KSME Internationg! Journal, Vol 14 Ne, 11, pp. 1257~ 1266 2000 1257

Calculation of Thrust and Drag Characteristics for Ship’s
Propulsion Mechanism of Weis-Fogh Type

Ki-Deok Ro*
School of Transport Vehicle Engineering - Institute of Marine Indusiry,
Gyeongsang National University

The flow field of a ship’s propulsion mechanism of Weis-Fogh type is studied by the discreie
vortex method. The wing it a channel is approximated by a finite number of bound vortices, and
free vortices representing the separated flow are introduced from the trailing edge of the wing.
The time histories of the thrust, the drag, and the moment acting on the wing are calculated,
including the unsteady force due to the change of strength of the bound vortices. These
calculated values agree well with the experimental values. The flow field of this propulsion
mechanism ts numerically clarified.
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tion and the open angle on the ventral side(flap)

1. Introduction and then move back to the horizontal plane and

clap touching their leading edges again. These

The Weis-Fogh mechanism is a unique, highly =~ motions are repeated. The lower picture of Fig. |

efficient lift generating mechanism which Weis- {b) shows a 2-dimensional model of this move-
Fogh discovered by observing the hovering flight  ment.
of small bees called Encarsia formosa, as shown Generally, wings in a still siate need some

in Fig, 1(a), having body lengths of about lmm  distance in order to gain sufficient circulation
(Weis-Fogh, 1973 and Lighthill, 1973). Figure [
(b) shows the principles of the motions. Here, the
bee is able to remain hovering flight by moving its
wings in a horizontal plane while holding the
body upright. First, the wings clap from the
dorsal side of the body revolving around their
leading edge. Then, they open their wings from
the state where the trailing edges are iouching

each other (fling), move in the horizontal plane
while maintaining a fixed open angle(we define HLH—F‘H
the fixed open angle as 1/2 of the angte formed by (a) Encarsia formosa
intersection of two wings in the second one of

Fig. 1{b)). The wings change their moving direc-
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around the wing for generating lift (Wargner
effect). This is the case in airplane wings. How-
ever, in this mechanism, a pair of opposite circu-
lations around wings is generated at the moment
when the two wings open touching their trailing
edge. This enables the wings to gain sufficient lift
in spite of short stroke.

In the actual flight of Encarsia formosa, beating
rate of the wings is about 400Hz. Here, the
Reynolds number defined by the wing chord and
mean velocity of the leading edge is approximate-
ly 30 and a lift coefficient of about 3~4(Weis-
Fogh, 1973). Even when the area of hair sur-
rounding the wing is included in calculating the
wing surface area, the lift coefficient is higher
than 1. 6(Lighthill, 1973). This value is much
higher compared with that of steady wing for low
Reynolds number and this means that the insect
generates the lift force very efficiently.

For this reason, this mechanism has been
attracting the attention of many fluid dynamics
researchers (Maxworthy, 1979 Edwards, 1982:
Spedding, 1986: and Ro. 1997). In addition,
numerous attempts to apply this mechanism in the
field of engineering have recently been very active
(Furber and Ffowcs Williams, 1979 : Tsutahara
and Kimura, 1987 : Tsutahara, Kimura and Ro,
1989 : Ro. 1993 Tsutahara and Kimura, 1987:
and Tsutahara and Kimura, 1994).

Consequently, we have proposed a propulsion
model where the 2-dimensional Weis-Fogh
mechanism has been installed in a square chan-
nel. The experiments on the dynamic properties as
well as working tests on the model ship were
conducted. It was proved that the proposed pro-
pulsion mechanism could be potentially used as a
ship propulsion (Tsutahara, Kimura and Reo,
1989). In addition, the visualization experiment
through the hydrogen bubble technique with
numerical simulation using the discrete vortex
method enabled clear visualization of the un-
steady flow field generated around the wings
under the propulsion mechanism(Ro, 1993).

Continued from the last paper(Ro, 1993). this
research is aimed at the time history of the thrust
and drag coefficients of the Weis-Fogh type ship
propulsion mechanism. This will be done through
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numerical calculation using the discrete vortex
method.

2. Calculation Method

2.1 Analyticai model

Figure 2 shows the analytical model of a Weis-
Fogh type ship propulsion mechanism. This
model is identical with the Ro’s work (1993}, but
I would like to roughly go over it again for easier
understanding.

A wing is installed in an square channel. When
the point P which corresponds to the center axis
of the wing is oscillated back and forth along the
y-axis, the wing first opens about point P from
the lower surface (opening stage). Then, maintain-
ing an open angle g the wing moves trans-
lationally in a parallel movement(translating
stage), and finally rotates and closes on the upper
surface (closing stage), by reciprocal motion of
point P. It then executes an opening stage at the
upper surface once more, moves translationally
once again, and repeats the closing stage at the
lower surface.

Originally, in the Weis—-Fogh mechanism, circu-
lation in the opposite direction of each other is
formed ar each wing, as a pair of flat-plate wings
opens in touching their trailing edges. This is
shown in Fig. 1({b}. However, through the princi-
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ple of mirror image, when channel walls are
ptaced and the same motions above are executed
by the single wing, shown in the analytical model
of Fig. 2, the identical effects can be achieved as
in the case of a pair of wings,

As shown in Fig. 2, the flow surrounding the
wing is described here by equally placed fintie
number of bound vortices. The flow field is calcu-
lated at each time step as the wing is moved so as
to simulate the wing motions described earlier.
The complex potential F(z) obtained from the
whole flow field can be expressed as follows.

Fa)=i3) xj[{sinhﬂ@?%ﬂ}

—log{sinh————’r(zzzéf) 1]

J
+z'§!lf¢[log{sinh———7r (Zz‘k ;) }
—lgg{sinhi(zz_k—g‘)ﬂ— Uz 1

In the above equation, 7 is the imaginary number
J—=1, h is the width of a channel, ~ is the
complex conjugate, the U represents an uniform
flow, while x;{(7=1, 2, ... m) and gz, represent the
strength and position of the bound vortices
respectively, Also, #,(/=1, 2, ... ») and 3,
represent the strength and position of the free
vortices respectively.

The conditions of the stream function, the
conditions for the velocity, or the Kelvin’s theo-
rem were used in determining the strengths of the
vortices at each time step (Ro, 1993). For exam-
ple the detaited method at the opening stage is
shown in Fig. 3. As point P moves in the direc-
tion of y-axis, the trailing edge of the wing which
is adjacent to the wall surface moves in the
direction of x-axis. The entire wing namely opens
through revolving around the point P. The
motion of wing at this stage can be separated into
the motion that the wing opens around the trai-
ling edge at an angular velocity of @, and the
motion that the whole wing translates in the
direction of the x-axis at a velocity of p,. There-
fore the normal compenent of the velocity ¢ - n
in each motion, acting on the point a distance r
awdy from the trailing edge when the open angle
of the wing Is &, is »w and yp, sin g respectively,

Y

-

X

Ilustration for the boundary conditions

Fig. 3

as shown in Fig. 3,

Also, recalling the definition of the stream
function ¥=Fm{F (z)}. its equation at the con-
trol point, located at the centers between adjacent
vortices, is calcnlated as follows.

o
. i ’
=ysing « ¥ —5wr’ (2)

The boundary conditions for the translating
stage and closing stage are calculated similarly.
Detailed calculation methods are given by Ro
{1993},

On the other hand, the free vortices represent-
ing the wake are generated at each time step /¢,
at a location AC away from the trailing edge of
the wing. Here, the Euler’s equations are applied
for calculating the motions of %, the /th free
vortex.

F i+ =5+ W - At

Wz%[F(z) - iftlog{smhz_(z;h—gl)_}]
(3

where W represents the complex velocity induced
by total bound and free vortices except 3, in the
flow field.

22 The Force and moment acting on the
wing

Let X, Y represent the x and y components of

the force acting on the wing, shown in Fig. 2. The

value of these components can be obtained by
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contour integration of the pressure around the
wing surface as follows,

x-iv=§ (LY gl L

In the above equation p represents the density of
the fluid while is the integral path of the wing
surface. Also, coth{z(z—z)/2k} has its first
extreme value at z=z; where the residue is 2h/ 7.
Therefore, the first term on the right hand side of
Eq. (#) can be expressed as follows,

Zs) ]

= 4

& n(zf—zk) ﬁ(zJ z }
* [z%xk{coth P —2coth 5T,
—Eﬁxj{coth%—)

—coth G E0 | ] (5)

The second term on the righthand side of Eq.
{4) can be evaluated by a method which we
proposed (Tsutahara, Kimura and Ro, 1989). [
uses the assumption that the wing surface is the
collective cuts of the logarithmic singularities.
This is obtained by finding the argument differ-
ence between the upper and lower surfaces of the
wing. Organizing all these into one equation
results in the following,

ipr%FdEZQizp[ngfj-ke""‘{g}l(éxq)dn

Vo]
where

denotes the time rate of the strength of the bound
vortices.

In this equation. Z, represents the complex
velocity conjugate of the bound vortices and can
be calculated easily from the velocity of the wing
translation V. Also, @ represents the open angle
of the wing and %/ is the strength of the free
vortex which is newly generated at each time step
while Ar; is the infinitesimal distance between z;
and z;_,.

In this case, to facilitate the calculauon for M,
the moment around point P in Fig. 2, the moment

Ki-Deok Ro

around the trailing edge M, is obtained first and
the results are used along with X, Y obtained
from Eq. (4) to give the following formula.

Mp=M:+Im{{X—1iY) (Zpﬁzt)}
—_pol 2§ (dEN }
M.= Ré{ 3 §B( a{z) (Z zt)dz (8)
e L OF
2ia —
+e p%ﬁ_ Fr (z—ZJdz
In this equation Im and Re represent the imagi-
nary and real components respectively while Z,
and Z, each are the position of point P and the
trailing edge of the wing which {s expressed as z
=x+iv.

On the other hand, M, in the above equation,
which is the moment around the trailing edge, can
be obtained from the similar methods in calculat-
ing the force. Here we show only the simplified
resultant equation,

My=— Re{iﬂpem[iﬁ ncoth—z(ih_@

i . -
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In the above equation, #; is the distance from

the trailing edge of the wing to z; while 7, is the
distance from z, Lo z,.

23 Coefficients of properties

The thrust coefficient C and the drag coeffi-
cient C; representing the dynamical properties of
the propulsion mechanism can be calculated as
follows. Assuming the thrust T as the component
of force opposite to the x component of uniform
flow U acting on the wing axis which is approx-
imated as point P, the thrust T corresponds to X
of Eq. (4). Assuming the drag D as the compo-
nent of force opposite to the y component of the
wing velocity V, the drag D corresponds to -Y of
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Eq. (4).

However, the reaction force 10 the moment A,
around the wing axis must be put into considera-
tion as drag during the opening and closing
stages. In other words, if we define 4, as the
distance from the trailing edge of the wing to
point P, the reaction force at the wall surface
during the opening stage equals Y= Mpcosa/
¥, when a counterclockwise moment is applied.
Similarly, the reaction force during the closing
stage equals ¥, = Mpcosa/((C-»,) when a clock-
wise moment is applied. This value is added to
the drag force.

Since the calculations are done in 2-dimen-
sions, il we take the unit length as the wing span,
the thrust coefficient C; and drag coefficient Cp
acting on the wing axis can be calculated as
follows,

CT:‘l—X—— (10)
5eViC

CD:M (11)
%szc

2.4 Parameter values in the calculations

As for the parameter values in calculations, the
wing chord C=1, density of fluid p=I. move-
ment velocity of wing axis V=1, width of water
channel =4 and the distance from the trailing
edge of the wing to the wing axis y, is fixed at 7,
=0.753. The open angle o and the ratio between
the movement velocity of the wing axis and the
uniform flow V/U is appropriately changed in
calculating the thrust coefficient (' and the drag
coefficient (p. In addition, the number of bound
vortices representing the wing ts m=20, while the
distance from the trailing edge of the wing to the
insertion point of the free vortices is set as AC =
0.05C.

There are two methods widely used in the
discrete vortex method to insert the free vortex at
a separation point; the first method is by assum-
ing the insertion point near the vicinity of the
separation point and then determining the
strength of the vortex using the Kutta’s conditions
or the conditions for stream function, and the

second method uses the boundary layer theory to
get the strength of the vortex and then determines
the insertion point using the Kutta's conditions.

In this experiment the former method was used
for the calculations where AC was approximated
as 0.02C ~0.08C which would not seriously affect
the calcufation results. Consequently, it agreed
well with the empirical results. In accordance
with the visualization experiments, the free vor-
tices were generated once every time step at the
trailing edge. Considering my last paper{Ro,
1993) there was no generation of vortices at the
trailing edge in the opening stage because the
edge was touched on the channel wall in this
stage but only during the translating stage and the
closing stage. Also, the time step ¢ was set as A¢
=0.1 during the translating stage and as Af=A¢
% ¥pC and Af,=AF X (1— #,) C during the open-
ing and closing stages respectively. The resulis of
the above procedure reveal these values of time
steps that the distances moved by the leading or
trailing edges are all equal during the entire
stroke. The present work indicats that a total of
39 free vortices is generated each stroke in calcu-
lation.

3. Equipment

3.1 Driving system of the wing

In this experiment, the driving unit of a wing
was assembled as an analytical model shown in
Fig. 2, at which the measurements of the thrust
and drag were taken by the degree of deformation
of the strain gauge. In our previous experiments
{Tsutahara and Kimura, 1987 and Tsutahara,
Kimura and Ro, 1989), the values were measured
by pulling the drive system at the speed of the
uniform flow in a towing water tank. However, in
this experiment they were measured by stabilizing
the drive system in the circulating water tank
idealized in my previous paper(Ro, 1993) and
then streaming the uniform flow against the sys-
tem.

A sketch of the driving system is shown in Fig.
4. The unit was built out of aluminium angle with
a length of 500 mm, width of 650 mm and a height
of 635 mm so as {0 match the size of the circulat-
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ing water tank explained in my last paper(Ro,
1993). The wing axis penetrating the wing was
fixed to the slider which was fixed to a point of
the chain. The power generated from the motor
(DC  30W, sprocket attached) relayed
through the chain, operating axis, sprocket and

was

stider 1o the wing. The reciprocating motion of
the wing was made possible by use of the limit
switches installed at both ends of the rail along
with a relay circuit to control the motor in rotat-
ing forward or reverse.

The movement velocity of the wing was
controlled by revolution speed of the motor. Also.
a support perpendicular to the wing axis was
installed where the length of the string connected
from the support to the trailing edge of the wing
would set the open angle & in Fig. 5. In the state
where the wing was linked to the axis, the
moment around the wing axis generated during
the reciprocal motions functions to open the
wing. In the closing stage, the leading edge of the
wing hit the side board forcing the wing to close.

3.2 Measurement of the thrust and drag
acting on the wing
The wing used in this experiment had a chord
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Fig. 5 Structure of the wing and shaft{unit : mm)

of 100 mm and a span of 160 mm as shown in Fig.
5. The hole where the axis was linked was located
at a point 0.75C away from the trailing edge. In
order to reduce the effect of inertia, the wing was
made out of 8 mm thick light wood.

The driving unit was installed as the analytical
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model shown in Fig. 2 so that the wing moved
back and forth perpendicular to the uniform flow.
The definition here on the thrust and drag were
identical with the analytical model. The axis of
the wing was made out of a 7 mm steel rod with
the upper part cut evenly in order to facilitate
measurement of the thrust and drag as shown in
Fig. 5. Four strain gauges were attached to the
balance of the axis. The thrust and drag measure-
ments were done by deformation of these gauges.
In this stage, the voltage waves generated from
each channel {total 2) of these strain gauges
would go through a bridge circuit, a strain amp,
and then an AD converter to be input and then
processed by a PC.

(a) Simulation

As for the experiment conditions, the channel
width was fixed at h=400 mm and the open angle
« ranged from [0° to 30° with interval 5°, At this
stage, the time history measurements of the drag
and thrust were taken at moderate variations of
uniform flow U (U=0.16~0.31 m/sec} and wing
speed V {V=0.12--0.36 m/sec).

4. Results and Discussions

Before proceeding with the calculated results of
the dynamic properties, we shall observe Fig. 6
which displays the continuous flow pattern
around the wing during a stroke, to visually prove
the validity of this calculation method. Figure 6

d
=3

[

(b) Photograph

Fig. 6 Flow pattern for one stroke of the wing{C=1, =25, V/U=10, »,=0.73C, ¢=30°
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4 vtsh

(b) Measured results

Fig. 7 Time variations for thrust coefficients{ C=1,
h=4C, V/U=10, ,=0.75C, a=130°)

(a) is the numerical simulation result of the
streak lines while Fig. 6 (b) is a visualized picture
taken using the hydrogen bubble method under
the same conditions as Fig. 6{a). The hydrogen
bubble method was explained in my last paper
(Ro, 1993). Also in the figure, | represents the
opening stage, 2 to 4 the translating stages, and 5
the closing stage. The discontinuity of the streak
lines seen in the vicinity of the trailing edge is due
to the effects from the vortices generated at the
trailing edge. In overall, the simulation results of
the whole stage matches with the visualized pic-
ture.

The followings are the calculated results of the
dynamic properties. Figure 7 shows the time
history of the thrust coefficient Cr at @ =30° and
V/U=1.0. The horizontal axis in the figure repre-
sents the value that the moved distance of the
wing axis is divided by the channel width. This
value corresponds to the number of strokes.
Figure 7(a) is the calculated resuit while Fig. 7
{b) is the measured value taken under the same
conditions. The reason that the measured results
have the large fluctuations is due to the surface
wave generated by the movement of the wing, and
particularly the larger fluctuations occurred in the
early stage of each stroke is because the wing axis
is instantaneously acted at the large foree, due to
the inertial force of the wing and the flow around
the wing. In the opening stage, the thrust coeffi-
cient ; shows a negative value for both the
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Fig. 8 Time variations for drag coefficients(C=1, )
=4C, V/U=10, »,=075C, a=30%)

calculated and measured results while in the tran-
slating stage, the calculated results show an
increase as time passes. This trend is not analyza-
ble from the empirical results in the early phases
of this stage due to severe fluctuation. However,
after the middle phase of the stage, when the
fluctuation has stabilized, an increasing trend of
the thrust coefficient with time is noticeable, as is
in the calculated value. This trend is even more
distinguishable when the high frequency area is
filtered through FFT(Fast Fourier Transform)
(Tsutahara and Kimura, 1987 and Tsutahara,
Kimura and Ro, 1989).

Figure § shows the calculated and measured
resubts of the drag coefficient (, taken in the same
conditions as in Fig. 7. The drag coefficient Cp
also showed a fairly good match in the qualitative
trend between the calculated and measured
results. However in the closing stage, the calcu-
lated values increased rapidly while the measured
values didn't show any significant signs of
increase. This might be due to the fact that in the
analytical model of Fig. 2, the wing was approx-
imated as a flat-plate airfoil of no thickness and
the flow surrounding the wing was assumed as 2
-dimensional. In the actual experiment, the speci-
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Fig. 9 Thrust and drag coefficients for the velocity
ratio(@=30%)

men was shaped in a complete winglike form
having thickness. Also, the water surface above
the wing would affect the flow around the wing
making it not thoroughly 2-dimensional. When
we compare the caleulation results from Figs. 7
and 8, the thrust coefficient does not increase in
the closing stage, but the drag coefficient does
very rapidly. Generally, the efficiency is defined
as the ratio of output C;{/ to the given input
sV, but in this case, because the velocity ratio
V/U=10, the efficiency of the closing stage is
lower than the efficiency of the translating stage.
This implies that the jet flow generated between
the wing and the channel surface during the
closing stage, explained in the last journal (Ro,
1993), does not contribute to the increase in
efficiency.

Figure 9 shows when =30° the calculated
results of the thrust coefficient ; and the drag
coefficients Cp, throughout the 4 strokes for differ-
ent values of the velocity ratio V/U. In a stroke of
the wing motion, the thrust coefficient shows the
same pattern regardless of the change in velocity
ratio. However the drag coefficient increases
dramatically as the part having the smaller veloc-
ity ratio moves closer to the channel surface. This
implies that the drag coefficient is more seriously
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(b) Drag coefficient
Fig, 10  Thrust and drag coefficients for the open-
ing angle( V/{/=1.0)

affected by the channel surface with decreasing
the velocity ratio. Meanwhile, in the translating
stage, both the mean value of the thrust and drag
coefficients increase along with the velocity ratio.

Figure 10 shows the calculated results of the
thrust coefficient (; and the drag coefficient Cp
when the open angle & =15°, 30° and the velocity
ratio V/U=1.0. In general, the thrust and drag
coefficients have a higher value when «=15°
than «=30°. In the translating stage, the thrust
coefficient increases at both angles when the wing
moves closer to the channel surface. In compari-
son, the drag coefficient would increase when the
angle was 30° but remained steady when the angle
was 15° This meant that in the case of the drag
coefficient, it would be more affected by the
channel surface as the open angle would increase.

5. Conclusion

The time history of the thrust and drag coeffi-
cient of the ship propulsion mechanism of Weis-
Fogh type was discussed by the discrete vortex
method. The unsteady compenents of the force
and moment acting on the wing were calculated
as the argument difference between the upper and
lower surfaces of the wing, in consideration of the



1266

strength changes of the bound vortices represent-
ing the wing surface area. The results of the
calculations are coincided with the empirical
results and the dynamic characteristics of the
propulsion mechanism can be stated as follows.

(i) The thrust coefficient and drag coefficients
increase proportionally with velocity ratio.

(2) The jet flow created in the closing stage
hardly contribute to the increase in efficiency.

(3) Assuming identical conditions, the thrust
and drag coefficients when the open angle @ =15°
are higher than when the angle is 30°.

{4) In the translating stage, the drag coefficient
is the more influenced by the channel surface
when the velocity ratio is smaller or when the
open angle is larger.

To add to the conclusion, this study has proven
that the discrete vortex method is very effective in
calculating the complex flow field in situations
where the object moves unsteadily or when there
is unsteadily separated flow.

References

Edwards, R. H. and Cheng, H. K., 1982, "The
Separation Vortex in the Weis-Fogh Circulation-
Generation Mechanism,” Jowrna!l of Fluid
Mechanics, Vol. 120. pp. 463—~473.

Furber, 8. B. and Ffowcs Williams, J. E.,
1979, "Is the Weis-Fogh Principle Exploitable in
Turbomachinary ?.” Journal of Fluid
Mechanics, Vol. 94, Part 3, pp. 519~ 340,

Maxworthy, T., 1979, "Experiments on the
Weis-Fogh Mechanism of Lift Generation by
Insects in Hovering Flight. Part 1. Dynamics of
the ‘Fling’,” Journal of Fluid Mechanics, Vol.
93, pp. 47~63.

Lighthill, M. I, 1973, "On the Weis-Fogh
Mechanism of Lift Generation,” Jowrnal of
Fluid Mechanics, Vol. 60, Part 1, pp. | ~17.

Reo, K. D. and Tsutahara, M., 1997-3, "Numeri-

Ki-Deok Ro

cal Analysis of Unsieady Flow in the Weis-Fogh
Mechanism by the 3D Discrete Vortex Method
with GRAPE3A, ” Transactions of the ASME,
Journal of Fluids Engineering, Vol. 119, pp. 96
~102.

Ro, K. D, 1993, "Development of the Weis-
Fogh Type Ship Propulsion Mechanism (Visuali-
zation and Numerical Analysis of the Flow
Field),” Transactions of the KSME, Vol. 17,
No. 2, pp. 426~437 in Korean.

Spedding, G. R. and Maxworthy, T., 1986,
The Generation of Circulation and Lift in a Rigid
Two-Dimensional Fling,” Journal of Fluid
Mechanics, Yol. 165, pp. 247~272.

Tsutahara, M. and Kimura, T., 1987, "An
Application of the Weis-Fogh Mechanism to
Ship Propulsion,” Transactions of the ASME,
Journal of Fluids Engineering, Vol. 109, pp. 107
~113.

Tswiahara, M., Kimura, T. and Ro, K. D,
1989, "Ship Propulsion Using the Weis-Fogh
Mechanism,” Bufletin of the Marine Engr. Soc.
in Japan, Yol. 17, No. 2, pp. 49~53.

Tsutahara, M. and Kimura, T., 1987, ”A Pilot
Pump Using the Weis-Fogh Mechanism and its
Characteristics,” Transactions of the JSME,
Vol. 54, No. 498, pp. 393397

Tsutahara, M. and Kimura, T., 1994, "Study of
a Fan Using the Weis-Fogh Mechanism{An
Experimental Fan and its Characteristics),”
Transactions of the JSME, Yol. 60, No. 571, pp.
910~915.

Tsutahara, M., Kimura, T. and Ro, K. D,
1989, "Unsteady Pressure and Force in the Dis-
crete Vortex Methods,” Transactions of the
Japan Soc. Aero. Space Sci. Vol. 32, No. 97, pp.
129~ 142.

Weis-Fogh, T., 1973, "Quick Estimates of
Flight Fitness in Hovering Animals, Including
Novel Mechanism for Lift Production, ™ Journal
of Experimental Biology, Vol. 59, pp. 169~230.



