ceases to be oscilla-
tory, becoming' a dead-beat subsidence. In the case under discus-
sion, Af,, would have to be decreased to 0.11 to arrive at this condi-
tion, and so small a value would not be safe from other standpoints.
A reduction of Af, to approximately 2.00 without much effect on
any other derivative could be secured by the use of & tail half way
between the medium and large ones in size, and set parallel to the
wing chord. This is in accordance with our provisional recommen-
dation, made in the first part of the report, that larger tails set at
smaller angles should be used.

(5) Af, represents the rate of change of pitching moment due to
angular velocity of pitch, or the coefficient of inherent demping of
pitch. The eflect of this quantity on longitudinal stability bas
apparently been very much overestimated. Varying Af, alone as we
have just done for 2f,,, we have:

Gh& “_ M. P. t. d
Per cent.
1) —143 0.1 13.5 644
+ 10 ~157 2.7 18.0 66.8
— 10 —129 19. 45 14.05 6L 6
+ 5 —214 21.85 12.1 78.0
- 5 —- 72 16,85 16.95 9.5
~100 ] 13.05 44.0 18.6
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Inecreases in the da.nigin%coeﬁiqient have exactly the opposite effect
to similar changes in M,,, decreasing the damping time and lengthen-
ing the period. _Considerable alterations can, however, be made with-
out seriously altering the nature of the motion. Even when the
damping coefficient is reduced to half its normal value, a change
which would hardly be brought about by any modification short of
the complete removal of the tail, the motion is still not uncomfortably
violent, although the stability is much decreased, and the critical
speed, for inste ility would be considerably higher than that for the
standard machine, When M, is still further reduced to zero the
machine is still stable, althmﬁh now only slightly so. Since damping
depends more on size of tail than on angle, Af, can be increased with-
out changing M, by increasing the size of the tail, and, what is even
more important, the length of the body, while decreasing the angle
of t&le ta.ﬁ to the wings. A broad, flat=bottomed body also contributes
to-damping.

(¢) lgépresents the change in X with changing forward velocity.
It is evidentfrom a Ehysica.l standpoint that this should be negative

and as Iar%e as possible, so that any tendency to change speed will be
immediately counteracted. X, depends solely on the drag at 0° of

pitch, and a h.igh% ratio is therefore unfavorable to stability. Making

a quantitative study, we find that an increase of 10 per cent in X,
has no effect on the period, and decreases the damping time from
13.5 seconds to 12.4." A decrease of 50 per cent, corresponding to

doubling the % ratio, still leaves the period virtually unaffected, but

increases the damping time to a triffe under 20 seconds, so that the
damping in one oscillation is lowered from 64 per cent to barely 50,
Among the five coefficients of the biquadratic, X, enters into B, C,
end D, but its effect on B is too small to be }Jerceptible, and it influ-
ences the value of D much more than that of C.

(@) X, should be large and positive for stability, as is evident
from physical considerations. en the machine, 1n the course of
its oscillation, starts to rise, it is desirable that a force be set up which
will oppose the forward motion, thus decreasing the speed and check-
ing the rise. The result of changing this derivative has been ex-
amined in the same manner as for the others already treated.

N,+10%, Xp=+.257 p=20.1 secs. §=13.1 secs.
=65.5
X,—1009, X=0 p=19.8 secs. 1=19.3 seccs
d=50.9

Here, too, as in the case of X, the effect is shown mainly by a
lengthening of the dampi.rﬁl time when the derivative decreases.
The change is relatively small, but may be of some importance when
the degree of change is very large, as it is apt to be. hen the angle
of incidence decreases and the speed decreases X, drops off with
great ra};l)idity, actually becoming negative as the critical speed is
approached, and it is to the rapid change of this derivative that at
least a 1pari', of the instability at large angles of incidence may be
ascribed.

The means of controlling the behavior of X,, may best be shown
by & brief mathematical investigation. We have already shown that
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X, is equal to the product of % by & negative constant, and that

X =D cos 6—L sin 6. Differentiating, we have: :—‘-e-z=§19—) cos 6D
$X D

gin 6—L cos e—%‘ gin 6. Since © is 0 2 —L. At small

' 56 =
angles of incidence, the drag curve is nearly horizontal, and % is

consequently negative. As the angle increases, the slope of the
dreg curve runs up faster than the absolute value of the lift, especially

as the burble point is neared, and the value of %, and consequently

X, approaches zero and finally changes sign. To minimize the
decrease of X, at low speeds, the slope of the drift curve should be
small and the Lift should belarge in proportion. In Fig.35isshowna
diagramatic representation of two exfreme types of drag curves,
of which the one marked A will obviously correspond to much the
higher value of X, at low speeds. Other features of design which
are favorable to a maintenance of stability from this standpoint
are: A wing section having the burble point at & small angle, the use
of a variable angle of incidence, the setting of the wings at a large
angle to the to;_lﬁongeron of the body.

2RAG

ANGLE O [NCIOENCE.
F1a. 35.
(e) In the case of Z,, also, it is apparent that a large value is
desirable, but in this case it should be negative, since the force Z
acts in direct line with the velocity w, and any change in the magni-
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tude of Z must be in the opposite direction to w (i. e., must be nega-~
tive in sign) in order to damp the motion.

Z,+10%, Zyp=—3.08 p=20.6 secs. £=- 13. b secs.
=65.3
Z,—1009%, Zyp=0 p=13.2 secs. $1=19.8 secs.
d=37.0

It will be noticed that an increase in Z,, lengthens the period and
decreases the dampinfg time, thus markedly improving the stability.
Zy, like X, drops o mtii y as the angle of incidence is increased,
and this is another of the elements contributing to instability at-
low speeds. Examining Z, in the same manner previously employed,

we see that it is proportional to :—g-i-D, the first term being by far

the more important. Z, will then maintain its original high value
best for machines in which the burble point is ‘“‘sharp,” the lift
curve runnm% up on a constant slope to within a fraction of a degree
of the critical angle and then brezB&ing suddenly. This behavior is
characteristic of thick wmﬁ sections, such as are used for propeller
blade elements. A sharp burble point, however, has certain disad-
vantages, such machines being subject to stalling and exceedingly
sensitive at angles of incidence near the criticel angle.

We have now examined, one by one, the effect of each of the
resistance derivatives, with the exception of Z,. It is quite useless
to treat this one, as 1t is a function of the speed alone and nothing
can be done to modify its value. The next step, therefore, is to
investigate the influence of the radius of gyration on stability.

E2+109, K?=37 p=20.1secs. ¢=13.6secs.
P2_500, Ki=17 p=20.0 secs. 1=12.5 s0cs
—87.0

The effect is surprisingly small, especially in respect of period of
oscillation, which might yi)(?: expected to vary Igrgelg wEiih K2
We can say without besitation that no variation of the radius of

ation which will arise in practice will have a perceptible effect on

e stability of a machine, and that the only importance of this
quantity appears in connection with maneuverability and quickness
of response to controls.

The only important quantity remaining to be investigated is the
speed. For treating this we have adopted the assumption that the
weight of the machine, and consequently the loading, is changed
without changing the aerodynamic properties in any way and that
the radius of gyration also remains unaltered, the effect being the
same as if the weight of every part of the machine were to be sealed
down in the same proportion. The mass of the machine will then
be proportional to the square of the speed the flight attitude being
the same in each case.

Each of the six derivatives, under these conditions, varies inversely
as U. Thus, for example:

pU1T 1

M= lon =g
The five coefficients in the stability equation then vary as follows:
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A does not vary
. Bocl‘n.
ol
D varies in an irregular menner, one term depending on 1 end
two terms on 7,
Eoc%Tz

Proceeding to examine the effect of alterations, we have:

U+109, —~U=—31009 p=20.1 secs. é— 14.5 secs.
=61.8
U+41.4%, (loading doubled) U=—-129.8
p=19.95 secs. {=17.15 secs. d= 55.3
U—-29.3% (loading halved) p=—04.9
p=20.8secs. ¢=10.1 secs. d= 752

It is evident that, for a given flight, attitude, stability is improved
by light loading and low speed,' and that this improvement ap-

ears mainly in the form of increased damping, the period being

ut little affected. This can be very simply explainred on purely
physical grounds. The lower the speed of the airplane the frea.t-er,
relatively, is the restoring effect of any derivative dependent on
W, ¥, OF ¢.

The period of the long oscillation is approximately given by?

the expression: p=2r£ and since both O and E are proportional

to—%'—.it would not be expected that the period would change ma-
terially. We have seen that this is indeed the case. The criterion
of damping, on the other hand, is: —g—%ga.nd since Boc—é,,c*cc%,’

Ecc%,, and Do,c%, (approximately), this expression will decrease in
value with incresse in U. It is evident that pursuit machines, due
to their high speed, will be peculiarly liable to instability, and special
attention should be paid to their probable behavior in this respect
when laying out the design of such airplanes.

ELEMENTS CONTRIBUTING TO DAMPING.

In order to make an a‘n:}fsis of this topic the model was tested on
the oscillator with the tail removed, using both the medium and
short bodies. The damping coefficient for the wings and short body
was found to be 0.000067, and that for the mxtlﬁs and medium body
0.000070, as against a value of 0.000385 for the complete machine
with medium body and medium tail at —3%°. The tail thus fur-
nishes 82 per cent of the damping for the standard arrangement, and
81 per cent of that for the combination of short body and ia.rge
tail. It is quite possible that the use of certain types of wings having

1 8Bee alsa id., p. 4. tId., p. 42
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a stable center of pressure motion would greatly increase the darping
due to the wings.

The damping due to the tail was calculated for the a.irg)lane itself
at & speed corresponding to an angle of incidence of 2° and was
found to be 117 units for the medium tail in combination with the
medium body, and 111 for the large tail in combination with the
short body. An independent computation of damping due to the
tail, based on the customary assu:;:g)t,ion that the tail acts as a fiat

late at an a.r%lle of incidence derived from its resultant path, has also

een made. e effective aspect ratio of the tail was assumed to be
3, as indicated by the tests of the tail alone described in the first part
of the report, and due allowance was made for the portion of the tail
in contact with the body. - o

The values obtained {y such computations were 79 and 72, re-
spectively. These are very nearly two-thirds of-the values found by
experiment, and the remaining third of the dampi % must be derived
from some other source. The discrepancy is, in fact, considerably
more than & third, as we have already found that, due to decreased
air-speed and the extreme complexity of flow behind the wings, the
forces on & tail are much smaller than those obtained by computation
from the flat-plate formula. The additional moment may well be
accounted for by the hypothesis, mentioned above, of a dissipation
of energy in modifying the field of flow about a plate at a constantly
changing angle of incidence.  The dam%ing computed from the size
and distance of the tail can be used as a basis for a stability estimate,
proceedin% on the assumption that the computed value forms 55
per cent of the whole M,.

AN INVESTIGATION OF LOW-SPEED CONDITIONS.

Since, as has already been noted, typical machines become un-
stable at low speeds, an investigation of these conditions has been
added. The angle of incidence chosen for this study was 12°, af
which the investiﬁation of Dr. J. C. Hunsaker showed the Curtiss
JN-2 to be slightly unstable. As there was not sufficient time to
carry out experiments on the oscillator at this angle, Af; was assumed
to be directly proportionsal to the speed of the machine, an assump-
tion- which Dr. Hunsaker’s experiments indicate to represent the
facts fairly closely, but to be rather less favorable to stability than
the true conditions, as M, actually diminishes somewhat less rapidly
than does the speed. _

The resistance derivatives have been computed as before and are
tabulated below, followed by the coefficients of the stability equation
and the period and time to damp 50 per cent for the long oscillator,
the motion being stable in every casa.’

Cwe. |oypmy| U {Kal Xu | B | Xo | Zw | Me | My |XuZv | Xola
1 2.0| —61.7{ 23.8] ~0.15¢ | —1.0¢ | +0.138 | ~r.025 | 4r0a| s8] 0188 0114
I 42.83 | —62.0] 383.8] — .168 | —1.04 | - . 112 | —1.06 3.50 [+ ] I 118
sy 42,71 —62.6) 83.81— .180 | —1.03{ + .102 | —1.00 3.4 02 163 106
v 41.8} —61.4 | 84.0{ — .154 | —1.05 | - .128 | —1.08 1.4 91 168 .132
i 2| —ero] 80|~ 183 | —10¢| £ 16| 107 | 2.44| 98] .164| .121
VI 42,2 | —61.9) 84.0] — .15 | —1.04 { 4+ 098 | —1.06 2.821 101 162 102

VI 42,81 —62.0| 34.8{ — —~1L04 ] 4 079 ~1.10 2.55] 108 169 052

Vio 42.4) —69.21 84.8) — .12 | —1.08| + .089 | —1.18 2.7 112 A7 .0
IX 42.6) —62.5 ) 34.8) — .152 | —1.08 | -+ .069 | ~1.20 3.181 116 184 071
X 4,11 —61.8] 82.8| — .153{ —1.04 ) 4 .108 | —1.12 2.10 20 171 110
X1 42,11 —61.8] 86.3 | — .151 | —1.04 | + 124 | —1.07 2.607 106 163 120
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Caze B 44 D ¥4 ? 4 €
I 37 284 45 65 11.65 33.0 2.0
I 130 a73 49 s 11.35 41.0 17.5
hurg 133 837 57 113 10.9 9.0 18.0
v 188 41 46 65 12.05 38.9 16.0
v 138 8 5 81 1.6 40.0 18.0
vI 142 305 5 94 1.3 410 17.0
YII 152 02 &1 ] 11.85 48,0 4.5
voI 157 316 56 0 n.s 10.0 18.8
IX 163 366 6o 105 n.7 89.0 19.0
X 131 as3 45 70 1.9 40.0 10.0
Xx 9 300 55 87 n.r 38.0 19.0

The results at low speed are less accurate than at high, and the
values of X,,, which depends on the difference of two nearly equal
quantities, can not be depended on within 15 or 20 per cent.

The fact that the macimﬁ weas found to be stable (although only
slightly so), whereas Dr. Hunsaker found the same machine under
the same conditions to be slightly unstable, is accounted for by the
lmger values of X,, and Z, obtained in_the present experiments,
and these, in turn, were Embably due to slight differences in wings of
the model exiljphﬁed. comparison of the characteristic curves of
figure 6 with Dr. Hunseker’s curves will show that the former approxi-
mates much more nearly than the latter to the form (A), in 35,
which was stated to be econducive to stability, and that the liit curve
in the present report has the ‘‘sharper” burble point.

The difference between the cases is slight, and there is nothing
to invalidate the conclusions and recommendations drawn from the
high-speed and statical analyses. The stability with the la.rEle tail
is somewhat poorer than with the other two, due to a lower value of
X, which counterbalances the larger 3. This slight disadvantage
can readily be overcome, however, by & modification of the form of
wings and body.

codn. Changes m thadength of body, within the Toukts adoptad,
speeds. es in the h o y, within the limits adopted,
have no %1 effects. . P

There seems no reason to doubt the ({:ossibﬂity of develo 'm%
without radical changes from the present designs, an airplane whic
will possess a satisfactory degree of longitudmaf dynamie stability
at all speeds within the range of possibility, and to do this withou$
sacrificing, to a serious extent, aerodynamic efficiency or any other
desirable quality.

20165°—S, Doc. 128, 65—2—-22
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PART 4.

SUMMARIES.
By Arexanperr KrzmiN, and Epwarp P. Wanxer, and Groreas M. DenrineER.

SUMMARY OF RESULTS OF STATICAL INVESTIGATION.

1. The Eiffel 36 wing, with reked tips and aspect ratio 7.2, gave a
maximum LD of 21 and a maximum K, of 0.00315.

2. The aerodynamic forces on the body are not perceptibly changed
by considerable changes in the length and abrupiness of the run, or
portion of the body in back of the largest cross section.

8. At the of minimum resistance, the drag of bodcfr and chassis .
together is slightly less than double that due to the body alone.

4. The %Jle;iln 'plg.ne Yift coriection aﬁe:glignlmend? for ﬁndel?lg
minimum flight-speed is 0.95. Af sm: es and high spe
correction factorslc))?f from 0.82 to 0.86 were found. ®

5. The lift confributed by body, chassis, and tail at large angles is
neg].igi’ble].Ji At angles below 10° these elements exert & considerable

ative lift.

. The coefficient of parasite resistance varies less than 20 per cent
between 0°and 9°. Its minimum value for the Curtiss JN-2, mcluding
inter%‘line bracing, is 0.02 pounds (iper mile ﬁ hour.

7. The drag contributed by body and sis, in the presence of
the wings, is roughly three-fiiths of that indicated by a test of these
elements alone.

8. The gain in efficiency from a decrease of the angle between tail
and wings is exceedingly small, a change of 24° in the tail angle
increasing the maximum speed by only 1 mile per hour, and decreas-
ing the la.nd.ing:ﬁ)eed by one-ha.lg mile per hour.

9. Ordinary changes in tail area do not affect the landing speed
pei1-1ceptib1y. The high speed is somewhat improved by increasing
tail area.

10. Shortening the body of the JN-2 reduces the landing speed
wihout afecting tho bigh speed. g

11. The drag dus to ail is very small except at large angles,
and actually (frops to a negative value under some conditions.

12, The e of tail setting can be much decreased without serious
loss of statical stability.

13. The center of gravity of the airplane is placed, for equilibrium,
from 4 to 18 inches forward of the mean center of pressure of the
wj:ﬁf' This distance is greatest when the angle of equilibrium is
small and the

angle of tail setting is large s36
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SUMMARY OF RESULTS FOR DYNAMIC STABILITY.

1. the damping coefficient in pitch, increases very rapidl
with Lt of thaebaud itk tho Tength of the body. . It incroases
slightly with the angle of tail setting. .

2. AYn increase in tail angle decreases the period of oscillation and
the damping in one period.

1 3. Increased tail area shortems the period and increases the
amping, .

4.pIncreasing the length of body increases the stability slightly.

5. To secure & maximum of dynamical stability at high speed, all
the resistance derivatives except M, should be large in absolute
value. M, should be as small as is consistent with a sufficient
degree of statical righting moment.

. To secure these conditions, it is recommended that the angle
between tail and wings be much decreased. A considerable shorten-
ing of the body is permissible if accompanied by an increase in the
tl%ﬁ area which will keep the moment of area about the center of
gravity of the machine constant.

7. Eighty-two per cent of the damping moment is contributed by
the tail. damping moment computed for the tail in accordance
with the usual theory is about two-Ethds' of that found by experi-
ment. It is recommended, for dprehmmary estimates, that the damp-
ing due to the tail be computed and assumed to be 55 per cent of
correct value for the whole machine.



