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KEYWORDS Abstract The analysis of the passive rotation feature of a micro Flapping Rotary Wing (FRW)
Dynamic model; applicable for Micro Air Vehicle (MAV) design is presented in this paper. The dynamics of the wing
Dynamic time-lag; and its influence on aerodynamic performance of FRW is studied at low Reynolds number (~10%).
Flapping rotary wing; The FRW is modeled as a simplified system of three rigid bodies: a rotary base with two flapping
Kinematics of wings; wings. The multibody dynamic theory is employed to derive the motion equations for FRW. A
Passive rotation; quasi-steady aerodynamic model is utilized for the calculation of the aerodynamic forces and
Strike angle moments. The dynamic motion process and the effects of the kinematics of wings on the dynamic

rotational equilibrium of FWR and the aerodynamic performances are studied. The results show that
the passive rotation motion of the wings is a continuous dynamic process which converges into an
equilibrium rotary velocity due to the interaction between aerodynamic thrust, drag force and wing
inertia. This causes a unique dynamic time-lag phenomena of lift generation for FRW, unlike the
normal flapping wing flight vehicle driven by its own motor to actively rotate its wings. The analysis
also shows that in order to acquire a high positive lift generation with high power efficiency and small
dynamic time-lag, a relative high mid-up stroke angle within 7-15° and low mid-down stroke angle
within —40° to —35° are necessary. The results provide a quantified guidance for design option of
FRW together with the optimal kinematics of motion according to flight performance requirement.
© 2018 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Micro Air Vehicle (MAV) has become an active research

area due to the potentiality for the civil and military applica-

¥ Correst . tion.! The typical characteristics of MAV are small dimension

orresponding author. . il . .

E-mail address: wenqiuqiu82(@bit.edu.cn (Q. WEN). (wing spans within 15 cm), low weight (gross take-off weight
ranging from 100 to 200 g) and low flight speed (between 10
and 15 m/s). In recent two decades, a variety of MAV layouts,
which mainly include fixed wing, rotary wing, and flapping
wing, had been put forward. However, due to the extremely
small dimension and high lift and efficiency requirements at
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Nomenclature
Cy, Cy translational force coefficient along x,, axis rcp location of the Centre of Pressure (CP) at a
and y,, axis chord-wise location
Cr, Cp lift and drag coefficients Sw the size of wing
Cr stab period average lift coefficient Te flapping period
C; rotational force coefficient { time courses of wing motion during a
Ci translational force coefficients flapping period
: chord length of the wing to initial time at the beginning of one flapping
c mean chord length of the wing period
dm, aerodynamic torque of the above two forces u; related quasi-velocities of coordinates
dF, virtual mass force v; velocities of the ith rigid body
dm, virtual mass moment vy (1) velocity of a chord-wise location on the
€cw; €yw, -y unit vectors of right wing frame wing
Focro, Myero total aerodynamic forces and moments Ve flapping velocity at the wingtip
F; inertia force of the ith rigid body Xbs Vb Zb axes of the body frame
F,, F, translational and rotational forces X; generalized coordinates of the five degrees
fr flapping frequency of freedom
I resulting mass moments of inertia matrices e effective angle of attack of the wing
for each rigid body oy, dp mid up-stroke and down-stroke angles
Istab flapping period while FRW has been in the B; angular velocity coefficients
ERS Vi velocity coefficients
M inertia moment of the ith rigid body Ay, flapping amplitude angle
M 055 gravity moments due to the mass of wings Ao pitching amplitude
M, aerodynamic moments produced by flap- Dws Vw pitch angle and flap angle
ping wings Aay Aaw added mass force coefficients
m; mass of the ith rigid body Lf_stab nondimensional rotational velocity
ObXbVp2b body frame 0 density of the surrounding air
O X1 ), 2y rotary plane frame p; reference vectors of the ith rigid body
OwXy Yy Zw wing-fixed frames v, rotating speed
Py average power output v, rotation angle of rotary base
Pr b power efficiency coefficient w; angular velocities of the ith rigid body
0; functions of generalized inertia force
R span length of wing Subscripts
Ry rotation matrix from the body frame to b the body of FRW
rotation plane frame i the number of rigid bodies
Rywr, RowL rotation matrix from the body frame to j the number of generalized coordinates
right wing and left frames wL, wR the left and right wing
Ry, transfer matrix from inertial frame to body
frame

low Reynolds numbers Re, few practical MAVs with load car-
rying capabilities has been accomplished. Research efforts for
new and practical designs of MAVs have never been stopped.

In 2004, Vandenberghe et al.” employed the experimental
method and found that a pair of wing flapping up and down
can freely rotate spontaneously around the horizontal shaft
as a critical frequency was exceeded. Based on this discovery,
Guo et al.’™* proposed the design of Flapping Rotary Wing
(FRW) flight vehicle as a new configuration of MAV. Similar
concept was also proposed and applied in full-scaled helicopter
rotor by Van Holten et al.” As shown in Fig. 1, a pair of anti-
symmetrically mounted wings, which can flap along the verti-
cal direction by a drive shaft, is fixed on the rotary rigid base.
The thrust generated by the wings’ vertically flapping motion
drives them to rotate around the shaft, resulting in a flapping
and simultaneously rotating kinematics. Combined with tun-
ing the pitch angles of the wings asymmetrically in the up-
stroke and down-stroke, the high lift force is produced to make
FRW take-off and hover.

Recently, experimental works® were used to measure the
force produced and proved that the lift from flapping rotary
wing was larger than that from conventional rotary wing in
the range of Re from 2600 to 5000. Wu et al.” conducted a
computational fluid dynamics method to research the unsteady
aerodynamic behavior of FRW. It is observed that the leading-
edge vortex attached on the wing surface during the whole
flapping period, which is the main reason for the high lift gen-
eration by FRW. Unlike the ordinary Flapping Wing (FW)
flight vehicle which is driven by its own motor to rotate, the
flapping rotary wing is driven by the aerodynamic force to
rotate passively. Previous works on FRW have mostly
assigned a constant rotation velocity by assuming an ‘equilib-
rium’ state. However, for a practical wing, the inertia forces
associated with the complicated kinematics will essentially
interact with the aerodynamic force production. The influence
of the wing inertia and the dynamic process as the wing con-
verges to the equilibrium status will necessarily have a nontriv-
ial effect on the aerodynamic performance of FRW. The
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varying rotation velocity conversely affects the aerodynamics
and flow structure of the flapping rotary wing,® resulting in a
coupling between the passively rotary motion and aerody-
namic force. Therefore, the nonlinear dynamic model, espe-
cially for FRW, is needed to analyze its aerodynamic
performance.

To date, only a few studies have focused on the dynamics of
FRW. However, many studies have been relevant to flapping
wing flight vehicle. In these studies, dynamics of FW are gen-
erally investigated using standard aircraft equations with six
degrees of freedom.”! However, this approach neglects the
inertial effects of the mass of the wings. Recently, some studies
have investigated the dynamics from the aspect of multiple-
body nonlinear system, such as Gebert'' and Sun'’ et al.
Orlowski and Girard'* modeled a flapping wing micro air vehi-
cle as a system of three rigid bodies, a body and two wings, and
studied the influence of the mass of the wings to the dynamics.
Mahjoubi and Byl'* developed the dynamic multi-body model
using Lagrangian method and the proposed control approach
to optimize the wings’ mass and mechanical impedance prop-
erties of the joints. These studies have indicated that the
multiple-body dynamic theory may be used to analyze the
dynamics of FRW.

In this paper, a simplified FRW is modeled as three rigid
bodies, one for the body of rotary base and others for each
wing. The wing pitching motion is assumed to be actively dri-
ven through a control servo, as shown in Fig. 1. Thereby, each
flapping wing owns three degrees of freedom: the actively flap-
ping, pitching and the passively rotating. Using the D’ Alem-
bert’s Principle given in Ref.'”, a multi-body dynamic model
is derived for FRW. In addition, a quasi-steady aerodynamic
model is utilized for the calculation of the aerodynamic forces
and moments. The motion process of wings is simulated in a
selected typical parameter set to understand the coupling with
the lift/thrust production. Finally, the effects of the kinematics
of wings on the dynamic rotational equilibrium of FWR and
the aerodynamic performances are presented.

2. Reference definition

To describe the motion of rotary base in the FWR body frame,
and the motion of wings with respect to rotary base, four
reference frames are used. The body frame Opxpy,zp is

Configuration of FRW flight vehicle.

attached to the center of the body of FWR. As shown in
Fig. 2, the positive x, axis is along the longitudinal axis of
the central body. The y, axis locus in the vertical symmetry
plane of body and is perpendicular to the x, axis with a
positive upward. The z; axis is perpendicular to the xOy plane.
The unit vectors of the body frame are presented by eyp, e,
and e.y.

After rotating an angle i, about the y, axis of the body
frame for the rotary base, it becomes the rotary plane frame
O,x.:y,z: (shown as the subscript “r”). The rotate plane frame
defines the rotary motion of two connected wings.

The wing-fixed frames Oyxyy,z, are two fixed frames
attached to the wings. The initial orientation of the wing-
fixed frames is parallel to the rotate plane frame with an origin
coincident with the rotation of the wings joint. The orientation
of the wings with respect to the rotary plane is determined by
the pitch angle ¥, and flap angle y,, of the wings. Here we use
the subscripts L, R to represent the left and right wings,
respectively.

The rotation matrix from the body frame to rotation plane
frame is

Rbr = Ry(‘//b) (1)

As shown in Fig. 2, the wings successively rotate about the
x; and zy axis with the angles of y,, and ¥,, to reach the ulti-
mate position. The rotation matrices for the right wing are

RrwR - Rz(ﬂwR)Rx(wa) (2)

Rotary
base

Body

Pitching

axis .- .
. Wing

Fig. 2 Reference frames definition of FRW.
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The rotation matrices for the left wing, with respect to the
rotary base, are combined in the same manner as in Eq. (2).
The only difference that the signs of y, and ¥, are inter-
changed for the right and left wings.

Combining Egs. (1) and (2), the rotation matrices from the
body frame to right and left wing-fixed frames are

waR = RrwRRbm waL = RerRbr (3)

3. Dynamic model of FRW

3.1. Method and assumption

The flapping wing vehicle is modeled as a system of three rigid
bodies: a central body of rotary base with two rigid wings
attached at ideal hinges. The method chosen to derive the
equations of motion is D’Alembert’s Principle Extended to
Multiple Rigid Bodies.'* The functions of generalized inertia
force are described as

3

Q,x = Z(F:'k‘))ij + ]‘/I,*ﬁz/) (4)

-1
where i presents the number of rigid bodies and j denotes the
number of generalized coordinates. y; represents velocity coef-
ficients. B; are angular velocity coefficients. The inertia force
F! and moment M of the ith rigid body are given as

F;-k = mi(i’i + Pz)
m = Iid)i + w; X 1,'(1),‘ + m;p; X i’,‘

()

where m;, v;, p;, ®; and I; denote the mass, velocities, reference
vectors, angular velocities and the resulting mass moments of
inertia matrices of the ith rigid body.

In this study, the two wings are assumed to be attached to
the rotary base body by joints that allow two degrees of free-
dom respectively with a common rotation degree of freedom.
To simplify the derivation, firstly, the inertia tensors for the
individual bodies are calculated with respect to the reference
point and they do not need to be calculated at the time-
varying center of mass of the system. Then, the body of
FRW is assumed to be always fixed on the ground, thereby
its motions relative to inertial space are neglected and the body
frame is equal to inertial frame. As a result, a dynamic system
of three rigid bodies: one for the rotary base, the other two for
each wing, are considered. The five degrees of freedom are
selected to be described by the generalized coordinates x;,
listed together as

Xi = [11/1 19WR PwR ﬁWL VWL] (6)

The related quasi-velocities of coordinates, expressed in
inertia frame, are

@z wR

Wy wL ] (7)

The variables w,, w, and w. describe the angular velocity of
the each selected center rigid bodies in the body frame. Espe-
cially, o, denotes the rotation angular velocity of the rotary
base with two wings, and the flapping and pitching angular
velocities of each wing are expressed as [w.wr ®ywr | and
[w.wL Oy ], respectively.

up = [w.\’J Wy wR  WOzwL

3.2. Velocities and reference vectors

The angular velocity vector of the wing related to rotary base
and expressed in rotation plane frame can be obtained by the
time derivative of the two Euler angles 7, and 19W, which are
assumed to be known as the command input. For right wing,
the equation is defined as

?WR 0
w\rNR.r = 0 + RX (VW‘R)T 0 (8)
0 ’léwR

Related to body mass center, the joint point owns an angu-
lar velocity

wlzwgbz[o v O]T 9)

With the combination of Egs. (8) and (9), the angular veloc-
ity of the right and left wings with respect to the body frame,
and expressed in the body frame, are

w3 = o, , + Ry (10)

— b r
Wy = wr.b + bewwR,r’ wL,r wL,r

The reference vectors denote the position of the center of
mass of the ith body with respect to the reference point. For
the rotary base, the reference point is chosen to be its respec-
tive center of mass, thereby the reference vector p, equals zero.
In each wing-fixed frame, the positon of mass center owns two
components along x,, axis and z,, axis directions:

T
CyR = [c.\'.WR 0 Cz,WR]
T
CyL = [C,\',WL 0 CZ.WL}
The related reference vectors are transformed from the
wing-fixed frames according to

{ pPr = RwacwR
P = RwLbch

(11)

Since the translational velocity of the rotary base, the refer-
ence velocity v, equals zero. And for each of the wings, the ref-
erence point of translational velocity is its joint point. The
vectors from the center of rotary base to wing joint points,
are expressed as ryr and ry . As shown in Fig. 1, the vectors
defined in body frame own two components along y, axis
and z, axis directions:

}T

rwr = [0 ry —rz], er:[O ry Tz

The reference velocity, for each of the wings, is the velocity
of the respective wing joint in the inertia frame. The velocities
of the wings are

v, = XF

{ 2 1 X Fyr (12)
V3 = @ X FyL

The acceleration can be derived by differentiating the above

equation

(13)

{ V2 = @) X Fyr + O X (0 X Pyr)

i’} :d)] X ryL + @) X ((D| erL)

3.3. Coefficients

The angular velocity coefficients B; are necessary for the
derivation of dynamic model, which arise from the calculation
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of virtual work performed by moments. Each coefficient is vec-
tor and is determined for each rigid body and velocity combi-
nation. The angular velocity coefficients are defined as

_ oo

' O
The coefficients of center body of FWR are

ﬁlf = [ey,b 051 03 054 03><1] (14)
The angular coefficients of right and left wings are
By =[Rien Rien Rien 05 03]

{ By =[Riesn 05 05 Rie, Riep)]

3.4. Mass moments of inertia

For the rotary base, the mass symmetry for xOy and xOz
planes is assumed. No planes of mass symmetry are assumed
for either wing during the model development. As a result,
the resulting mass moments of inertia matrices for each rigid
body are

L, 0 0
L=|0 I, 0
0 0 I,
[ Lar  —Lowr  —lewr
L=|-Iyw Lw —l:wr (16)
| ~Tewr —Lzwr Lyr
[ Lt —Lywt —Tew
L=|-Lyw. Lw Lo
| —LxzwL —1- L I

3.5. Motion equations of rotary base
The derived equations of passive rotation motion, with all of
the individual pieces together, are presented in vector notation.
0, = (o, + o, x Ilwl)Te}.ﬂb

+ (L, + 0y x Loy + myp, x iz)T(Rgrey‘b)

+ (Lo + w3 x Loy + myp; x §3)T(Rgreywb) (17)

The rotations of the right wing and the left wings are
described by Egs. (18) and (19), respectively.

Q2 = (Izd)z —+ wy X Izwz —+ nmpp, X i’z)T(R;l;)ex‘b) (18)
Q3 = (Izd)z + Wy X 12(1)2 —+ ms P, X i’z)T(R;rbe:’b)
04 = (Lo; + o3 x Los + msp; X i};)T(R,lee&b) (19)
Q5 = (I3d)3 —+ w3 X 13(03 + mspy X l"3)T(R;l;)L’z.b)

Here, Q, is the rotational moment acted on rotary base. The
generalized forces Q,, O, are the control moment for the right
wing, and Q,, Qs are the control moments for the left wing.
The rotation moment, expressed in body frame, can be
dived as aerodynamic moments M,., produced by flapping
wings and gravity moments M, due to the mass of wings.
In this study, the quasi-steady theory is used to calculate the
aerodynamic moments M,, produced by flapping wings. The

calculation model is given in the following chapter. For each
wing, the M. is calculated according to

0
Ry, | myg (20)
0

MmassR = (Pz + "WR) X

0

MmassL = (p3 + VWL) X RIb msg (21)
0

where Ry, denotes the transfer matrix from inertial frame to
body frame. As the assumption of this study, we have
Ry, = 1. As a result, the M, along the y, axis equals zero.
That means the gravity of wings will not produce the rotation
moment, if the body of FWR does not have angular motion in
inertial frame. Then, the rotation moment has an expression as

Ql = (MleroR + MaemL)L’y‘b (22)

4. Aerodynamic model

In the numerical study of Wu et al.” on FRW, a strong span-
wise flow on the wing was observed, and the LEV on the FRW
wing merged with the tip vortex and the Trailing Edge Vortex
(TEV), forming a vortex ring structure that stayed attached on
the wing throughout the flapping cycle. These findings suggest
that the quasi-steady model used in this study is applicable for
modeling the aerodynamic forces of FRW. As a result, in this
study, we extended the quasi-steady aerodynamic model to the
application of the flapping and simultaneously rotating wing
kinematics of FRW.

Firstly, a geometric model of the FWR wing is chosen and
the detailed shape and definition of geometric parameters of
the wing are given in Appendix A. For blade element analysis,
it is convenient to write down the velocity and acceleration of a
2D wing chord due to the gyration of the wing at span-wise
location r. The resultant velocity and acceleration vector when
expressed in the wing-fixed frame are planar vectors with only
two nontrivial indices, i.e. the x,, and y,, components:

V() = Oy X F = @) yle y — Ocyleyy (23)

and
V(1) = (Vs Vyw) = Oy X F+ Oy X (0g X F)
= (d))"\v + CUx.w(/oz,w)re.‘c.w + (_d)x.w + wy,wwz‘w)rey,w (24)

where e, ¢, and e.,, denote the unit vectors of right wing
frame; o, is the angular velocity vector of the right wing
related to inertia frame and expressed in wing frame. For
two wings, the related wyr and wy; are obtained as

-1 -1
Owr = Riyg, o = Ry 03 (25)

Since the velocity and acceleration of wing are expressed in
wing frame, the effective Angle of Attack (AOA) of the wing a,
can be easily found by inverse trigonometric function of the
velocity components ratio of the wing:

o, = arctan (h) (26)

Viw
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In quasi-steady theory of flapping wing, this relationship Foero = R} (Fi+ F, + F,)
holds, except that the force vector acts perpendicular to the (34)

wing chord.'® The quasi-steady forces are divided by transla-

tional forces, rotational forces and virtual mass forces, and
the corresponding coefficients are experimentally mea-
sured.'”"” Here, we will use this definition. The corresponding
equations for translational force F; and rotational force F, for
two wings are expressed as

1
dF, = (dF,,,dF,,) = ECtpHv(r) Ie(r)dr (27)
And

dF, = dF,, = —Cep||p(r)||@-we(r)*dr (28)

where p is the density of the surrounding air. C, is the rotational
force coefficient due to wing pitching, and the value of this coef-
ficient is chosen as C, = 1.6 in our calculation. The vector C, is
the translational force coefficient and can be treated as a unit
force vector acting on the wing. In the velocity direction, C;
is expressed as life coefficient C; and drag coefficient Cp, and

can be approximated by the following equations’:

{ CL = Clrmax sin(20)

29
CD = OvS(CDmax + CD()) - 0~5(Cszlx - CDO) COS(Zae) ( )

where the constant coefficients Cypax, Cpmax and Cpg at the
specific Reynolds number (Re = 4000) are valued from 3D
CFD case calculations result. The values are given as: Cppay
= 018, CDmax = 34, CD() = 0.05.

Since we calculate the force and moment in the wing frame,
the translational force coefficient C; can be obtained as

C - {CH} _ {cosoce fsinae} [CD} (30)

Cy sino,  COS 0 Cp

where Cy is the translational force coefficient along x,, axis,
and Cy is the translational force coefficient along y,, axis.

For the calculation of the aerodynamic torque, the location
of the Centre of Pressure (CP) at a chord-wise location r is
defined as rcp = xcpeyw + re. . As a result, the aerodynamic
torque of the above two forces can be decided by the following
equation:

dMq =rcp X (dFl + dFl) (31)

The virtual mass force and moment are calculated using
Sedov’s formula,'® which is suitable for our coordinate
definition:

dFa - (de,m dFv,a)
= (j)_-(‘/lav}v + j~:(1<ua):)e.\‘.wdr (32)
- ()‘fa Vy + /Laruwz)e,\uwdr

dMa =rcp X dFa

where v, and . can be obtained from the vectors w,, v, of the
each wing. 4, and /,, are the added mass force coefficients,
which are obtained as

b = g pelr)’

(33)

— (T L) 4

Fao = <4h 1) 7<)
After integrating Egs. (22), (28), (31) and (32) along the

wing span orientation, as a result, the total aerodynamic forces

and moments, expressed in body frame, are obtained as

Moo = ng(Mq + Ma)

The forces and moments for each wings are calculated
based on its velocity and angular velocity respectively. Then,
the necessary aerodynamic moments M, or and Mo in
Eq. (22) are obtained.

5. Simulation conditions

5.1. Kinematic functions of wings

In this study, we use simple harmonic functions to describe the
flapping and pitching motion of the wing, as previous studies

for insects flight.”'>> The kinematic functions of the wing is
specified by giving the variation functions:

Ay, .
P = = =3 sin(fp) (35)

Oy = Aasin (sz n g) + (36)

where f; is the flapping frequency, Ay, is the flapping ampli-
tude angle, and A« is the pitching amplitude; for modeling
the asymmetric pitching, the angle o is introduced. By this
definition, the calculation functions between Ao, o, with the
geometric AOA of the wing at mid up-stroke angle oy and
mid down-stroke angle ap are given as

Ay = 0% aOZOCD+0€U
2 7 2
The time history of flapping motion and pitching motion is
plotted as an example in Fig. 3 to illustrate the relationship
between flapping motion 7y, and pitching motion
Oy (Ayp, = 30°, fr = 22 Hz, oy = =30°, ap = 20°).

(37)

5.2. Nondimensional coefficients

We used the mean chord length of the wing ¢ and the mean
flapping velocity at the wingtip v, = 2Ay, frR as the reference
length and reference velocity. The aerodynamic lift and rota-
tion moment coefficients are thus defined as

F, M,
C, = ¥ _ X_aero 38
L0528, R T 0502 S,c (38)
45
—
_,9“

|~<—— Upstroke —-e—— Downstroke —|

0 0.2

0.8 1.0

0.4 0.6

t

Fig. 3 Kinematic pattern and parameter definition of FRW
wing.
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Here, F, and M, ,oc mean aerodynamic lift and rotational

moment,C; and Cp are the averaging aerodynamic lift and

rotational moment coefficients during one flapping period,

which are obtained by
10+TF

c S T Crdt c

L= ) R =

Ty

to+TF
S T Crdt
Tr

(39)

where 1, is the initial time at the beginning of one flapping per-
iod and T means the flapping period. If the effect of geometric
shape on aerodynamics is not considered, then the flapping
period T¢ only depends on frequency fr.The energetic cost
of the FRW’s wings can be calculated by the time averaged
power efficiency coefficient over a flapping period T¢. For a
practical MAV design, elastic storage is desirable for energy
efficiency, of which the order is decided by the design property
of the mechanical system.

In the current study, we consider that the mechanical sys-
tem of the FRW can fully store the input power. The instanta-
neous aerodynamic power efficiency coefficient for hovering
flight due to gyration equals directly minus dot product of
the angular velocity vector wm,, with the aerodynamic torque
Maero:

Pf = — QR M{eroR — Oy MieroL (40)
then, the average power efficiency coefficient is given by

to+TF
produ (PO

o @)

A nondimensional variable 7 = ¢/ T is defined to describe
clearly the time courses of wing motion during a flapping per-
iod. As shown in Fig. 3, 7 € [0,0.5] indicates that the wing’s
motion is in the phase of up-stroke, whereas 7 € [0.5,1.0] indi-
cates that the wing’s motion is in the phase of down-stroke.

5.3. Validation

To validate the compatibility of the aerodynamic model, we
compare the calculation results of our model with 3D CFD
results presented by Wu et al.,” who studied the aerodynamic
characteristic of FRW at a low Reynolds Number. In Wu’s
work,” the CFD mode employed a boundary fitted dynamic
grid to orientate the wing boundary at a different time with
the prescribed kinematics. An OH type mesh was used for flow
simulation. Grid 1 has dimensions of 31 x 33 x 37 (in normal,
chordwise, and spanwise directions, respectively); and grids 2
and 3 have dimensions of 51 x 57 x 61 and 81 x 81 x 91,
respectively. The outer boundary for these grids is located
30c away from the wing surface and 15¢ away from the wing-
tip. The first grid spacings from the wing surface of the three
grids are 0.002, 0.001, and 0.0005.

In the benchmark case, the flapping and pitching motions
may be defined by the previous descriptions. In the example
in CFD results of Wu et al.,” the dynamic of rotation motion
is ignored and the rotation speed is assumed to be constant,
and we use the same model to describe the rotation motion
in this case.

‘//j = *‘//jot (42)

where V), is the rotating speed.
Since the kinematics of FWR is combined by steady
rotation and reciprocal flapping motion, a nondimensional

rotation speed ky is defined to measure the deflection of the
effective AOA:

Vo
= (43)

Based on Eq. (43), y/;, can be obtained.

The necessary parameters in Eqs. (35), (37) and (43) for val-
idation case are Ay, = 30°, fr = 22 Hz, oy = —30°, ap = 0°,
kr = 0.25. The Reynolds number for flapping flight may be
defined by Re = v /v, where v is the kinematic viscosity of
the air. In this case, we have Re = 4058. As shown in Fig. 4,
a reasonable agreement is achieved between the lift and rota-
tion moment trends obtained from the present model and
CFD results. The averaging coefficients of the present model
are C; = 0.99 and Cz = 0.173, while C; = 0.972 and Cy =
0.168 in CFD results. Thereby, the case study shows that the
model employed in the present study is credible.

6. Results and analysis

6.1. Analysis of a typical case

A typical case (Ay,, = 30°, fr = 22 Hz, ay = -30°, ap = 20°,
Re = 4058) is selected and discussed in this section to investi-
gate the rotation performance of the FRW with the structural
parameters listed in Table 1.

The result of the rotation angular velocity varying with time
is presented in Fig. 5, and the rotational moment coefficient Cy
and its averaging value Cy in each flapping periods are given in
Fig. 6. It can be clearly seen that the aerodynamic rotational
moment in the up-stroke decreases to negative value with the
increase of the rotational velocity, and the aerodynamic aver-
age rotational moment finally decreases close to zero after fif-
teen flapping periods, and then maintains at a small value
continually. It differs from other existing kinematics with pre-
scribed wing motion, such as rotary wing and insects flapping
wing.

However, note that Cr of each period cannot converge to
zero strictly and w,, oscillates continuously with an amplitude
of +£0.5 r/s, even after a lot of flapping periods. It is caused by
inertia coupling phenomenon of two wings, which are not sym-
metrical about the axis of rotation. According to Table 1, if the
inertial products Iy, I\.w and I,., are small and ignored,
according to Egs. (17) and (22), the inertia coupling rotation
moment Mo can be expressed as

5

O
B
_3F —C, presentmode =--- C, CFD mode
Il — C,presentmode ---- C, CFD mode
0 0.2 0.4 0.6 0.8 1.0

T
Fig. 4 Comparisons of instantaneous lift and rotational moment
coefficients.
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Table 1 Basic parameters of FRW.

Parameter Value
Mass of wing my, ms (g) 0.15
Mass of rotation body m; (g) 0.38
Inertia moment of wing o (107 kg-m?) 2.225
Ly (10°° kgm?) 1.308
Ly (1077 kg-m?) 9.020
Lyw (1077 kgm?) 1.128
L (1078 kg-m?) 5.516
L.y (10~ kgm?) 1.478
Inertial moment of rotary base 7,1, ( 1078 kg-m?) 4.8

Equilibrium rotational state

yr

w_(1/s)

MMMV
0 0.4 0.8 1.2 1.6 2.0 24
1(s)

Fig. 5 Rotation angular velocity with varying time.

Mcoupl = (Iz,w - [,\aw)(wz,\‘w2: + w}xw.?z)

Similar to coefficients Cg and Ck, the coefficients of Moy
are defined as

_ —Meoup
CRCOUPI - O.Spvlewc
i0+TE
_ f Creoupld?
Creoupl = 20—
Rcoupl — Ty

Fig. 7 gives the result of rotation coefficients Cgeoupr and
Creoupt in each flapping period. After the comparison with
Fig. 7, it can be seen that the inertia coupling rotation moment

]
——The 1st flapping period
4t —..=The 10th flapping period
----- The 15th flapping period
3 -
2+
UK
l -
0 .
./'
1k
2 1 L L
0 025 0.50 0.75 1.00

i
(a) Rotation moment coefficients

always exists even because of the high-speed flapping and
pitching motions of two wings. As a result, the rotational
moment is balanced with not only the resistance drag of the
fluid, but also inertia coupling moment. However, the inertia
coupling moment is small compared with the aerodynamic
moment, and the total moment is still zero. Consequently, an
FWR would reach and stay in an equilibrium rotation speed.
In this study, we define the motion status of Cy near zero as
the Equilibrium Rotational Status (ERS) for FRW.

Fig. 8 gives the results of lift coefficients C; and C; in each
flapping period. As a comparison, constant rotational velocity
model with kg = 0.47 is used to calculate the same case. It can
be seen from Fig. 8(a) that the lift coefficient vastly increases
with the increasing rotational velocity, especially in the up-
stroke, where the large negative lift becomes positive at the
rotational equilibrium state. As a result, as shown in Fig. 8§
(b), the variance of C; is increasing gradually and reaches
the equilibrium value finally. Only in this time, the lift force
of FRW keeps stable with certain kinematic parameters input.
Notably, the lift generation of FRW presents first-order inertia
system characteristics for a new kinematics of wings input
because of the inertia damping in passive rotation motion.
That is different from the motions of rotary wing and insect
flapping wing, the life force of whom changes and reaches
stable immediately with the variance of wings kinematics.*'?
Thereby, the dynamic inertia time-lag phenomena of lift gener-
ation due to passively induced rotational velocity is a unique
feature of the FRW configuration.

In order to assess the dynamic system for lift generation, a
time-lag constant parameter T,., is defined to present the time
cost of arriving ERS. In this case, the 1, is obtained as 0.68 s,
which equivalent to 15 flapping period.

The following figures present a comparison between the
simulation results of Cz and C; with the full, 2 times, 4 times
and 1/2 times rotational moment of inertia of wings /.. Fig. 9
shows that as the rotational moment of inertia of the wings rel-
ative to the central body increase, the inertia time-lag phenom-
ena of lift generation becomes serious. 7., changes from 0.41
s, corresponding to 1/2 times I, ,, to 2.72 s, corresponding to 4
times /,,. However, once FWR reaches and stays in an

1.4
N
1.0 \A
MRS
\\
r A
\
& IS
10 0.6+ \
A
%
n
02r n
/_\:/’
AT TON N e i LI
02 L L 1 L 1 1 L 1 1
0 10 20 30 40 50

Flapping period
(b) Averaging rotation moment coefficients

Fig. 6 Rotation moment coefficients C varying in the 1st, 10th, 15th flapping period and averaging rotation moment coefficients C in

each flapping period.
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Reoupl

5

-3

— The 1st flapping period
- -~ The 10th flapping period
--=-= The 15th flapping period

ra ..

0.25 0.50 0.75 1.00

t
(a) Inertial rotation coupling moment coefficients
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Fig.7  Inertial rotation coupling moment coefficients Creoupt varying in the 1Ist, 10th, 15th flapping period and averaging inertial rotation
coupling moment coefficients Cgeoupt in €ach flapping period.
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(a) Lift coefficients
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Fig. 8 Lift coefficients C; varying in the 1st, 10th, 15th flapping period and averaging lift coefficients C; in each flapping period.

equilibrium rotational status, the lift generation is stable and
not affected by the variance of I, ,. Thus, a small rotational
moment of inertia of wings is useful to decrease time-lag

constant.

6.2. Effects of the kinematics of wings

As given in Eq. (36), the pitching kinematics of wings is
described as sinusoidal wave functions. For a certain flapping
frequency fp, the pitch angle of the wing at any instantaneous
time is decided by AOAs parameters: mid up-stroke oy and
mid down-stroke ap. The two parameters, donated pitching
kinematics, may be selected to analyze the influence of wings
kinematics to aerodynamic performance.

In order to present the aerodynamic performance of FRW
in the equilibrium rotational status, the period average lift
coefficient C; b, power efficiency coefficient P; ., and
nondimensional rotational velocity fir ., are defined as

istab+/ i
C _ Z/‘:[su\b CL
L_stab — B
istabt] pi
p _ Zi:ismb Pf
f_stab — .
J
isabt/ i
— _ Zi:imb (’Oyr 1
Hf_stab =

J Ay fr
where iy, means the flapping period while FRW has been in
the ERS, j is the total number of flapping period used to cal-
culate coefficients, and P; ., is defined as positive always. In
this case, we let j = 10 to acquire accurate description of aero-
dynamic performance for FRW.

In a typical case of Ay, = 30° fr = 22 Hz, Re = 4058,
Fig. 10 presents the results of coefficients C; gab, Pt stabs
Ht_stab and Tuero, While the mid-up stroke oy varies from 0° to



1050

Q. WEN et al.

—2= Full moment of inertia of wings

—+— 2 times moment of inertia of wings
&S —<= 4 times moment of inertia of wings
1.0 _\hﬁ* %0~ 1/2 times moment of inertia of wings

Flapping period

(a) Averaging rotation moment coefficients

ﬁf&é? —+— 2 times moment of inertia of wings

2@? —— 4 times moment of inertia of wings
—o- 1/2 times moment of inertia of wings

0 20 40 60 80

Flapping period

(b) Averaging lift coefficients

Fig. 9 Averaging rotation moment coefficient Cr and averaging lift coefficient C; in each flapping period.

—90° with increments of —2.5°, and the mid-down stroke op is
fixed to ap = 10°, 20°, 30°.

As shown in Fig. 10(a), notice that the lift of FRW is near
zero when the oy equals -ap, e.g. the lift produced in up-stroke
and down-stroke may cancel each other. In order to acquire a
high positive lift generation of FRW, we need to increase oy
and decrease op. Since in the up-stroke, the high value of ay
makes the wing surface close to the airflow direction decided
by rotation motion and flapping motion together. As a result,
the negative effective AOA of wing o. decreases, or even
changes to be positive. The negative lift generated in up-
stroke phase decreases consequently. On the contrary, the
small value of op increases the o, at down-stroke phase, which

L stab

2 l«;smh

0 .
70 -60 -50 -40 -30 -20 -10 0O
%, (%)

produces more positive lift force. The power efficiency does
not increase with the lift performance improving, while com-
pared with Fig. 10(a) and (b). Since the high drag force follows
as high life generation, the optimal lift generation does not cor-
respond to the optimal power efficiency. In addition, a high
equilibrium rotation velocity occurs at small AOA parameters
while both oy and ap are within 20° to —20°. However, as
shown in Fig. 10(c) and (d), high f ., means more time is
required to arrive ERS, thereby the 7., becomes large for a
small oy and op.

In order to present the effect of pitching kinematic on
FRW, three zones are defined, which include high lift force
(Crswp = 1.5), high power efficiency

zone zone

3
— 0, =10°
[ =-. a =20°
2f === 0,=30°

aero

e_SNonoNt
-sde
AN R

0
-70  -60 -50 -40 -30 -20 -10 0
o, (%)

Fig. 10  Period average lift coefficient C; b, power coefficient P; y,,, nondimensional rotational velocity fi; . and time-lag constant
parameter T, variations with mid-up stroke oy and mid-down stroke op.
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Table 2 Maximum nondimensional parameters and the corresponding geometric AOAs.
Parameter Maximum value Related parameter
au (°) ap (°) Cr_stab Pr_gap Taero
G 1.975 -20 6 1.51 0.97
Pt stab 3.14 —44 30 0.758 0.36
The pitching kinematics of wings greatly affects the
50 equilibrium rotational characteristics, thus the aerodynamic
performance of FRW. The lift force generation, power effi-
40 | ciency, equilibrium rotational velocity and dynamic time-lag
30l are studies for various AOA parameters of wings. The result
"’:: L shows that in order to acquire a high positive lift generation
S ot t >06s with high power efficiency and small dynamic time-lag, a rela-
b tive high mid up-stroke oy and low mid down-stroke op are
101 N necessary. In the zone where op is within 7-15° and oy is
I wen b within —35° to —40°, the performance of FRW is optimal.
0 P S S S SR SR T ' s s S S T W
-80 -70 —-60 -50 -40 -30 -20 -10 0
a, (°) Appendix A.
2 The zone of high lift force .. .
B The zone of high power efficiency The geometry of the FRW wing is modeled by keeping the
— The separatrix between two time-lag zones morphological parameters of quasi-static analysis similar with
4 The maximum lift coefficient ' available insects’ data. In generation, we assume that the thick-
» The maximum power efficient coefficient ness of the wing is small enough and has little effect on the
Fig. 11  Zones of high lift, power efficiency and less time-lag wing’s aerodynamic. Thereby, a 2D wing with a span length

distribution variations with mid-up stroke oy and mid-down
stroke op.

(Ps_gap = 1.6) and low time-lag zone (Taero < 0.6 ). The maxi-
mum nondimensional parameters and the corresponding geo-
metric AOAs are listed in Table 2. Fig. 11 shows three zones
distribution as oy varies from —80° to 0° and op varies from
0° to 50°. The maximum lift coefficient C; o = 1.97
responses the point at oy = —20.0°, ap = 6°, and the maxi-
mum power efficiency coefficient happens at ay = —53°, ap
= 34°. If taking the high lift, high power efficiency and low
time-lag into consideration, as given in Fig. 11, an optimal
AOAs parameters occur at the point where op is relative small
(within 7-15°), and oy is in the range —35° to —40°.

7. Conclusions

The passive rotation motion and aerodynamic performance of
a rotary base with two flapping wings as a simplified model of
FRW flight vehicle are studied. The nonlinear, multiple body
equations of motion for an FRW is derived using D’Alem-
bert’s Principle for Multiple Rigid Bodies. In addition, a
quasi-steady aerodynamic model is utilized for the calculation
of the aerodynamic forces and moments at a low Reynolds
number (Re =~ 4000).

The simulation of typical case shows that the passive rota-
tion motion of FRW is a continuous dynamic process of con-
vergence into rotary velocity equilibrium status due to an
interaction between aerodynamic thrust and rotation velocity.
That causes the unique time-lag of stable lift generation. Even
in the rotation equilibrium status, the lift force is still oscillat-
ing with small amplitude.

R is shown in Fig. Al. Along the span direction, the wing is
dived by infinite small strip with width dr. The chord length
c(r) is shown at a chord-wise location r; & refers to the coordi-
nate of the major axis of the ellipse in x,, axis. The Center of
Gravity (CG) of wing has two components Xcg, zcg in the
wing frame. The AR is within 3-5; the shape parameters,
including wing aspect ratio AR, the first, second and third
radii of nondimensional moment of wing area (7(s), F2(s)
and 75(s)) are: AR = 3.6, 7(s) = 0.55, i2(s) = 0.59, i5(s) =
0.63.

The chord-wise location of Centre of Pressure (CP) is in the
Xy axis. Referring to Dickinson et al.,'” the xcp with respect to
location r varies linearly with the change of the effective AOA
o (given in Eq. (26) and the linear relation can be expressed as

seplr) = (/% 082 - o.4s)c<r>

T

where /i is the nondimensional local coordinate of the chord:
h=h/c(r).

Fig. A1  Geometric parameters definition of FWR wing.
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