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NOTES ON LONGITUDINAL 5PABIiLiTY
) AND BALANCE.

By

Edward P. Warner.

More or lesa cumplete studies of longitudinal stability
have now been made oan five airplamnes, - the JN4H, DH4, VE7, USAC-11
and Martin Transport. In addition to these tests, numerous modi-~
fications have besn made in the design of the JN4H and the effect
on steability and balance investigated.

The tests on the DH4 and on the Jm as normally ussd are
described and discuss_ed. in Report No. 70 of ths National Advisory
Committee for Aeronautics, and the methods of making the tests and
interpret:i.ng the results are also taken wup in some detail in that
report. The conclusions drawn may, however, be swmarized hers,

The balance of an airplane, and its degree of nose-heavi-
ness or tail-heaviness at any speed and throttle setting, can man-
ifestly be determined by measuring the force which the pilot must
apply at the upper end of the stick in steady flight. This force
can always be medified in eithsr direction and in any desired de-
gree by changing the stabilizer setting, and this means of correc-
tion should be chosen in preference to moving the C.G. relative to
the wings unless thers is spescial reason for adopting the latter

plan. The balance, as expressed by the force required on the stick,
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is nrnf.;,h affected by the weight apd chord of the elevators. The
"JN4H, for example, is very nose-heavy when normally rigged, but
this is not because the C.G. is too far forward (it is, on ths con-
trary, too far back) but because the static moment of the elevators
about the hinges, dus to their own weight, is abnormally large,
and a large pull (about B 1bs.) on the stick is required to hold
the flippers up, even when there is no downward air load on them.
Machines with adjustable stabilizers can, of course, be mads to bal-
ance at any speed by adjustment of the surfagce.

The stability with free controls can bdest be determined
‘n'y measuring the force on the stick at a fixed throttle setting and
a number of different air-speeds and plotting the forces as ordi-
nates (a pull on the stick being taken as positive) against the
air-speads as abscissae. The z‘zecessa.ry and sufficient condition
for stabllity with free controls at any speed is then that the curve
of forces shall have a negative slope at that speed, and the steeper
the negative slope the greater ths stability. The machine cannot,
of course, be flown with free controls at any speed e:;cept the one
at which the curve crosses the horizontal é.xis, but this axis can
easily be shifted vertically if desired by attaching a counter-
weight, spring, or elastic to the stick in such a way as to.change
the Yeffective weight" of the elevators, and so the pull on the
stick due to that weight. The actuasl measurement of the forces at
~ several different speeds and the rlotting of a curve is far more
accurate and satisfactory as a means of determining lozigitui.inal
stabilit.y than is the customary method of recording the pilot's

impressions on the subject, as it practically eliminates the per-


http://www.abbottaerospace.com/technical-library

Page 3

sonal equation, and gives a definits u,uaniita.tive result in place
of such vague phrases as: "Stabllity very good"; "Stability poer™;

"Stick pushes strongly against the hand at low speed®™. .
DISCUSSION OF EXPERIMENTS.

The force curves for the five machines which have so far
been studisd, with data taken at three or four different throttle
settings for each machins, are plotted in Figs. 1 to 5. The stabil-
izer on the DH4 was set with its éenter line parallel to the chord
of the wings. Thers was no megne of determining the stabilizer set~
ting on the Martin Transport while in f£light, but it was adjusted
to trim at 100 m.p.h. with the throttles open, and thia‘setting
was maintained throughout the tests. 5

- There is no very consistent rule for the variation of sta~
bility either with throttle setting or with air-speed, although
the general tendency is to be more stable when éliding than with open
throttle. The Martin and Curtiss are mors stable at low ai‘r-speed.s.
than at high, while just the reverse is the case with the DH4 and
LePere. The Vought is extré.ord.inery in that it possesses the szme
degres of stability, and just about the ideal degree, at zll engine
speeds and all air-spesds. It will be noted that the JN¥ stabil-
izer is flat on the lower surface, that of the Vought slightly con-
vex, while those of the DH4 and LePere are nearly symretrical. It
appsars then, that all of thess machinss except the Martin follow
the rule that a convex cember of thes lower surface of the stabilizer
is favorable to stapility at high speads, and that, in order %o
secure the same degres of stability under all conditions of flight

and to keep the force on the stick comfortably small at all times,
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the camber of the lower surface should be from one-quarter to cns-
half that of the upper. The fact that the Martin forms an appar-
ent exception to this rule should no% bs regarded tooc seriously, as
the friction in the controls on that machine was so great tha,; the
force readings cannot be depsunded on to bs accurate within two or
three pounds. Further tests on the JN have shown that the stabil-
ity at high speeds is much improved when the dtabilizer or tail-
plane' is inverted.

The degree of stability in an airplane with an adjustable
stabilizer or tail-plane depends largely on the setting of that
member and such a machins will, from this cause alone, be more sta-
ble when gliding than with throttle open. The curves for the Martin
for example, would be much more stable (larger negative slope) if
the stabilizer or tail-plane had been set to trim at 100 m.p.h. while
gliding, rather than while operating at full power.

If there is instability in an unpleasantly large degree,
it may be corrected by: (a) moving the center of gravity farther
forward; (b) setting the stabilizer or tail-plane at a larger nega-
tive angle to the wings; or, (c) using a larger stabilizer or tail-
plans. These conclusions are not only the result of theory, but
they have also been checked by actual tests on the JN4H, in the
course of which tests the stagger was dscreased (thils being egquiva-
lent to a forward movement of the center of gravity relative to the
wings), the C. G. was moved both horizontally and vertically by tha
attachwent of wsights at varicus points, and the stabilizer or tail-
pllane_ angles was altered several times. In order that the machine
may not be made excessively nose-heavy or tail-heavy it is usually

necessary to combine (a) with either (b) or (c). The effect of in-
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creasing the size of the stabilizer or tail-plane can be secursd by
any means which steepens the lift curve of-  that surface and so in-
tteases its stabilizing efficiency. In particular, this object may
be"- accotiplished by increasing the as;géd’b ratio of the stabilizer or
tail-plane or by using a more efficient section or a section more
efficiently presented. For example, there is, under all ordinary
conditions of flight, a downward lozd on ‘the stabilizer or tail-
plane, and a section flat on the lower surface, like that employed
on the JN, is therefore working at a negative anglé of attack, a
condition in which the lift curve has a materially smaller slope
than it has for positive angles. It might, therefore, be expected
that the stabilizing effect of the tail planes of ths JN would be
improved by inverting the section, malking the upper suri"ace flat and
the lower one cambered, and this has been foumd to be ths case. It
has already bean shown, however, that the section of the tail should
usually be controlled by the consideration of securing the same de~-
gree of stability at all speeds,

If the elevator were weightless, or if its weight werse bal-
anced, and if thers were no moment about the elevator hings when
there is no force on the elevator, stability with free controls at
the trimming speed (the speed at which ths machine would fly if no re-
straint of any sort were placed upon the stick) could be satisfacto-
rily investigated iu the wind tummel by removing the elevators from
the model and testing it for longitudinal stability with only the sta-
bilizer or tail-plane in position, and a test of this sort furnishes
a fairly satisfactory approximation to the truth under the conditions
actually existing. Unfortunately, however, neither of the condi-~

tions stated above are, in gemeral, observed, and the protlem of
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analysis of the tail forces, their distribution betwsen the fixed
and movable portions and thaif effect on stability hecomes one of
great complexity, usually soluble only by direct experiment on full-
sized machines in free flight.

For a section, symmetrical about its center line, the angle
of attack at which the pitching moment about the lsading edge is
zero is of course identical with the angle of zerc lift. For unsym-~
metrical sections, such as are very commonly used in stabilizers and
elevators, the moment about the leading edge disappears when thsre
is a considerable negstive 1lift, and, counversely thers is a moment
tending to raise the trailing edge of the elevator when the net
1ift of that member is zero. It is then svident, if the assumption
of a weightless slevator be abandonsd and if the interferencs be-
twoen stabilizer and elevator be neglected for the moment, that, with
the controls free, thers will have to be a larger upward force on
the elevator, in order to balance the moment about its hinge due %o
its own weight, if the surface is flat above and cambered below than
if ‘bl-:e more wsual reverse disposition is adopted. Since any upward
force on the elevator requires a counter-balancing addition to the.
downward force on the stabilizer, this is a point, although not a
very important one, in fa.vor.of the tail-surfaces flat below and
cembered above. For a similar reason, any decrease in the weight
of the elevator or in the distance from its center of gravity to the
hinge is very beneficial., The design of control and stabilizing
;surfaces offers, both from the structural and the asrodynamic stand-
points, a fruitful field for experimental and theoretical research,
and there is no point at which such research is more needed.

Machines properly balanced with open throttle are all nose-

heavy when zlidine. and. cornverselv. those which sre wrenarliv hsl-
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anced when gliding are tail-heavy with full power. This is due to
the effect of the slip-stream on the controls, and it is interesting
to note that this .effect exists in a marked degres aven on the Mar-
tin, where only a small part of ths tail-surface lies inside of
the slip-sti-eams. The most obvious means of ocounteracting this slip-
strea_n affact is to ralse the thrust-~lins, thereby giving rise to a
diving moment when the snzine is‘ on-fuil which will counterbalance
the stalling moment due to the d.ownward.'b last of the slip-stream
on the stebilizer. The change in elavation of the thrust-1line which
would be required for complets balancing would, however, be too
great to be practicable on machines of ordirary type. In a Ik for
example, the thrust-line would have to be raiseé a 1little mors than
a foot with respect to ths center of gravity in order that the
force curves with open and closed throttle might be identical. It
is probable that one reason for the unusually small .separation of
the several force curves in the Vought is the relatively low posi-
tion of the C.G. in that machine, although the C.G, is mnot low
enough, relative to the thrust-line, to balance the slip-stream ef-
foct very completely. In flying boats, where the C.G. is far below
the thrust-line, it is reported by pilots that she momen:t dus to
eccentricity of the thrust is more than sufficient to balance that
due ts the slip-stream effect, and the boats therefore tend to stall
when the throttle 1s closed and dive when it is opened. This, of
courée, is more objectionable than the opposite tendency, but the
ideal condition would be half-way betwsen, one in which the air-
speed with free controls remains constant at a speed slightly in ex-~
cess of the speed of minimum required power. Progress towards this
ideal condition can be made by tilting the engine down at the front,

as on the JN44, or, on a single-ensined machine, by increasing the
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agpect ratio of the tail. Tilting the engine-bed causes the angle
st which the air strikes the stabiliser to be diminished at the saua
time that the speed is increased. Here, again, the effect is
rather small if the change is kept within reasonable limits, Tilting
the engine-bed on the JN 2° had a distinct effect on the spacing
between the force curves with open and closed throttle, dbut the_ effect
was nct sufficient to btring the cm%es ta coi-ncidence. Increasing
the aspect ratio of the tail is helpful in that it increases the
proportion of the stabilizer which is outsids of the slip-stream.

In o twin~engined machine, the effect of the slip-straam
on the control forces can be reduced either by "toeing in® the en-
gines 8o that their slip~streams will travel outwards and escape
the stabilizer, by setting the engines farther apart, or by having
the engires rotate in opposite directions, the upper propeller
blade moving away from the center of the machine in both cases, so
that the tangential component in the slip-stream, or the race rota-
tion, will be upward in that part of the slip-stream (the part
nearest the center of ths machine) which impinges on the stabilizer
~ and will tend to counteract the downward direction taken by the
slip-stream as a whole and dus to the downwash of the wings. The
first of these three remedies ca;uses some loss of efficiency, al-
though that loss need not be very promounced, the sscond involves
constructional difficulties and increases the stresses in landing,
and the third makes trouble for the engine manufacturer, requiring
the meking and stocking as spares of an additional series of cam-
shafts. In view of the ease with which an adjustadle stabiliter can

be incorporated on these large machines, it is not probable that

any of the devices mentioned abovs will come into ccmmon use. Thers

e
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is, however, no reacon why the tall surfaces on single engined ma-
chines of small and moderate sige should not have a somewhat higher
aspect ratio than is the cafie on many such airplanes at the present
time, - materiaily higher, ¢ example, than on the JN. Much, if
not most, of the extraordinary controliability, maneuverability,
stability; anhd general facility of handling df the Vought may be
ascribed to the section and plsan form of its bail sm-f;wés; By
Judicious choice of ths section and by increasing the aspset ratio
of the sta.bili.zer, its efficiency may be so much increased that
the area can be considerably reduced. We may then achieve, at the
sames time, a reduction in total weight, e reduction in.the forces
on the stick and in ths control leads, an increases in asrodynamic
efficiency, and a great improvement in stability.

The position of the center of gravity with respect to the
- wings is, as already mentioned, a very important factor in deter-~
mining the longitudinal stability of an airplane_,‘ a forward movement
of the C. G. increasing the stability. The C. G, on the Vought,
the stability and balance of which may be considered as idsal, is
30% of the way back on the mean chord. That on the DH4 with the
load carried during the tests was 29% of the why back, and the ma-
chine was stable except at very low speeds. On the JN4H, with nor-
mal rigging and a heavy observer, the C. G, was about 38% of the
Way back on the mean chord and the machine was markedly unstable.

Subsequent changes have reduced. the C. G. position ceefficient to
32%, under which condition the instability still persists, although

1% is much reduced in magnitude. The locations of the center of

gravity on the LePere and Martin were not determined. It is prob~

able tbat the C' G_’ Dosition COeff.i(‘*ﬁﬂt nrm o TN «aem <33 1 ‘/'_-’___—
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reduced to about 28% to secure a satisfactory average of stgbility.

The €.G. must be farther forward op the JN than on the Vought in or-
der that sta’biiity may be satisfactory. This is due %o the greater

efficiency of the tsil surfaces on the Vought.

Suzmarized, the conclusions to de drawnm from the results‘of
these sxperiments and from the theoretical anelysis are:

1. That tail surfaces should be of large aspect ratio.

2. That the stabilizer or tail-plane should be larger than
the elevator, and that the elevator should be as light as :.t can safe~
1y be made, its center of gravity being kept as near as poss1ble
to the hings.

3. That the tail should be cambered both above and bslow,
the upper camber usually being greater than the lower.

4. That the center of gravity should be from 28% to 30%
back of the mean chord. '

5; That the thrust-line should be as high as it can con-
veniently be placed.

Although no scale for indicating the elevator angle at any
instant was fitted to any of the three machines tested in Dayton, some
idea of that angle in normal flight could be galned in the case of the
LePere by observing the position of the balanced portion of the els-
vator with relation to the é:ijacent edge of the stabilizer, and, in
the case of the Vought, by recording the position of the stick in the
front cockpit (by measuring the distance from the head of the stick
to the instrument board) and determining after landing th; elsvator
angle corresponding to the observed sticlk position,

Stability with fixed or locked controls is deduced from
ths slope of a curve of elevator angls against speed, the methed

of analvzing this curve heing disemasad 4n 111 4m Tamawnd Na 74
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where it was Shown'e,lso that the DH4 hed a stable curve of elesvator
angles at all speeds, while that of the JN was stable at low speeds
ard unstable at high. While it was impossible to maks any exact
measurements in the -cases of the Vought and IePere, it was evident
that the first of these machines would possess a small, but amply
sufficient degree of stability with locked, as with free, controls,
The LePere would be substantially neutral with locksd controls and
open throttls, stable with closed throttle, as the position of ths
stick for straight flight with open threttle is, as nearly as
could be detected, the same for all air-speeds,

On the Vought, the angle of the elevator to stabilizer,
with open throttle, rangsd from 4 1% at low speeds to + 3° at high.
In gliding, the elevator was pulled up to a negative angle. _On the
LaPsre, on the other hami, the elevator was in line with the stabil~
izer with throttle open and set about -4° to the fixed surfacs wl.nen ‘
the throttle was closed. These figures have an imteresting bsaring
on the tail-heaviness of tvhe lePers.

Tail-hsaviness ordinarily means that there is an upward
air force on the elevator, and that the moment of this force about
‘the hinge is more than Qufficient to balance that of ths weight of
the elevator. Naturally, such a machine reguires a positive els-
vator angle for equilibrium. The LePere, on the other hand, although
it is extremely tail-heavy, carries the eslevator at & zero or nega~
tive angle for equilibrium having the trailing edges of the elevator
pulled up consideradly highsr in normal flight than does the nose-
heavy JN, This, also, is in spite of the fact that the engls of
zero 1ift for the JN tall surfaces would be smaller then for the

symmetrically-cambered tail of the LePere. Tp take another instance,
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the DH4, with a tail having nearly the same section as that of the le
Pere, is nose~heavy at all speeds i4f the stabilizer be so adjusted
that the elevator angles are egqual to those on the LePers, With the
stabllizer aci:}usted. for proper balance, the slevator has to be pull-
ed down to a positive angle of from 2° o 4°, whereas on the Ie
Pere it has to be pulled up to a negative angle to the wings and
the machine is still tail-heavy. The stick forces required to balance
the woights of the elevators are substantially equal (within 1 1b.)
on the DH4 and LePere.

The conclusion is that the measurements of forces and an-
glas on the lePere, if interpreted in the ordinary way, lead to
diametrically opposite conclusions, and that the two sets of data
can only be reconciled by taking account of the balancing portion
of the elevat;or hitherte ignored.

Since the center of pressure of a flat plate or symmetri-
cally cambered surface spproaches the leading edge as the angle ap~-
proaches zero, it is evident that, if such a surface be hinged any-
where back of the leading edge, the curvs of C.P. travel will ecross
the line of the hinges at least twice during the range of angles
normally used. Such a surface is used on the LePere, and, when it
is observed that the balancing pertions are in a position where
they carry a much larger unit pressure than any other part of ths
elevator, it appears highly probable that the elevator is over_bal-
anced under some conditions, If this be ths case, it would fully
account for ths seeming an;>ma1y in thse control forces, as the effect
of 4ail-heavirness may be producsd by a down load with the center

of pressure forward of the hinge, quite as wsll as by' an up load

—_
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appiied behind the hinge.
In view of the difficulty experienced with the balance
of the IePere fighter and of the considerations just stated, I
strongly recomﬁend that the effect of sliminating the balancing
part of the elevator and adding that area to the stabilizer be

tried.
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