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Nomenclature
ap = coefficient of & for C),
by = wing length x 2
c = chord length at yy,
c = mean aerodynamic chord
Cp = drag coefficient of a wing element
Cr = lift coefficient of a wing element
Cro = lift coefficient when ay, is zero
Croa=o = Cyo when A is zero
M = pitching moment coefficient of a wing
element
CDC{ = BCD/aOlW
Cpo = drag coefficient when ayy, is zero
Cpo> Cpa = Cpg and Cp, of swallowtail
dD = drag acting on a wing element
dF .y, dF,y, = forces acting on a wing element in Xy, yy,
dF, and zy, directions
dL = lift acting on a wing element
dm = pitching moment acting on a wing element
dM,y,dM,y, = moments acting on a wing element about xy,
dM .y, Yw, and zy, axes
F.s, Fys, F.g = forces acting on a right wing in xg, ys, and z
directions
Fesi, Fost = forces acting on a load cell in xg and zg
directions
g = acceleration of gravity
h = distance between centers of gravity and a load
cell
Loy Lyyss I, = moments of inertia about xg, yg, and z5 axes
Ly, L, L, = primed derivatives
Ng, N}, N,
M, Mg, M,; = moments acting on a right wing about xg, ys,
‘ and zg axes
My, = moment acting on a load cell about y¢ axis

Myg, Myg, Mg

total of a swallowtail’s mass and added
masses of wings in xg, yg, and zg directions

P, q,r = angular velocities of a swallowtail about xg,
vg, and zg axes

Re = Reynolds number

S = wing area
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Sw = area of upper (or lower) surface of wings
U, v, w = disturbance of velocities of a swallowtail in
Xg, ¥s, and zg directions
Us, Vg, Wy = velocities of a wing element at yy, in xg, ys,
and z directions
Uw, Vi, Wy = velocities of a wing element at y, in xy, yy,
and zy, directions
U, = forward velocity of a gliding swallowtail
Xu» Xo» X5 = stability derivatives for longitudinal motion
Zy, 2y Z,,
M, M, M,
Xg, Yp» 2B = body coordinate system
Xgy Vs 2 = stability coordinate system
Xws Yws 2w = wing fixed coordinate system
Yg, Y, Y, = stability derivatives for lateral-directional
Lg, L, L,, motion
Ng,N,, N,
o = angle of attack
oy = angle of attack of a wing element at yy,
o = angle of attack of a gliding swallowtail
B = sideslip angle
r = dihedral angle
Am., Am,g; = added masses of wings in x5 and zg directions
6 = pitch angle
A = sweepback angle
A = eigenvalue
P = density of air
0] = roll angle
o = real part of an eigenvalue
Og, Og, Op, = real part of an eigenvalue for spiral, roll,
OLp, Ogp Dutch roll, long-period, and short-period
modes
w = imaginary part of an eigenvalue

imaginary parts of an eigenvalue for Dutch
roll, long-period, and short-period modes

Wp, WL p, Wsp =

Introduction

KAMOTO et al. [1] recently analyzed the flight stability of the

lateral-directional motion of a swallowtail butterfly Pupilio
xuthus. Their analysis showed that a swallowtail glides with a high
dihedral angle due to the stability of the spiral mode and that the
relation between a dihedral angle and the stability of the Dutch roll
mode is strongly affected by Re. In the present analysis, the flight
stability of the longitudinal motion of the same swallowtail is
analyzed to investigate the stability of the longitudinal motion at a
high dihedral angle. Furthermore, the flight stability of the lateral-
directional motion of the same swallowtail will be analyzed again. A
main improvement from the previous analysis is the measurement of
the pitching moment with high accuracy. The effects of Re on all the
modes of the longitudinal and the lateral-directional motions will be
investigated.

Methods

The detailed analytical method is stated in [1]. The following are
the differences between the present and previous analyses:

1) In the present analysis, the added mass, not only in the y axis
but also in x5 and zg, was considered as follows:

by /2 2
Amg = 2,07t/ ! (%) dyy cos I'sin
0

bw/2 ¢\ 2
Am,g = 2p7r/ 2 dyy cos I'cos & (1)
0
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2) In both the present and previous analyses, to obtain Cy,
dC; /day, Cp, 0Cp/day, Cy, and dCy,/day, wind-tunnel tests
were performed using a model wing. As shown in Fig. 1, the
installation of the model wing on the load cell was revised. The
pitching moment around the center of gravity was measured more
precisely than in the previous analysis. The load cell (MMS-2402,
Nissho Corporation) measured Fg;, F 5, and Mg, . The forces
and the moment acting at the center of gravity of the swallowtail were
obtained from the measured F,, F 5, and Mg, by

FxS:FxS,L’ FzS:F"S,Lv

Z

Mys =My, + Fg h (2

Here, the forces and the moments acting on the cylinder connecting
the wings and the load cell were considered negligible and therefore
ignored. The parameters of the measurements were I' = 10, 20, 30,
and 45°, and oy =0, 2,4, ... ,30°. The newly obtained C;, Cj, and
Cy are shown in Fig. 2. C; was determined as follows. First, the
averaged 25% chordwise position is defined as

2 by /2 2 by /2

v e d 3
Sw o ywedyw Q)

Xy =5 xwc dyy, Yw
wJo

The x5 and zg coordinates of this point are given by
Xg | _ 1 —aycos T || xy
|:Zsi|_|:—0lw —sinT ][yw] @)

The moment coefficient C,, corresponds to a nondimensional
moment around the axis, which is through the averaged 25%
chordwise position and parallel to the yy, axis. Cy, is given by

Center of a Load Cell

Cylinder

Load Cell

b)
Fig. 1 Model wing used in wind-tunnel tests to measure lift, drag, and
coefficients of model wing: a) front and b) side.
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Fig. 2 Experimentally obtained wing characteristics of a model
wing: a) lift coefficients C;, b) drag coefficients C;, and ¢) moment
coefficient Cy,.

— 2 (M)'S - FszS + FzS)_CS)
pU3Syc cosT
_ 2(Mys — FrsZs + FXg)
pU3Sc

Cu

3) The more precise pitching moment enabled stricter applica-
tion of the trimmed condition concerning pitching moment
M,s(agcosT') = 0. Note that the pitching moments around the
center of gravity were approximately zero for all angles of attack and
the dihedral angles in the previous analysis.

Obtaining the expressions for the stability derivatives by blade
element theory is summarized as follows. The stability derivatives
due to both the right and left wings are

_ 1 OFy
X* myg 0*
1 0F;
Z, | =2| wy % (*=u,a,q)
M 1 My
- Iys 0
_ 1 0Fg
* myg 0*
— 1 My —
L, |=2| L%s |, (x=B.p.r) 5)
LN, 1M
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Here, F, Fys, F5, M5, M5, and M are the forces and moments
acting only on the right wings. The stability derivatives in the
stability coordinate system due to the right wings are given by

9 Fis My 1 —apsinl' opcosT
> Fys My | = 0 cosI” sin
Fg Mg —op  —sinl cosT
dF.y,  dM,y
bw/2
X /o P dF W dMyW (6)
dF.y dM.y

The stability derivative due to the right wings is obtained as follows.
The forces and moments acting on a wing element on the right wings,
dF.y, dFy, dF y, dM,y, and My, are expressed by

byl I B
W - 2
dF.y 1 dD(ay, U?)
dM .y Xy dF . 0
My | = | yw | x | dFyy | + | dM(ay. U?) (7)
dM.y, 0 dF 0

where oy, = Wy, /Uy and By, = Vi, /Uy Coordinate (xyy, yy ) is the
25% chordwise position of the wing element. The pitching moment
around the axis is dM, which is parallel to the yy; axis and through the
25% chordwise position of the wing element. Differentiating these
equations by * = (u, 8,«, p,q, r), the following equations are
obtained:
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dF daw dr
0
? dFyW = 0
Jo
dF.y 1)
ay I AL dew | BdL O y AL 9L
o 0 day o T 0By o T OUZ 0
2dD daw 4 24D U2
1 -« day 0* U 0"
L w
r odL __ 9dD odL. 3dL _ 3dD Jay
AL+ oy Gy =G0y QW ig, War2 ~ a2 7
9
= 0 0 0 Bu | (®)
—dpD —%L _ o 3D _ 8L _dL _ o 8dD || g2
| —AD =G = MW iy T9py T aur YW 2 >
, dM .y Xy dF .y 0
_ — _ 3dM daw 4 3dM JU?
o* dM,VW =1 dw [ X o* dF)'W + day 0% + FIENEN
dM._y, 0 dF.y 0
yy 0 0 07[%w
_ 3dFyy odM M || 9Bw
= Xw— + oy 0 FIg 9 ©)
0dF,w O 0 0 e);iz

—Iw 9

In the previous equations, day, /9%, 3By /0*, and dU?/3* (x =
u, B,a, p, q, r) are obtained as follows:

Then,

Uo+u

0
0

TECHNICAL NOTES
UW UO + u
Vw | = | —(Uy + u)aysinT
Wy (Uy + w)aycos T
oy opcos
Bw | =| —opsinl
U? U2 4+ 2Ugu
Therefore,
dayy By aU?
r =0, — 7 = O7 — =2, 10
du ou ou 0 (102)
Uy U,
x=p: | Vs | =] BUy
Then,
Uy Uy
Vw | = | =UpagsinT' 4+ BU,cos T’
Wy UgagcosT'+ BUysin T
Oy agcosT' + BsinT
Bw | =| —agsin + BcosT
U2 U2
Therefore,
a ad ou?
% —sinT, aLﬁW =cosT, =0 (10b)
Us Uy
x=a: | Vg |=| 0
W aU,
Then,
Uw Uo
Vw | = | —UpapsinT' —aU,sin I’
Wy UpogcosT' + alUycos I’
oy agcosI'+acos I’
Bw | = | —agsinl —asinT
U2 v
Therefore,
d ouU?
dow _ost, Pv__gar. WU (10¢)
do du du
Us Uy
x=p | Vs | =] —pzs
W PYs
Then,
Uy Uo
Vw | = —Uyo sin ' — pxy oy cos T
Wy Upatycos T+ p(xyagsin ' + yy)
ay agcos '+ = (xyag sin I + yy)
Bw | = —agsinI" — L-xyagcos T
U? UZ

Therefore,
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day 1 . By 1
— =—(xyapsinI' 4 , —— = ——xpogcos
ap Us (xworg yw) ap Us Xw o
oU?
—=0 10d
3B (10d)
Us Uo + gzs
x=q: | Vg | = 0
Ws —qXs
Then,
Uy Uy—qywsinT’
Vw | = | —UpogsinT + gxy sin I’
Wy Uyagcos ' — gxy cos T’
Ay o cosI‘—Uian cosT
Bw | & | —agsinT 4 gxy sin T
U? U3 —2Uyqyy sinT
Therefore,
0 1 d
P ——xycosT, ﬁ =xysin’
g Uy dq
aU?
= —2UyyysinT (10e)
dq
Us Uy —rys
k=7 | Vg | = rXg
Wy 0
Then,
Uy Uy —ryycosT’
Vw | = —Upagsin ' + rxy cos T’
Wy UgagcosT' + r(xy sin I — yyap)
ay agcos '+ - (xw sin T — yyag)
Bw | ~ — sinl"—{—ULOchosF
U? U3 —2Uyryy cosT
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Fig. 3 Eigenvalues of two modes of longitudinal motion: a) long period
and b) short period.
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Therefore,
1 d 1
agTW mi(xw sinT — yyap), %%wacosf‘
0 0
oU?
- = —2UyywcosT (10f)
.

Considering  dL =31pU*C,cdyy, dD =1pU?Cpedyy, and
dM = 1pU?cCycdyy, the following equations are obtained:

o =3 pU Gk cdyy

I8 =3 pU? 55- cdyy

3?} 2 PCLCd)’W

4D — 1 pU 52 cdyy (11)
3?,[2) = PCDCd}’W

M = S pURE G cdyyy

%dTAQI = QPCCMCd)’W

Substituting Egs. (6-11) into Eq. (5) and using the values of C;,
dC. /0y, Cp, 0Cp/0aty, Cy, 0C, /0y, and 9C, /0By, the
stability derivatives can be calculated. The values of C;, dC; /dayy,
Cp, dCp/day, Cy,and dC,, /0y, which are at oy, = o cos I, will
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Fig. 4 Eigenvalues for three modes of lateral-directional motion:
a) spiral, b) roll, and c¢) Dutch roll.
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Fig. 5 Effects of Cp, on real parts of eigenvalues: a) long-period mode,
b) short-period mode, c¢) spiral mode, d) roll mode, and e) Dutch roll
mode.

Fig. 6 Effects of C),, on real parts of eigenvalues: a) long-period mode,
b) short-period mode, c¢) spiral mode, d) roll mode, and e) Dutch roll
mode.
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be measured in a wind-tunnel test for which the results will be given
next. The dC; /0By is given by

aC 0
—L =(2C,,+ ﬁaw tan(A + o sinT) 12)
By day,
where
aC
C,=Cp+ aa—LaW = Croa=0c0s*(A — By)
w
aC
+(5er)  costh = puran
doty ) a—o
and By = —agsinT.

Results and Discussion

Figure 3 shows the results of the longitudinal motion: the
eigenvalues of A,. Matrix A; has four eigenvalues; two conjugate
complex numbers:

X, X, X, —gcos b,
Zy Zy Zq __ gsinf
Uy Uy I+ Ul], Uo :
M, M, Mq

0 0 1 0

Figures 3a and 3b show eigenvalues A = ¢ £ iw of the long- and
short-period modes, respectively. Since the value of ¢ for both modes
isnegative for any I, these modes are stable for any I. When I" < 30°,
the o1 p of the long-period mode is independent of I". However, when

g{(LyN; — NgL}) cos 6y — (LN}, — NgL))) sin 6, }

an increase of T'. The |og| is very large, and the motion of the roll
mode quickly converges. The variation of I" does not strongly affect
ox when I' < 10°. This feature is well known for a meter-sized
airplane with vertical and horizontal tails. Figure 4c shows that o}, is
negative for any I, and the motion of the Dutch roll mode is stable for
any I With an increase of I', op increases when I' < 10°.
Conversely, the value decreases with an increase of I when I" > 10°.
When I' < 10°, this feature can be observed for a meter-sized
airplane with vertical and horizontal tails. When I' < 10°, the feature
is not the same as that observed in our previous work [1]. This
discrepancy will be explained next.

As stated previously, all the longitudinal and lateral-directional
motions are stable for any I, except for the spiral mode, which is
only stable for I" > 30°. This result for the lateral-direction motion,
which is the same as that indicated in our previous analysis [1], can
also be expected in the present analysis, where both the longitudinal
and lateral-directional motions are considered: the large dihedral
angle of the swallowtail is caused by stabilizing its motion of the
spiral mode.

The approximated equations for the real part of the eigenvalues of
the modes are indicated in [2,3]. The approximated equation for oy p
in the long-period mode is given by [2]: oy p = %Xu. As T increases,
the value of X, < 0 decreases and o7 p decreases. The approximated
equation for ogp in the short-period mode is given by [2]:
osp = (1/2)(Z,/Uy + M,). As T increases, the value of Z, <0
increases, and M, < 0 decreases. Furthermore, the increase of the
former is larger than the decrease of the latter. With an increase of T,
ogp increases . The approximated equation for o in the roll mode is
givenby [3]: o = L),. As I'increases, L), < 0 decreases, and o also
decreases. Referring to [2], the approximated equation for o in the
spiral mode can be obtained by

Og

T" > 30°, oy p decreases with an increase of I'. Then the long-period
mode becomes more stable with an increase of I'(>30°). The ogp of
the short-period mode increases with an increase of I', and the short-
period mode becomes more unstable with an increase of I'. The
comparison of |o| between both modes shows that the |o| of the
short-period mode is larger than that of the long-period mode.
Therefore, the motion of the short-period mode converges quicker
than that of the long-period mode.

Figure 4 shows the results of the lateral-directional motion: the
eigenvalues of A,. Matrix A, has four eigenvalues; two real numbers
and one conjugate complex number:

Ly, L 0o

The two real eigenvalues are for the spiral and roll modes, and the one
conjugate complex eigenvalue is for the Dutch roll mode. Figures 4a—
4c show o for the spiral, roll, and Dutch roll modes, respectively.
Figure 4a shows that o decreases with an increase of I' and that the
value is negative when I" > 30°. Then the spiral mode becomes more
stable, and its motion is stable when I' > 30°. Moreover, oy is
strongly affected by the variation of I" when I' < 10°. This feature is
well known for a meter-sized airplane with vertical and horizontal
tails. Note that its dihedral angle is less than 10°. Figure 4b shows that
o is negative for any I" and that it decreases with an increase of I'.
Then the roll mode is stable for any I" and becomes more stable with

T —(L,N; = N,L))Y} + Uy(LyN,, — NyL},) — g(L} cos b, + N} sin )

13)

p

When the stability derivatives in this equation are estimated by
Eqgs. (5-12), o agrees well with the results shown in Fig. 4a. The
approximated equation for o, in the Dutch roll mode [3] is given by

1 N; Ny L, +Nlp L, (14)
Op =< —_— —
D 2 r L;, r L/,? B

When the stability derivatives in this equation are estimated by
Eqgs. (5-12), the relation between o, and I agrees qualitatively with
that shown in Fig. 4c.

From the previous discussion, except for the Dutch roll mode, the
approximated equations for the real part of the eigenvalues are clearly
available quantitatively for the wide range of I when the stability
derivatives are estimated using Eqgs. (5-12).

The differences in flight stability between the swallowtail and a
meter-sized airplane with vertical and horizontal tails are probably
caused by the differences in Re and the airframe configurations,
including the existences of the vertical and horizontal tails. Next, the
differences only caused by Re are discussed. Laitone [4], Sunada
etal. [5], and Sunada and Kawachi [6] pointed out that aj, as well as
Cpy, increases with a decrease of Re. In their analyses, a three-
dimensional drag coefficient is expressed as Cp~ Cpo+
ap(acosT)2. The present analysis made a stability analysis by
varying the values of Cp, and Cp, = dCp/dary . Note that both Cp,,
and a, indicate a rate of the increase of Cj, with that of «. In Figs. 5
and 6, which show the real part of eigenvalue o of all the modes,
CDO =0.8 x CDO7 1.0 x CDO’ and 1.2 x CDO; and CDD( =0.8 x CDDH
1.0 x Cp,, and 1.2 x Cp,, respectively. Here, Cp, and Cp,, are the
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values of the swallowtail. The variations of Cj, and C,, do not affect
osp and 0. With an increase of Cp, and a decrease of Cp, o1p
increases. The variation of oy p due to that of Cj, increases with an
increase of I'. On the other hand, the variation of o p due to that of
Cpy is independent of I

Figure 6¢ shows that og decreases with an increase of Cp, when
I' < 4°. Conversely, oy increases with an increase of Cp, when
T" > 4°. With an increase of Cp, og decreases, except when I' & 0°.
When I' & 0°, oy is independent of Cp,. Figures 5e and 6e show that
op decreases with an increase of Cp, and o, increases with an
increase of Cp,, respectively, when I' <40°. Conversely, op
decreases with an increase of Cp, when I' > 40°. The variation of
op due to that of C), is larger as I" decreases. When I is small, o,
increases with an increase of I'. This relation, when T is small, is
different from that obtained by our previous analysis [1], where o
decreases with an increase of I'. Furthermore, this relation is the same
as that for a meter-sized airplane with vertical and horizontal tails.
The difference between our present and previous analyses [1] can be
explained as follows. The pitching moment around the center of
gravity at the trimmed flight was more strictly required to be zero in
the present analysis than in our previous analysis [1]. This difference
is caused by the angle of attack «. During the trimmed flight,
oy = 7°/ cos I' in the present analysis, but oy, = 10° in our previous
analysis. This difference in ¢, caused the differences of C;, Cp, U,
and 6. The differences in C; and C}, are also partially caused by the
results of the wind-tunnel tests between the two analyses. These
differences caused the variation in the relation between o, and T’
when I' is small.

Conclusions

The stability of the longitudinal and lateral-directional motions of
swallowtail butterfly Papilio xuthus was analyzed. The analysis
indicated that all the modes in the longitudinal and lateral-directional
motions are stabilized when dihedral angle I' is larger than 30°.

We also previously analyzed the stability of the lateral-directional
motion [1]. The difference between the results of our present and
previous analyses is the relation between I" and an eigenvalue of the
Dutch roll mode o, at small I'. In the present analysis, o), increases
with an increase of I'. The relation was opposite in the previous
analysis. This difference was caused by the improvement of the
present analysis; the pitching moment around the center of gravity is

more strictly zero in the trimmed condition. The improvement makes
the trimmed pitch angle in the present analysis less than in our
previous analysis.

The effects of the Reynolds number, that is, Cp, and Cp,,, on the
motions of all the modes in the longitudinal and lateral-directional
motions were analyzed. Both Cp4 and Cp,, increase with a decrease
of Re. When Cp, increases, the motions of the long-period, spiral,
and Dutch roll modes become more stable. Conversely, when Cj,,
decreases, the motions of these modes become more stable. The
motions of the short-period and roll modes are independent of Cpy,
and Cp,,.
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