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phology, realistic flapping-wing and body kinematics, and unsteady aerodynamics in insect
flight. A morphological model is built based on an effective differential geometric method
for reconstructing geometry of and a specific grid generator for the wings and body; and a
kinematic model is constructed capable to mimic the realistic wing-body kinematics of
flapping flight. A fortified FVM-based NS solver for dynamically moving multi-blocked,

{fg/gz: rﬂdi;.ht overset-grid systems is developed and verified to be self-consistent by a variety of bench-

Hovering mark tests; and evaluation of flapping energetics is established on inertial and aerody-

Morphology namic forces, torques and powers. Validation of this integrated insect dynamic flight

Kinematics simulator is achieved by comparisons of aerodynamic force-production with measure-

Aerodynamics ments in terms of the time-varying and mean lift and drag forces. Results for three typical

ll:l/la\;iérl;lswlkes equations insect hovering flights (hawkmoth, honeybee and fruitfly) over a wide rang of Reynolds
ulti-block

numbers from 0(10%) to 0(10%) demonstrate its feasibility in accurately modeling and
quantitatively evaluating the unsteady aerodynamic mechanisms in insect flapping flight.
© 2008 Elsevier Inc. All rights reserved.

Overset grid
Vortex dynamics

1. Introduction
1.1. Overview of insect flight

Flying insects, in general, perform flapping wing flight because they have to create not only lift to stay airborne but also
thrust for forward and darting flight, in achieving remarkable maneuvers with rapid accelerations and decelerations. Aero-
dynamics associated with the insect flapping wing flight prominently features unsteady motions at moderate Reynolds num-
bers ranging over O(10') to O(10%), which is normally characterized by large-scale vortex structures, complicated flapping
wing kinematics and flexible-wing structures [1-4]. Thus a challenging problem in uncovering aerodynamic mechanisms
in insect flight is to answer a central question of how the large-scale vortex dynamics and complicated wake topology
are generated and how they correlate to the force-production.

Studies [4,6-11,13,14,18,19,21-26] on aerodynamics of a single flapping wing model have been the main subject till now;
and a general conclusion is that insects keep them aloft by using a high-lift, unsteady aerodynamic mechanism based on the
sophisticated vortices. Experimental studies using robotic insect wing models have made significant contributions in quan-
tifying some of the unsteady aerodynamic effects including the leading edge vortex mechanisms, the wing rotation and the
wake capture mechanisms and so forth [7,8,11,13]. Recent direct measurements of the vortical structures around real insects
and birds [7,8,11,13,15-17,21-25,27,29] further enhance our insights into quantitative description on such vortex dynamic-
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based aerodynamics in flapping wing flight. However, limited to specific insects of hawkmoth and fruitfly and to specific fo-
cus on the near-field flows around non-realistic hovering models [7,8,11,13,16], or, tracking on the footprint of the vortex
dynamics in a manner of the far-field flow fields around real animals [15,17,26,28,30], a universal explanation on insect flap-
ping wing aerodynamic mechanisms still remains controversial [13,34]. This leads to recognition that an integrative study is
necessary for systematically and quantitatively investigating the effects of sizing or Reynolds number, morphology and kine-
matics on flapping wing flight.

1.2. Integrated modeling of insect flight

To tackle this difficult problem one needs to deal with unsteady aerodynamics about an insect-like multi-body system
with consideration of dynamically oscillating boundaries of flapping wings and complicated wing-wing and wing-body
interactions. While flows around flying insects obey the Navier-Stokes equation a comprehensive answer to the question
depends upon multi scale solutions of the problem that integrate the vortex dynamics of all scales in terms of the near-
and far-fields and that establish an essential three-dimensional mechanism of flapping wing aerodynamics. To reveal such
an essential three-dimensional mechanism [31,32], a systematic and quantitative study of insect flapping wing flight is a
must, which need to be established on the basis of realistic morphology and kinematics and is capable to quantify the vortex
dynamics, the wake topology and their correlation with the force-production.

We here address an integrated and rigorous model for the simulation of insect flapping flight. The majority of the current
insect-like model is the integrated modeling methodology from realistic body-wing morphology, the flapping-wing and
body kinematics to the unsteady aerodynamics as well as the quantitative evaluation of flapping energetics on inertial
and aerodynamic forces, torques and powers. Till now most CFD-based models employ non-realistic wing models in a fash-
ion of single or paired wings in 2D or 3D [14,18,19,28] with a specific focus on how important the flapping motions influence
the viscous vortex flows but with less attention to the modeling efficiency and the integrated correlation between the near-
and far-field vortex dynamics and the force-production. Some studies focus on efficient algorithms development capable for
treating arbitrary boundaries with complex geometries of wing and/or body [24,27] by means of immersed boundary meth-
ods, etc in Cartesian coordinate systems but using some simple kinematic models. To date, no model has been reported
which is versatile to easily construct a morphological model with realistic geometries of both wings and body, which is capa-
ble to accurately mimic complicated movements of realistic flapping wings and body kinematics, and which is able to effi-
ciently solve the Navier-Stokes (NS) equations for a multi-blocked, overset-grid system with dynamically moving
boundaries and meshes. In the following we demonstrate that the current model has such capability and the results of insect
hovering flight can be obtained in a reasonable amount of time.

2. Integrated modeling methodology
2.1. A brief overview of current model

The current model integrates the modeling of morphology-kinematics-aerodynamics in insect flapping flight; and three
typical insect hovering models covering a range of Res from O(10?) to 0(10%) demonstrate its feasibility in efficiently and
accurately modeling and evaluating the insect flapping flight. The morphological modeling is based on a differential geomet-
ric method for reconstructing wing-body geometry with each cross-section approximated as an ellipse, a specific structured-
grid generator, and a multi-blocked overset-grid system in dealing with complex wing-body geometries and complicated
flapping movements. The kinematic modeling is capable to mimic realistic wing-body kinematics in terms of the body angle,
the stroke plane angle, and the positional-feathering-elevation angles, which is combined with an analytical method for dy-
namic regridding. A fortified finite volume method (FVM)-based NS solver for the dynamically deforming multi-blocked,
overset-grid system is developed and verified; and validation is implemented through an extensive study of aerodynamic
force-production by comparison with experimental results in terms of the time-varying and mean lift and drag forces.
The computing performance is further confirmed by testing on a PC (Dell Precision 690) with DuralCore Intel(R) CPU
(3.0 GHz) and a memory of 4.0 GB, which takes approximately 10 h of CPU time for a hawkmoth-like wing-body model
undergoing hovering for four complete beat cycle, with approx. 340,000 grid points of two wing blocks and a body block.

2.2. Coordinate systems in modeling of insect flapping flight

We define three coordinate systems in modeling of insect flapping flight, as depicted in Fig. 1: (1) a wing-fixed system (X,
Yw» Zw) With its origin at the pivot point of the right wing and ‘flapping’ with the flapping wing; (2) a body-fixed system (xp, V5,
zp) with its origin at the center of mass of and moving together with the object; and (3) a global system (X, Y, Z) as an inertial
system being fixed horizontally. Body posture (Fig. 1a) is described by the stroke plane angle # and the body angle y, relative
to horizontal; the angles of pitch g, roll Y, and yaw y with respect to the body-fixed system. Wing position parameters are
defined (Fig. 1b) within the stroke plane: the wingtip path is indicated by the closed circle composed of a solid for down-
stroke and a dashed for upstroke, respectively; the positional angle ¢ is the angle between the ys, axis and the projection
¥, of the y,, axis onto the stroke plane; the elevation angle 0 describes the rotation about the axis z,, between the wing axis
yw and the stroke plane y,,; and the angle of attack « is defined as the feathering (rotation) of the wing axis y.



H. Liu/Journal of Computational Physics 228 (2009) 439-459 441

QD

Upstroke

a b

Fig. 1. Definitions (a) of the wing-fixed system (X, yw, Zw), the body-fixed system (x, y», 2»), and the global system (X, Y, Z); the stroke plane angle # and the
body angle y; the angles of pitch g, roll ¥, and yaw y with respect to the body-fixed system. (b) Wing position parameters within the stroke plane: the
wingtip path, the positional angle ¢, the elevation angle 0, and the angle of attack o.

2.3. Morphological modeling

The morphological modeling is established on the basis of a differential geometric method [20] for reconstructing wing-
body geometry by approximating each cross-section as an ellipse. It may be clarified into fourfold: (1) imaging to digitize 2D
or 3D images in terms of pixel or voxel data; (2) segmentation to extract the object’s shape in terms of a skeleton model; (3)
surface fitting for the reconstructed model; and (4) modeling and domain discretization to create the geometric model in 3D
and to decompose the computational domain. One notable advantage of this methodology lies in a fact that it unifies the
modeling of both morphology and kinematics, which enables an effective and non-time consuming process of simultaneous
generation of both the wing-body geometric model and computational grids as well as of dynamic regridding.

2.3.1. A differential geometry method

Consider a space curve L (Fig. 2) that expresses a data string, r; = (x;, y;, Z;), where r; is a positional vector, and (i, j, k) is a
unit vector, which is extracted as a centerline of the object based on the digitized imaging process. This discrete space curve
can be rewritten as a function of its arc length, such as

L:r= (X,%Z) = (X(S),y(s),Z(S))7 (1)

where s denotes the arc length, which, if given a data string of N points, can be calculated as s; = Sum(ds;), ds; = |r; — ri_ql,i=1,
2, 5N,

Next, we calculate the curvature and torsion of the space curve L to quantify geometric changes at point P;, and to get the
tangent vector T, the principal normal vector N, and the binormal vector B as

dr dTr
ng, Nfg/;c, B=TxN, (2)

where the curvature is defined as x = |dT/ds| = |dr/ds|. Note that using the Frenet-Serret formula the binormal vector B can be
expressed as a product of T and N, and hence dN/ds = tB — kT and dB/ds = —tN, where the torsion T may be defined as

 dy  dz
ds ds ds
_ | dx Py &2 2
T=\a & d K= (3)

&y Ly &z

ds®  ds  ds
Hence, given a data string r; one can reconstruct a space curve in terms of the arc length, and obtain the curvature and the
torsion at any point on the curve by simply calculating those derivatives as in Egs. (2) and (3). Then, a space plane perpen-
dicular to the tangential direction yields, which is determined by the three vectors of T, N and B.

To reconstruct a 3D geometry of the object, by approximating each cross-section as an ellipse we further introduce a data
string for the two radii, namely, R = R(s) or R; = R(s;) in a discrete form, wherei=1, 2, 3, i,...,N. Now one only needs to map
the local two-dimensional outline (the ellipse) onto the defined space plane TNB. This is done through a straightforward
transformation (Fig. 2a) by using unit vectors er, ey, e of the vectors T, N andB, in forms of,
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Fig. 2. Schematic diagram of an image- and differential geometry-based method for morphological modeling and a multi-block model for insect-like flyers.
(a) A top-view fruitfly with a computer model superimposed on the right half and a perspective view of the model with the extracted body centerline L and
elliptic cross-sections. (b) A three-block model and grid systems for the fruitfly with two wing-fitted blocks immersed within a body-fitted block.

er exx ery er i
en| = |ew ©eny enz||Jj]- (4)
€p es;x ep ep | Lk

Hence, a local positional vector r in the local coordinate system (¢, #, £) on the space plane TNB and the corresponding posi-
tional vector r in the global coordinate system (x, y, z) may be represented as:

1" = er + ney + Geg = 0er + Hapen + Gapes = (Mapenx + Sopesx)i + (Mapeny + Sapesy)i + (Mapenz + Caper:)k, 5)
I'=T1;+1" = (X + 1openy + Sapes)i + (Vi + Mapeny + Capesy)j + (Zi + apenz + Copes:)k.
Note that a grid system in 2D, if generated for a circular cylinder, can be easily mapped to all the space planes (cross-sec-
tions), resulting in a 3D geometric model of the object (Fig. 2a) and the grids (Fig. 2b).

2.3.2. A grid generator

We define the centerlines and the radii of the wing and body based on digitized side and top view images (Fig. 2a), and
accordingly extract the outline of each section approximately by an elliptic curve in which two axes of the elliptic curves
are determined by the two 2D pixel images. For the wing a uniform thickness is taken but with elliptic smoothing at the leading
and trailing edge as well as at the tip. As illustrated in Fig. 2a where a top-view fruitfly with a computer model superimposed on
the right half of the reconstructed geometric model is realistic matching well the image. For each grid block, a 2D O-type struc-
tured grid around a circular cylinder is generated in advance for the preceding mapping process; and an O-O-type grid topology
is employed for the wing and body blocks, which can minimize the grid number, resulting in a large reduction in computing
time. Moreover, to generate high-quality grids for the wing base, the wing tip, and the head-thorax-tail of the body, the wing
and body grid blocks are further divided into three zones, e.g. the base zone, the wing zone and the tip zone for a wing block
(Fig. 2b). Grids in the base- and tip-zone are then generated using Eriksson’s Transfinite Interpolation method [10]. The grid is
clustered to the wing- and body-surface with the minimum grid spacing adjacent to the wing surface controlled by a formula
Smin = 0.1cm/v/Re, where ¢, is mean chord length of the wing and Re the ¢,,-based Reynolds number. The wing block and the
body block have an outside boundary of approximately two and twenty times of the mean chord length c,,, respectively.

2.4. Multi-block and overset grid

Insect flapping flight features multiple morphology of a two or four winged body, complex geometry and complicated
movements of flapping wings and body. To deal with such complexity we use a multi-blocked, overset-grid method based
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on a chimera grid scheme [12]. The chimera scheme offers several advantages: (1) the use of body-fitted structured grids for
each block and hence elimination of the burden of the grid generation of multiple, complex and moving objects; (2) the use
of efficient block flow solver for the multi-blocked grid and associated boundary conditions; and (3) the use of interpolation
for communication among overlapping grids which allows grids to be moved relative to each other [12]. For an insect-like
model with flapping wings that move and/or deform with time, notably the wing-fitted structured grid must be regenerated
in a timely manner, usually referred as ‘grid assembly’, and hence the communication among the moved and/or deformed
grids needs to be re-established accordingly. To ensure the interpolation for communication among overlapping grids we
hereby introduce a three-blocked, composite grid system (Figs. 2 and 3) for the two-winged insect model, which is composed
of a body-fitted grid and two wing-fitted sub-grids which are completely embedded in the body-fitted grid.

2.4.1. Grid assembly

The grid assembly may be considered as pre-processing techniques for the flow solvers because the flow solver on each
grid requires appropriate boundary conditions being supplied at the boundaries where the grid overlaps another grid. As
shown in Fig. 3, whenever the grid around the wing overlaps another grid around the body or another wing, some grid points
may lie inside the wing and/or body and thus will be outside of the flow field to be solved. These grid points are removed
from the flow solutions on the grid by generating holes into any grids overlapping the surface of the wing or body. During
holes generation, regions of the overlapping grids are marked as invalid, which creates additional boundaries within the grid
system; and collectively, the grid points on the fringe of the holes and the grid points on the outer boundaries of the embed-
ded grids are referred to as “inter-grid boundary points (IGBPs)”. The boundary conditions required at the IGBPs, namely, the
fortified boundary (Fig. 3), are supplied by interpolating the flow solution from any overlapping grids.

2.4.2. Interpolation stencils

In order to establish overlapped grid communications we need to represent point-volume geometric relationships to
determine if a point lies inside a cell or grid as well as what is an appropriate interpolation stencil [12]. In this study, we
divides the body-fitted grid into three zones including a head zone, a thorax zone and a tail zone, so as to classify the cor-
responding grid points (cells) relative to each zone (or block); and then, in each zone, the point-volume (cell) geometric rela-
tionship is established by determining the corresponding cell (volume) where the interpolation point lies.

Once an interpolation stencil is identified, the following tri-linear interpolation technique is used: for a curvilinear grid
defined by the coordinates of the intersections of three families of boundary conforming grid lines denoted by (¢, #, ), the
coordinates at any point within a cell can be calculated such that:

R(&n,0) = (1 —d&)(1 —dn)(1 - dO)P(i,j, k)
+(1 = do)(1 - dn)dlP(i,j k + 1)

_ _ i — REnO-Pajk)

H(1—deydn(1 —dOP(j+ 1K) (de,dn.do) = GERSTEY
+(1 —d&)dndiP(i,j+1,k+1) E=i+de, i=1,2,...,IM—1,
+dE(1 —dn(1 —dOP(+1,4,k) " y=j+dy, j=1,2,...JM—1,
+AE(1 —ddlP(i+1,j,k +1) {=k+d, k=1,2,....KM -1,
+dédn(1 —dOP(i+1,j+1,k)
+dédndP(i+1,j+1,k+1)

(6)

fortified boundary

solved

win e-ﬁmw'gnd i

wing-fitted grid zone

a b

Fig. 3. (a) Overlapping grids with holes cut and (b) fortified solution zonal procedure for the overlaid grid.
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where R(¢, i, ) is unknown of a piecewise continuous function over the entire grid; P(i, j, k), P(i, j, k + 1),... are the known
coordinates of the eight corners of a cell whereas the index (i, j, k) denotes the 3D equivalent of the lower left corner of the
cell; (8¢, on, 6¢) vary between 0 and 1 throughout the cell. For every known P that lies within a cell, there exists some (¢, 7, {)
such that P=R(¢, 1, {), which is determined by using Newton’s method to minimize the non-linear function F = R(¢, 7, {)-P
iteratively, such that:
f— &= (Cy +dnCs3) +dg(Cs + dnCy)
gl —gm E?} F", & =(C +deCs) +di(Ce + dECy) (7)
& = (C4 +d&Cs) + dn(Ce + dEC7)
where &™ is the curvilinear vector (¢, #, {), m is the Newton iteration counter and the jacobian matrix is calculated using the
following coefficients:
CT = P(l + 17j7 k) - P(i7j>k)7 CZ = P(l,] + l7k) - P(LL k)a
C3=P(i+1,j+1,k) —P(ij+1,k) - C1,Cs = P(i,j.k+1) - P(i,j.k),
C=P@i+1,j,k+1)-P(i,jk+1)-C;,Ce =P(i,j+ 1,k+1) - P(i,j,k+1) — Cy,
G =Pl+1j+1,k+1)=P(ij+1,k+1)—P(i+1jk+1)+P(ijk+1)-Cs.
Newton’s method needs a good starting point, which is chosen as &% =i, #° = j, (° = k for each iteration. As the curvilinear coor-

dinates ¢ are updated with Eq. (7), if 6¢ exceeds the range of 0-1 then search proceeds to a neighboring cell and the jacobian
matrix, as well as the corners of the containing cell, must be updated, which is referred to as “stencil jump”.

8)

2.5. Kinematic modeling

2.5.1. Flapping motion

Kinematics of insect flapping flight as illustrated in Fig. 1 consists of wingbeat and body kinematics. The insect body, if
assumed to be rigid during flapping motion, is represented by the inclination of the body (or, body angle x) and the stroke
plane angle , which normally vary at different flight speeds. The wingbeat kinematics can then be described by three flap-
ping angles within the stroke plane. Here, as shown in Fig. 4a and b, a general definition of the positional angle, the elevation
angle and the AoA for a hovering fruitfly and a hovering hawkmoth, all in rad, are expressed using the Fourier series, such as

$(t) = 2 [ben COS(MOOE) + by sin (D)
n=0

0(t) = i[@m cos(nwt) + O, sin(nwt)] 9)
n=0

o(t) = 23: [otn COS(NOL) + 015y SIN(NOOL))
n=0

where w is the flapping frequency; n an integer varying from 0 to 3; and the coefficients ¢cnsn, Ocn,sn» %cnsn Can be determined
from the measured kinematic data [9,10,31,32].

Pl

Fruitfly Hawkmoth

(D)

Angle(deg.)
Angles(deg.)

Downstroke Upstroke Downstroke Upstroke

-90 -
0 05T T "0 05T T
= flapping angle (¢) w— clevation angle (6) mesfeathering angle (o)
a b

Fig. 4. Kinematic models in terms of time course of flapping, elevation and feathering angles: (a) a fruitfly and (b) a hawkmoth.
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The kinematic modeling of the wing and body, if combined with the morphological modeling method with each cross-
section non-deformable, can be transferred to define a number sets of rotational axes at wing leading edge and body cen-
terlines, which vary with time. Therefore, given N (1, 2, 3, n,...,N) sets of images of the wing and body in a complete beat
cycle, one may extract the centerlines (or rotational axes for the wing) and the outline of each cross-section through
frame-by-frame image processing, and, by using the present method, integrates the morphological- and kinematic-modeling
[20].

2.5.2. Dynamic regridding

Since 3D motions of the flapping wing and the body, in general, result in large wing deformations and 6DOF (degree of
freedom) body displacements, with a specific focus on robustness and efficiency of dynamic regridding, we developed a
method by: (1) firstly rotating initial grids in the wing-fitted system according to a ‘rigid’ feathering motion; (2) secondly
rotating the feathering-based grids according to a ‘rigid’ flapping motion; and (3) finally rotating the feathering- and flap-
ping-based grids according to an elevation motion. Hence the regridding process is conducted by rigidly rotating all the ini-
tial grid points in the wing-fitted system (x,,, ¥w, zZw) (Fig. 1) with respect to a pivot point (0O,,) at the wing base, such that:

X" = Xpivo + C0s(0) (X~ Xpior ) + sin(@™) (2§ ~ Zpior

Feathering : ¢ yii)' = yij) : (10)
2" = 2 S (50 ) + o502 (2~ 2
i
Flapping : { Y = Voot + 056 ) (Vi ~ Yoot ) — sin(6™) (20 = Zpvr ), (11)
zfﬂ) = Zpivor + Sin(¢™) (y,?j’;f - ypi‘,m> + cos(p™) (zﬁj’,‘)l - Zpivot)
ijk) = Xpivot + €OS(0™ ))<x§j"k)2 - Xpivot) —sin(0"™) (Y,(ﬁfz yplvot)
Elevation: ¢ yi® =y + sin(O‘"’)(xfj,f xp,vot) + cos(0™) ( Vit yplvot) (12)

Zl(jr;<) Zl(jk)
where superscript n denotes the nth time step; superscript 1, 2, 3 represents the step due to the feathering-flapping-eleva-
tion motions, respectively; subscript (i, j, k) expresses the grid point; and subscript pivot denotes the pivot point.

A flying body if treated as rigid is of 6DOF in a free flight. Thus the dynamic regridding for such a freely flying flyer may be
implemented into twofold: (1) transferring the initial grids by a displacement that the body moved and (2) rotating grids in
the whole body-fitted system (xp, yp, z») according to the pitch-roll-yaw angles.

2.5.3. Transformation among wing-fixed, body-fixed, and global coordinate systems

Aiming at solving a general problem of insect free flight, we utilize three coordinate systems as depicted in Fig. 1: (1) the
wing-fixed system which moves and deforms with the wing flapping movements; (2) the body-fixed system which moves as
a rigid body in a 6DOF fashion; and (3) the global system which represents location and posture of the body. Three axes of
the wing-fixed system are initially aligned with the body-fixed system. Since most insects flap their right and left wings in a
symmetric way the wing-fixed coordinates is initially defined merely for the right wing.

Rotation of the wing-fixed system relative to the body-fixed system is defined by the AoA (o), the positional angle (¢), and
the elevation angle (0) (Figs. 1 and 4) while rotation of the body-fixed system relative to the global system is described by the
three Euler angles of pitch (), roll (), and yaw (7). As described above, the three wing-fixed coordinate axes rotate in a step-
by-step way by o about the y,-axis, ¢ about the x,-axis, and 0 about the z,-axis, which may be written in a matrix form, such
that:

e XDt coso. 0 sino X Xt cosoe 0 sino
Feathering : | yf | = | y?v' | + 0o 1 o0 Yo | = [V |, Mgy(2) = o 1 o0 |, (13
z7 Zvet —sina 0 cosa Zw Zhivet —sinoe 0 coso
) pivot ’ pivot
X, xp 1 0 0 X2 xp 1 0 0
Flapping: [y;¢ | = |y | + |0 cos¢ —sing Vil = [y |, M(¢)=1]0 cos¢ —sing|, (14)
ZZ(/) Z[]:ivot 0 sing cos¢ z; Zpivot 0 sing cos¢
X xpivot cosf —sinf 0 X xpvor cosf —sind 0
Elevation : | y** ypvetl 4 |'sin  cos6 0 Vol = |yt |, Mg(0) = |sing cos6 O, (15)
Z;(lm Z;bnvot 0 0 1 Zgrﬁ Z[glvot 0 0 1

where the superscripts («, ¢, 0) represent the transient coordinates during the feather-flap-elevation rotation.
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With the notation Mgy(a), My(¢), Mg,(0) representing rotational transformation matrices constructed for the rotations
about the y-, x- and z-axis, a complete transformation from the wing-fixed system to the body-fixed system can be written
as

Yoo Xgivot Xgivot X’o’w)a
[Mry()Mre(@)Mrz(O] [ | Yoo | = {757 | | + [958 | = |97 |- (16)
Zw Zgivot zgivot Z;dﬂ?
where
cosocosf —sinasinfsing —sinfsing sinocos 0+ cos o sindsin ¢
M(ot, ¢, 0) = [Mgy(0t)Mpx(¢)Mg,(0)] = | cosasind + sinacos@sing cosfcos¢ sinosind — cosacosfsing |.

—sinocos ¢ sin ¢ COS 0. COS ¢

Since the rotational transformations are orthonormal the inverse transform is equal to the transpose, and hence the com-
plete transformation from the body-fixed system to the wing-fixed system can be written as

op0 pivot pivot
Xp Xp Xp Xy
T T T i i
My (o) Mc(9) Mez(0) ]| | 5™ | = | 90" | | + {95 | = [ Yw |- (17)
AP0 pivot pivot Z
Zp Zy Z w
where
cos o cos 0 cos o sin @+ sinoccos 0sin¢g  — sin ¢, cos ¢
M(a, ¢, H)T = —sinfcos ¢ cos 0 cos ¢ sin ¢

sin o cos 6 + cosasinfsing sinosinf — cosocosfsing  €oOS o CoS P

Similarly, the complete transformation matrix due to the rotation of the body-fixed system x,y,z;, relative to the global sys-
tem XYZ can be written as

Xy X0b X0 X
My (BMre(W)Mre(D]| |5 | = | YO | | + | Y® | = [ Y], (18)
Z ZOb ZOb Z/fx//y

where

[cos pcosy —sinfsinfsiny —sin@siny sinfcosy 4 cos fsinysiny
M(B, ¥, y) = Mgy (B)Mrx(¥)Mg: ()] = | cos fsiny + sin fcosOsiny  cosOcosy sinfsiny — cos fcosysiny |.
—sin gcosy siny Cos fcos ¥

Note that the body is assumed to rotate about the origin Op, and the transpose of the matrix, i.e. the complete transformation
from the global system to the body-fixed system can be expressed as:

Xﬁl//}’ _XOb XOb Xp
[Mry () Mex() Meo()' ]| [ YP7 | = | YO | [ 4 | Y| = | |, (19)
Zﬁl]l/ Zob ZOb Z
where
cos fcosy cosfsiny +sinfcosysiny —sinfcosy
M@B,p, )" = —sinycosy COS ) COS Y/ siny

sin fcos) + cos Bsinysiny sinpfsiny — cos fcosysiny  cos B cos y

2.5.4. Stroke plane and body angle

As shown in Figs. 1 and 4, we need to define an initial relationship between the wing-fixed and body-fixed systems during
the coordinate transformation by taking into account the stroke plane angle # as the inclination angle of the y,,z,, plane rel-
ative to horizontal. Hence the stroke plane-based coordinate transformations among the three coordinate systems, can be
conducted, such that:

o0

Xy X X% X" cos(Z—n) O sin(Z-n)
Mey(DI| (3| = | YO [+ [ Y| = | Y|, Mp(n)= 0 1 0 : (20)
Z z® 7z z —sin(Z-#n) 0 cos(Z-n)
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Furthermore, the coordinate transformation between the body-fixed and global coordinate systems, by defining an initial
relative inclination angle of the body, y, can be written as

Xp X X% X* cosy 0 siny
MryQOI| (Yo | = [ YO |+ [Y® ] =|Y* |, Mp)=] O 1 0 | (21)
zp 7% 7% z* —siny 0 cosy

Note that the coordinate transformations or the rotations due to the stroke plane angle 1 and the body angle y are, in gen-
eral, independent of the pitch (), roll (), and yaw () angles, and hence they must be added as an apparent pitch angle of
B+ (m/2 — n) for the wing and g + y for the body, respectively.

2.6. Scaling in flapping flight

Scaling in insect flapping flight is a useful measure to predict the effects of viscous- and inertial-aerodynamic force and
unsteadiness on aerodynamic features. Three main dimensionless parameters in flapping-flight scaling are: (1) the Reynolds
number (Re), which represents a ratio of inertial and viscous force, (2) the Strouhal number (St) for forward flight which de-
scribes the relative influence of forward versus flapping speeds and (3) the reduced frequency (k), which describes the rota-
tional versus translational speeds during flapping movement. Together with geometric and kinematic similarities, the three
parameters Re, St and k are sufficient to define the aerodynamic similarity for a rigid wing.

2.6.1. Reynolds number

Given a reference length L..f and a reference velocity U,.r, the Reynolds number may be defined as
Re — UrefLref7 (21)
v
where v is the kinematic viscosity. The mean chord length c,, is used as the reference length L.¢; the reference velocity U,.r is
defined by a forward velocity U in forward flight but a mean wing tip velocity in hovering flight, which is proportional to
Uyer = wR, where R is the wing length and w is the mean angular velocity of the wing (w = 2®f, where & is the wing beat
amplitude and f is the flapping frequency). Therefore, the Reynolds number in hovering flight can be reformed as

o - s _ 200, _ 0 (4) 2

% % v \AR

where the aspect ratio AR is in a form of AR = (2R)?/S, with a wing area of S = 2Rc,,. Note that the Reynolds number here is pro-
portional to the wing beat amplitude, @, the flapping frequency, f, a square of the wing length, R?, but proportional inversely to
the aspect ratio of the wing, AR. In insect flights, the wing beat amplitude and the aspect ratio of the wing do not vary signif-
icantly, but the flapping frequency increases and the wing length decreases rapidly when the insect size is reduced, which, in
general, results in a wide Re range from O(10") for tiny thrips, O(10?) for fruitflies, and up to O(10%) for moths. In addition,
given a geometrically similar wing model that undergoes flapping hovering with the same wing beat amplitude, the same
product of fR? can preserve the same Reynolds number. This implies that a scaled-up but low flapping frequency wing model
may be built mechanically to mimic insect flapping flight based on the aerodynamic similarity of the rigid wing [8,11].

We here give three typical Reynolds numbers in insect hovering flights. For a hawkmoth [7-10], ¢, = 1.83 cm, R = 4.83 cm,
®=2.0rad, f=26.1s"", v=1.5 x 107> m?/s (kinematic viscosity of air), so Re is calculated to be 6300; for a honeybee [21],
Cm=2.39mm, R=9.7mm, ®=158rad, f=230s"", so Re is 1134; and for a fruitfly [16], ¢,,=0.78 mm, R=2.39 mm,
®=244rad, f=218s"", so Re is 134.

2.6.2. Strouhal number and reduced frequency
In flapping flight, the Strouhal number is well known for characterizing the vortex dynamics and shedding behavior and
normally defined as

ﬂref fA
St U U’ (23)
where fis the flapping frequency, A is the flapping amplitude, and U is the forward velocity. This definition describes a ratio
between the oscillating (flapping) speed (fA) and the forward speed (U), which is normally used as a measure for propulsive
efficiency in flying animals.
The reduced frequency that normally characterizing rotational versus translational speeds, is defined as

27fL, nfc

k = ref — m ) 24
W ~ U @4
In hovering flights, using the mean wing tip velocity (U.r = 2®fR) as the reference velocity, the reduced frequency can be
reformed as

nfc, TCm 0T (25)

k==0" =20r~ #aR"
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Note that the reduced frequency k is proportional inversely to the beat amplitude @ and the aspect ratio AR of the wing.
Therefore, for a geometrically similar wing model in hovering, if the wing beat amplitude and the product of fR? can preserve
simultaneously, Re and k can preserve and hence the aerodynamic similarity can be established accordingly.

Using the reduced frequency the wing kinematics, Eq. (9) can be rewritten as

B(t) = > [en COS(2kNL) + iy sin(2KnD)],
n=0

o(t) = i[ew cos(2knt) + O, sin(2knt)], 29

oft) = 23: [otn COS(2Kknt) + oty SIN(2KNE)],
n=0

where t is a dimensionless time, which is non-dimensionalized by a reference time of Tyef = Lyef/Uref, resulting in a dimension-
less period of 7r/k. Note that, if the period, 1/f, is used for such non-dimensionalization, the 2knt will be replaced by 27nt/n in
the preceding equations with a dimensionless period of 1.0.

We here further give reduced frequencies for the three typical insects in hovering as described above. For the hawkmoth,
k is calculated to be 0.3 with a period of 10.5; for the honeybee, k is 0.244 with a period of 12.9; and for the fruitfly, k is 0.21
with a period of 15.0 [7-10,16,21].

2.7. Multi-blocked, fortified solutions to the Navier-Stokes equations

A general formulation of the multi-blocked, overset grid, fortified solutions to the NS equations is performed in the global
system (XYZ) as depicted in Fig. 1a. The algorithm employed here is based on a single NS solver as can be found in [10,20] but
is extended to a multi-blocked, overset-grid system by means of the fortified solution algorithm [5].

2.7.1. Governing equations

The governing equations are the three-dimensional, incompressible, unsteady NS equations written in strong conserva-
tion form for mass and momentum. The artificial compressibility method is used by adding a pseudo time derivative of pres-
sure to the equation of continuity. For an arbitrary deformable control volume V(t), the non-dimensionalized governing
equations are:

0Q oOF oG OoH oF 0G OH
/ <at+@1’>dv+/\/m <&+@+§+ax+ay+az>dv 0, (27)
where
u u u>+p u wu
u Z4p w
= = . F= G= H =
Q wlT™ |w| uw w w2 +p
0 p AU A w
2y x+ Uy Wy + U,
BRI VR PR I PR N RV
Re|u,+wy| ~ Re|,+w,|  Re| 2w,
0 0 0

In the preceding equations, 4 is the pseudo-compressibility coefficient; p is pressure; u, and w are velocity components in
Cartesian coordinate system X, Y and Z; t denotes physical time while 7 is pseudo time; and Re is the Reynolds number. Note
that the term q associated with the pseudo time is designed for an inner-iteration at each physical time step, and will vanish
when the divergence of velocity is driven to zero so as to satisfy the equation of continuity.

By introducing the generalized Reynolds transport theorem and by employing the Gauss integration theorem, an inte-
grated form of Eq. (27) in general curvilinear coordinate system is gained as

/ 2" Vel / QdV+ ¢ (F—Qu,) ndS=0, (28)
v 0T ()

where f=(F+F,, G+G,, H+H,); S(t) denotes the surface of the control volume; n = (n,, n,, n;) are components of the unit
outward normal vector corresponding to all the faces of the polyhedron cell; u, is the local velocity of the moving cell sur-
face. For a structured, boundary-fitted, and cell-centered storage architecture, we can further reform Eq. (28) in terms of the
semi-discrete form, where (i, j, k) denote the cell index, such that

[VQij + Ruk + Vyk <6?) 0, (29)

where
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Rijk:(ﬁ+?)i+yk—(i"+ﬁ)zﬂjk e.g.?+f:(f—Qu
+HG+ Gy — (G+6) and S, = [Snx, Siy»Sils [Snx,sny, Sl/S.
+(H+H)yyy — (H+H) S =

ij-1k

ijk—3

The term Vyy is the volume of the cell (i, j, k). Note that the unit outward normal vector n can be calculated using the areas of
the cell faces, e.g. S; in &-direction. A detailed description of evaluation of the inviscid flux and the viscous flux can be found
in [10,20].

2.7.2. Fortified solution algorithm
The fortified solution algorithm based on the fortified NS approach [5] is achieved by adding forcing terms to the NS equa-
tions, for the semi-discrete form, such as

V@ R Vi () = otay - (30
ijk
where the switching parameter o is set to be sufficiently large, compared to all the other terms in the region, and where the
solution gy is available by the subset equations, and zero outside the region. For ¢ > 1, the added source term simply forces
q = g5, otherwise it blends q with q. When ¢ =0, the equations go back to the ordinary NS equations. In a wider sense, this
method provides a potential payoff to an improvement of both the efficiency and accuracy of any governing equations but
not limited to the NS equations.
The Pade scheme is employed for the time integration

1)
o 1 A AVQ)5 " - AVQ)R oq "
ot T AtT+vA At - Rif"*‘/ff"(&)gk‘”(qf“n ., (31)

where parameter ¢ is taken to be 0.5 for the implicit Euler scheme with second-order accuracy in time; At is the time incre-
ment; and Aq =q™" — q™. Thus, Eq. (30) can be discretized by replacing the time-related term with Eq. (31), such that

o
Ry + Viji <a_‘tl>
Since the volume of the cell may change with time due to the moving grid system, we assess the first term in Eq. (32) as
1) 1)
A(VQ)E]k - ( Q)yl;:r - (VQ)f]rll() - u’;:r AQl]’( + Avyk Qljk ~ Vyk Aka + Avuk Ql]k

A problem rises here as to how to satisfy the so-called “Geometric Conservation Law”, i.e. the conservation of momentum
taken into Newton laws at each time step in term of evaluation of the increment of the volume AVj;(n) for the moving grid
system. Considering the conservation of flux across the cell faces in an extreme case of solving uniform flow with the moving
grid system, AVj;(n) can be explicitly expressed as

(m) (n)
n [
AVQ)Y + v ol - q)} = -atlRu Vi) ~ota - q)] . (32)

ijk

AV = At [ (g - 7).y — (g - S3)y + (g - Sy — (g - SE)y + (g - Sy — (g - S3), ). (33)

ijk —

The pseudo time-related terms designed for the inner-iteration can be approximated as
oq (n) oq () oq (n) q +1) q
YALA <ijk a) + At<V,-jk 67:) =At|(1-9) (Vuk ar> +1 Wuk > Atvyk S (34)

Note that the approximation (5g"/ot = 3q‘™*")/a1) is reasonable because the pseudo time 7 is for the inner-iteration and thus
is dependent at each physical time step. Hence, the governing equations become

At Vuk (1+9Ate) (1+9Ate)oT Vyk (1+vAto) At(l +19Ata)vuk k(1 4+ vAta)

The implicit Euler scheme is also employed for the pseudo time integration. With the differencing operator for the pseudo
time, the governing equations can be reformed as

L_;,_L I_“ ]+Avuk + 1 6Ruk Aq("‘m)
At (1+9Ato) |At VUT,’<> Vg}j oq ijk

1 (n,m) I, (n,0) A I(Jrllc) (n,m) (n) (n) (nm) (n.m)
= (oAt \v [“ Ry + RG]~ | (4 g™~ ™ | o [(1-0) @ a) + o -] .

ijk
(36)
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where A is the pseudo time-step size and I, =[1, 1, 1, 0]". Note that the forcing term is easily treated implicitly. In the region
as an overlapping one between two grids where ¢ is sufficiently large, the NS equations algorithm is turned off and reduces
simply to g1 = q;, so the solution is fortified there. In the computational domain where ¢ is set to zero, we have the algo-
rithm reduced to the standard one. Note that the parameter is added to the diagonal term implicitly, which, if a positive lar-
ger ¢ is taken, obviously is capable to enhance the stability of the algorithm.

In order to benefit from both lower memory and computational requirements for the solution of Eq. (36), the approxi-
mated factorization method [10,20], is used for the left-hand side (LHS), and hence, Eq. (36) is rewritten as

myy © ¥ () . ©
{, DA, aRE;}(’"} {1 oAtl,  ORG™ [, VAL, Ry Ag™
( (

(1+9Ato)Vy oq 1+0Ato)V;) o4 1+9Ato)V}) o4 ik
(1)
_ At Ir (1) (n,m) (n,0) (n,m) AVijk (n,m) (n) (n) (n,m) (n,m)
- (1+9Ato) {VE;;() [(1 _ﬁ)Rif" +19Ri1'k ] —Ii, (qifk — i ) - VE;;() qjji. —ol; [(1 _ﬁ)(qﬁjk — G ) +19(qﬁjk — Gy )} )

(37)

where I, = (1/(9 + At/AT), 1/(9 + At/AT), 1/(9 + At/|AT), At/At), a diagonal matrix. The preceding equations can be further
decomposed into three sweeps in the ¢-, #- and {-directions in computational domain. A linear system of equations is finally
yielded, in which the discrete form of the matrix from the LHS is tridiagonally banded. (More details can be found in [10,20].)

2.7.3. Boundary conditions

The solutions to the multi-blocked, overset grid NS equations require specific boundary conditions at the overlapping
zone stencils among grids, at the solid walls of dynamic flapping wings and body as well as at the far-field outside boundary
(Fig. 3).

For three single grid blocks in a two-winged insect model we solve the fortified NS equations (Eq. (30)) three times at each
time step. For the holes inside the grid and the outermost two grid points, the gy are specified there by q of overlapping zones
with other single grids (another wing or body) at previous time step. Inside the computational domain except the holes and
the single grid boundary g are equal to gy by setting ¢ = 0.

On the body surface, the no-slip condition is used for the velocity components. To incorporate the dynamic effect due to
the acceleration of the oscillating body (moving and/or deforming body surface), pressure divergence at the surface stencils
is derived from the local momentum equation, such that

(U, , W) = (Ubody, body Whody),  OP/0n = —@lp - 1, (38)
where the velocity (Upody, body, Whody) and the acceleration (a,) on the solid wall are evaluated and updated using the renewed
grids on the body surface at each time step.

For the background grid of the insect body we need to define appropriate boundary conditions at far-field outside bound-
ary. Consider that, when an insect hovers or flies forward at a speed Vj, the boundary conditions for the velocity and the pres-
sure may be given such as: (1) at upstream V(u, , w) = Vywhile pressure p is set to zero and (2) at downstream zero-gradient
condition is taken for both velocity and pressure, i.e. d(u, , w, p)/on =0, where n is the unit outward normal vector at the
outside boundary.

2.8. Evaluation of flapping energetics: force, torque and power

When the NS equations are solved for each block the aerodynamic forces Faero(Fx, Fy, F;) exerted on the wing and on the
body are evaluated by a sum of inviscid and viscous flux over the wing surface or the body surface as
N

Faero(Fy, Fy, F2) = = Y (FltXinyis + FIux,q), (39)

1
where N denotes the cell number on the surface of the wing or the body. Note that, rather than directly integrating the veloc-
ity gradient-based stresses and the pressures over the wing- or body-surface this method can minimize the numerical error
during the integration [10]. Furthermore, a sum of three sets of these aerodynamic forces for the two wings and the body
results in three force components in the global inertial system, yielding vertical, horizontal and sideslip forces. In hovering
flight we also call the vertical force and the horizontal force as the lift force and the drag force, respectively, which may be
non-dimensionalized as

. Fapo _ Lift _ Drag
aero — 2 — L= 2 ’ D = ) ’ (40)
0.5pU%S, 0.5pU% S, 0.5pU% S,

where U, is the reference velocity, p is the air density and S, is the planform area of a single wing.
Given the wing kinematics, according to Newton’s second law, the non-dimensional inertial forces (F;,.,) acting upon the
wing may be obtained as

d(P Aif(t)) * Finer
Finer = ,zi: L P TR (41)
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where the wing mass density p,, is assumed to be constant, A; is the volume of the cell constructed by eight grid points on
the wing, and ;(t) is the computed wing velocities at the ith cell center at time t.

Furthermore, the dimensionless inertial and aerodynamic torques of the wing are calculated as the sum of the cross prod-
uct of each force and the positional vector at each cell center of the wing about the origin of body (O}), such that:

T;ner = Z(rl* X Fi*ner,i)v T;ero = Z(r: X FZero,i)? (42)

1 1

where r; denotes the dimensionless positional vector of the ith cell center on the wing surface, and F,,,; and F; . ; are the
aerodynamic and inertial forces at the ith cell center, respectively.

The aerodynamic and inertial powers are calculated as the scalar products of the velocity and the aerodynamic and iner-
tial forces acting upon the wing as

P;ner = Z(Fi*ner.i i) P;eru = Z(F;ero.i i) (43)

1 1

Furthermore, the muscle-mass-specific aerodynamic and inertial powers as well as the total mechanical power P, can be
calculated as

Piner = Pi*ner/Mm-,Paero = P;ero/Mm - Ptotal = Piner +Paero, (44)

where the mass of flight muscle, M, is assumed to contribute to 30% of the total body mass [7].

3. Verification and validation

Verification and validation of the present multi-blocked, overset-grid NS solver are conducted through a variety of
benchmark tests. Verification of the methods and the codes is first undertaken with a specific focus on its self-consis-
tency in terms of the grid dependence and the time step effects. Validation of simulations of flapping flights is then exe-
cuted into fourfold: (1) whether the realistic geometric and kinematic models for hawkmoth, honeybee, and fruitfly in
hovering are able to generate sufficient lifts to support the insect weights; (2) how well the multi-blocked, overset grid,
and fortified NS solver predicts the flapping-wing aerodynamics at high Reynolds numbers (Re =30,000) in terms of
time-varying thrusts generated by a purely plunging wing [33]; (3) how well the lift and drag forces predicted at lower
Reynolds numbers (Re = 234) acting upon a fruitfly wing in an idealized flapping mode match the measurements by a
dynamically scaled fly-robot [11]; and (4) proof of capability in modeling realistic hawkmoth hovering in terms of near-
and far-field vortex dynamics, wake structures, and flapping flight energetics involving force-generation and power
requirements.

3.1. Self-consistency and verification

An extensive study on the grid dependence is conducted for hawkmoth hovering at Re = 6300 and k = 0.3, and for fruitfly
hovering at Re = 134 and k = 0.21. For the hawkmoth hovering, we tested five cases: case 1 (wing grid: 45 x 45 x 31, body
grid: 33 x 35 x 35), case 2 (wing grid: 45 x 45 x 31, body grid: 45 x 47 x 65), case 3 (wing grid: 45 x 45 x 31, body grid:
45 x 47 x 95), and case 4 (wing grid: 45 x 45 x 45, body grid: 45 x 47 x 95) all with a time step of dt =0.01, and case 5
(wing grid: 45 x 45 x 31, body grid: 45 x 47 x 65) with a time step of dt = 0.005. The pseudo-compressibility coefficient A
is set to be 1.0 for all the cases. The plotted in Fig. 5a and b indicates that while a slight difference is visible in the case 1
almost no distinguished discrepancy is observed among the other four cases. Note that even in the case 1 the mean lift
and drag coefficients are rather reasonable with a difference of less than 5% compared with the other cases. Results of the
two time steps of 0.01 and 0.005 also show seldom difference and hence a time step of 0.01 is used for all the other simu-
lations. For the fruitfly hovering, three cases are investigated of case 1 (wing grid: 45 x 45 x 31, body grid: 33 x 35 x 35) and
case 2 (wing grid: 45 x 45 x 31, body grid: 45 x 47 x 65) at a time step of dt =0.01, and case 3 (wing grid: 45 x 45 x 31,
body grid: 45 x 47 x 65) with a time step of dt = 0.005. Again, the three force components (lift, drag and sideslip force coef-
ficient) as plotted in Fig. 5c obviously show seldom difference among the three cases.

3.2. Comparison with measurements and validation

3.2.1. Comparisons of mean lift and drag forces

Here the validation of insect hovering flights is achieved through comparisons of the mean lift and drag forces over a com-
plete beat cycle in terms of sizing or Reynolds number effect. An extensive analysis of three typical hovering flights of the
hawkmoth (Re = 6300), the honeybee (Re = 1134) and the fruitfly (Re = 134) is performed by using the realistic morphology
and kinematics models as defined in the preceding sections. As shown in Fig. 6, the mean lift forces are calculated to be
17.0 mN for the hawkmoth large enough to support a weight of 14.7 mN, 7.60 mN for the honeybee of a weight 6.86 mN,
and 9.60 x 103 mN for the fruitfly of a weight 9.41 x 103 mN, respectively. Moreover, the horizontal forces in the three
hovering models are calculated to be less than 5% of the corresponding lift forces, obviously a negligible margin, which fur-
ther validates the current hovering simulations.
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Fig. 5. Effects of grid and time step on time courses of lift and drag force coefficients over a stroke cycle. (a) Lift and (b) drag coefficients in hawkmoth
hovering in five cases. (c) Lift, drag and sideslip force coefficients in fruitfly hovering in three cases.
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Fig. 6. Weights and computed lift forces (mN) in hovering flights of hawkmoth, honeybee and fruitfly.

3.2.2. Validation of flapping wing aerodynamics at high Reynolds number

Validation of flapping wing aerodynamics is firstly implemented by an extended study on time accuracy of thrust forces
generated by a rectangular wing oscillating in pure heave [33] (Fig. 7a). The wing is a 100 mm chord, 600 mm span,
NACAO0012 airfoil with an aspect ratio of 6, plunging with constant amplitude (hgasg = 0.175¢, chord length ¢ = 100 mm) in
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Fig. 7. (a) Two-blocked overset grids around a NACA0012 wing in pure heave. (b) Time course of thrust coefficients compared with measurements [33].

a uniform flow (Up = 0.393 m/s). The displacement of the wing base is given by s = hgssecos(wt) and the displacement of the
wing tip is given by s = hypcos(wt + ¢), where, for a rigid wing, hyp = hgasg and the phase difference between the wing base
and tip is 0; but for an inflexible wing as defined by [33] it was measured of hyp = 1.13hgsse with a phase difference of —4.2°.
The Reynolds number is defined as Re = Uyc/v = 30,000, where v is dynamic viscosity of water; the reduced frequency is de-
fined as k = nfc/Ug = 1.82, where f is oscillating frequency. The thrust coefficient is defined by Cr = 2T/pUyc where p is water
density and Tis the thrust per unit span. This case is executed to validate the unsteady aerodynamics of flapping wings at
high Reynolds numbers over a range of large insect flight (i.e. hawkmoth at Re = 6000) and bird flight (e.g. hummingbird
at Re = 6000-10,000 and bat at Re > 10,000).

Four cases are tested. The grid refinement is tested by using two single O-O-type grids: a coarse grid (35 x 45 x 65) with
an eighteen chord large computational domain and a minimum grid spacing adjacent to the wing surface of 0.1/,/Re ~ 0.001;
and a fine grid (45 x 51 x 91) with the same large domain and the minimum grid spacing. To verify time accuracy of the
overset-grid methods and the fortified NS solutions, a two-block grid system is further introduced, involving a wing-fitted
grid (35 x 45 x 27) of a two chord large domain and a global grid (45 x 51 x 91). Effect of the wing flexibility in terms of
spanwise bending on the thrust generation is also investigated using the fine single grid. The time step is taken as
dt =0.01 for all the cases and the pseudo-compressibility coefficient 4 is set to be 1.0. Computed thrust coefficients are com-
pared with the experimental results by Heathcote [33] and plotted in Fig. 7b. It is seen that all the four cases show very rea-
sonable agreement with the measured thrust coefficients. Results of the two-blocked overset-grid match closely those of the
fine grid, which hence verifies the effectiveness of the present fortified NS solver for the multi-blocked overset grid. The
inflexible wing model shows closer agreement with the measurements in amplitude and phase, which indicates that the flex-
ibility as observed in the experiments [33] is though very small but responsible for the slight increase in the thrust forces and
results in a slight phase delay.
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3.2.3. Validation of flapping wing aerodynamics at low Reynolds number

Furthermore, in order to validate hovering aerodynamics at low Reynolds numbers (i.e. for fruitfly or tiny insects), an ex-
tended study is further conducted for a fruitfly model in terms of time-varying lift and drag forces, which undergoes an ide-
alized flapping-wing kinematics as defined by [11,24]. The realistic wing-body model of the fruitfly as shown in Fig. 2 is
employed but with slight modifications for the wing model by adding a connecting portion at the wing base, which is iden-
tical to the mechanical wing model of the robo-fly [11]. The robo-fly wing model has a wing length of Ly = 24 cm and a mean
wing-chord length, ¢, = 10.42 cm, resulting in a wing area of S,, = 167.0 cm? and an aspect ratio of AR = [3/S,, = 3.74. Since a
connecting portion between the pivot point and the model wing base is approximately 3.75 cm (Ly = 0.36 c,), a resultant
wing length (between the pivot point and the wing tip) L = Ly + L; = 28.75 cm. Note that the real wing length is important
because it determines the wing tip velocity during flapping movements and accordingly the force generation. The wing kine-
matics is redefined based on those in [11,24], where a beat stroke as depicted in Fig. 8a consists of three parts: the pitching-
down and translational acceleration at early stroke; the constant-speed translation and constant AoA during mid-stroke; and
the pitching-up rotation and translational deceleration at late stroke. The translational velocities, the positional angles, the
rotational angular velocities, and the AoAs are thereby described mathematically as

(1) Early stroke

uf = sin (nﬁ); p(t) =9~ (T%)¥{1 — cos <”A%)] —0<tT<hn

(45)
b = —6 cos (n%) o(t) =Z — o sin (n%) —0<T< T+,
(2) Mid-half stroke
uf =1.0; ¢(t):%*(T%)[¥+(T+*¥>]H%<T<T“ (46)

& =0; o) =F—0g — T+ 2 < T < T + 5%

a b
® @
[ —
© 3
) 5
[=]
2| Q
£
-

o
ob 05 10 15 20 25'{0 35 40 45 50 55 60 65 7.0 7/80 85 00 85 100
Wing-body model

b .2 ® CL(EXP) 1
=—&—CL(fine grid without body)
60 = #= =CL(coarse grid with body)
_3 L 1 s .
0] == Positional angle 0 0.2 0.4 0.6 0.8 1
= Angle of attack Wing-wing model Time(t/T)
10 TR T T T

R

1 [}
| '

os| S

LI !
0 a
Mj 10 15 20 25 30 35 40
0.5

-1

100,

: \-‘"\
Drag Coefficients

mes Translational velocity

5 | s Rotational velocity V
2| = = +Translational acceleration e GOIEAE)
=== CD(fine grid without body)

= = -Rotational acceleration

25 = #= =CD(coarse grid with body)
_10 L 1 L L
0 0.2 0.4 0.6 0.8 1
Time (¥T)

Fig. 8. (a) Idealized wing movements of translation and rotation (angles, velocities and accelerations). (b) Time course of lift and drag coefficients compared
with measurements [11].
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(3) Half-end stroke

uf = cos (1521 0(0) == (TY[5 (1 +sin (52)) + (77 - 5)] = 1 <t < v + Az,

47
6 = 6+ cos (TCM)(‘X(Q — I g sin (TCM> T 4 AT T4AT (47)
t — %o Aty 5 =3 a AT 0+ <T<To+—75".
(4) Mid-half stroke
+_ . _® Uy [At7 + + A At
uf =-1.0; ¢t)=2-(TY [TerZrl - (r —f)] — T+ AT < T <27 + 51, (48)
b =0; ot) =2+ 0 — Tro + 2T < T < T+ Ty — AF.
(5) End stroke
1 — Atf = t t
uf = sin <n2—g);¢(t) =2 (TY= (1 — cos (n%)) —2T + 8 (T-4) <t <T, o)

of = —ag cos (n T’ng’”); a(t) =2 — agsin (n%) T+t <t<T

The translational velocity is denoted by u;” non-dimensionally, which takes a constant value (uj = u;/U = 1.0 where U is
the reference velocity) except at pronation and supination when the wing rotates. At denotes duration of the wing decel-
eration/acceleration whereas 7, represents time instant when the deceleration at the end of the half stroke starts, which may
be represented by 7, = (T — At,)/2. Note that there exists a specific relationship among the stroke amplitude, the reference
velocity, the length and the period, such as

oL T 2

where the parameter UT/L can be determined when the stroke amplitude & and At,/T are given. For instance, given a
@ =160° (2.79 rad) and A7,/T=0.16, UT/L is calculated to be 5.92 accordingly.

The rotational velocity is denoted by «; non-dimensionally, and its amplitude ¢ is a constant that can be determined
when A7, is given. The AoA amplitude o, can be determined, e.g. when the wing rotates from o = 0° to o = 140°. At, denotes
duration of the wing rotational phase whereas 7,y represents time instant when the wing starts rotational phase, which is
identical to the three modes as defined in [11], of the advanced (7,9 <0), the symmetric (7,0 =0), and the delayed one
(1,0 > 0), respectively.

Based on the geometry and the flapping frequency (145 mHz) of the model wing used by [11] as well as the density
(0.88 x 10°kgm~>) and the kinematic viscosity (115cSt), a mean velocity at the wing tip is calculated to be
U=0.26 ms~!, which, together with the reference length of the mean chord length, results in a Reynolds number of 234
and a reduced frequency of 0.3. The rotational axis of the wing is fixed at a distance of 0.2 ¢,, from the leading edge.

Two models involving a wing-body model (wing grid: 45 x 45 x 31, body grid: 33 x 35 x 35) and a wing-wing model
without the body (wing grid: 45 x 45 x 31, no-body grid: 35 x 45 x 91) are tested for the advanced mode [11,24]
(AT,=0.24, 7,0<0=-0.1). Each computation is done for four stroke cycles and the time-varying lift and drag coefficients
are plotted for the fourth cycle as in Fig. 8b compared with the measurements [11]. Note that the lift and drag forces mea-
sured are also non-dimensionalized using the reference length and velocity. Although a perfect match of the parameters Az,/
T, At, and 7,0 with those used in the experiment [11] is impossible and the two models are in reasonable good agreement
with the measurements. The coarse grid model with the body shows lower values in both lift and drag forces and some phase
differences. The fine grid model without the body is obviously in very close agreement in both peak values and phases. Note
that the computed drag coefficient turns to be negative during the upstroke because a local wing-base-fixed coordinate sys-
tem is used here which does not reverse during rotational phase. Interestingly, the two force peaks as detected and referred
to be responsible for the rotational and wake-capture mechanisms [11] are observed corresponding to the transient phase
with a high translational acceleration and a jump in rotational acceleration. This implies that the idealized flapping-wing
kinematics somehow lead to an impulsive-start effect in terms of the rotational angular acceleration, which may, as a result,
enlarge the rotational effects compared with the realistic insect flapping flights [31].

4. Proof of capability: a case study of insect hovering flight

So far we have shown that the present integrated modeling approach is robust and efficient in modeling realistic insect
flapping flights through a wide range of Reynolds numbers from 0(10%) to O(10%), covering most of the insect species. Next,
by taking hawkmoth hovering as an instance, we show that this insect dynamic flight simulator is capable to integrate vortex
dynamics and wake topology about flying insects, and to elucidate a correlation between the induced flows and the force-
production in insect flapping flights.

As of spatially and transiently complicated features, it is usually of difficulties but great importance to quantify and to
visualize the near-field vortex dynamics in terms of leading edge, trailing edge and tip vortices, and the far-field wake topol-
ogy including vortex shedding and break-up and downwash [28-31]. Here we approach this problem by introducing an
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effective means of combining the normalized helicity density (h =V - @/|V||w|) and the enstrophy density (& = |w|?/2) in iden-
tifying and extracting the vortical structures. HereV and w denote velocity and vortical vectors, respectively. Note that the
normalized helicity density h defines as the projection of a fluid’s spin vector in the direction of its momentum vector, being
positive (red) if it points in the same direction and negative (blue) if it points in the opposite direction. This method, by the
enstrophy density, identifies and frames a vortical structure as the region of large vorticity; and, by the normalized helicity
density, visualizes simultaneously the helical feature of the vortical structure on its iso-surface.

4.1. Near- and far-field flow: vortex dynamics and wake structures

Vortex dynamics in the near-field is illustrated in Fig. 9 where, as marked on the time-varying flapping angles in Fig. 4b,
sequence of four iso-surface plots of ¢ and h is presented to visualize the formation and development of the vortical struc-
tures in the hawkmoth hovering during pronation (A), downstroke (B), supination (C) and upstroke (D). Iso-surfaces of the
enstrophy density are used to visualize the vorticity: (A) ¢ = 1.2; (B) e = 1.4; (C) ¢ = 1.2; and (D) ¢ = 0.85; the color mapping of
the normalized helicity density varies between —1 and +1.

At the early downstroke when the wing proceeds to late pronation undergoing a pitch-down rotation ((A) Fig. 4b), a
horseshoe vortex (HSV) is observed wrapping each wing, which is formed from a leading-edge vortex (LEV), a wing tip vortex
(TV), and a trailing-edge vortex (TEV) (Fig. 9A). The LEV and TEV grow in size and in strength, stretching from the wing tip
towards the wing base; the TEV subsequently detaches from the wing, forming the starting vortex but connecting to the TV.
Eventually, the HSVs including the attached LEVs, the enlarged TVs and the detached TEVs grow to a downstroke vortex tube
ring (DVTR) pair (Fig. 9B), which forms two closed-loops wrapping the wing pair. This DVTR pair creates two three-dimen-
sional irregular vortex sheets through the half-stroke corresponding to changes in circulation of the bound vorticity around
the two wings, which roll up and deform under the influence of their own induced velocity fields. The shed TEV shows a
helical structure with an intense vortical core and moves forward with the wing, which results in a VTR core enclosing an
area much less than the vortex sheet area; and the downstroke vorticity produced by the wings are concentrated around the
perimeter of the DVTR pair, forming the hovering downwash (Fig. 10a).

Pronation (A) Downstroke (B)

Vortex sheet

DVTR

-1.0

0 1.0
- ' Upstroke (D)

s, — DVTR

Fig. 9. Near- and far-field vortical flow structures about a hovering hawkmoth model (Re = 6300, k = 0.3).
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Fig. 10. Wake topology and downwash about a hovering hawkmoth model (Re = 6300, k = 0.3).

During the upstroke (Fig. 9C and D) similar vortical structures are observed: a TV generated in the late half of supination
during a pitch-up rotation of wing ((C) in Fig. 4b) grows up into an upstroke HSV forming the UVTR pair; the UVTR also forms
a three-dimensionally skewed vortex sheet with roll-ups and a downward jet through its core (Fig. 10b). Compared with the
DVTR the UVTR pair shows an elongated sheet and hence a larger core probably because it has a free shed TEV without
attachment onto the body which may lower the strength and the stability of its vorticity (Fig. 9D).

Fig. 10a and b illustrates the downwash wake topology in terms of top and front views at down- and upstroke. Iso-veloc-
ity surfaces are visualized with a magnitude of , = —0.5 in perspective views while velocity contours and vectors are in top
and front views. Note that the vortex tube ring pair in a fashion of iso-surface is superimposed onto the velocity contours and
vectors, which illustrates a clear image of two intense jets present in the cores of the vortices forming the hovering
downwash.

The front views (Fig. 10a and b) show vertically pulsed lattice downwash wakes, synonymous with the shedding and dif-
fusion of the VTR wake at down- and upstroke; top views further reveal that the cores of the momentum jets (or, the jet
columns) oscillate horizontally. The hawkmoth hovering shows two largely distorted momentum jet columns, which, in fact,
link together, resulting in a pronounced wider downwash disc and hence a relatively narrower low-speed zone right below
the body. The downwash wakes show high induced-velocity areas at the VIR cores (over a range of 0.5-0.9U,f), which is
comparable to the mean wing tip speed and is dependent upon flapping amplitude and wing morphology. In addition, it
is interesting to find that the conventional downwash contraction is not observed in the present computations, which states
that the downwash wake contracts and is accelerated when it diffuses downward [4,14,18].

4.2. Energetics: forces and powers

Plots in Fig. 5a and b shows the time courses of lift and drag forces in a complete beat cycle. T denotes dimensionless
period of one flapping cycle. Compared with low Reynolds number flapping flight, e.g. fruitfly hovering [31], two peaks in
lift are observed here in the high Reynolds number case at upstroke and at downstroke, which depends upon the flapping
wing kinematics and, as a result, the LEVs and VTRs are very likely responsible for these.

Furthermore, based on the computed instantaneous aerodynamic forces and the wing velocities, the instantaneous mus-
cle-mass-specific inertial, aerodynamic and mechanical powers are calculated and plotted in Fig. 11. The muscle-mass-spe-
cific aerodynamic power P, is the power required to overcome air resistance (Eq. (44)). Paero reaches a maximum value in
the late phase of both the downstroke and the upstroke. During the translational phase, the insect undergoes costly aerody-
namic power of the wings due to high-aerodynamic force-production. The computed mean aerodynamic power (90 W kg™ ')
is approximately the same with the previous experimental results [28]. The muscle-mass-specific inertial power P, is the
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Fig. 11. Time courses of muscle-mass-specific powers: inertial powers (Piner), aerodynamic powers (Paero) and total powers (Poto)-

power needed to accelerate the mass of the wing (Eq. (44)), which shows an increase as the wing accelerates, and decreases
when the wing decelerates. Note that the negative sign of P;,., means that the direction of the forces acting on the wing is
opposite to that of the wing velocity. The P;,; exhibits negative value in the most part of the downstroke and the upstroke
except for the wing acceleration phase. The computed mean inertial power required to accelerate the wing amounts to
65 W kg~ !. Note that we assume that the wing deceleration accrues with no cost and there is no elastic storage.

Total muscle-mass-specific mechanical power, Py, is the mechanical powers required to move the wings. It is calculated
by summing Piner and Paero (EQ. (44)). Peaks of Py appear in the early phase of the down- and upstrokes. The Py, becomes
negative in the late upstroke as the decelerating wings produce less power than is required to overcome the inertial forces.
The computed time course of Py, is in qualitative agreement with the experimental results [28].

5. Summary

We have developed a robust and efficient computational approach for modeling insect flapping flights. This model is fea-
tured by the integrated modeling of realistic body-wing morphology, realistic flapping-wing and body kinematics, and un-
steady aerodynamics based on a multi-blocked, overset grid, fortified NS solver. We chose three typical insects of hawkmoth,
honeybee and frutifly, which have a representative body length from 5 cm (moth) down to 3 mm (fly) corresponding to a
wide range of Res 0(10?) to O(10%), and construct three realistic morphological and kinematics models. We validate these
insect hovering flights through a variety of benchmark tests on the self-consistency and verification of the method and
the code, the quantitative comparison of force-production and energetics with reliable experimental data, and the visuali-
zation of the near- and far-field vortical structures about the hovering flyers. Our results demonstrate that the present model,
as an insect dynamic flight simulator, is of high efficiency in accurately modeling and quantitatively evaluating insect flap-
ping flights.

Further improvements to the model will be the incorporation of the solutions to the equation of the 6DOF motion involv-
ing the flapping wings and the body, and a coupling between the dynamics of the wing-body motion and the unsteady aero-
dynamics based on the NS equations. These changes, if achieved, will enable the simulation of free-flying insects and
simultaneously the establishment of a design tool for micro air vehicles.
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