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AN ANATOG STUDY OF THE RELATIVE TMPORTANCE OF
VARTOUS FACTORS AFFECTING ROLL: COUPLING

By Joseph Well and Richerd E. Day
SUMMARY

An snalog study of the rolli-coupling problem has been made for a
representative swept-wing and tallless deltz-wing configurstlion. The
Investigetion, made primarlly for subsonic flight conditions, included
the determination of the effects of wide variations in msny of the per-
tinent zerodynamic derivatives on the motions developed in rolling
meneuvers. The Influence of large chenges in principal axis inclinstion
and mass distribution is also consildered.

The results indicated that as first predicted in NACA TN 1627 the
relationship between the longitudinal and directional stability is of
paramount importance. For most current designs an optimum condition
exists when the nstural freguencies in piltch and yaw are approximately
equal. Increases in plich demping had a proncunced fevorable effect in
reducing the smplitudes of the motions encountered and were, in genersl,
considerably more effective than corresponding Increasses in yaw damping.

Practical redistribution of mass produced only relatively minor
changes in the overall results.

It was found that the amplitude of the motions developed for a glven
alleron deflection depends to a lerge extent on the duration of the
mesneuver (change in bank angle). ILimited studles indicated that 90° roll
masneuvers would be considersbly less critical than 360° rolls. The angle
of attack of the principal axis has an important beering on the behavior,
particulerly in the gbsence of other dlsturbing functions. If the ini-
tial angle of attack is mainteilned constant, a reduction in altitude will
delsy criticel conditions to a higher roll rate but the maximim ampli-
tudes mey be only slightly affected.

Small inadvertent stebllizer Inputs can greatly affect the magni-
tude of the motlons developed.

It is difficult to generalize on the effects of Mach number varia-
tion because thls varisble affects many of the controlling parsmeters.
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Utllizing simple concepts proved useful 1in assessing the qualitative
effects of many of the aerodynamic and inertis parameters and changes in
flight condition. The calculated lower resonant frequency generally cor-
responded to the aversge roll velocity at which the more serious motions
could be expected.

It is indicated that rational design procedure can gvoid the problem
of serious roll coupling at supersonlc speeds and minimize the problem
in the subsonic speed range for the conflgurations of the type consldered.

INTRODUCTION

Until recently the motions of a rilgid airplane with deflected aillerons
could be adequately predicted in most Instances from the classlc three-
degree-of-lateral freedom solutions (for example, ref. 1). Thset the
longitudingl modes can exert a powerful effect on the overall motions of
the rolling aircraft was first demonstrated theoretically in 1948 (refs. 2
and 3); however, not until 1954 were strong msnifestations of coupled
motions in rolling maneuvers experienced on a full-scale airplane (ref. k).

Following the flight experilences described in reference 4, a five-
degree-of-freedom analog study was initiated by staff members of the
NACA Lengley Iaeboratory and NACA High-Speed Flight Station to determine
whether the actual flight motlons could be calculated and also to deter-
mine the effects of veristions in ceritain of the stabllity parameters.
Scme of the results of these preliminsry studles were reported briefly
in references 5 and 6.

An asnalog investigation of seversl generalized sirplane configura-
tions encompassing a considerably broasder scope than the work of refer-
ences 5 and 6 has recently been completed at the NACA High-Speed Fiight
Station. In this study wide varlations in many of the pertinent aerody-
namic derivatives were investigsted at subsonic and supersonic speeds.
The effects of large changes In principal axis inclinstlion and mass dis-
tribution sre alsc included.

The primsry purpose of this peper is to summarlze the information
obteined from the anslog calculations and to compare the results with
the trends predicted from a slightly modified version of reference 2.

SYMBOLS

b wing span, £t
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cL, 1ift coefficient, it
Loves
§pV
Cy rolling-moment coefficient, Roliing momentb
Zev2s0
Cnm pitching-moment coefficient, Pitc?ing moment
Zovise
Cn yawing-moment coefficient, Yawing moment
2

Epv Sb
CY lateral-force coefficlent, Iaieial force

Epvzs
[l wilng mean aerodynamic chord, ft
g scceleration due to gravity, ft/sec?
bp pressure altitude, £t
iz stabilizer deflection, deg
Iy © moment of Inertia of sirplane sbout X-axis, slug—ft2
Ixé moment of inertia of rotabting engine parts sbout X-axis,

slug-£t2 ‘
Ixz, product of Inertis referred to X- and Z-axes, slus-ft2
Iy moment of inertils of elrplane about Y-sxis, slug-£t2
Iy moment of inertis of sirplene about Z-axis, slug—ft2
Mach number
pltching moment, f£t-1b

m alrplane mass, -g, slugs
N yvawing moment, ft-1b
P rolling velocity, radians/sec
P aversge rolling velocilty, radians/sec
Pg steady rolling wvelocity, radians/sec
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pitching velocity, radians/sec

yewing velocity, radians/sec

wing area, sq ft

time, sec

true airspeed, ft/sec

glrplane weight, 1b

body exes of airplane

angle of attack of glrplare body axis, radians or deg

angle of attack at zero 1ift, radians or deg

Initial angle of attack of airplane body exls, deg

initial angle of attack of principal axis, deg
angle of sldeslip, radlans or deg
increments from initial conditions, radlans or deg

total aileron deflection (positive for right rolls), radians
or deg

rudder deflection, radians or deg

angle between body exls and principal X-axis, positive when
reference axis is above principal axis at the nose, deg

frection of critical damping in pltch of nonrolling aircraft,
~-8My
by =M Ty
fraction of critical damping in yaw of nonrolling aircraft,
~blp

4V\/Nﬁ Iy

mass density of air, slugs/cu £t




NACA RM H56A06 3 5

i increment in angle of bank, deg
e rotational velocity of engine rotor, rad.ia.ns/sec
Wy nondimensional undamped natursl frequency in pltch of non-

rolling aircraft (ratio of pitching frequency to steady
rolling velocity)

(D‘If nondimensional undemped nstural fregquency in yaw of nonrolling
alrcraft

~

Cr.» Cr. s Cyos Cyn s
o’ "Lig’ “1p° “isg,

Cmgs Cmgs Cmsys Cmyys

- > Indicates derivative with respect to subscript
CnB: Cﬁaat: Cnar:

CYBJ Ma, Nﬁ
1
CZP, Czr’ CnP’ Cnr, indicates derlvative with respect o
b
o’ ch’ N. j 57 X subscript
Cmg» Cmq_, My indicates derivative with respect to
’.—.TCV’- X subscript

Dot over & symbol indicstes derivative with respect to time.

CAILCULATIONS
Motlon Studies
The basic time histories, upon which the analysis of this report is
based, were calculeted in reel time using a flve-degree-of-freedom gpproach

(forward speed assumed constent). The fundemental equations used to cal-
culate the motions are shown in tsble I. These equations were solved by
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means of a Goodyeear Electronic Differentisl Anslyzer (GEDA).l The initial
conditions used in the calculations similated either trimmed level flight
or constant g accelersted f£flight. Aileron deflection was generally the
sole control input used in the calculations.

Several thousand time histories were run off In the course of the
general study. The initial calculations were made with the simple aileron
input of figure 1(a) (input A). A ramp-type input of 50° per second was
used until the desired control angle was reached. At the nominal bank
angle (usually 360°) the control was returned to zero at 50° per second.
It was found in g number of instances that thls slmple gileron input pro-
duced unrealistilc results (for exsmple, fig. 1(b)) because 1t failed to
arrest the rolling motion after the alileron was returned to neutral. To
obtain a more realistic evaluation In these insbances 1t was necessary
to use & control stick in conjunction with the analog, as shown in
figure 2. A typicsl control input using the stick (input B) 1s shown
in figure 1(c). Tt should be noted that the inputs A and B were similar
until the point of corrective control. 1In the latter instance, the oper-
ator attempted to stop the rolling motion as rapldly as possible.

A number of approaches were trled in an effort to arrive at the most
significant parsmeters for summsry purposes. It was finally decided that
the maximum positive and negetive excursions in angle of attack and side-
slip (fig. 1(c)) plotted against the average roll rate obtained in a given
maneuver might provide the best overall representstion. The averasge roll
velocity is defined as the bank angle at control reversal divided by the
time required to reach thils angle. The hank angle was determined from
the direction cosine ms (table I). :

Simplified Analysis

Throughout the analog program reference 2 served as a valuable guide
notwithstanding the fact that the analysis of reference 2 assumed constant
roll rate and made other simplifying assumptions. It was thought desir-
able, however, to account for engine gyroscopic effects and to use the

I I
actual value for the ratio —ZEZ——K instead of assuming unity.
Y

Another approach in considering the effects of engine momentum on
rolling meneuvers is presented in reference 7.

It is shown in sppendix A theat 1lnclusion of the previously mentioned
modifications to the theory of reference 2 results in an increment to the

lThe GEDA equipment was made available through the cooperation of
the Air Force Flight Test Center.
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parameters used to define the stability chert, and also lowers the hori-
zontal boundary slightly (appendix A and fig. 3). The basic meaning of
filgure 3 1s identical to that discussed in reference 2 in that the region
between a boundeary and axis Indicates a divergent condition. The roll
velocity gt which the effective stabllity first becomes unstable for a
condition of zero demping 1s referred to as the resonant frequency and

is given by the following equations

1
Cng & PVoSD . Ix e
2(Iy - Ix)

appliceble where the vertical boundasry is first intersected as the roll
velocity is progressively increased, and

(1)

Iy - Ix

~Cmg, % pVosE Iy ®e

Tz-1x 2(ig - Ix) (2)

p=%

applicable where the horizontel boundsry is first intersected.

Note thet equations (1) and (2) are idemticael to equations 10 and
11 of appendix A3 however, the notation p, of reference 2 was retained
in the appendix whereas the average roll wvelocity is used 1n the remainder
of this paper.

SCOFE

Two basic fighter airplane configurations are included in this study.
One configuration had the mass and aerodynamic characteristlcs represen-
tative of current swept-wing airplane types, while the other used param-
eters estimated for a tailless delta-wing type. All the rolling maneuvers
for the swept-wing asirplane included in this paper were calculated for
e Mach number of 0.7, whereas the delta configurestion is presented for
M=0.8 and M= 1l.2. Unless otherwise indicated, the basic serodynemic
and mass parameters shown in table II were used in the calculstions. The
gerodynamic derlvatives were based on wind-tunnel results, f£light tests,
and theory. The derivatives used (with the exception of CZB) were assumed

invarient with angle of attack. Table II presents the varistion of Czﬂ
with o wused for the several baslec flight conditions.

For each configurstion a series of cslculations were made with suc~
cessive increments in alleron deflection using the basic derivatives of
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teble II. Additional series were obtalned by varylng the stabllity deriva-
tives Cma and CnB end. the damping derivatives Cmq and Cnr over

a rather wide range. The effects of roll direction and duration and
initial angle of attack were also considered for each basic condition.

To obtain a better insight into the mechanism of roll coupling,
additional informstion was obtained for the swept-wing conflguration with
arbitrary varistions in yawing moment due to rolling Cnp, dihedral effect

CZB, principal axis inclination, sltitude, and mass distribution. The

importance of relstively small inadvertent stabilizer inputs was also
determined.

PRESENTATION OF RESULTS

A summary of the figures presenting the results of this investigation
are:

Plgures
Effects of:
Cm, &t verlous levels of Cpg « « o v« v o v v o v o o k to 16
Roll Girection « + « « o « ¢« « o o o s« s o« s s « s o s« =« « 17 and 18
Roll Quration . . ¢ ¢« ¢« & o & & &« « « s « a s a s o s & = 19 to 21
Damping In Ya8W « ¢ ¢ « 4 o ¢ o o s o« s 5 & « = s « s » o 22 to 25
Damping in pitch . + & & ¢« &+ & « + ¢ ¢ o« + o « s s & « o+ 26 to 3%
Inadvertent stabilizer inmput .« « = « « « « « =+ « « « « « . 34 &and 35
Initial angle of attack and
principal axis inclination . « « « « o « o o « .« . 36 to k0
AlBituBe « » v+« 4t e b s e e e e e e e e e e e e e e . b
Yaw due 0 YOll .+ v « 4 ¢ « o' o o . e e e s e s s e« kb2 oana bz
Dihedral effect .« ¢« « « o« o s o o s o s « o o o a s o o = Ly
Mass distribution . . « & & &« ¢ ¢ v 4 o 4 e o v 0 o . . s 45 %0 47
Anslysis of coupling problem on
specific GeSLIEN .« « + .« 4 4 4 4 4 e s s e e e s e e e 48

DISCUSSION

Individual Effects

Importance of Cp,, Cng relationship.- Figures 4 to 6 present a
summary of the effects of variations in Cmm at three levels of CnB
for the swept-wing configuration. The data of figures 4 to 6 present
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the envelopes of the maximum angle of sideslip and angle of attack excur-
sions from trim (fig. 1(c)) as a function of average roll velocity in
nominal 360° left rolling msneuvers. The results indicate that the value
of Cm, has a profound effect on the calculated amplitudes at all levels
of directionsl stgbiilty. Moreover, the value of Cmm et which the

smallest angles are obtalned appears to incresse as Cnﬁ is increased.

The average roll veloclty at which the pesk amplitudes occur would gppear
to vary 1n a somewhat erratic fashion. To analyze the trends shown, the
simple theory of reference 2 (modified as indicated in appendix A) was
utilized. In figure 7 the nondimensionsal frequency parsmeters in pitch
and yaw are plotted with sultable terms added to account for engine gyro-
scoplc effects. For sny given flight condition, varistion Iin the roll
velocity will trace out & curve which for the values of the serodynamics
and engine momentum considered is very close to a straight line. For
conditions falling between the coordinaste axes and the vertical neutral
stability boundasry (region A) the simple theory predicts primsrily a
directional divergence, whereas conditions between the coordinate sxis
and the horizontal neutral stabillity boundary (region B) are primsrily
indicative of a pitch divergence. It should be noted thabt, inasmich as
the physical and inertis cheracteristics were assumed constant, the slopes
of the lines shown in figure 7 are for all practical purposes dependent
on the ratio of Cp, to CnB- Each condition in figures 4 to 6 is num-

bered and represented in figure T by a line. The severasl Instances of

identical 8 ratios are indicated by a common reference number.

It can now be ‘seen that the farther from the origin the representative

line intersects the boundaries of figure 7, the worse the coupled motions.
Thus, conditions 1 and 5 which represent the most extreme ratios of nstural
frequency in yaw and pitch alsc are cheracterized by the least desirable
motions. The average roll velocity at which the lower undemped resconant
frequency for the nonrolling airplane occurs (equation 1 or 2) is shown
ticked on the curves in figures 4 to 6. It seems that this frequency in
general occurs fairly close to the roll velocity at which meximum excur-
sions occur. For a glven ratio of Cmm to CnB the higher the roll

velocity for resonance, the grester the maximm emplitude of the motlons
for the more extreme conditions 2 and 4. Condition 3, which has & more
desirable proportioning of stebility, does not show this trend to any
degree. .

The effect of increasing Cnﬁ at constant Cp_ 1s also evident in

figures 4 to 6 and the results follow the foregoing analysis.

Representative time histories for aileron deflections et which near
peak amplitudes were obtained are shown for each combinstion of Crme,

L )
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and Cn’3 in figures 8 to 10. In nearly all instances the maximum excur-

sions occur during the recovery phase of the maneuver. Although the
recovery is perhaps not mathematically definable, the results of fig-
ures 4 to 6 were not particularly sensitive to the exact control manip-
ulations used during recovery, and repeat runs produced very little
scatter on the summary plots. For conditions 1 and 2 which produced an
intersectlion 1in the upper portion of the diagram of figure 7 the predom-
inent angle-of-sttack change during the constant aileron portion of the
maneuver was negative, whereas for conditions 4 and 5 the predominant
angle-of-attack change was positive. The Initlal sideslip motion was
always negastive, although the yawing veloclty histories varied markedly.

A series of runs was made in which individual terms were eliminated
singly from the equations of table I. The results are shown in figures 11
and 12 for the two most extreme conditions, 1 and 5 (figs. 4 and 6).

For condition 1, which represents a condition having a Cp, value
which is much too low in reletion to Cp,, it is evident that elimination

of the pq term in the P equation effectively de-couples the motion
(fig. 11(c)). When the pr +term in the 4§ equation is removed, however,
little effect is shown. The elimination of the pp +term in the &
equation shows an effect similar to omission of the pg term.

For condition 5, whilch represents a condition having a CnB value
much too high relative to Cmm, removal of the pr term has the primsry

de-coupling effect (fig. 12). It is seen, moreover, that the removal of
the pg or pB terms produces an unfavorable effect for condition 5.

The importance of the Cmm, CnB relationship for the delta-wing

configurastion at M = 0.8 and M = 1.2 is illustrated in figures 13
end 14, Stability disgrams for these conditions are presented as fig-
ures 15 and 16. From a close inspection of figures 13 to 16 it is seen
that the major points brought out in the discussion of the swept-wing
configuration are substantliated for the delta-wing configurastion.

For the M = 0.8 condition (figs. 13 and 15) the expected favorable
effect of reducing Cm, ZIrom -0.36 to -0.18 (condition 1 to condition 3)

1s evident, although the megnitude of the motions is still quite large
for the latter case. When the value of CmOL 1s further reduced to -0.09,

a considerable reduction in the pesk amplitudes is obtained probably
because of the decresse in lower resonant frequency.

At M = 1.2, doubling the basic value of an resulted in an appre-

cleble irprovement because of a more desirable proportioning of stability
(conditions 1 and 3, fig. 16) and because of the increased stability level.
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Detalled comparlisons of the seversl configurations discussed should
be made only in the light of the different inltisl conditions present
(table IT). The effects of some of these varisbles will be *reated in
lster sectlons of this paper.

Effect of roll direction.- The effect of roll direction is summarized
in figure 17 for the swept-wing configurstion at CnB levels of 0.057

end O.114% per redisn. The data indicate that in left rolle with +the
lower Cnﬁ: the pesk motiong occur st & somewhat lower average roll rate

and are 30 percent lerger than corresponding right rolls. For CnB
of 0.114 s similer trend 1s indicsted but is less marked.

The simple theory of reference 2 modified to ineclude the engine
terms haes been applied to the conditions of figure 17. The stability
chart (fig. 18) shows that for the lower Cng the representative line

for the left roll intersects in = slightly less desirable location than
the corresponding line for the right roll. For the higher Cn_B the two

lines are coincident. The lower resonent frequencles for the undamped

conditions are indicated by the ticks (fig. 17) and it is apparent thst
the increase in resonant frequency calculeted for the right rolls cor-

relates falrly well with the motion studies.

It should be mentioned that although the left rolls of figure 17
are seen to be somewhat more criticel than the corresponding right rolls,
a number of factors could cause the reverse to be true. Among these
factors would be direction of engine rotation, and the values of Cnaa 3

' 4"

Cnp’ and perhaps Initisl angle of attack. For all conditions considered

in thils paper however, the left roll is the more critical and all of the
remaining results are presented for left rolls.

Effect of roll dursbion.- A summary of the effects of roll duration
is shown for the swept~wing configurstlon in figure 19. Tt is seen that
the maxirm amplitudes calculated for the 90° and 180° maneuvers sre mich
lower than for the 360° rolls. This is not surprising if the motions are
considered to be the manifestation of an effective reduction in stability
or actual instebillity, thus the time duration (change in bank angle) would
be expected to be a determining factor in the motion builild up. Represent-
ative time histories are shown in figure 20 for 90°, 180°, 360°, and 1kLo°
maneuvers. The possible effects of roll duration are clesrly evident
particulsrly for the 1440° maneuver in which angles of attack and angles
of sideslip of very large magnitude sre obtained. In most instances,
however, the emplitudes attalned in the 360o rolls were compearsble with
those calculated for 1440O° rolls, particularly when the recovery phase
is inecluded.

According to simple theory (appendix B) it can be shown that the
rate of divergence for en unstable condition will be directly proportioned
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to the roll velocity and also be adversely affected when the intersection
of the determining line with the stability boundary occurs at large dis-
tances from the "neck" of the diagrem. Thus the magnitude of the motions
might be expected to build up quite rapidly for the delta-wing configu-
ration (condition 1, fig. 16) at supersonic speeds. Time histories
showing the effect of bank sngle are presented in figure 21 for the delta-
wing configuration et M = 1l.2. A 360° roll is seen to produce a violent
maneuver with sideslip angles greater than 20° and large a excursions.
The 180° maneuver st111 develops 17.5° of sideslip and #6° in Ax (+2g).
Even the 90° maneuver, for this condition, is accompanied by 12° of side-
slip but the o amplitudes are considerably reduced.

Effect of desmping in yew.- The influence of changes in Cp, is
summarized in figure 22 for the swept-wing configuratlon for a Cnﬁ
level of 0.057. A tenfold increase in Cnr reduces the peek B motlons

apprecigbly but has very little effect on . the maximum angle-of-gttack
amplitudes. A value of Cnr 100 times the basic value produced no sig-

nificant additional decresse in the maximum B amplitudes although a
reductlon in the o motion is evident. Moreover, partlicularly for the
highest demping ratio, the pesk amplitudes were materlally Increased at
the lower roll rates. A stsbility dlasgrem of the type used previously

is shown as figure 23. TFrom the simple theory it mlight be expected that
&8 more significant improvement would exist for the two conditions of
increased demping in yaw. Note also that the peak amplitudes of figure 22
occur nesr the same aversge roll rate, whereas the results of figure 23
might lead one to believe the maximum excursions with Ilncreased damping
would occur at apprecisbly higher roll rates.

Recalling the results of figure 11(b), the elimination of the rp
term in the § equation did not alter the basic level of the motion for
conditions intersecting the vertical divergence boundsry. For conditions
intersecting the horizontal divergence boundary (fig. 12(b)) eliminastion
of the rp term was very effective.

Figures 2k and 25 show the effects of increasing Cnr by factors

of 10 and 100 for the extreme conditions 1 and 5 (figs. 4 end 6). The
results indicate that the increases in Cp,. have s more significant

effect in reducing the motions for condition 5 than for condition 1.

Effect of dsmping in pitch.- The effects of increasing the basic
damping in pltch for the swept-wing configuration are summarized In fig-
ure 26 for two levels of CnB. It 1s seen that a threefold increase in
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piteh dan@inge (Qe = O. 27) results in an apprecisble reduction in the

B motions and some reduction in the o« amplitudes. A tenfold increase
in Cmq (ge = Q. 92) produces & marked lmprovement at each stability

level. The stability charts of figure 27 show the effect on the diver-
gence boundaries of lncreasing the pitch dampling. These results correlste
Pfairly well with the trends presented in figure 26. The results of the
time historles of figures 28 and 29 show the favorable effects of lincreases
in Cmq of 10 end 100 times the basic value on the motions for the two

extreme baslc conditlons examlned in the preceding paragreph.

In figure 30 the effects of varietions In pitch demping are pre-
sented for the delta-wing configurstion et a Masch number of 0.8. At
this Mech number increasing the level of Cmg showed & considerable

improvement but was not quite as effective as for the swept-wing con-
Piguration. The stgbility diegrem 1s presented in figure 31 for this
flight condition.

At a Msch number of 1.2 the results shown 1n figure 32 indicate a
relatively small effect of increasing qu_ until an extremely large

level is assumed. It 1ls believed this condition 1s caused by the inter-
section of the basic determinant line with the divergence boundery at a
relatively large value of the ordinste. It is seen (fig. 33) thet for
this condition moderete increases in Cmq_ would be expected to heve

only & slight favoreble effect.

Effect of stebilizer input.- In the previocus section the lmportant
effects of pitech damping were dlscussed. Inasmich as these changes are
attributeble to reductions in the pltching veloeity, it might be reasoned
that even small stabllizer inputs during the rolls could likewlse have
an important effect on the results. Figure 3% presents a sumeary of
results for simltaneocus stebilizer and slleron inputs for Cnﬁ = 0.11k.

The type of stabllizer input used 1s illustrated in the representative
time histories of figure 35. It 1s evident that 1° of airplene nose-up
stabilizer resuits in a 50-percent incresse in the amplitudes of the

B motlons and also produces large Increases in the o excursions,
whereas a stebllizer input of the opposite sense has a large slleviating

2Tne demping ratio consldering only Cmq is shown in the figures
because this value was used in calculating the boundaries shown. OFf
course, the total angle of attack damping retio is also dependent on Cm&
and the lift-curve slope. Thus, for the swept wing airplane (figs. 26
and 27) the total damping ratlo will be about 0.16 higher than ge, whereas

for the delte wing configuration (figs. 30 and 33) the total damping ratio
will be about 0.17 higher at M = 0.8 and 0.0T7 higher at M = 1l.2.
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effect (fig. 34). The reason for these trends is, of course, that the
negative stabilizer increases the pitching velocity (fig. 355 while the
positive input appreciably reduces the piltching rate. Reference 8 pre-
sents flight date showing similar effects of stabilizer inputs. When the
basic pltch damping 1s inecreased about sixfold, much less critical motions
are experienced for the unfavorable stebilizer input (sywbols, fig. 34).

Data not presented indicated that somewhat mare positive stablilizer
inputs than shown in figure 34 were undesirable. This was attributed to
the fact that large negative piltchlng rates were produced.

It should be noted that, whereas negative stabilizer input aggra-
veted the motions in this instance, conditions in which the basic pitching
velocity were negative or instances in which "complementary"” sideslip
?ere pre§ent might be made more critical wilith positive stabilizer inputs

table I).

It should also be pointed out that large changes In pitching moment
due to sideslip could also have a decided effect on the characteristics.

Effect of initisl angle of attack.- The effects of initisl angle of
attack for the swept-wing configurstion are presented in figure 36 for
a principel axis inclinstion of 1°© at two levels of directional stability.
Data are presented at a = 5%, 1%, and -3° or at angles of attack of the
principal axis of *4° and 0°. The results shown in figure 36 indicate
that the pesk excursions occur at sbout the same roll rate for negative
and positive conditions of angle of attack with the amplltudes appesring
as nesrly mirror images of each other. This 1s even more evident in the
representative time history plots of figures 37(a) and 37(b), which illus-
trate the expected diametric opposite nature of the motlons. For this
flight condition the major disturbing function is produced by the angle
of attack of the principsl axls through the o term and the Iyy terms

in the equations of tablie T (Cnp = Cnaat = O). Thus, when the principal

axls is lined up with the relative wind, essentially no motion 1s produced.
If, however, a small yewing moment is introduced by assuming Cnp = -0.05,

then reletively large peak5 amplitudes are obtained, psrticularly in
regard to sideslip motions (symbols, fig. 36). This is not too surprising
1f it is considered that near P = 1.6 radians/sec an effective insta-
bllity 1s present for the CnB = 0.057 condltion. Thus a relatively

small out-of-trim movement could be expected to produce a sizable effect.

3The yawlng moment introduced would have produced about AR = 2v
for a roll rate of 1.6 radians if a three-degree-of-freedom uncoupled
motion 1s assumed.
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Similar trends on a somewhst reduced scale ere indiceted for

Cno = O0.114 (£ig. 36).

B

A summary plot is presented in figure 38 for a principal axis incli-
nation of 5°. The overall effects are, as might be expected, with the
gregtest amplitudes recorded for conditions having the largest inltial
angle of the principal axis. In flgure 39 the resulits of flgures 36 and
38 are compared by plotting the maximm values shown for sny conditions
as functions of the initisl angle of attack of the principal axis. The
importaence of the latter parameter in correleting the resulis 1ls at once
evident upon inspection of figure 39. The amplitudes were In each case
& minimm when ap = o°.

It should be mentioned thet if rolling performence st initisl
g levels of 1 or greater is considered to be of primsry importance, then
a moderately large nose-down ilnclination of the principal axis (posi-
tive €) would be beneficial because it would reduce ap.

It is believed that if an apprecisble value of Cnp or Cng is
at
present, the angle of attack (fig. 39) at which minirum motions ocecur
would be shifted, depending on the sign and magnitude of the additionsl
disturbing functlons.

The sensitivity to change in the initial angle of atteck is illus-
trated for the delta-wing configuration at a Mach nmumber of 1.2 (fig. 40).
Data are presented for initial angles of attack of 2.0° and 3.9°
(op = 0° eand 1.9°). On first inspection it might seem surprising that

such a large motion would be cobtained for the case of ap = 0° at high
roll rate. However, & smell vaelue of Cnﬁ was used (table II) which
at
provided the necessary dlsturbing function. When Cn6 was assumed
a4

zero (symbols, fig. 40), essentially no @ or pB motions were obtained.

Effect of altitude.- The influence of a large altitude chsnge on
the motions developed in rolls is shown in figure 4l. Data are presented
for the swept-wing ailrplane (an = 0.057) at initial engles of attack of

29 and 5° end eltitudes of 10,000 feet and 32,000 feet. . It should be
noted that the initial angles of attack of 2° and 5° correspond to level
flight conditions at 10,000 feet and 32,000 feet, respectively. It is
evident from the results that the major effect of decreasing altitude
(at constant initial a) is to delsy the buildup of large motlons to a
higher averaege roll velocity. From the loads standpolnt, of course,
mich more critical conditions could be obtained gt the lower altitude
because of the two- and one-hslf-fold increase in dynamlc pressure. The
lower resonant frequency calculated from equation (1) is noted by ticks
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for each altitude and it 1s apparent that the increase in average roll
veloclity at which largest coupling effects occur is predicted rather well
from the simple theory. It might be mentioned that the decrease in maximum
amplitude at the lower altitude is possibly sttributable to the 60 percent
increase in dsmping ratio in pitch (Cmq assured Inveriant with altitude).

Effect of yawlng moment due to roll.- For most of the calculations
a value of CnP = 0 was assumed for the swept-wing configurstion. Fig-

ure 42 shows the effects of large arbitrary increases in CnP for
Cng = 0.057 and 0.11%. For the lower value of CnB an increase in C

to 0.10 is seen to reduce appreciably the size of the motions obtained.
A further increase to 0.20 produces rather violent motions at a relatively
low roll rate. For a value of Cnﬁ = 0.11k @an increase in Cnp to

either value has a deleterious effect on the maximim amplitudes.

It was mentioned in the discussion of 1nitial angle-of-attack effects
that changes in CIIP or CDS which might slleviate the motions for
e,
certain an could sggravate the coupling problem for other initiasl angles

of attack. Figure 43 shows the effects of introducing a velue of
Cnp = 0.10 (CnB = 0.057) in rolling maneuvers performed at ag = 50

and -3°. TFor ag = 5° the favorasble effect of increasing Cop, 18

clearly shown (figs. 43(a) and (b)) and probebly results from the large
change in the yawing velocity buildup. When the roll is mede at agn = -39,

however, the positive Cn_p is seen to aggrevate the motlion appreciably.

Effect of CZB.- A number of CIB variations were investigated for

the basic swept-wing configurations (CnB = 0.057). Figure 4t(a) illus-
trates the effect of doubling the cordinates of the CZB variation with

a (table II). No apprecisble change in the amplitude of the motions
is indicated.

Unswept-wing configuratlions are generally charscterized by much
smaller varietion in Czﬂ with o then are swept-wing configurations.

It was decided, therefore, to study the effects on the roll coupling
problem for three constant levels of Czﬁs Figure hh(b) presents the

results for CZB values of 0, ~0.063, and -0.126 per radian. The dsata
indicate that as the level of CZB is increased the pesk motlions occur

at g slightly higher roll rate, but the peak amplitudes are not much
reduced. Another aspect of the problem results from the combinastion of
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high dihedral effect and adverse sideslip which reduces the average roll
velocity attainsble for a glven ailleron deflection (fig. #4). Thus, for
the highest CZB level if meximum alleron deflection is limited to 30°

(although -14° of sideslip would be cbtained), the angle-of-attack excur-
sions would be grestly reduced gt the meximm obtainable roll rate of
-1.60 radiens per second (fig. 4i(Db)).

Effect of mass distribution.- The lmportance of the mass distribu-~

tion parameter EI-]%I-X is treated in this section. In figure 145 dats

ere presented illustrating the effects obtained in chenging from =

configuration with its mess concentrated slong the fuselage Bﬁ—x = 0.9
Iy - T
10 & condition of more equiteble distribution % = 0.2. In this
YA

study the inertia in yaw Iy was held constant (table IIT).

For a Cp, level of 0.057 it would appear that reducing the mass
B

concentration slong the fuselage, such that I—YI;—IX is reduced from

0.90 to 0.50, results in a slight decrease in the peak amplitude of the
motions and en increase in the roll velocity at which these pesk values
occur. A further reduction in the inertis ratio to 0.20 sppears to
improve the situstion sppreciebly. To compare these trends with simple
theory, a stebllity plot has been prepsred (fig. 46). The lower resonsnt
frequency is indicated by the ticks on figure 45. As has been demon-
streted previously in this paper, the simple theory adequstely predicts
the trends. As the mmss distribution factor ﬁl?]i}g is reduced, the
resonant freguency is of course ralsed and the intersection of the sta-~
bility line is changed from one indicating an appreciable £ divergence
to an intersection tangent to the o divergence slde of the boundary.
A series of representgtlve time histories showing the basic charscter
of the motions for near peak coupling conditions 1s presented as fig-
ure 47. Note thet the large value of Iy sassoclated wilth the lowest

inertis ratio reduces the rolling acceleration to such a degree that a
much higher aileron deflection is required to obtain a given aversge
roll rate in the 360° maneuvers. Otherwise, the general character of
the motions developed is quite similar.

For the Cng level of 0.114 per radisn, the summsry plot (fig. 45)

indicetes very little difference in the inertis range from 0.5 to 0.9.

T -IX_ g,

Moreover, for the condition of most equael mass distributilon, i
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the results are seen to be slightly worse than for the other conditilons.
The reason for this condition can be explained with the ald of the sta-
bility chart of figure 46. For this stebility level, as the mass is pro-
gressively more evenly distributed, the characteristic stability line
intersects further in the o divergence side of the boundary.

General Deslgn Considerations

In the foregoing ansalysis varlous individusl effecis have been
examined relative to the roll coupling problem at several flight condi-
tions. A contemporary swept-wing airplane designed for Msch numbers near
1.7 is now examined briefly to assess the roll coupling problem and also
to determine how the results of the previous sections apply to the airplane.

It should be noted in the airplane design under considersation (tail C
of ref. 8) the vertical tail size was primarily dictated by static stability
considerations at design supersonic Mach number. The longitudinal stability
corresponded to a statlic margin of about 10 percent at suberitical speeds
with the usual large increase in stablility occurring et transonic speeds.

First, a roll stability disgram is constructed (fig. 48(a))}, to illus-
trate the effect of Mach number on the stability proportloning. The deriv-
atives used were taken from unpublished data (table IV). The stability
diagram indlicates that at M = 0.73 +the proportioning of longitudinal to
directlional stability is near optimum, whereas et M = 0.95 and M = 1.26
the normal rearward serodynamlc-center shift produces s less desirable
intersection. The flight envelope of the ailrplene is presented as fig-
ure 48(b). The solid lines represent lines of constant lower resonant
frequency (calculated from data of table IV) and the dashed line indicates
the maximum capabilities of the allerons 1n relation to the average roll
velocity obtainable in 360° rolls from initial lg flight.

For this alrplane, In almost the entire supersonic flight range, the
average roll rates available are considerably lower than the roll velocity
at which the most viclent maneuvers might be expected. At moderate sub-
sonic speeds the aillerons are capable of producing roll rates in which
gerious roll coupling could be obtained; however, the desirable propor-
tionlng of longitudinal and directional stabilities would be expected to
have an alleviating effect on the emplitudes of the motions.

The use of figure 48 for a quick assessment of the roll coupling
problem is obvious. It should be realized, however, that conditions
falling siightly to the right of the availsble aileron power line can also
produce large motions as indicated in previous sections of this paper.
This condition is particularly lmportant when the increase in dynamic
pressure is considered. Preparation of s figure similar to figure 43 at
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a number of g levels supplemented by a knowledge of principsl axis incli-~
nation would appear to be a logical first step in arriving at critical
conditions for detalled anslog caleculations.

As indicated in reference 8, a comprehensive roll investigetion of
the airplane (full aileron 360° rolls) has been mede particularly at the
flight conditions shown by the symbols in figure 48. At supersonic speeds,
no serious coupling problem hasg been encountered in flight. At M = 0.73,
although no violent maneuvers were experienced, the motions obtained were
fairly large and were sensitive to inasdvertent longitudinal control motions.
At M= 0.93 falrly lerge motione were also obtalned and celculations indi-
cated that, had slightly higher aileron deflections been availlable, a rather
gerious maneuver might have been encountered.

Tt would sppesr thet the sirplane of reference 8 1s acceptable from
the overall roll coupling standpoint. Based on the results of figures 26
and 34, however, a substantial increase in plitch damping would materially
improve the situation at subsonic speeds both for rolls made with and
without inadvertent stebilizer inputs. At supersonic speeds the aileron
power was considered more than adequate by the pililot, although the gverage
roll rates were slightly lower than et subsonic speeds.

To summserize, then, i1t would eppear that present deslign practice
(edequate static directionsl stability et design high-speed Mach number
and moderate longitudinal stebillbty at subecriticel speeds) would probebly
furnish a good sterting point in obtalning acceptable motions in rolling
meneuvers. 1t might be desirable, however, to insure the presence of an
sdequate margin between the lower resonsnt frequency and the average roll
velocity obtainsble from the ailerons at supersonic speeds. In this con-
nection 1t should be stated thaet the ailerons should be designed so that
excessive roll rates are not abttainsble partliculerly at supersonic speeds.
Finslly, if a pitch damper producing a total damping ratio on the order of
0.7 to 1.0 at subcritical speeds is used, the tendency for serious roll
coupling effects in this speed range will be minimized.

CONCLUSTIONS

A feirly comprehensive five-degree-of-freedom anslog study of the
roll coupling problem for =z generalized swept-wing end for a tailless
delte~wing sirplene configuration has been completed and the following
conclusions sre in order:

1. The various serodynemic eand inertia parameters considered indi-
cated:

(a) The relationship of the longitudinal end directionsl stebilities

is of paramount importance. An optimm condition exists when the resocnant
frequencies in plitch and yaw are approximately equsel.
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(p) Increases in pitch damping had a pronounced favorgble effect in
reducing the amplitudes of the moltions encountered and were, in general,
consliderably more effective than corresponding changes in ysw damping.

(c) Changes in mass distribution in the practical range produced
only reletively small effects.

(a) Alterations in the yawing moment due to rolling Cny, &lthough

sometimes producing favorable effects would not be useful 1n elleviating
the coupling problem throughout the angle-~cof-attack range.

(e) Changes in the rolling moment due to sideslip parameter Czﬁ
could produce significent Improvements under certaln conditions.

2. A study of the effects of £light condition revealed that:

(a) The amplitude of the motions developed depends to & large extent
on the duration of the maneuver. Limited studies indicated that 90° roll
maneuvers would be considersbly less critical than 360° rolls.

(b) Small inadvertent stebilizer inputs can grestly affect the motions
that would otherwise be obtailned.

(c) The englne gyroscopic terms can cause rolls in one direction to
be somewhat more critical than corresponding rolls in the opposite direc-
tion.

(d) The initial angle of attack of the principal axis has an impor-
tant bearing on the amplitude of the motlons, particularly in the sbsence
of other disturbing functions.

(e) For g given initial angle of attack a reduction in sltitude will
delay critical condlitions to a higher roll rate, but the maximm emplil-
tudes mey be affected only slightly.

(£) The effectes of varistions in Mach nunber cannot easily be gener-
alized since there are likely to be changes 1ln most of the controlling
parameters.

3. Utilizing simple concepts proved useful 1n assessing the quali-
tative effects of many of the aercodynamlc and Inertils parameters and
changes in flight condition. The calculated lower resonant frequency
generally corresponded to the average roll veloclty at which the more
serious motions could be expected.
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4, Tt is reasoned that rational design procedure can avoid the
problem of serious roll coupling at supersconic speeds and minimize the
problem et subsonic speeds for the configuratlions of the type considered.

High-Speed Flight Stetion,

National Advisory Committee for Aeronsutics,
Edwards, Calif., December 20, 1955.
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APPENDIX A

If the equations at the top of page 9 of NACA TN 1627 (ref. 2) are
written to include the engine inertia terms and actual value of

Ezii—zz, the equations become in the notation of reference 2

§ - pob - (po¥ + Do 0)F! + 2LawgPo (8 - moy) +

(v + Po8) K + w28 = 0 (1)

i]} + Poé + (POE‘I’ = Poé)F + 2§MPO (‘I" + Poe) -

(é - POW)K:L + w¢2P02\|f =0 (2)
where
Iy - T Iy w
x -y g e _x
1y Iy
I, - I Ix ®e
.l——.—x = F‘ xe = Kl
Ly Iz
o engle of pitch relative to flight-path direction, radians
W angle of yaw relative to flight-path direction, radians
Po steady rolling velocity, radians/sec

Then, as In NACA TN 1627, assuming

equations (1) and (2) become

D20 - Dy - DyF' - OF' +%‘§-‘E + K8 4 otgwgDe - 2tgmgy + g% =0 (3)

Po
. KyD8 Ky
D9w,r+De+qu-DeF-P—O+ﬁ+2§WD¢+2gwe+w¢%y=o (%)
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The determinant of equations (3) and (4) is

De-F'+2§emeD+m92+P£O —D-DF'+%£——2§9<DG
=0

K4D K

D—]IE'+2§W-—PL- D2+F+2§¢A\FD+%2+-I,—3:

(0] 0

The determinant may be expanded to give the quartic

a.DJ++bD5+cD2+c'LD+e=O

The divergence boundery 1s obtalned by setting the coefficlent e =0

o
i

-FF' + %20%2 - F'mqre + wg?F + bt o Loy +

2 1 2
E+ﬂ_+§%_m+%ﬂ_=o (5)
Po Po  py Po o

I
o

1f g =8y =

then equation (5) becomes

2
= 2 2 KF
e——:ET'+0)92CD\|, - Flay +w32F+P—O+E§OL+

2 v
KlK - F'Kl N Klaae -0
Poa Pg Pg

from which it can be shown

Ix o
2 =F'! - i B! - € 6
Wy o (IY&__PO ) ( )

w¢2=- --I&L-=-F _(Ixeme) (7)

Ix e Ix ®e
if 0392 > is plotted as ordinate and cnwg + Xe
IzPo

as abscisss,
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it 1s seen that e stability plot can be obtalned simllar to those in
NACA TN 1627
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It will be of interest to determine the roll velocity at which resonance
occurs. The square of the undemped natural frequency in yaw can be
written
L ovesp
2
wyPpo2 = Lz (8)

Iz

then, substituting equation (8) into equation (T7), emables calculation
of the steady roll veloclty at which Instabllity first occurs

I a)e) Cng & pV78D
Py + -

o _
P~ + =0
0 Iy - Iy Iy - Iy
) Iy . ' [Tx®e \F [Cag & oVESD )
Po 2(Ix - Ty) - \/ ¥\x - Iy Ix - Iy ?
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Tnasmuch as the engine term inside the radical is usually small relative
to the directional stability term, equation (9) cen be simplified to

1
oo = CnB ) DVESb . IXeCDe
0 Iy - Ix ALy - Ix)

applicable when the directional divergence boundery is intersected first
as roll velocity i1s progressively increased. Similerly it can be shown

(10)

~Cm,, % pv8Z Ty e

Tz - x| iz - I¥) (1)

P0=i'

applicable when the pitch divergence boundary 1is first crossed.

These equations indicate that left rolls will have a somewhst lower
resonant frequency thaen right rolls for right-hand englne rotation.

For the practical condition of finite damping in pitch and yaw, it

appears the boundaries can be calculated as if engine terms were neglected

(ref. 2) and then used with the modified peremeters to account for the
engine inertis effects.
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APPENDIX B

The effects of roll rate and the basic proportioning of longitudinal
to directional stability on divergence rate can be examined by treating
a simple condition of zerc damping and by neglecting the engine terms of
equations 1 and 2 of appendix A. If these assumptions are mede, the
determinant of equations 3 end 4 of appendix A can be expanded to glve

aDh +cDP +e=0
Where

1

I
1]

c=1-FF' + ww2 + wge
e = -FF' 4 meamWE - awzF' + weaF

This equation can be solved as a quadratic in D as follows:

P - ~(wy2 + wg® + 1 - FF') +
2

2 2 N 2
\/604; +CDG2+1-FF) _me%g_l_%EFl_a)eeF_,_FFl

The value of the positive real root D of the preceding egquation
will determine the nondimensionel time to double ampliitude in accordance
with the formila

g 0.693

2 T Positive real roOT

where t‘e 1s the nondimensional time to double amplitude.
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Consider the specified points in the unsteble portion of the following
stability chart
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If -F=0.7TL end F' = 0.95 then the positive real root for the
points considered will be as follows:

ay 2 wg? Positive real root 1o

6.5 2.0 0.228 3.03
.5 k.o 319 2.17
.5 6.0 357 1.9%
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Thus it would be expected that if the vertical displacement of the
three points considered is caused, for example, by Cma variation (the

rate of roll therefore being identical) the higher the location of the
point in the unsteble region the grester the rate of divergence.
If on the othexr hand the stability level of both Cm, 8and CnB

are altered such that a given point in the unstable region is attained
at a different roll rate, it would appear that the rate of divergence
would be proportioned to roll rete inasmuch as

+! =p'b 't:.t_e'.
2 = Potz 2 = pe

where +tp 1s the time to double amplitude megsured in seconds.
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EQUATIONS OF MOTION (REFERENCED TO BODY AXIS)

I
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TABIE IT

DERIVATIVES AND CONSTANTS REQUIRED FOR BASIC CAICULATIONS

31

Swept-wing airplane

Delta-wing sairplane

M= 0.7 M = 0.8 M=1.2
Basic flight condition
hpy, f£ « o o o . & 32,000 ko, 000 40,000
%pvz, 1b/sq £t . . 197 175 395
V, ft/sec « . . . . 690 TTT 1,165
Gys deg - . ... 5.0 8.0 3.9
Dys & « = = = « « 1.0 1.33 1.0
Pg? deg « ¢« . . . . 0] 0 0
'aIO, deg « s e 0 0.8 1.0
Physical characteristics

I s T 11.3 23.13
Dy b o o 0« o o o . 36.6 37.8
8, 8¢ £t . . . . . 37T 661.5
m, SIUES « « o o« & 745 45
Iy, slug-ft2 . . . 10,976 13,200
Iy, slug-ft2 . . . 57,100 106,000
Iy, slug-ft2 . . . 64,975 114,600
Iy, slug-ft2 . . . glho 3,540
€, deg . « . e . W 1.0 2.0
Ty Wes Slug-£t= . 17,554 17,554
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TABLE XI.~ Concluded

TERIVATIVES AND CONSTANTS REQUIRED FOR BASIC CALCULATTONS

Swept-wing sirpleane Delta-wipg sirplane

H=0.7T . .K-- 0.5 I M= 1.2

Aerodyremic derivatives for basic flight conditiona

c‘[dt,ycrrndian............ [+] Q Q
Clgs PEX TBAlED + o o v 0 0 v v o oo e 3.88 2.76 1.8
Cn’.t;rdrrld.‘hn-..-........ =1.0 - »
Ongs Par 78&daD - o v v s v 0 el -3.5 ~1.5 =0.7
Cogs PET TAALED ¢+ 4 o v 0 e 0 w0 e . -0.36 -0.18 -0.54
GH,:perrAdiln-..--....... =1.5 0.5 ~0.3

radian « . ¢ s v e e s 0. Q o] Q
cc:::xrm 0 o 3}
Cogs POXTaldan + o v v o vt v o nu s -0.095 ~0.1%0 ~0.150
Cogs Per Tadtan « . oo u v s o a . 0.05T 0.070 0.0%1
;DX TAALAN . . 4 . 4 . e s e a e e o 1] [+]
cné,permum [} ~0.01% -0.011
Cnsr,'perradian-...-....... * * *
c!p,perrsd.‘l.m....-....... ] o] Q
curr,perraﬂ.un........-... ] [+] Q
Cypr er radisn « .o v v v v ot -0.28 -0.5T -0.70
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TABIE ITT

MOMENTS OF INERTIA USED IN MASS DISTRIBUTION STUDY

Exié_EZ Iy, slug-ft° Iy, slug-£t2 Iy, slug-£t2
0.20 27,000 40,000 64,975
.50 18,200 51,000 64,975
.71 10,976 57,100 64,975
.90 4,430 63,000 64,975
- TABLE IV

VALUES OF an AND Cma USED IN COMPUTATIONS

M Cnﬁ Cr,
0.6 0.100 -0.39
.7 -lOO "-39
.8 -lOO - }'l'3
.9 .110 -.80
1.0 - 11k -1.1k
1.2 .103 =1.14
1.4 .063 -1.00

Note: The physical and mass characteristics used to calculste
figure L8 were the characteristics of the swept-wing
airplene of table IT.
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