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Automatic or Coupled Conitrol Surfces for Aircrafi

Abstract

An improved msthod of aircraft stebilization is described,
with wind tunnel test results and stebility oriteria, and sug-
gestions for use in alrvecraft design., The method utilizes & new

%yga of control surface cansistin§ of a mecheniocally soupled fin
and rudder, which converts the tail surface into an autommtic
servo control.

Theory and wind tunnel tests show that the 1ift curve slope
of the tuil, AdC/Aa , mey be increased by six times or more
in this way, using reasocnable but not extraordinary care with
manufacturing methods and tolerances.

The dynamisc stability criteria are given and comparsd with
wind tumnel tests for nine different balance conditions of two
models tested on a swinging arm in the wind tumnel. Four out of
the nine cases were stable, and the stability criteria give the
correct indication in every cass.

Stability anslysis is used to indicate the effect of coupled
surfaces on the lateral sand longitudinal motion of a convenbimal
transport airplane. With the regular eontrol surfaces, this air-
plane has a spiral divergence, "duteh roll, " and & poorly damped
long-period longitudinal oscillation., With the coupled deil sur-
faces, having & very moderate increase in sbtatic stability over
that of the fixed surfaces, all of the above objectionable charac-
tsristics are eliminated, and the resulting airplane modes are shown
+o be either aperiodic or damped periodic motion of wery short peried,

The application of such control surfeces to real airplanes
appedrs to be feasible with little change in the design procedure.
Several examples are given of coupled tall designs for different
kinds of aireraf$. The principls is also shown to be applicabls
to supsrscenic vehicles. The esconomic advwantages of airplanes
equipped with such stabilizers, together with the success of the
enalysis and test work to dabte, suggest that this device is worthy
of further development snd application to airveraft.
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Fig.l. Model of Coupled Fin and Rudder

To assemble model: Paste thls sheet to thin cardboard.

Cut out tail surfaée as instructed below.

Hinge-mount taill at base of fin with tape.

v%ake rudder hinge with tape.

Place a piece of wire along node line from A to C.
(about .040 inch diam. wire). Apply tape at 4 & B,
This wire represents the rudder spar, which
extends down into the fuselage to the point of
attachment of the controls at C,

For brief demonstration,

follow ~\
directions K\x
below. ) ¥
; /’ | \

/

/ \

/

/ /!

//1:; and Make‘gyéﬁaggﬁyﬁﬁa:%“u_y

i

. { v' \
. , . g
To operate: (1) Hold Jat C”with righ nd

(2) Tip the fin/back and forth
to simulate angle of yaw, cClL
(3)Note the servo-motion of :
the rudder. Either zerodynamic
or inertia forces—acting on the
———tait-wiTl cause the rudder to
move in the proper direction
to correct the condition.
(4) Twist rudder spar at C
for control or trim.



I. Introduection

The inherent stability of airplanes with free controls has long
been the subject for intensive theoretical and experimental research.
At best the airplane is a rather loosely stabilized device, in which
the natural aerodynemic demping is a small percentage of eritical dampe
iﬁg; hence, disturbances cause oscillations which persist for several
cycles before damping out. In rough air, the attenuation of such mo-
tions mey be so poor that the airplane appears to wallow incessantly.
Men's inventive genius has devised a mechanical aid iﬁ;ﬁhe autopilot,
by means of which the controls are actuated in proper pﬁase and modulus
to give the impression of critiecally damped‘moticne

Test pilots and engine@rs have an insatiable desire to provide air-
planes with mecre and more inherent stability, to make them:easier to fly
with less attentién frem the fil@t and less fatigue after extended f£light.
Designers appreciate this desire for more stability and strive to satisfy
it to a greater degree on each succeeding new design. But unfortunately
the goal is always a little beyond, since, with each improvement, the
standards are raised again. The pilot returns from a teét flight to re-
port thét the new prototype is "a hundred times easier toc fly than cur-
rent models," but the next day he convinces the engineer that there is
8till room for improvement before the airplane can fly "hands—off" as
well as when directed by the autopilot. By such consgtant endeavgr, seem=
ing progress is being made toward the goal of "perfect inherent stability;"
i.e., a smoother ride with almost eritically damped disturbances,

The idea of coupled surfaces (ef. Fig. 1, frontispiece) was conceived
under the conditions just described. After several new models had been

produced with larger and larger vertical tails (ef. Fig. 2), and with



Fig.’?, Lockheed P2V “Nepkune” Patrol Bomber

Observation: As airplanes grow more useful, vertical tails grow

larger.

Thesis: The present aerodynamic development permits the attainment

of more nearly perfect inherent stability with control surfaces

of moderate ares.
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¥the boss" specifying that the next model should have "much higher maxi-
vm 1ift and more inherent stability," the designer ealled upon inspira=
dion to bring forth a solution. The idea of automatic or coupled control
surfaces soon presented itself, and although there were many suggestions
of uncertainties at that early date, it seemed wort%yof a trial,

The subsequent development of coupled surfaces deseribed herein is
cited as an example of the analytical approach to experimental develop-
ment. From the first conception of the idea, it had been the author's
intention that amnalysis should lead the way for experimental work. After
the development had progressed to a point where its success locked hope=
ful, great demands were made upon theory to clarify the dynamic stability
problem, since further progress seemed impractical by any other method.
Thus analysis was forced to take the lead, with results which will be
left to the reader's judgment.

The work appeared to be of sufficient theoretical scope and techni=
cal importance to the aireraft industry to warrant the expenditure of
considerable time and energj in its solution. The first attempt to solve
the dynamie problem and specify a design procedure, though fairly success—
ful (ef. Ref. 1), was disappointing in that the procedure was so compli-
cated as tg seem of dubious reliability. Further patience was rewarded
with the theory presented herein, which seems to be simple, practiecal,
and readily applicsble to current aerial vehicles. This work, augmented
by several examples of applications to modern airplane designs including
supersonic missiles, appeared to be of sultable nature for submission as
‘an academic thesis, - for which purpose it is now respectfully pre=

sented.
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II. Discussion of Airplane Stability

A. Fc@mnlatign of Stability Concepts

Airplane stability has been a subjeect for theoretical and experi-
mental development work for half a century. Lanchester (cf. Ref, 2)
first disclosed the nature of the dynemic problems involved in flying
machines and the complexity of the methods of solving such problens.
Many willing hands then contributed to the streamlining of the proce-
dure for conducting such analyses, Bairstow, Glauert, and Hunsaker
baving presented comprehensive reportson longitudinal and latenistebility
analysis., Other exponents of the analytical approach to the problem, such
as Koppen, Weick, and Zimmerman did much to aequaint designers an& engi~
neers with the methods for determining the stability characteristics by
analysis prior to the airplane test flights. In turn, engineers like
Root, Schalrer, Johnson, Koppen, Weick and many others have been very
successful in utilizing such theoretical methods to bring a higher degree
of perfection to airplane stability characteristies.

Complementary to the analytieal apprﬁach to the stability problem,
wind=tunnel and flight tests of the airplane have progressed toward
more accurate determination of stability characteristics under various
conditions of power, 1ift, and altitude. The interpretation and cor-
rection of eccentricities appearing in wind-tunnel tests have led to
improvements in airplane design which, because of the complexity of the
problem, would never have been possible by amalytieal or flight-test
methods alone.

Furtunately the dynamics of present=day airplanes is not far dif-
ferent from that of the Wright Brothers machine, The modes of motion

which Lenchester discussed are still predominant, and the same general
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methods apply to their mathematical treatment. Hence, it has been possi-
ble to develop empirical criteria having the nature of static require-
ments which, if satisfied, would insure that the dyhamie behavior of the
airplane wonuld be satisfactory (ef. Ref., 3). Such quasi=-static criteria
have been of great benefit in simplifying the engineers?! problems; thus
the design process could be expedited and the airplane constructed and
flovm before the novelty of its combination of speed, control, stability,
and detail design would have fallen into obsolescence.

By these methods of design formulation in which each new model is
eritically examined by a host of pilots and other interested persons
whose opinions were integrated by natural processes and made knowm to
the designer, meny of the present eriteria have been reached, For ex-
ample, the ratio of tail area to wing area has graduaily increased through
the years because the requirements of speed, center=of=gravity range, and
high 1ift have so extended the demand for higher stability and trim that
it was impractical or uneconomical to do otherwise, Mechanical or elec~-
tronic autopilots are available which are normally capable of flying the
airplane much better than the huﬁan pilot, but the field of usefulness
of such devices is limited. There will always be a predominance of
man-piloted airplanes; hence, the necegsity of providing the best de-
signs for that purpose, which will require as little effort and atten-
tion as possible.

B. Design Factors Regarding Stability

In the case of lateral stability, most airplanes exhibit three

modes of motion at speeds above the stall (ef. Sec. V-B): a well=damped

subsidence in roll, a spiral motion, and an oseig.

lation in roll and yaw.
The vertical tail provides static stability, damping of yaw, and direc=

tional trim for unsymmetrical yawing moments. At stalling speeds, the
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damping of roll becomes unstable, and a vertical tail of great power is
needed to prevent the airplane from spinning. The maximm requirement
for vertical tails is that a certain produet of area times &@L/ dlel

(ef. . nomenclature) should be available in case of emergeney,
in order to prevent excess yaw in case of a sudden engine failure on a
molti-engine plane, or to maintain the wings level in case of a stall,

The longitudinal motion of most airplanes consists of two oseilla=
tory modes (ef. Sec. V-B), one of short peried in which inertia and
elastic effects predominate, and another of long perlod which invelves
change in speed and altitude. The requirements for h@rizenﬁal tails
are that the pilot shall be able to land the airplane conveniently by
use of the manmual elevator contrel, and ths airplane shall have satis=
fastory trim characteristics throughout a wide range of speeds, centers
of gravity, and power and flap settings and shall damp out the long=-
period mode in a reasonable time. The design requirements for horizon-
tal tails then reduce to the selection of ares times Q:L for control and
trim (with appropriate stick forces); ares times dﬁkﬂ%ﬂd»f@r stability,
with good damping characteristies; and an over-all design for stalling
@haract@ristics and riding comfort.

The purpose of this treatise is to deseribe a method of coupling
control surfaces so that they will aet as sutomatic controls, thus in-
creasing by a factor of 4 or more the produet of area times C&@%AQ@,
This prineiple is of great value economieally to all types of aircraft
from single-engine to mmlti-engine airplanes, and seems to be appliesble
to vehicles traveling at all speeds from subsoniec to supersonic. A brief
consideration of the economic aspects of the problem may be of interest,

{ef., Ref h'énd”ﬁppen; Ay,



D. Descripticn of Coupled Tail

The objeet of this investigation is to deseribe a new type of
airplane control surface (ef. Fig. 1, frontispliece) that is many times
more powerful, as a stabilizing or damping means, than is a fixed sur-
face of equel area, This increase in effectiveness is acecomplished in
the following manner:

As shovm in Fig, 3, the lateral force F produced by angle of yaw
Y  causes the verti@al surface to tip through the éngle g about its
base. Coupling link I, between the rudder and a fixed point (prefer-
ably inside the fuselage) causes the rudder to deflect through angle ﬁ
The rudder deflection acts in the proper direction tc reduce the angle
of yaw ) . This procedure has converted the control surface inte an

auntomatic servo control.

Fig.3. Generol View of Goupled Fin and Ruddev:

As a free control, the effect of the coupled tail upon the air-
plane is an improvement over the action of a conventional surface of
much larger area. It may be adapted to mamual control in the normal
manner, bﬁﬁ one should note that the maximum 1ift or moment will be no

greater than that of a conventional surface, even though the slope of
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the 1ift curve is many times as great. When the coupled tail is con~
sldered as a vertical tail surface for an airplane, there are several
direct advantages to be gained by uvse of this prineiple, as follows:

to improve the directional stability with moderate tail area; to in=

sure satisfactory stability and stall cheracteristics with shorter and/cr
smaller tail; teo provide high free-contrel stability at wide angles of
yaw, for spin prevention; to permit weight and performence saving by
reduction in the‘tail area. The prineciple has good possibilities feor
use in two=contrel operation, where high directional stability is ne=-

Cessary.

Fig A  Hovitontal Tail

Congidered as a horizontal tail for a small airplane, the coupled
surfaces might appear as in Fig. 4, the entire surface moving on A=A
actuated by the longitudinal contrel system. Each of the tail half=
>panals tilts on B-B when the angle @f attack changes. The tilt causes
movement of the elevator om C=C, actuated by coupling link L, or other
suitable mechenism, Normal stick control changes the stabilizer setting
to give desired air speed or flight-path angle. Trim to a desired air

speed may be accomplished by stabilizer adjustment.
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After the stabilizer is set for a desired air speed, the high
static stability resulting from the coupled elevator will hold that
airspeed aut@mati@ally more closely then with normel stability (ef.
Fig. 5). The ability to hold constant air speed is dependent on the
value of dCM /&CL which the airplane possesses when opereting with
free controls. The advantages of coupled horizontal surfaces are as
follows:

Firs% s lmproved stability., Proper stability requires the correct

ratio of static stability to damping. When the static stability is low,

——— + Ajrplane less tail
;V Aivpﬂmn@ with tail ~ Elevater 0°

y,

; Cm

R

Fiy5. Effect of Coupled Surfaces on Stabic Longitadins! Stabildy

variations in c.g. location eause this ratio to change drastically, mek-—
ing it impessible to provide consistent stability cheracteristics through-
out the c.g. range. However, by use of the coupled teil, the static sta-
bility may be increased to a point where variations due to c. g. movement
‘have only moderate effect on the stability.

Second, better air speed contrel, Variations in angle of attack
and/or velocity will be quickly corrected by the action of the coupled
elevator, which exerts a vp@werful autanatic leading control. The angle
of attack ef leads the angular veloeity by about 1/4 cycle. Varigtion

in of will therefere be corrected promptly by eontrol action. This
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feature is in contrast to that of conventional control surfaces,
where the elevator mobion lags a change in ©L , thus prolonging
the motion.

Third, greater riding comfort in rough air. When an airplane
strikes a vertical gust; motion will soom result if the eontrols are
not automatiecally compensated, to relieve the airplane of the addi=-
tional unwanted 1ift, The coupled elevator offers the advantage of
gust alleviation by virtue of a favorable inertia effect; hence, the
reaction to gusts will be less severe, and the riding comfort should
be greater.

Sinée any servo mechanism is susceptible to a tendeney to os=
cillate unless properly damped, this subject has beenmrefully stud-
ied, and stability eriteria are provided for use in design. The re-
sulting surface will return promptly to its original setting when
deflected from & trimmed position in an air stream. |

Another arrangement of all-movable surfaces (cf. Ref, 5 and Fig,
) bas the forward surface hinged‘ on an axis parallel to the rearward
flap surface., Although this method of coupling provides a consider-
able increase in dGfa , it is some-
what less eﬁ'fective than the arrange-

ment of perpendicular hinges deseribed

herein, as shown by the following com-
parison of the effectiveness factor Fig.‘@ CBME\CA Surfaces
ﬁg:. 4T % for the two methods: Wiﬂ\, ?Mﬁ“@& H'mae Lines
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Method of Statie Dynamie Source of
Coupling Condition Condition Data

Parallel Hinges
(theory > 2 (ef. Ref, 5)
(testv 1@15'%

Perpendicular Hinges
(theory > 8 V6
(test 7.6 > nx (ef. App. D)

Another point which might be of importance is that the parallel hinge
arrangement requires extra balance welghts to attain the inertia bal-
ance feature of the present design. |

The static and dynamic stability ﬁn now be developed for the
case of a vertical tail surface. This development will ﬁkawise serve
for horizontal tails and, with slight modifications , may be adapted to

the case of allerons.

¥ Highest value reported. Larger values mey be feasible,

#% The dynamic stability theory was not completed when these tests were
made, o
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III. Theory of Coupled Surfaces

L. Stabic Stability of Coupled Surfaces

The resistance to sideslip o\C\ﬂtp is equal to the sum of the
1ift due to angle of abtack AG«/J& and 1ift due to rudder deflection
(‘La/da\) (dd%i@> (A @/ o\tp) » Where atd-/dls is the chenge in
of fective angle of attack of the tail per degree of rudder deflection
(normelly denoted by ) and ,O\P/dt[/t%,s the rudder deflection per
degree of vaw, which may be written @/q) for small deflections., The

sum of these effects is

il HGAON .0

The customary value of tail 1ift AC\;/A& is thus augmented by the
factor 't(@/n.y)(dc/dag) produced by the forced rudder deflection. The
effect of the coupled tail is therefore 'l‘= i+ < (3/w times that

of a fixed vertiecal surface of the same arsa, the term V(,s being

called the statie tail efficiency factor (cf.V]p in Bg. 17). The
walue of (5/4) mey now be derived in terms of the geomstrisal eon-

ol

Liguration,

The surface is hinged at the base of the fin (ef. Figs. 1 and 3)
end is also provided with the customery rudder hinge. In addition,
a nodel line is established diagonally asross the rudder byﬁh@ force
of consitraint P of the linkage. This node line and the bottom of the
fin therefore remain in the plane of symmetry, about which the surface
may rotate with & combined tipping motion )r and rudder deflection P,

whea R= \/P® The a@r@dynamc forces and their op's on the fin and
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and rudder arse defined as follows:

Dua t [s)
j% N P @ Cp ou] S W B
pat
o

8 i
Lé ‘x‘l 3 zl Y"L, 1’1

N

P Why PL"' Rﬁm«& from vhllawd thl |

—

It is noted that the forces Yl,, and Pl acting on the £in ean pro-
duce tipping moment but not rudder hinge moment, becsuse of the re-
straint exerted by the tip hinge., Their effect is independent of
their chordwise c.p. positions on the fin; hence, these forces mmy be
considered to act at the rudder hinge line (0,2, ) and (0,%), re-

’ ]
gpectively. ILet the new fin forces bs qJL. and (iLz after trensfer

to the r.h.l., but the magnitudes of the forces are unchanged,

R g 7
Cw\olecl Toil Ceonbrods

)

+% : 'U‘
1z Tl e
%o~ Reey -

I
The sum of the forces due to yaw (qiL' + YL3 ) is the single
forece LPL,, , With centroid lecated at the weighted msan bstween ( 0,%, )
end ( %3, %3 ), {cf. 4pp. B)e Likewise the sum of the rudder producsd

forces (PL"'*PL".} is PL@ with centroid between ( 0,%, ) and {7‘4—,%4. Jo

o
=
0]
0}

%4

et
oA

¢t
)

The sction of the two forees ‘{'La\ and FL@ is essumed Lo

thet of the four force system mentioned above, insofar as the static and
dynamic behavior of the coupled tail are concernsd. (ef., Fig. 7).



For simplicity, the two foree system will henceforth be used in

the snalysis, the forces and centroids being as shown in Fig. 7, and

defined as follows:

m v ( CeufmaM(s wo| p
. o 2 Rudbs %a;® *e, Tt
FueRedb| Wha | phg =2l o Lo il |

Rt Yo ehe “ Foo € Ruddor) %o, Ta | %A, %

“Twe Force
System

Coondimoked Lropn  Vhll anll node line.

Static Bauilibrium Position, The summetion of moments aboulb

2

the rudder hinge line and +ip hinge line equals zero for static equili-
briume. The sguetion of eonstraint R = % %,Q =% %’cp'\"f(t) is also used

to reducse the sguations.

Mgl = P laxa+ (%L@ e~ F%g = 0
2Myy = q»L.\zu-\-(sLé@*P—-Fig =0
Solving for R=% = \k%*+¢§ Y8 | , 8ince L =¢Ld,,
& Ve P g y
Then the stetioc equilibrium position is @@u‘*"z@ to be (c¢f. similar

triengles in Fig. 7),

22

Srememe——)

]

A=

Other eguivalent relationships may be derived from the surface loadings
and cp's, (of. App. C) but the two-force system, with coordinates( Xg,% )
and ( ')Lc,) %p ) measured from the rhl and the node line is simplest in form,
and will therefore be used in the anwelysis which follows. Methods of son-
V@r%‘mg model test data into the design parsmeters will be found in
Appendixz B

Tail Efficiency. The tall efficlency may now be calouleted.

st—m% \ _f’(&a —@TP (2)
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The case of primary interest when Yl;?l

is found to cccur when %(\ 20 ¢ ‘

(cf, Figo 8) i.2., when the centroid \

of the rudder-produced forces is aft 27;
and below the mﬁ@ line., Under these F\ﬂ 8 Toil Eﬂ‘“mﬂ Vs "’;

conditions %: I%.Vrcz.(e , Which provides the corrective control |
( tg  for +W ) as intended from the action of the servo mechanisms
A @ingul&mty occurs when %P:o s When the cenbtroid of the rudder-
produced forces lies on the node line., This condition is to be &wid@&
by sdjusting the node line to lie forward of the extrems forward rudder

%af2
s=
centroid position, Re Es 5 wh@w,\d@%@g mined by experiment. The tail

efficiency is then determined by the sccuracy of the wy and ¥y determina-
tien.

Since 1po for high %ail efficiency

end ;<0 for norml teil contours,
Q | ! g

The static taill efi‘mwm;y is ch@r@f"or@ 2

F9 . Ce,w{'vo;d Positions
simple ratio of centroid distances, measured Dd—e,(m“e Toak CGPm.\w:a

as vertical ordinates with respect to the obﬁuse node 1line (cf.Fig. 9)e

The novelty of the servo mechanism devised by coupling the two sur-

faces together may now be reslized. The tipping sction about the base

of the fin provides the error-sensing element, and the tipping moment
provides the actuating moment nscessery for epplying corrective control,

These effects work simlteneously to give (5 proportional to Y for

static conditions, and (b pm%rﬁ;i onal teo *-V for engular velocities.

Inertia effects are alsc compensated by the servo mechanism sinee, if
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the 6. g. is forward end above the node lins, the inertia effect of
+\'|‘J gives & +x tipping aetion, which causes -l-p required for cor-

rechbive control, It is noted that the inerbia resction leads the dis-
plaecement wector by nearly 1/2 eycle, thus adding an apparent mess ef-

feect to the system.

Bs Dynamic Stability of Coupled Surfaces

Equa'tions of motion, The motion of the surfaces may be expressed

in terms of the sngle of yaw ¢ and the rudder deflectiom B - Itis
now desired to express Y and (3 in terms of equations of motion with
respect to time, in order to indicate the dynamic behavior of the caupled
surfaces. Furthermore, it is desimd/ that a stability criterion may be
developed whiech shows the relative importence of %;he verious aerodynamic
end mechanical factors and thelr proper relationship to insure satis-
factory stability. The equations of mption are formileted with the aid
of lagrenge's formils (of, Ref, 6),

&t(a1> (a7,< = R« ' (3)

T being the kinetic energy, Q) the generalized force, and @ the per-

missible displacements ( end p - I» fig. 10, the position of any
small elemsnt F( of mass M{ and cocrdinetes %Ki, Yi,T{ , my be

expressed in terms of qa and (3 , the generalized coordinatss.



Note: A ?\,,n%:’_(.
Dislo\acemaks %i,Yi, 21 ave positive . 5‘31,
Lovwead, 1o the viaht, omd dlowsnward; measured, lﬁ )4 e ) ‘

=3

brom . g, plone of symostey, ok th bodd jr] fha
E ¢

node line ,N?N,/rres;, }‘3 or0 )

=¥ U\ NS V’”
<q9 T‘ge_w / %'Ld %

+y . .

% NeX—" -#t

+2
Fiq. o Qo«&-@iguxo:kim o-F Ccapled Fn & Ruddoy

X; and Z{ will be constant for small values of Y end ? « The
lateral displacement Y is proportional to the angles \P and b—
and ths distance of the polndt L from the alrplene c. g. and from

the bent node lins. NoN-formed by the tip hinge and the force of
constraint F : henoce ?;_ is measursd from this node line.
N R i ° Pl N " N
Yi= %P —FH Yy = %y R%,_‘a @

® ° Cg’)
Vi = %Xy —-R%;§
it Y e T & Lo ° 2 3 & ypmon e & 2 £ oS ero A,
The later-al wslocliby yi. is the time derivative of Hguation 4.
N . . . U bt ’ .
Since i and Yi are nearly comstant, % =%;=0Q. The total

kinetic enerzy | =end its derivabives are used to obtain the inertia

D) mlsti-refls ATy zwfanad el

) . . w ¢ ®
=T R -PRPp = —PRp +I.Rp

WLQ\'Q Ia?- Zcmi'%iz-) I“=ZLM"Z'£L) ?:?M‘ xi%i (c‘P 2-6)
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The generalized force terms Q) are reprssented by the asrodynamiec
moments aboub %‘;ﬁé‘ge airplane ©.2., and the "pseudo-moments" about the

bent node line. According to D'Alembort’s principle, the forse of

sensbraint P does not enter into the

"4 ¢!

amic @qmﬂ'i@n@ of motion.

mz(X. ~+Y§gr+z 4E) 23 Vi, Sinee Xi=%;20
| 4

The summation is made by considering (1) as chordwise strips of the
airfoil of width Az » end indegrating over the span. Then the asrodynemic

foress become
Y: = ZC L qestfv- 29 +T(p-2a ]

Since ) Lo Kl s and A v - , the gemsralize

8 5?\'- % )_1(; Rg; alized
zmcq Qp= Lo §lo- 5 8= w1 (p- Ef) ()

Qg = La§(4- *—V)(-?*x)ﬂ((s*ﬁé(“?*@)i 9

=

oroesg are

M&e'
The equations of motion from Fauations {(8) and (7} are then as follows
LX) ° . 8
loment dus to q; W ‘P . p ?

1

, B
?ﬁ’ﬁ :gﬁ“\v *I\‘gq, -lux¥ | -PRB +L,(c’%‘ép ~LyTxpP = O (8a)
PRY{-LaRB LR, | +T,R G LT +L,\mﬁj=o Bb)

about node
» EMm&m )

In thess egusatlons &)ip,')‘,i, 2a 4L 0 <L Ld) iﬁ » The signs
which preceds sach berm "%;h@n give the propsr sense to the individual
moment terms, acor W’f“ﬁng %o the egquation ZM IO —SFl=0. In-

s
trodueing the opsrabor ) = d/rﬁm and dividing each eguation m,r‘r kmx s

the egquations of motion then becoms
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+ G C us
b 5085 :»*-:(‘;J:‘«f]w

+[PR)"’+C‘°\TJ§> 8 ) _'-‘L‘(_U%

¥R - CLyR pus % Za, SU\ &,V
[ )‘ *-é*(z 7_7.}‘-‘. "t”‘;‘“‘e-‘" "':l 9"+

+ --LRLA __L_Jgé__@((" US ?_‘f_é)‘-\- Q_“L_R( 81€=o

The equations ?&a@r then be reduced Yo dimensionless form by multiplying
e :
through by L , being the btime facbor. In this way
X"j‘z A-z]." )\T a T becoms dimensionless.
7 E

N
KL= X%y NT-
The prime denotes the dimsnsionless form of the opsrator ——

at

The dimensionless equations of motlon become

T B R
[?RXL 1 CuR ‘b\_‘_g‘s_ﬁ“%q,- [___K"-A'z CutR E’Lﬁ‘)\—}--ﬂ—#%é

where /u. denotes the dimensionless size factor -P?l-m- 'L Y "‘}’- <0
Take the gquotient of the sabowe equations, reprssent each term in abbre-
viated form, snd drop the prime hereaflter.
(o X+ a2 +ayy (v¥%+b, ) +b,) @
(c-»x +C A +Co) (A4 A+do) g

Bguation (9) expands into a quartic in
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The quartis equation in A\ is
AN +BM+CA*+ DI+ E =0
( a.d, - \»;,Cb Nt
+ (G + 2,4, — bac, —bye) A
+ (Q-Lad +aode+Bc—bec, +ad,— b, °l)>\2'
+ (a, 4o +asd, *—bxcf-\*hcb A
4+ (o.odo - loocc) =0

The quartie factors into twe guadras

Lo S+ S0 i &)=

‘/—-«
=)
T
A
o

providing l X.} ,_\ 27 , X;)Q_‘ whish will g@@n.?@@ con-
Pirmed { of Bg. 17). '
Selving for ‘q‘:ﬁém coefficisnts of the guartic egquation
T
A= (PR = R* [B_E«_:f_.]
1:« L =
_ G.R 'L % )
B= et T 2, +R Iq x T
x _2, - (12 J
C= cqram(f(_e. _,_g(;p. “)].‘.(Ss_t Tg,e.< ;\;@ :
- -2 |
(c._*) "RlHY_ A= 2B + ,L(.A_%
C..* R /u. L’(::s.._t’]
J
The orders of magnitude of wvarious torms in the sbove aquations ars

a8 follows:

balane

Nete: (t-) ey % varied from O to e
slent Ho I‘/I., by proper mass
’{ o+

of the surf
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Rebaining only bterms of greatest walue, the quartic cosfficients

are

A= R[E2-E] - RU{TY

B GutRxp (T3] = LoR% $ 3¢ -
- C______.,a,ftﬁ —E—-i& = L’CQ \f‘\ {‘)}

C" rR IF\[_IQ %
- (GaVrlpl [ 22 = LR bl £ K}

°- % }‘Y‘g? 8 SUYSRLY

o el o A

The ratios of coefficients then becoms (14)

ﬁ\w

CLafR T T8
L% R{LI-P )}_a__._.,a) RI *

9,—,-=[_ v MG = L wifs
Bl - 1pH(s9-UEWD
E= " j"")*t(h_%'&) LtRI)‘ K3
A = L
& = S L———ll‘-"(h‘%b e 53

Dynamic Stability Criteria. The guartic Bg (10) represents stable

motion providing

%’ fs” A>°

\ YA 2 -

Investigating the sense &n@ magnitude of the various terws, the bracketbed

=R P
tery rrhick N
erm [ 2 R"(I,.Tm Pl)] >6 rF .._-!L>( ) which may be
aggured by proper balancing of the surfaces. 3 Q P
B A A );; 70
e kg, =28 Ta

2,55 I}\l CL&)R70 then all the ratios ars positive, pery
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e

Routhts disoriminant is found to bs

(& —gf;}} e85 B) Y-
I‘ ()&~ )?—*49170
(’L%(R) -‘[y{ J&)(%.c% %_ﬂfﬁ.‘:})‘u () >°<<'=,m}

J{2-E&F (&Y

Using the sense and order of magnitude data (pp 20, 21), it is found the

2ll the sbove brackets are positive, or may be so by pmp@r mass balancing
of the surfaces, to give a small wvalue %o ___........ ( o Henece,
complete stebility exists, since & 6.

Pactoring the quartic, The quartic eguation may be factored into

two quadratios {of Bg 11), providing \ A.)q‘\ o> l X3 q.\

- | = R i)
])\5,4":“2(:1 —-l \[—- Fq"l l -Z,\—%p )
1l g (1.__)_),, Ve an

lxs"\- E- )("ﬁ? =3 )

Sines the roob Am_i,sz% greater than three btimes the megnituds of )tg’” the

guadratic factors are therefore a good approximabion o the guartic equabion.
Both of the quadratics repressnt oscillatory modes of motion, as indicated

T
by the faet that < ) (ZP:) amdl _E. (.2.) » Thess modes will

henceforth bs @aﬂ@d the short-period and long~period modes, respsctively.
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Comparison with fixed control stability. The fregquency end damp-

ing characberistics of the coupled tail may now be comparsd with thoss
of & Pixed tail of the same area (ef Table I). It will be noted thab

both modes of the coupled tail have greater damping sand higher frequsnscy
then the fixed taill, the degrese of improvement depending upon the proper
adjustment of the verious terms comprising I, J, K (ef Bge 13)e

Optizum proportions for dynamic stability. The stability oriteria

{ef Bas. 15, 16) may now be considered with the purpose of obbaining a
high walue of effectiveness from the coupled tail. It is recallsd thab
P< O is necessary in order that angular acceleration +\'|.: will give
corrsotive control (of pp 15, 18), However, the megnibtude of —%; mst
be less than —€@ , in order that the term J a%""'% >0, because
..%-) % >0 » d.;p@nd upen this condition {ef Bgs. 14). The term J should
be made as small as practieal, in order that %:: Ll’l\ %‘ should be
large, since K-d@tamina the period and damping of the long mode.  The
term K= (‘Ex‘ %p)/x involves the centroid positions, which have been

discussed at some length under static stability. It is noted that if
P = o, then ,§- = (’Ep‘*ol)/gp = vls 5 the tail efficiency factor
(@f E@o g)a ’ :
In the adjustment of the mess balance of the coupled %ail, the inertia
term L= Ln -E-z- 7o requires that the product of inertia P
. Ir
should not be excessive., Howewver in Routh's discriminent, (of Eq. 18), the

magnitude of the last term requires a propsr value of P in the numrator and
'Y N Y B £ 2 4 £ e E 2 G t
denominator, If P = o, the order of magnitude of the last term is A
thus permitting considerable freedom of adjustment to get optimum propor-
tiong for high stability.
The final tests for stability ars foumd to be as follows:

ns,L,0, K>e0 3 Pfo



Couspled Toil vs Hxed Toul

?; ﬁ{.,

Table T

Fixed Taul Coupled  Tall
Moda.
nakiow of wiliow (IO B O e )\&ﬁ-ﬁ)\"%"g:a W+ 2y 4+ E -
gq(non ’d.(ﬁ\i&\%a&) A + }A A A Q% < ©
@wn velke :l:_ g}.{i: BiA_ 1 ﬁ]’ﬂgggu}pL K
e g zgf}; 'LW"LAE“&?;’M RIjwde  2{py

13
ﬁﬂga%§%

Tk
\mﬂ“’j‘

ﬁs‘\[% %ﬁ@

RACY
= o(s)
T3 - 6(3)
2
* T
ta-2 - Zp-ta .
* ‘ﬂo—' SY& @?-A—i 5 If P=o, o= —E—ig—« = s (q ©.2)
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Flutter consideration of eocupled tall, The unsteble condition

discussed in the dynamic stability investigation may be considered e

type of flubber which may be avoided by the application of definite

rules which have been given.

The phase-lag inherent in a self-induced vibrating system, by
means of which the system extracts energy from the air strsam to
actuate itself, is completely reversed in the properly balanced coupled
surfaee, which conducts energy into the air stream by opposing & dis-
placement, end therefore inhibits flutter conditi ms. The damping re-
a@%i@nkleaﬁﬁ the displacement vector by aboub 1/% cycle and consequently
is an anticipatory control (ef. Sec., V-A), The inertia effect increases
with the sguare of the freguency: as & result, the short-period mode is
more heavily darmped than the long mode (ef. Table I). This fact is
| $llustrated by the resulis of & simpl@‘t@s% on mopdel CFR-8. The
coupled surface was restrained at 460 ih the wind tunnel, and the

rudder was deflected to an angle P, and then released, The demped

sine ocurve (ef, Fig. 11) which describes its return to g,go exhi-

Short - Period Mode Lw\., -Perod Meodle

Motiow of Rudder - o led
vhon Y=o (Restrained) N::k piemztm mifw“::};
= ' T ie To/pt =

—
— e —

- /"/.\\. CM‘:wrisov\ of Lowq-Porid and. Shed-—Ponisd Mstion
i of Cu.npleo\ S'waace in tha Wad Tumnel.

—

_-

bits a frequency of about B red/sec and a damping rabio 5..,; =05
. o ' + . T

charscteristic of the short-period mede with high Ity/ww o In con-

trast, when the surfece was not restrained in yew, the frequency was

about T m@/&eﬁ for the long-pericd mode and the demping ratie 51'5,4.50.1 e



Consideration of Node Line. The position of the cembroid of mass

e

and the value of the "moment of intertia” I, and "product of inerdia® P

with respect to the obtusse node line are more sasily visualized by trans-
forning the rudder contour to effect & straight node line at the basse of

22

the £in (ef. Fig. 12). The effects of coupling ratio R eand mass distribu-
tion are then graphically illustrated,
It is noted that the product of inertia P

mey become positive for small values of R.

The woment of inertia Iy about the node

1ine likewise increasss at small valuss

of R, Fa. 12 | Rulc\wT\rﬁ\sformea
45 Give Stroight Node Line

& new @@né@pt of importence to the static and dynamio stability
theory ia‘@@ilahlg through the transformation shown in Fig, 12.

The adventages to be derived from a mors rearward )ﬂ; and
a hizh ¢.2., @88 well as many other debails for improving the
coupled tail efficisncy, may be seen by consideration of these
3

relationships. The effect and magnitude of variations in some

of the assumed-constant values may also be tested in this menner.
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IV. Correlation of Theory with Tests

A. Description of Models and Tests

Two wind=tunnel models of the coupled tail were ftested (efs

Table 11

and Ref. 7} The first of these (ef. Fige 1-3) wes made of

mah@gé,ny and had a span of 11 inches and an area of 84 sq in. The

second and larger model (ef. Fig. J4), made of aluminum alloy skin

over a wooden framework of spers and ribs, hed a span of 22 inches

and an area of 2064 sq £ft. The airfoll sections were approximately

NACA 0012, with rudder hinge at 50 per cent chord.

Table IV

Designations for Coupled Fin and Rudder Models

CFR Ne.

Deseription

1

Smell wooden model (ef, Fig. 13) of verti@al tail with
end plate ‘

Large sheet-metal model (of. Fig, 18) of vertical tail
with horizontal end plate, comvex rudder surfaces,
rounded and pinched trailing edge

Modification of No. 2, flatesided rudder

Modification of No. 3, trailing edge square, plasti-
eine added to make sides parallel teo chord and extended
aft even with edge of joggled trailing edge

Meodification of No. 4, straight side of rudder faired
inte fin

Modification of No., 5, plasticine removed from trailing
edge, giving a flat-sided rudder, faired into the fin,
with joggled treiling edge

Modification of No. 6, 1/16 alelad plates extended to

rear and lapped over extermal rudder surface at trailing
edge, giving the rudder a concave side with a square trail-
ing edge 1// thicker than that of No. 6

Same as No. 1 with modified plenform, econcave cambered
trailing edge, symmetrical hinges, and coupling inecore
perated

o —




Fig. 14 Large Wind Tunnel Model and Swinging Aem



29

The rudder surfeaces were made flat in accordance with the
normal pra@%i@@‘f@? aircraft controls. These surfaces were first
btested statically, to determine hinge-moment characteristics f@f
predicting the meximum rearward position of the node line end the
expected tail efficiency. Next they were tested as free-contrel
eoupled surfaces mounted on & swinging arm in the wird tunnel,
The coupling was made by use of wire comnected to the horizontal
end plate, the attachment of the wire béing_adjusﬁabla on the
rudder in ordsr 4o change the node line £o wvarious positions. A

moere deteiled deseription of the tests is given in Appendix D.

B, Results of YModel Test Correlation

Exeellent agresbent was obbtained between tﬁé static stabiliity
theory and wind tumnnel test results with both models (cf. App. D).
ﬁyﬂ&mic stability tests were then made on the swinging arm in the
%ﬁﬂ@.tunnel@ 0f the nine csses which were studied, the final
stability criteria gave the correct indication in every case.

Four out of the nine configurations were stable. These encouraging
results seem to indicate that the forsgoing stability theory is e

eorrect procedure to use in the design of coupled surfaces.
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V. Effeet of Coupled Surfaces on Airplane Stability

The thesis has already been proved that contrel surfaces coupled
together as described provide mueh more powerful stability and demping
than do fixed surfaces of equal area. This fact has been shown for
the following cases:

1. As & wind vane, where only the tail ineftia was invelved,

wiﬁh@ut the rest>©f the airplane.

2. As a wind vane having the normal mass and moment of inértia

of an airplane, but with @nlyvth@ tail exerting aerodynamic

forces.

It seems evident that the satisfactory behavior of the coupled
surface as a wind vane proves that its use willibe beneficial as an
airplane stabilizer, since fhe many other aer@dynami@ effects will mere=-
ly augment or diminish the large stability effect created by the tail,
H@W@#erg this hypothesis needs to be proved by reference to the general
behavior of a real airplane and finally confirmed by the addition of the
new characteristics to the equations of motion, which may then be solved
for modes and stability criteria.

Ao Gen@ral Servo Mechanism G@ﬂﬁiderati@ns

The purpose of a stabilizing surface on an airplane is to restore
equilibrium conditions following a disturbance in a minimm of time and
without perceptible oseillatioms, The motion following a disturbance of
a one-degree-of=freedom vibrating system represented by the equation

ap+by +Cy =0 is
Yo = € Fag gt = e“%m(@'% (8)
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b
“2a4,

where T = 2&/@ represents a characteristic time (ef. Refs. & and 9),
the eritieal damping ratio as disecussed in Section III=B, and We= @
represents the undamped natural freguency of tile coupled tail, when
operating on its own moment of inertia, m P only, as analyzed in
Seetion IIT-B. The coupled tail was found to have two modes of motion,
represented by short=perinsd and long=period oscillations following a
disturbance (cf. Table IT).

R
Ratio of matural freguencies t:;: igggtm%ggge =0 &Q}%ﬁ)

Ratio of times to damp to 1/2 amplitude §§h@;tm§ﬁ@ = i p(

Each of these modes will respond to a disturbance in accerdance with

Eq. 1B, as shown in Fig, 15, where g = 0.2, A more desirable response
to a disturbance is the nsarly-aperiodic curve Ea= '095. Sueh a high
degree of damping is not possible for ordinary staﬁilizing surfaces, but
might be attained with a coupled tail having a tail efficiency of about
1.8, if such could be accomplished,

The ratio of relative amplitudes of the long asgd short medes follow-
ing a statie displacement was found by mumerieal sezgutions to be approxi-
mately as the ratio of the freguencies and independent of the forward
velocity. Theis characteristies are believed to hold true in general

Y,
a‘ Ty

Fiq)5 ' Mdkion Following a Disturbance
because of the relative magnitude of terms resulting from optimum propore
tions for dynemic stability (ef. Seetion III-B), which insures that the

frequency separation of the modes shall be great and that both modes
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shall have adeguate damping., This procedure causes the short mode to
vanish quickly, leaving the long mode predominant., Conversely, since
the long mode is predominant, the procedure was correctly stated to
inerease the damping and natural frequency of the coupled tail and to
insure that the long mode should predeminate.

The damping ratio £ for the long mode (ef, Table I ) is

g = ‘%VC‘«? Stxl

(V%) mxr v I°K =

The damping ratio is seen to be independent of the velocity. The na=-

tural frequency, however, increases linearly with the velocity.

Ejfc@ Zuvs Ix] f

mxt

If the coupled tail is operated as described (i.e., without the
remainder of the airplane) in an air stream of veloeity U, and the
mddér is subjected to a sinuseidal f@r@ing function of freguency
we , the response of each mode is as shown in péint A of Fig. I6.
When the same tail is installed on an airplane, the natural frequen-
cles Wp of the two modes remain the same, but the natural frequency
of the airplane becomes less than the long mode of the tail alome,
iﬁe@ause of increased inertia and other effeects. The natural frequency
of the airplane=plus-tail becomes the new foreing frequency Wg for
the taily as this frequency decreases with respeect to the lowest Wo of
the tail alone, the ratio m.gz.//u.'g decreases and the rudder action
varies as shown in Fig, 16. The true stabilizing effect, measured by

At attitude, both { omd o diminish with P auk both ane
d.u.amud:e& by 'L/" thus providing am Mlumfaﬁe over fixed surfaces.
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the time to damp to 1/2 amplitude s then corresponds to point B, be=-
tween the value determined for the dynamie condition as in Seetion III-

B and the static condition as in Seetion III=A, depending on the change

_—Natural 'Frequ@ncy of long mode

Nakoral frequency of shovt mede

Rg.16 ???esgnnse of Coupled Tail & ﬁ%rce% Oscillation

in frequency from tail alone to airplane=plus=tail, For extremely
long=period motion, the static stability takes clﬁ:}jge , and the im=
provement factor becomes \‘&g = |47 %’{Q‘ 3 corresponding to
point C. ‘

This qualitative discussion shows the general trend of the
dynamic stability. However, in order to determine accurately the
dynamic behavior of airplane-plus=tail, the equations of motion of
the airplane, including the effect of the coupled tail, should be
solved., The general solutions for longitudinal motion and lateral

and directional motion will now be eonsidered (ef. Ref. 10).
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B. Lateral and Longitudinal Sté‘bility of Airplane
The complete force and moment equations for the airplane with
'reﬂpe@t to moving (Eulerian) axes are
X = m(@—vr +wq)
Y = m(V —wWp + u¥)
Z = wm(w=—uq +VP)
L= Ap—(B-Cqr
M= B —(C-Apr
N = Cv =(A-B)pq |
Where the forces are XC{»% 2 moments L;M',N s noments of inertia
A, B,C ; products of inertia @)ﬁbg ; linear velocities W, v,w 3
angular velocities P,q,Y ; angular displacements P,6,V¥ ; al1
listed rezveetively to “ﬁhé coordinate axes X,Y,Z . The product of
inertia D,E,F%:ZQ@ if axes are chosen to coineide with principal axes of the
airplane, Dividing each equation by mas(é%%@m@m of inertia gives the
acceleration eguations of motion.
= uXy + wXy -%ﬁ)(ﬁ —~g B eesh,
= vY, + FYP + v Yy +9 ¥ S B, =g @ <036, ~Uy
w= wéy +wi, +9 % —q 6 sin 8 w&»d%
- % LV + P LP‘B" Y Bmp
b= uMy-+ WMW‘+ﬁMq
w= vNy +pNp + rNe

The modes of motion are separated in the cenventional manner into

;r

longitudinal motion in the plane of symmetry, and lateral motion, which

will be econsidered next,
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Iateral stability. The lateral equations of motion for the air-

plane with coupled tail, each equation in terms of Ferce/MMass or
Monent MK® are

%g =Y +(~gees8) p+(qsmby N ¢ + (Neal) = o
vl —Lov +05 Al gr (oL o (Nesl) g =0
VT =Ny vt (M) 9+ (el i libaab)p = o
ol (Neg)v+ (Nesl) @+{edeeh+ G) w@m@ga;@@ =0

} L vl

| R = R o .

V) Y U

Liter performing the operations shown at the left and underneath

Egs. 19, the dimensionless egquations are

Amyv CL }V‘g" @L@@ N%L )

o L =ply A= —M Nes . N

Ry=| 7 P T =0 ()
MM —Anp A NHAA b NibAthe

Negl.  Negl. GA#GA+G  d)td, A+d

where the coefficients a,%, C,d  from the coupled tail dynamics (cf.,

Egs. 8) have been reduced to dimensionless form in a mamner similar to
the airplane stability coefficients., The true sense of each term in the

determinant = F@ is as followss

v ¢ L4 g
Y - _ =+ — =+ | Nenl,
=2 - — = Negl
N_ + - —er—=lt—=
2! — I Neg) e
In these equations C_ an/% U are +3 ¢ QM\W} are s, and Y= “’“\}/u .

The non-dimensional determinant is next written in symbolic form and

expanded. | Yv Yy yq,l

!
‘ Ev 1@ h@a
FO)= ﬁ Qgrw s

) Ggihe M|

“o L ] Iyv Y
0 =S kA =hgO— gV i;%
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The airplane stability with 3 degrees of freedom iz represented by
the 3 x 3 minor, and defined by D , whereas the coupled tail alone
(ef. Eqs.B) is given by the 2 x 2 minor, In the expansion, the terms
“‘P and hv are transferred to "”i?v and —kw respectively, and
terms h?,\jp and E@ are considered of negligible importance, thus ecreats
ing zeros in the determimant and simplifying the expansion,

The emluati@n of hFD is accomplished with the aid of the 3=

dimensional equations of motiem, whmsé determinant is D .
)@-’-yv QL )‘.*CL@@ N
hgD= (AN +dd+da) |ty K=l LA | = 3 Aid =,0)
L=0
m#v&v = AFA A "'%r)\

The determinant D is expanded into a guintie equatlon in A s of which

one root is zero and may be disearded, thus leaving a quartic.

X (¥
+ A3 E"ﬁ'lp- W= yJ }‘%{ “"é"h = @
D= +N T+ Tonet(lptnyy -nle] el Tpun(14 22

“M [ f“'ﬁv&n.eo’lp)+/&1V{C¢_+np§+yv(w rlr__,g,r
G E‘}“(“"g“’“zy“&*’j"@"ﬁv“f*-nvlpﬁ

Next in order for evaluation is

"] 'i"}%g =Py Pj
ﬂk“v@ @v Vg }E j

¢ X“"’yv Co :
= hyng|; ot 7;;?., — kbzA+%A+\:@>(gz)\+Cﬁ‘s+%> —uly X 4@% £

Tgmb b,_ = €, 20 for properly balanced su:efaeesg where 2 is small.

Then ];\ [.C»bl 3\ A leab) |

ooty + (c, bwcoh}j --g-ﬁ{cab@-a&.%}

¥l eblp V"("be‘*“b‘fr*?v} +‘°“’J {__) +X2 [ co'b-(, bt b Lol

§1® [(c.‘o°+cobblpyv-cob,(1?+yv)-g-c,b, Py 19 [—-c.b, (1p+ ]ﬂ‘} ,
£ [ebrro bt + GbiTpy] PALcbelpys

t [, C by i‘V‘lVCL} J \t i%% flv(og,}

The lateral stability derivatives (ef. Table |1I) may now be calculated

Lm

. for a conventional transp@r‘b airplane (ef. Table 1Vi).
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Table TIL

Lateral Stability Derivatives
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Q«BL = mR% */MKc = 5(6) Sx10
a, =—=LlaX" M_ __q AN = +15
’ MKEJ £350 = %‘ﬁ"z Ar * 15.
b, .-nmx@/x = s.sm.?@/% 60262 |
‘<.,,- n,ﬁ%¢%_ -5 L Y 8@ ;@ E—-@.@ou |
) = %’\'W%P%ﬁ/ﬁ" -1 ng%b 4077 +0.0600 82
Qg = =bul %f;ﬁ‘“%" = -y +50
T Mk \Bsy,/ ‘g\%"’%ﬁ. %E}jk e
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=, Ry =-2 1 0,678
&o ——M%’\v?ﬁQ*p/ = . 35‘/-2!,\ - +6,110
be = ~Wrm"‘§7‘9y/x‘— ~(i5)* oe(-L B&o 0000063,
bo@‘"(émv\"f?*cyfx- —( suy* o °g@ = —2.74
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Table IV, .

Data and Characteristiss for Transport Airplane

Symbol Ttem Units | Value | Symbol Ttem  Units | Value
W Gross Weight Ibs | 50,000 M Airplane Mass slugs 1600
Sy Wing Area sq £t | 1,000 w  Tail Mass slugs 5
S Tail Aves sq £6| 120 | B = Iy slug £t° | 0,5x10°
b Wing Span £t 00 | €= I slug £t°| 1d®
K Cogep tO Copo tail £ =0 | | =CaqS Ivfrad | 24000
U Ajrplsne Velocity mph | 200 | I = M/ Esu 3.5
g Dynamie Pressure g%l?% 100 o= M/‘% 3% 27
R Coupling Ratio 0.125 2 | £t =0,5
T= %%’ %S o | ze § £6 | 1.0
Y " £t | <0 | Wg= é@%;;f - 1.5
| + s 50 "(pr 0.03

It will be noted that a rather conservative value of the coupled tail ef-

ficiency is used, Vfig = 1.5, in order to determine the beneficial effect

of this moderate arrangement, in comparison with the conventional tail.

The lateral stability of the transport airplane with conventional

t2il is found by solving the determinant D (ef. Eq. 2b) which gives the

frequency equation and factors as followss
V443003 +93)1 4 1480) — 1565 =0
(» —oae)(A+28.9 (N+sA+53) =0

The convent!-nal airplane will therefore have & spiral divergence which

doubles inds sec, a roll subsidence, and oscillation in roll and yaw of
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3 sec pericd and E = ,]0 times critical damping; i.e., damping to
one=half amplitude in 3,2 sec.

The complete determinant FZ)Q “ﬁ{)\\)“"‘%@ gAA may now be
evaluated to determine the behavior of the same airplane equipped with

the coupled tail.

L heg D - gl Ai
b d,_ = Sxic e 5)‘5@@&
5 &d~nv{-& +—2>'] +d, - by 0.06030 |
000083 ﬁ(—.oow@)
4 Lg,m,(w lpx h)j+d [ j+am = (%% bCs) 0.193
3 ) LE-M“VEP J-ﬂ- d E Aj-ﬁ-do%: ] = 10,Cot {){@ 'C%Q,B 8.5
Cias0] ta 32 h ?‘l
2 «L&MV\VQ(E? E-y @ E T4 &3{? hoce@. + v> A\,
-155] \ R ;i”
I d A ? “ﬁ‘doi_} = beG g&z}v 196.
\&5@ -
- 1, G 8.
0 M..T;J _,%C"’i&) I

The frequency equation ﬂnd its factors then become

25+ 10°h.o00060 N7+ 0,038C X 1700 +18.2)°+39.2) +1.d=o
(A +144) (M30)( A%+ 13 A +37 500)(A+234)( MH0.05) =0

The laterasl modes of the airplane with coupled teil are thus found to be
two heavily damped apericdic modes, one of which resembles the roll sub=-
- Whidn domps o Y amplitude ua 04 sec amd Fou wrhach
sidence Q-s 7{,@ a short period oscillation of 0.1 sec periodeasnd % 0.063%
~ times critieal damping: and two more aperiodie modes which demp to one-
half amplitude in 2 and80sec. resp.
A comparisen of the effect of coupling on the lateral stability

may now be made,

% Viscous damping could be ssed to wcrease €, if desired.
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Mode Characteristic Conventional Coupled
. - Tail Tail
Spiral Time B0 ., 5eC 45 %o Double |80oto Halve |
'Roll Time to halve, sec 16 A6
;OS@illati@n - Period, sec 3.0 0.11
: ) Fraction of Crit. Damping | 0,105 0.03
| " Time to Halve, Sec 3.2 0.40

The normally divergent spiral mode, which is characteristic of a
fixed control airplane with a powerful vertieal tail, has been overcome
and damped by the magnitude of the controlling moments introdueed by the.
coupled tall. Likewise the conventional oseillation in roll and yaw of
3 sec period seems to hzve been eliminated, or replaced by an extremely
short oseillation of 0,11 sec period, which fdampsl to one=half amplitude
in 0.40 sec. A worthwhile improvement in Jateral stability is thus demon=-
strated for a transport airplane at cruising speed, equipped with a coupled

- tail -baving a m@deraté velue of efficiency ﬁgg = 1,5,

. The lengitudinal @gpations of motion in

terms of ForeeM or Moment AP are

T Q-—»S@w - XwW  + @ws&a) & + Neyt =0
T -Eou Hp-bdw +(geinb-UN)e  —Z) =o|
uIY My —MgwaNapig)e +(bBhA 1 b ) =0 1’;.
U Mo Nl #@0%eh+6 )8 + (544, ) +,)p = © |

] 1 L 1

U U
After performing the necessary operations to convert the determin-

ant of coefficients to non=dimensional form, the longitudinal equations

of motion are
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A=%Xu =%w = °
~2y M= 2w —CiBg— A —g
= —pie Ay a i adgs bbb, | <O
Ie) 0 QL%E%» oMG 4 @}g’%’é ayﬁfd@ (22)

The true sense of each term in —F{X% is as followss

X B =+ 0 o
Z — —_— o o
M I - - — = = —
4 | o + 4 ———

In these equations, the terms C‘-}C&A}CM@ w, 6 8¥e considered =
The non~dimensiomal determinant is next written in symbolie form

and expanded, with the aid of the assumptions tha"b"‘xf@ %@ s M and hy
O0 =AMy

are n@gligiblﬁgy%is transferred “’@@'u% s and hwis transferred to Coe

Then

hu Aw Yo O

! %Q‘g Ty te O

=h

gDm vh@m@%'ﬂ-u Yous | ‘%ZAE,%&‘:;@

Zy, Zw| L
= %a@}‘@” %@a)

The evaluation of %D is accomplished by use of the 3=dimensiconal

& W Mg MA
© © kg aiﬁ

equations of motion, whose determinant is D.
I A=%u =%w =L &
% @D g‘,,<@&x&““§’@ﬂkﬂ€do> } =% A=Rw  =CBy=M |
o —pme A-hmg
:@J‘@ia A M@g M (e = g) I [Grut oo B ety pond N

[ s (3 €005 Y g Frt=Xes B4 rongst (1, Bo- %%)}

= %@
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Next in order for evaluvation is
c— I"e @i%ung _ (b&ﬁhk%@}(@& }3%@@@% K _?;:2 %ﬂg@@\)

where by = &4 = 0 for properly balanced surfaces. Then

’%’1@’} == 1@5 )4 {(b@r&kﬁb Lgcn (Xu*'i‘u)zi)\ +{b.€°'ﬁ'b.€9(xu%w'%uu§> ’(b,tdh{) Xu‘l‘fgkﬂa
. +Kb,cb+b&)(x ukw“%u.xw)—» b@@o{)‘ ud t‘w)}%.(n b oCol AuBg ‘wau))}

. . ¢
The cemplete determinant F@) = ~§,"—P'§~L = EAE,A may now be

evalvated for a conventional transport airplane using data from Tables
VIII and IX.

] b ~ homglit] A
[ dL =20%s © e ‘2@%@.@
R (‘*“;;;“‘Wm 00048
& |4, (%.m%? ::Z-két L l\m - z‘i&q)\ 01063
Javan (L
3| de (\,ﬁ(zxw‘)‘u}‘r‘gﬁ.d\{}*ﬁl} - ((;Lé%%@cm lic.(xuwﬁ 0.66
2 | Ao paCifind,- z...gauquL bo ?“ﬁﬂ=
"{)" NU;% }Z\ @Cﬁ "Zéb.c.@“*-ﬂw >
B 911 moﬁ & g_‘]ij ﬁ?ﬂ] 29
B \*"3" To \ //
o ol J -1 E{ﬁ | vo
So .
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Table IX

Longitvdinal Stability Derivatives

¥u= 2Cp = 2(-0.05) ~ 0.0
Yow = =Clt o, = ~(-0 ][ 14 2 (~43) 40,38
ZFue 20y, = 2(-0:) -l.o0
Ty s @Lo\.w =4,3
e de °
:-,_L - - .
b@““ L("@ ) 4Gy Se (=) {0 G
mq= WG S g (140 —4s
a, = Lo
by=Cy = WQ@“@A’WB o
dy = mR MKy = 82288 / st - 20 n0®
@ ==la LM __CySre =—mg. .

T g U ER T e ST 45
b, = = mq Th/» = 4,S ¥lo, 6,679
40
G= mg Réafr =-4f L ~6,0070

_ 4
| @%a - M fm%ﬁ% i ??"‘mf ?-0> 10,00025

b T MK &,so -=- S /

o = -—»/,A.m.'c :.’L?%@f? ' 419
Co = JAMW Qﬂ/x = "’u ' —@©00642
a }A My TR %’Mgﬁ:—ﬂ. xoﬂ:«%q) | ©,059
b@(; = —%wﬂa} TR %*/X a:—é‘,'])}o"l L l -0 0.80
b G = "'(‘Mi} TR % ’é“-—}/)c =—{4~S’§" o1 ;076%8 | - &000 SB= |
bocytbio = —pmwmyg 'E‘Q Ty = -(—17)(49 o1 2 -0.137 |
Pu=Fu=Mg = 010+ 3445 39

~ paton g (k)  (Yobw =B =27 -4 (48 + 18 +42.
MMy i%u—ﬁ.@;\ +V‘&?(%Mw Vuhd) = =2 o) ~5(-78) bil
Mo O gt = 27(-e9) 13,5




The 1@ngij‘;udiml frequency equation and its factors are
A8 42225 + 3150A% 4 23,0008+ 150,600 )"+ 195,000 )+ 50, 000 =0
(2D +15)( X2+ 122 +2980) (W2 +9 X +33) =0

The modes of motion are thus found to be two aperiodic modes end two
well damped ocscillations. The short=period oselillation, which lis char-
acteristié of the tail dynamics, has a peried of 0.40 sec and & =01
times critical damping; i.e., damp to ope=half amplitude in 0,40 sec.
The long=pericd motion has a pericd of 38 sec and $ =20.78 tines
eritical damping; ie., damp to one=half amplitude in 0.54 sec.
The stability of the same airplane with conventienal controls may

be determinéd for eamparison.

AN 4923448 V462 A+ 135 =0

(A4 9 ) +48) ( A*+0.09A+028) =0

The modes are a short perlod of 3.2 sec, g =0 {(,Sﬂ , and a leng period

of 44 sec, g =0.09% The two oseillations are now shown for compari-

son,
Mode . Characteristic Conventional Coupled

. Period, sec 302 0,40
Short Period Fraction of Crit, Damping 0,65 0,11
' ‘ Time to Halve, Sec. 0.40
Period, Sec. 41 - 3.8
Long Pericd Fraction of Crit. Demping 0.085 0.78
Time to Halve, Sec. 54 0.54

A considerable imprévement has thus been effected in the longitudinal
stability of the airplane. The poorly damped long-period oseillation is
eliminated by use of the coupled tail, and the resulting short-period

modes are sufficiently well damped that they will require no contrel; in
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fact, they would hardly be recognized as oscillation by passengers in
ths airplane,

0, Bfent of Fristion

.

The theoretical stability analysis assumes no friction or free play

in the control system., The original hypothesis is that rudder deflection g

is proportional to yew angle Y at all times., However, when the friction
hinge moment (F.H.M.) is greater than the serodynamic hinge moment ﬂcﬂpﬂ SeCr s
the surface will remain deflected to en angle PF » tntil a larger

serodynamic hinge moment causss it 4o move, where (ips FHM/C“@CT Sfev

By defimitiown of wrl‘\ng votio, R = FF/L}'g-

\" - q’. ‘-:I&Ui* . P
—~Yo= o,mv\'\kuh o{- Yows oseillakion

¥
N X b Be—) v
S e et ~pe

-2 £
A\\l{' %—E Ayeq, Fex mjele

4“3'@' =4R \l‘:

Consider the ooupled surface to be oscillating with en initial amplitude \Po °

p

Without friction, the oscillation would be damped to zero amplitude in a

g

short time, With frietion, the rudder sticks at Pﬁ, correspording to ‘-PF »

- until the yaw angls r@a@h@s-\h)&fﬁ@r which the rudder jumps to the value
of —pF and thenceforth is proportional %o \ll until next crossing the '-‘-’-“‘r:
band. The control deflsctions corresponding to the sticky action -are

incorrect for damping the motion, and the emergy per cycle exitracted from

[t
@

the air stream due to the friction lag angle ‘{tF iz approximatsly

We=1Caq S (44:Pr) = nCaqSl 4RGT por eyele

The energy Wpdissipated per cycle by the normel demping is (Ref 11)
Y . [y _ . - . 2.
AW'-‘-b"(’d"l’) q;-l.\iomcnh’l') d\\w- L}’oc_osu,‘l'd(uf), L:C‘_A?SI_%_

WD""' g:wb\l’:umlw“'d(@ =TTw b\‘ao-"-_—_- Tb\‘_.:-“z CH 15-(5%: per c,&de
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Eguating Wp and Wp and solving for \.‘l; , determines the condition for which

the oscillation is undamped.

_Es___ Twl
Wo ‘\) 4 RU

The meximum allowable frichion hinge woment is equal to the aercdynamic

hinge moment associated with Yg = @F/ R

_\f Twl ]

seample:  1500-1b airplane, W= TWrad/sec, A=15 £6, U = 150 £t/sec, g =

i

271b/sg £, C& 0,04, R = 0,10, S¢ = 15 8Q. £%, Cp = 2 £4, Yp= 10 , Bear-

ing Friction 5%.

- ..l'ﬁ.____‘\s Yo 0% 09 5.7 =, 0894, F.1b/ = Lo7yhly
008 T g, allon) ¥ 4150410 573 1O 8o A °/

Assuming a value of bearing friction of 27 the sctual (estimeted) FHNM would
be FHM (Est. actual = .005 x (10 1b) x (0.5 in) = +025 in 1b, based on a com-
bined drag snd weight loading of 10 lbs. acting on the rudder bearings, and a
bearing radius of 0.5 inches.

The above caleulations indicabte that the frietion would couse an undempad
oseillation of about ‘PO:-M-%‘Q’I = .024% A"jfees emplitude, which would be
imperceptible to the occupants of the airplane. It is necessary to safeguard
against excessive friction, but if this is done, good results mey be expected

from the coupled surface.



Do ¥anual Control System

The friction of the control system mst be separated from that of
the coupled surfasce. One method of control is attained through the coup-

ling linkage, as shown schemetically in Fig. 17. The soupled surface mist
be held rigidly at A by an irreversible mschanism, in the absence of which
the engle of yaw qt would causs the entire surface %o tip until stopped
by limits, without moving the rudder. The conbtrol ﬁ@%ién actuated by rud-
der pedals or hend crank through en jrreversible
mechenism at 4 would pull the rudder over for

direetional trim. The menwal rudder conitrol ma
5

then be comsidered as only a directional trimming

F\"g 7 waah Conbvsl
of Comrlea Fw & Rudder

requires no pilot control of the rudder, but permits two-control operation

device, since the power of the coupled surfacs

of the airplane, in which turning is accomplished by properly designed
ailseron control,

If the horizontal tail is also coupled, longitudinal speed conirol
mey be accomplished in e mermer similar to the dirsctional control {ef.Fig.l7)
thus providing the ultimats simplicity for airplane control; a wheel for turn-
ing with appropriate angls of bank and means for airspsed adjustment and for

directional trim.



47
VI. Sumuary and Conclusions
A. Application of Design Data

In order to design stabilizers using the principles of coupled sur-
faces, it is necessary to obtain values of the positions of the follow=
ing items with respect to the rudder~hinge line and the tip=hinge line,
in order to accurately place the node line on the surface:

1, Centers of gravity of fin and rudder.

2. Centers of pressure of fin and rudder due to &\.

3. Centers of pressure of fin and rudder due to ﬁ,

These date may then be converted by simple ealculations (cf. AFF' 8
and Figs. 18 and [9) into Z, %y, %ﬁ ete., necessary for computing the
tall efficiency cund stability characteristics.

The variation to be expected in these data needs-to be considered
before final detemination of the coupling ratio R may be accomplished.,
The effects of weaf and serviee 1ife should Ee determined, as well as
Reynolds mmber and compressibility effects throughout the expected
range of @peration. Scome of the variation factors may need to be de-
termined by flight tests of a conservatively designed coupled tail .
with adjustable coupling ratio R,

Trensonic airfoil data may be cbtained by use of a w:o.nd tunnel with
"pbump." Such data will be very useful in the adaptation of coupled sur-
faces to supersonic vehicles (cf. Fig. 19). S“zzpersmnie dba may be readi-
1y obtained at various Mach numbers (ef. Fig. 20) in the operating range.
Preli;aﬁnary calculations indicate that a considerable reduction in tail
area may be effected in rocket vehicles designed for M=3 (er, Fig. 2[).
b’ onvié.'ma fov the Control to be fixed For M<l, amd eouplecl thevreafter,

When the necessary design information is available, the determius-
tion of coupling ratio R and tail efficiency WS and YED are easily

accomplished (cf. AFP' B’>‘



Fig. 18 Design of Coupled Tail  for Tmnspor't Airp!ane
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For airplanes designed to fly at high altitudes, the time to damp
to one-half amplitude of an airplens equipped with & coupled teil is
less then thet of s fixed control airplane, the ratio being 1: W, (cf,
Teble IT), and the ratio of critical damping 13Vﬁﬁ « An asrodynemie
golution is thus made available for a hitherto troublesome problem,
{ef. Ref., 12) which has been solved by eutomatic pilot meosns. The
alternative aerodynamic sclution may sometimes be mor e desirable,

In order to atiain satisfactory results with the coupled teil,
the surfece configuration, airfoil contours, mass balence terms, coupn-
ling linkage, etc. must be in the correct proportions., Normal methods
of construction are considered to be satisfactory.in general, providing
the design reguirements for the couplsd tail are metb, |

From the weight standpoint, & comparison mey be made between the
weight increase due to additicnal hinges and c@upliﬁg linkege and the
weight decrease due to smaller surface and lower spem. Although no
esctual weight caleulations have been made, it is beiieveﬁ that, for a
givsn’s%abilizing effect, the coupled tail may be produced at a con-
siderably lowsr weight thaﬁ a normal tail,

By use of these methods, it is possible to design stabilizing sur-

feces that sre many times more effective thaen fixed surfaces of equal
aresi. A good design may be expested to give a tail efficiency 115 =8
{ef. &pp B). However, a 1arg@7value of QS is not essential, since great
improvement in the airplene stability may be effected by use Of’ﬂsg 1.8
as shown by the numerical example for the transport airplane (ef, Sec, V-B),
The beneficial effect is derived from ths conbrol moments exerted on the
airplane rather than high static stability.

Vhen compared with a normel free rudder, with its downstream float-

ing tendency, the coupled surface will restore eguilibrium conditions
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mch more guickly afber displecement. It will behave essentially like
an automatic stebilizer, For this reason, properly designed coupled
surfaces may be called sutomatic control surfaces.

B. Consclusions

Automatic or coupled contrel surfaces, designed and built by
the methods described, should be practical, servicesble devices for
use on many typess of alrcraft,

Coupled surfaces will provide greater riding comfort and
proper frse control stability for aircraft and rocket wehicles of
the future.

From the standpoint of stability, it appears that.the coupled

tail having a static tail effieiency of only 1.5 results in the

desired nearly aperiodic damping of long peried disturbances,
The principle of coupled surfaces is applicable to supsrsonie
vehicles as well as to subsonic, by maintaining the surfaces fixed

during the subsoniec flight, eand free at supersonic speeds.

The economic effect of such a device on airecraft stability
seems to justify the expenditure of considerable finds and efford
in breoadening the knowledge contained herein with regard to the
design of vertical and horizontal tails, with consideration for
the structural and weight aspects of the problem and refinements

of comfiguretion to result in higher efficiency.
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Definition of Termsg=

guartic coefficients (cf Fgs. 13)

MmN o v’

¢ =average chord of tail
Cy= average rudder chord

e

Cusﬂing@ moment coefficient § ca o= % Q&F =
C.= Lif%s 3 Crg= d.ﬂ-c

Cpa= center of pressure of ol - produced forces

CPeaeﬁn%@r of pressure of (3- produced forces
Cq = center of gravity

3' %ﬁ@fiﬁ@d in Egs. 13
K CH,\SVC"/CL& Sz

*,\\I% 2 CraSeC /O S

zmi:{:'_ = 'moment of inertia” of tail about node line. (ef Fig. 12)
xte Ta= moment of inertia of tail and airplans sbout airplane c.g.
Zmixi = K = Lpr/l.p = Frackion of lift ow radder '
R = To/mu™ ~ -
a=Cuaq3

2 Cua / e
wastotal ‘mass of tail g

=(’U‘/1, = dynamic pressurs . .
Z“.mzi-a; = produck of inedia’ of ek about node lne and %(“'P“"“)
¢ Resoupling ratio = 3/,3 = %4/

Ra
Rs=Rg

sRouth®s discriminant (of Bg, 15)
=%ail area

Se=rudder area

U =air wsloeity
scefo (mirplane) to rudder hinge line

£

efined in App. B

* Stability derivatives are defined in Tebles IIT and V.
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Definition of Terms

{continued )

) See p. 13
2%y, 2 == F

Yy = rudder hinge to ol- Cewtroid
')(.P= rudder hings to @- cemkroid

- -,cPramdd@x hinge to rudder ©.De

g =rudder hinge to linkage attachment point

gz =node line %o cewbveid of wass

€,= node line %o o~ Centrerd
znode line to R- cemkrad

of tail.

(of Egs. 18)

Z9~tip hinge to linkage atbachment point

ol zengls of atback
= rudder deflection angle
=tip deflection angle
¢=8tatic tail efficiency
ylo:dﬁge@.mi@ tail efficiency

A= 4/t

o A(1ift per unit ot f)
\P" 1 iff:: per unit of’g’g)
zangle of yaw
g,=ratio of damping %o oritical dampi

e:,g%,ir mess density
<

= ()2
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Appendix A

Aero-THeonomlc Considerations

In order to consider the economic advantages of stability, one might

into the following: hands-off operation and satisfactory trim over a
ressonfble speed renge; disturbances nonviclent, or damped in reasonable
length of time; and sabisfactory bshevior in stall with and without power,
flaps, etc. After a standard set of requirements has been established,
the econcmic consequence of departures from this stendard may then be
considered, as a meens to determine the relative importance of veriocus
design parametsrs. Certain procedurss have been developed (cf. Ref., 4)
for the eveluation of many factors concerned with tremsport airplane op-
eration, which will be of value in the study. Although it is difficuld
to apply the serc-economic philosophy to private or military airplanes,

which do not often consider such lacbors as the seat-mile cost, still
the economic principles hold true as well as for an air carrier, since
soms one must eventually pay 211 the costs of operation; hence, the
vaph

air transport mey be used as a rough indication of the economic as-
pects of the family ajrplene and the military airplene.

The "welue of a pound” is a common fector in air transport opera-

jon. A pound less weight empty makes available a pound more payload,

with its integrated revenue over the life of the airplane. The value
of a pound varies widely with the type of airpleme, nature of opere-
4ions, ete., bub an average value is about $200 per pound.

Expsriences has shown '%h&-tg if the vertical tail area is sulficient
to provide only slight directionel stability, then the stalling charse-
teristice of the sirplene ?Ji.ll be poor end minimmm speed landings at V;_

will not be practical. Lendings will be made at somewhat high@r speed,
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VL+AV , @t which condition the airplane will feel safe to the aver-
age pilot. The amount of wing area, or Crnay which is washed by
inability to meke minirum speed landings is evaluated by referemce to

Pig. 22, It may be desirable to inerease the vertical tail area or ef-

By
[

.eieney, perhaps at the éxpens@ of the wing area, in order to effect
the best compromise and the lowest normal landing spesd. Increased ver-
tical tail area will permit slowsr, steeper glides and shorter takeoff
and lending distances over an obstacle (cf. Pig. 23), Savings in ground

eoff amd lowd v

v distance ggaulﬂ also be considered an import-

time by reducing the
ant advﬁntag@ of the airplane which is able to approach and land at
slower -speed (cf, Fég@ 24),

With the foregoing means aveilable to ecaleunlate aé%aﬁaegn@mi@
valﬁ@ss the following transport airplanes (¢f. Table VE}‘m%y be compared.
Consider an airplane B with s coupled tail twice ééﬂpﬂwarful‘&g that of
the stendard airplane A which barely meets the stability specification,
& welght saving of 50 pounds migh% be effected by rédu@ing the tail area
of aiéplan@ B, emounting to 50 x 200 = §10,000 per ajrplene increase in
aero-aconomic potentiel. However, this value is sifnll compared with the
petential to be gained by shorter takeoff and larnding distaence end by
reduced landing speed (if there is a premium on it); hence it may be
concluded that maximm economic value is gained by utilizing a high
degres of stability in the tresport design. The possibility of using
srmller sirports in the operation of airplane B than are practical for
the performance of airplene A may prove to be of greet esconomic impord-
ance. It is not unliksly that a 10 per cent improvement in takeoff and
lending distance may be effected by a 100 per ceﬁt inereass in tail ef-
fectivemess. The increased earning power of the airplane due to this

improvement alone might emsily exceed theinitial cost of the sirplane.



57

It is therefore evident that the provision of high stability is of
great economic as well as technical importance in aircraft design

and operation.
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TableVI

Aero-Eeconomic Valuves for Alrcraft Stability

Airplane Datel Operation Data
Wing area 1000 sq £t Rate per ton-mile $ 0.20
CLMA% 2.0 Gross revemue/airplane $ 1.5 x 1@6
Landing speed G@i&?@h Normal life 10,000 hrs
Brake hp 3000 Average air time 2 hms

Aero-Economic Deta (of. Ref. 4)

Value of a pound $ 200/1b/airplane¥
Value of 1 mph lower landing speed $100,000/airplane®
Value of 1 per ‘@@m; shorter |

takeoff distance over cbstacle $ 40,000/airplane*

Value of 1 per cent reducticn in

ground hendling time/air time $ 10,000/airplane¥

% The actual values cbtained from such analysis are subject to wide vari-
- atlons because of airline regulations, type of serviece, and many other
factors. The values shown are intended as a rough approximation only

of the aero=economic trend.
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Appendix B

Data Required for Desisn

The centroids of the coupled surface may be determined from wind
tunnel tests in the following menner:

Z - (&(pﬂ:ckmg WM)/dd- A“{pp"mgmomu.\') d&)
() %) = (Scme ey fan ) 3o tcsy o

| _ (Alpitehingmomed) A8 A (tipping mement)Ag
(')‘(3) %t(‘) - 'X(Ysid:q-?wce>/d(?) A[si&eqﬁwee)/df

The chordwise distributions mey be assumed from normel airfoil theory
and checked by rudder hinge-moment messurements. Fin and rudder dis-
tribution may be directly determined by e strain-gege arrangement
which meesures rudder side force and hinge moment. The latter method
is preferable because of greater accuracy. Mass effects may be found
by ealeulation or by weighing the parts.

lieasurement of centroid positions from the obtuse node line, which

gimplified the dynamic stability development, involwves # singularity as

R—>¢ , at which condition the centroids of %the rudder approach oo =
and items like Z,%y and 2{3 vary with R, the node position as shown

in Fig. 25, where o
e, Fa:25 Variakion of
I ( = -—R—> : 2 Centraid Posi‘tioﬂs'

z )
T, %t;(l"%)

- R“[as vt CQu.P(wj Ratio
%= ap( . 2 NS T

kL [ R

il
6gs, €t and Feg are the cenber of grevity, center of pressure of
- produced forces, and center of pressure of @—produced forces re-
spectively, with respect to the tip-hinge line at the bese of the fin, %o
be determined by teet or caleulation. The values of R where L T
and tg become zero may be found when the individuel values of CoPs OF
c.g. of fin and rudder are determined, and their relative strengths are
denoted by V) end Vo respectively., In other words, the values of Ro
represent lines radiating from the origin through the centroids of the
fin and rudder forses (due to o g or inertia) with respsct to the bent
node line., The method of de%@rmﬁning%i% as follows:

g - Va AR
G‘VV% Vl@ (x'l 'o) %0) V;'l'V-L @ < \/‘.’_Vtxz W“")

M v‘l@cx’) %1) COAVAS ‘crom Y‘l\' MA& H\L

Yo
V= 2 Vi +Va it~ v".ﬁ
Vitvy 09 V, +Va

Coordinates from rhl and node: \j |+V'(, @<

* If the rudder hinge line is not perpendiculsr to the tip hinge, 2, 2q

and %‘, will approach definite valuwes as R—drudder hinge lins,
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oo Y -
Condition for node through centroid of V‘ +, ¢ V,’l—,-‘—Vﬂ‘z V"- "réz =0
U Q - ___.@l——- = R?_ [ Q*’__Vji‘. Q'= .2(.1'
00 o= VR _— ) v %" ) ] %‘L
|+ % +Q 2
Vot

The calculation of Ru,Qs and Ez may now be performed.

® Yr/2
Re- sy Ry, B o %

[+ k2 |+ Lt O e WiZe
L}zg L‘F%"}' W\-%,

One concludes thet after certain basic informabion on mass disbri-
bution end serodynamic properties is available, the dynamic stebility
criteria mey be readily applied. The required conditions way be sasily
met by normel production methods smd tolerances, permititing the atbain-
ment of coupled surfaces of high efficiency as illustrabed by the examples
given in the table below. However, it iz not essential to the success of
the coupled tail that extremely high veluss of Wg be obitained. The bens-
ficiel effect is derived from the phase of the control moments exerissd on
the airplane, rather than high static stability. This fact is proved in
Section V-B where a wvalue off¢= 1.5 is showm to greatly improve the
gtability of a transport airplane.

Table VII. Estimate of Teil Efficiensy

Normal Practice Slight Bxtra Care

Telerance on %p —-0d,03¢ —~0.015¢c
Thersfore -7:13 —+0.%0c - 40,10 ¢

z —o,loc —0.08¢

raN ~ 0,S0c -0.50¢

0. + 0.0

vzs 0.50 +O.u = 3' s gz o — = é.o
I 0.% .
28 =) &S0 +02o 0:S0 + 0410 _
k) 1o oo +ou20 = 3 0.1 ho
Lo 3o+
— = 8o 030+0 % _6,069 | 0:So+0uD
al o .10 +0:T x50 oas oo ¥so — 7%
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Appendix O

Different Ways of Deriving Static Bguilibrium

Three methods will now be used for determining the statie
squilibrium of the coupled surfaces, all leading to the same

answer but illustrating different aspects of the mechanics.

(1) Bguilibrium of Moments about r.h.l. and t.h.l, Sincs
the forces acting on the fin do nét contribute te the rudder hinge
moment besause of the restraint exerted by the tip hinge, the rud-
der hinge woment may be taken with or without the fin f@{@@s@ In
other words, since %= AL =0, L.U‘-*t Ll*'+L3“3 = LS_"B and
LP'X.(s= bo¥y+ Ly xq = Lgxg.

Including Exelnding Exeluding
Case T Case IT Case III
Fin Foress ] Fin Porces Fin Foreces
®
ZMVA(W Q)L“A&-p-(i\.@?ﬁ(g: Fxp LPL{Z;*(?L:;'X,, = Fxy @‘A;,(H-C"PD%S,C,- Focp

o

@
IMgoo| Pt tBlates =Feg  [p(Laebyn)ep (Lrother) Pyl Gateg S(#47R) = T2
MM: v :(; ¢ ( ; ) f 19 (Assamm Bot=1,=4=2,)
0), Yot TE™E $laxz+ Blare Coat+Gyp/ Secr\

% Y2eat TP Bep R ¢L*ztd+($'* Laep “K w+'t/3 (esef R

b _-.L R, ~ Laxy/L. ) _R-ha
/\P %(R? k R%ﬂ:" sz/[_;) R- hé/ @QLQD‘

= 0 Jep Flgrg
Singulas, = - k T

X L@ T L‘{ 1',+L313= L,LZ‘LJ 9 L?.%z"‘L‘*%‘\: < L,,(?:(.‘B

'-{/M\.&-l-/% M B ” ?M“* M"O\ omd B = Mré
n each case, = —
I R= MMy, & Rigtg " Mep



-h =Q*4
/o Rs —,é(

:}_é‘
£33
Figo. 28, Centroids of Rudder Prodused Forcesz Determine Critical
Coupling Ratio Rs
In Case I, the critical coupling ratioWs passes through he
e phe

In Cases II and IIT 25 mgt lie well forward of the c.p. of (9L43 sinece
\vel < | %41

(2) Bouilibrium of Moments about Nod

F=¢L4+(1L(3

o Line., For static equilibrium,
. L
and fM“ 9,=0° The moment of F is zero with respect o
the node line; hencs

iMm&g =0 4 ‘-PL«:L'ZA“'PL@.ZP LA (‘4« E‘L+'r‘(3?r‘9> =0
he valus of L; is arbitrery and not necessarily zero,

30
q»=e,,~+f\‘(5%@=o >

I
(3) Bnergy Method. I

OUe i

Lateral deflections with respsct to the plens
of symmetry ar Etbo, 4 being measursd from ©
end Bg. 4). The

e Ly
& lgg 7

node line {of.,
sbatic squilibriun position iz found by minimizing
obential energy ¥ as follows:

E=(luap+ LeTep) ¥
4=- ha(2a 4+ THp) =03

9

-1 F :
©gq %= T ?{3 os be["‘t



Appendixz D

Correlation of Wind Tunnel JModel Tests with Thecrw

Teats of Smell Fin end Rudder

Following the concept and original analysis of the static
stability of coupled surfaces (cf. Fig. 27), & solid mehogeny
vertical tail end end plate were made for wind-tunnel tests (cof,
Pigo 13). This model had a span of 11 inches and an area of 84 sq.
in and was tested in a 2 x 3 £t. throat wind turnel at o dynamie
pressurs of 40 1b/sq £t and a Reynolds number of aboutb 108 based on

the average chord.

Bxsellent agreemsnt was obbtained between the static s%&biiﬁ“ty
theory and tsst results (of. Pig. 28). The @xp&ri@ﬁﬁal'p@inﬁs
were obtained from free-control wind-tunnel tests of the couplsd
tall at various angles of wvaw, as Sh@ﬁrn by the solid curves of
Fige 29, Rudder deflection ‘tmﬁ:s performed in the usual manner (as
shown dotted in Fig., 29), when cross-plotbed for variwus linkage

ratios, gave the same results as the coupled tall,

The small model was later mounted on the end of a 3-foob
swinging arm in the 2 x 3 £t tunnel and subjected to dynamic sta-
bility bests (ef. Table VIIT). These tests will be reported and

analyzed later with tests of the larger model,
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Table VIII

 Dynemic Stability Tests on Small Model CFR-8

Test ~ / Observed
' Noo |R = l/éL €. g | Balance Configuration | Stability*
38 0,072 | 0.687/9.5 3.75 S Sq
0.326/4.5 " s s3
7S 0.072 | 0.687/9.5 " S+ rudder balance So
125 | 0,095 |0.907/9.5 | 6.06 | S+ 4k in pennant S1
0,095 | 0.907/9.5 3,75 S + rudder balance U
AS ; 06095 : @@813/8@5 " S U s 80
0,095 | 0.713/7.5 n S “Sa
0,095 0.622/6.5 " S N
s 0,115 1.09/9.5 775 S + 12 in pennant 81 -
0.46/4 6,06 + 4% in pennant S3
58 ,0.115 | 1.09/9.5 3,75 S U
' 0.92/8 u s U & 34°
| 0,69/6 u S U £ 8,5
0,60/5.22 " S 81
W WAY/A " s )
0,133 =0,281/=2,11 " 8 U
S 0,161 | 0.56/3.5 " s U & 15
'- | 0.47/2.92 " s U a3
0.37/2.32 n S U&5
0.28/1.74 u S S1
n 6,06 S + 4% in pennant S3
-n 7.75 S + 12 in penmant S3
0,182 | 0,73/4.0 3,75 s U & 16
| 0.222 | 0.89/4.0 " S U taig

#Degrees ampiitude of oscillation are shown as UE( )©
Increasing amownts of stability: U,N,S $,,S;
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C. Tests of Large Fin and Rudder

After the encouraging results obtained with the small heavy model
CFR=1, it was decided to build a larger model, approximately twice the
scale of the first, of sheet-aluminum skin econstruction with weoden
| spars and ribs, This model had a épan of 22 inches and an area of
2.6 sq £t. It was tested in a 5=foot-diameter wind tunnel at a dynamie
pressure of about 9 lbs/sq £+, giving a Reynolds number of about 9 x 105,
Static tests were made on CFR=R (cf. Table II) and modifications there-
of, as a means of perfecting of hinge-moment characteristies and in-
creasing the static effectiveness of the coupled tail. The final con-
figuration Ygave statie tailéfti”:éciency more than elght.times that of the
fixed vertieal tail (cf. Fig, 30). The experimental results with CFR=2
et al are described by notes taken during the test period, as follows:

CFR=2, Model CFR=2 of the coupled fin and rudder similar to the
original design was mmmbed in the 5=foot tunnel on. the regular balance
trunnions. The experimental arrangement was unstable, and at angles of
yaw the entire balance system and tail fluttered rather severely. The
oseillation appeéred* to be caused by resonance in the balance system
and by irregular flow in the 5-foot tunnel. An attempt to repeat the
results fotm;:‘i previocusly on CFR=1 in the 2 x 3 £t tunnel by mounting
CFR=1 on the same balance system in the 5=foot tunnel showed CFR=1 also
to be unstable in the 5=foot tunmnel.

CFR=2 was modified by cutting the model until the rudder had flat
sides., It was hoped that this change in contour might stop the flutter

by change of the hinge moments for relatively small rudder angles. The

# The difficulty was probably due to improper mass distribution, the
importance of which was not fully recognized at the time these tests
were conducted.
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test showed no noticeable difference.

In attempting to correct this condition (tufts showed the tunnel
flow to be quite irregular, and the entire rudder to be stalled for
rudder and yaw angles of only 1 or 2 degrees), a honeycamb was in-
stalled in the 5=foot tumnel at the upstream end of the test section,
Tufte placed in the empty tunnel showed that the honeyeomb corrected
the major part of the irregular flow.

With the honeyecomb installed and the model {FR=-2 mounted on the

trunnions, the fixed rudder data shown on Fig. 30 were taken. When

the rudder was fixed there was no flutter with ¢ arrangement, It

should be noted that these data (which are uncorrected for tunnel-wall
effects) are considerably more consistent than any similar data taken
previously in the same tumnel 2nd on the same ‘balame system,

The data plotted on Fig, 30 give the rudder effectiveness (side
force slope with yaw) for several fixed rudder settings. It is to be
noted that, for rudder deflections of 15@, the side force is less than
that obtained for 8, 10, or 12° rudder, for angles of yaw greater than
4°. This eondition is probably caused by separation on the large rud-
der and may be increased by the proximity of the tunnel walls.

Beecause bf the method of operation of the coupled fin and rudder,
this separation and‘ consequent decrease in side force for larger rud-
der angles may be the reason for the oseillations., The rudder alone
oseillated when the model was fixed to the tunnel floor with the fin
and rudder coupled, but there was no flutter. The coupled rudder was
aerodynamically overbalansed inm this configuration.

Spoilers in the form of 3/32% s 1/16%, and 1/32-inch-diameter wire

were fastened aleng the trailing edge of the rudder, By moving the rud=
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der e.p. farther back, these spoilers removed all tendency of the
coupled fin and rudder to flutter and to overbalance.

Referring to the coupled=tail thecry (ecf. Fig. 27), it is noted
that the singuler point where overbalance ccecurs is universally pro-
portional to the hinge-moment curve slope. With the unfaired inter-
section of the flat rudder and fin and the rounded trailing edge of the
rudder, thé variations in hinge-moment curve slope with angle of rudder
deflection were quite large. Thus, with the coupling ratio adjusted to
give a large effectiveness factor at one rudder defleetion, the rudder
would be very much less effective at a greater rudder deflection.

From these observations, which are verified by the tests on CFR=4,
5, 6, and 7, one important fact of design is noted: A coupled fin and
rudder to be designed for high effectiveness ratio must be aerodynami-
cally designed to have linear hinge-mcament vs rudder—deflection curve.
Nonlinear curves might be usable if the variation from linearity is such
as to eancel some variations in other factors, but the latter conditions
wonld be extremely diffieult to obtain, Therefore, in any design of a
ecoupled fin and rudder, the aerodynamic features which produce linear
hinge-moment curves should be used, i.e., constant centers of pressure.

QE@;&J Proceeding in this direction, the rounded trailing edge of
CFR=3 was squared off by £illing in with plastieine to make a blunt
square trailing edge. This modification worked very well, being stable
and not overbalanced.
| CFR=5, CFR=4 was modified by faring in the fin and rudder. The
rudder chord, a large percentage of the total (52%), had been flattened
off, leaving a discontinuity in the airfoil slope at the intersection be=-

tween fin and rudder, This intersection was modified to give a smooth
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faired curve. (The trailing edge was squared by plastieine as for
CFR=4.) The curves shown on Fig. 3| show very good results, Effect-
iveness ratios up to 7.8 can be chiained with the side-force curve
slope nearly linear over & considerable range of angles of yaw. Wi%h
the possible exception that the linear portion of the curves ecould be
extended slightly, these curves are aerodynamically satisfactory.

CFR=6. Th@ugh%cv‘;giied very well aerodynamiecally, it would require
a squared-off trailing edge. From the structural and manufaecturing
standpoint the rounded trailing edge is desirable, CFR=6 was obtained
by removing the plasticine from the trailing edge of CFR=5, giving a
flat-pided rudder faired into the fin, The results obtained with CFR=6
showed high effectiveness faetors such as were obtained with CFR-=5 but
with much less linear range.

CFR=7. CFR=5 was modified to have a coneave cambered rudder with
thickened, squared trailing edge, which was used to facilitate the model
change. The results given in Fig., 32 indicate that CFR-7 has slightly
less linear range than CFR=5 but more then CFR=§. R
The results of these tests showed that airfoil section shape and par-
ticularly the shape of the rudder must be designed according to best
airf@ii section information. A concave rudder with a sharp trailing
edge appears to glive the linear effectiveness factor over a large range
of angles of yaw, probably because the hinge-moment curve slope is lin-
ear over a larger range of rudder angles.

Dats and eslculations. Data showing the effectiveness of the
coupled fin and rudder were cbtained as follows:

1. Curves were cbtained of sice force vs angle of yaw for

congtant fixed=ruvdder angles throughout the range te
be used (ef. Fig. 30).
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2. With various constant coupling ratios, the rudder
angles corresponding to various yaw angles were ob-
served, These cbservations were made for positive
and negative angles of yaw tc # 15°. In order %o
allow for slight asymetry, corresponding rudder
angles on both sides were averaged and the ealcula-
tions made from the average value, The medel and
testing equipment was adjusted to give zero rudder
at zero yaw,

3, The side force Cp was determined by reading the
side force corresponding to the angle of rudder and
yaw as noted experimentally from Fiz. 30.

The experimental results for CFR=5 and CFR-7 are shown in
Figs. 3| and 32, respectively.

Chack of static stability b

et

& check of the elementary

theory given (ef. Fig. 27) was made as follows (this method of check-
ing made it possible to compare the correspondence of ﬁheory and ex-
periment with a minimum of required data:

1. Fig. 3| gives the coupling ratio 1/R and the effectiveness

ratio,

'Zs = ‘"1"'5% = (éiw Coupled (al &Tued}

2. The coupling ratio coefficient R?/ (24 corréé%mndimg to each
experimentally measured effectiveness ratioc is read from
the theoretical curve on Fig. 32.

3., From this value is calculated the coupling ratic Rs which
would give the singular point.

4o If the theory is consistent with experiment, then all such
calculated coupling ratios RS giving the singular point
should be equal, |
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5. Using the average of all calculated values of F?s s the
eoupling ratio coefficient and the effectiveness ratio
are plotted as experimental points on Fig. 33, which
shows that, after locating the singuler point, the ef-
feetiveness ratio or factor for all other coupling ratios
or ratio c@effi@ien%§§£§y be determined over the range from
less than 1.05 and greater then 2,0, The tail efficiency
yzs extends ff@m 1.0 te greater than 8.0.
D. Dynamie Stability Tesmts
The foregoing results appeared to indieate that the eoupled fin
and rudder could be designed from the standpoint of statics. Because
of the difficulty experienced regarding flutter when the original models
were tested in the 5-foot tummel, it seemed advisable tc study the dymemie
aspects of the ecoupled fin and rudder. |

Dynamic tests were made on CFR-8 to determine the behevier of the

coupled tail under conditions similar to free=flight conditions on the
airplane. The results of these preliminary testg} on 2 dynamic model (n‘.mkm)
showed that, by correctly adjusting the asrcdynamie mass constants, a
direetional=gtability device was obtained which had dynamie stability,
together Wiﬁh a restoring moment muech larger than ordinary types of rud-
ders. A very important feature is that the particular design and adjust-
ment which gave stability and demping also cperated as an anticipatory
automatie contrel rudder. Such a design is therefore a mechenical de=
vice which reacts properly to side accelerations as well as to yaw dis-
placements and angular velocities. A deviece of this type may prove to
be a very definite advance in fin and rudder design.

CFR=1 was reworked to give CFR=8, The airfeil secticn was modified
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to have a slightly concave rudder surface. The trailing edge was simi-

lar to the rounded trailing edge of CFR=2 but had a much smaller radius,

imulating a squared trailing edge. The model was approximately
1/4-scale and with the horizontal tail weighed about 6 peunds. The fin
and rudder weighed about 2 1b/sq £t and tlwrefore was nearly twice as
heavy in proportion as normel airplane contrels.

This empennage model was mounted in the tunnel as a wind vane., The
. o Of the ﬁé,il was located 3 feet aft of freely operating ball bear—
ings.

With the original mass-balance condition, the coupled fin and rud-
der oseillated rather vielently With amplitudes of & 2‘;0@ yew and pericds
of 1.5 seconds. Placing restoring springs on the oseillating system and
varying the air speed had little noticeable effect on the period. The
coupling ratio affected the amplitude of oseillation. For a coupling
ratio giving an effectiveness factor of 1.0, the rudder did not build up
in oscillation and, if disturbed frem equilibrivm, damped out repidly.
With the rudder connected as a conventional m@d@x_’} and floating-freely,
oscillations were damped out but not as rapidly as with the rudder fixed.
The eoupled fin and rudder did nob oscillate when at zero yaw but, if
displaced 3 or 4 degrees, built up to a steady oseillatory state.

The osecillation is betler described as a directional dynamic in-
stability. The mass distribution for the eseilﬂ.amry cases was such
that the rudder was considerably underbalanced.* Observation of the

model during oseillation showed that the circumstances causing the oscil=

# Although the c.g, of the entire tail was above the tip hinge line, the
centreid with respect te the obtuse node line was sometimes below the node
line (ef. App. ‘B), giving the wrong inertie effect and causing dymsmic
instability.




lation are as follows:
1. Because of the increased effectiveness the side force
produced by the coupled fin and rudder gives a much
greater directional restoring moment.
2, Because of the yewing velocity ) , when the fin is
gecmetrieally at a yaw angle equal to @iﬁyﬁg ) BETO=
dynemieally it is at zero yaw (% is tail lemgth, U is
air veleocity).
3. From observations of the dynemic model, it is noted that
the rudder lags sufficlently so that, when the fin passes
through gecmetric zero, the rudder is deflected to ine
crease the veloeity in yew at zero yaw rather than to
decrease it.
4. It is also apparent that the mass distribution is such
as to tend to make the rudder lag because of the acceler-
ation as the rudder returns from meximm amplitude.
By raising the ec.g. of CFR=8, it was found thgt the phase could
be shifted so that the rudder damped out and did ﬁét oscillate,
E. Correlation of Final Dynamic Stablility Theory with Tests

Before the stability theory was developed in any complete form,
dynamie wind-tunnel tests were conducted on swinging arms with two
different model tail surfaces and many different balance conditions.
When the finel stability criteria were used to predict, by analysis,
the behavior of these models in the dynamic tests, the results were
as shown in Table TX. Of the nine cases which were studied, the fimnal
stability criteria gave the cerrect indieation in everyvcase. Four oub

of nine of the configurations were stable,
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Table TX.

Correlation of Dynamic Stability Criteria with Tests

' 18 28 3s 4S 58 6S 78 1L 2L
Z | b6 | =3.9 | (+2.9)¥% (+1e7)¥| (+0.7)¥| =0,10 | =C,7 [=0,18 [(+0.30)%
R 115 | <095 | LO07R 095 W15 | 161 | J072 [:167 | J143
Z;* $3.2 | 415 | 43.2 | +1.5 | 40,5 | (0.7) | +3.2 [(=4) | +.2
2-Fg | 9.8 | 5.4 | 0.3 | (+0.2) | (+0,2) | (+0.6) | =3.9 [(+.22) [(+.10)
"‘g/& b | B5e5 | wTeh | B5e5 | =heb | =363 | T | =3.0 | =3:5
Z=Ep 2.1 | 1.0 | G4 =036 | =043 | =197 | =53 | =07 | =03

”55 184 | 108 | =08 =048 | =019 | #,003 | +.019| .002 | =,004 |
ol |=1.20 | =0.60| +0.44 0,60 | =1,20 | =R,0 | +0.44 | =R.1 | =1.8
Yp | 043 | 0.39) +9.3 | (<10.5) | (-8.5) (=4+5) | 0,72 [(=7.7) |[(-20.6)

S tablld by

Prediction S S s U U U s U T

ctual

%egt s S S U U U S U U

*U unless ?D >0, in which case S,

w g/t

%%y% U=Unstable with reassn shown in (). S = Stable.

on

-183
o273

Rg

nown

013 for S
o5 for L

(ef. Ref. 1, Table 2)
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Itis interesting to note tﬁa‘t all cases of instability were due
either to statie instability E$ <0, Vi{g{ 0, or to dynamic in-
stability €)0 ) VKD L0 3 and normally the instability was indic:_é%ed
simply by zpaa or >0 (cf. BEgs. 8). In 3S , the one exception=-
al cgse where the £>0 failed to predict instability, the more general
rule ‘1»}0 gave the correct prediction. The present theory therefore
provides a simpler and more accurate stability eriterion than that pre=-
viously developed (cf. Ref. 1). Further tests would be desirable to
confirm the amalytical work under mere carefully controlled test
eonditions, with higher values of Vg@ , and with more accurate de~
termination of R and Rs by experiment., It is noteworthy that the
present analysis agrees perfectly with test data and ébsem’ati@ns

efore,
ly¥y which seems to further

VN

which were obtained six years previocusiw
strengthen one's confidence in the prineiple of é@upled surfaces,
- and the regularity with which they conferm to certein well defined

rules.



