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Rotary vs. Flapping-Wing Nano Air Vehicles:
Comparing Hovering Power

Zhen LIU!
North-Western Polytechnical Universitgi’an 710072, China

Jean-Marc MOSCHETTA
Institut Supérieur de I'’Aéronautique et de I'Espadaiversity of Toulouse, Toulouse 31400, France

ABSTRACT

This study has compared the hovering power of rotary-wing
concept with the flapping-wing concept. The objective is to
demonstrate which concept is more suitable for the design of
NAV based on hovering power. Geometric similarity laws have
been derived from a set of small unmanned air vehicles and
simplified equations derived from the momentum theory are
applied to rotary- and flapping-wing concepts to compare their
respective power efficiency. The result shows that for nano air
vehicles, both rotary- and flapping-wing concepts may produce
similar efficiencies with only a dlight advantage for a
rotary-wing concept. Furthermore, the minimum induced loss
theory is applied to design a rotary wing with airfoil AG38.
Then the method derived by Ellington from the flight animalsis
used to design a flapping wing with referring to hummingbird.
In both cases, the hovering power predicted by the concept
design approach is higher than that estimated from simplified
equations. Further analysisrevealed that thereason isdueto an
overestimation of the rotor-wing power efficiency in the
simplified equations. Finally, side-by-side comparisons suggest
that the choice between the two concepts can be based on other
consider ations such as ease of fabrication and flight tests.

Nomenclature

A disk area

A, effective operational area
AR aspect ratio

wing span

b
¢ non-dimensional chord

Cp pro Mean profile drag coefficient

EL mean lift coefficient
C, coefficient of thrust
C, coefficient of power
D diameter of rotor

1 PhD candidate, current address: ISAE 31400 Toeldemnce, E-mail:
Zhen.Liu@isae.fr

2 Professor of Aerodynamics, Department of AerodyicarEnergetics
and Propulsion, E-maijean-marc.moschetta@isae.fr
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FM figure of merit

gravitational acceleration

mass of air vehicle
flapping frequency
power

Y profile power

I

9
L mean lift
m
n
P
P
P
P

) ero @€rodynamic power

(]
induced power
i

P,cq ideal induced power

P.s induced power per Newton

profile power per Newton

P.x Rankine-Froude estimate of induced power pertbiew
P, wing loading

R radius of rotor or wing length

f, (S) non-dimensional radius of tH¢th moment of wing

area

f non-dimensional radial position along wing
Re mean Reynolds number

S wing area

T thrust

w weight of the flight vehicle
stroke plane angle
relative stroke plane angle

non-dimensional positional angle of winghe stroke

B

B

®
plane
Q  rotation speed

P density of the air

o spatial correction for induced power

T temporal correction factor for induced power
®  stroke angle

U dynamic viscosity of air

1y hovering efficiency
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1 INTRODUCTION

With the development of small unmanned air vehicl
(UAV), the requirement of military mission and digiefence,
a type of UAVs even smaller than micro aerial vEh{MAV)
is expected to be developed. Thus, the concepfidtano
Air Vehicles (NAV) is firstly proposed by DARPA aan
unmanned aerial robot devoted to indoor recogniti@sions
with requirements for both military and civil apgtions.
With a dimension less than 3 inches (7.5cm) andnémmm
payload of 2 grams, it should be able to enterdngjs,
penetrate narrow entries and transmit data withming
detected. A detailed definition is shown in Table 1

Compared with the definition of micro air velei, the
size of NAVs is less than one half of that of MA\Because

VEHICLE CONFERENCE AND FLIGHT COMPETITION 2009

considered as the requirements to develop NAVsn@éic
similarity method and simplified equations aretfyrstudied

to demonstrate the two concepts based on hoveongp
But those two methods are too simple to have enough
reliability. Therefore, detailed concept designs tbfe
rotary-wing concept and flapping-wing concept hdesn
presented with a survey on hovering power. Sinfferent
design methods will results in various magnitudgsovering
power, this paper has adopted the Minimum InducessL
method to design the rotary-wing concept and theddas
summarized from the nature to design flapping-vaagcept

so that the minimum hovering power could be got and
unsteady aerodynamic effects could be taken intowat.

of their size reduction, they suffer from more sevgroblems

Specifications| Requirements Detail

than MAVs, such as the degradation of the aerodimam Size

performance resulting from the lower Reynolds numéxe
small as 20,000 or less, a low efficiency of thepuisive
system, the unsteady aerodynamic effects etc. Tdrerea
concept design will be a challenge for the prelamjndesign
of NAV. Fortunately, abundant studies could benrefe from
the design of MAV. In general, there are three epte
widely used in the design of the UAV, that is, fixeing,
rotary-wing and flapping-wing. From the developmerft

UAVs, the advantages and disadvantages of the three

<=7.5cm(3inch) Maximum dimension

Weight <=10g Objective GTOW

Payload 29 Mission dependent
Speed(Fast) 5~10m/s High speed fight for >1000m
Speed(Slow) 0.5m/s Low speed flight for >60s

Hovering ability | Yes Hovering for >60s
Cruising ability Upper three items| Total of the upper three items

concepts can be analyzed. For fixed-wing flightislels, they
has no complicate system and can fly at a highdspéte less
power, while they have no hovering or slow fligapabilities
and require launchers. For rotary-wing flight védsc they do
have good hovering performance, the ability of ieaft
takeoff and landing, and perching capabilities, thaty are
more complex than fixed wings. And for flapping wiflight
vehicles, they have high manoeuvrability, abilifyhovering
and the ability of mimicking animals, but a faitdpmplex
kinematics and unsteady and nonlinear aerodynaamecshe
key disadvantages to implement them. Obviouslgdiwing
concept should be discarded because of the labk\aring
ability. However, it is still an open debate toesela concept

Range 1km Operational range

Endurance >20min Total mission duration

Navigation MSRE<0.5m Mean squared residual error
Table 1: NAV design requirement[1]

2 GEOMETRIC SIMILARITY FROM MICRO UAVS

Since the sizes of birds and insects approachasetlof
micro UAVs, massive research efforts have beeroputhe
flapping-wing concept over the last deca@#&¥°”’. One of
the most popular principles observed from the flighimals
is the geometric similarity which relates dimensiomass,
power or flapping frequency etc. However, the ruiesn
nature still can not reflect the actual abilitytbé design and
fabrication. So in the first step of study, a pijihe is pursued
with geometric similarity from the small existingAVs.

between the rotary-wing and the flapping-wing. Some

research work has been carried on about the NAVgdes
recently. Lockheed Martin company intended to depel the
maple seed like single rotary-wing NAV with jet raptand
Draper Laboratories attempted to develop a couwntating
wing NAVEE!  Aerovironment tried to develop a
hummingbird like NAV, whereaMicropropulsionintended
to develop an insect like NA¥. According to these research
projects, both rotary-wing and flapping-wing haveeb
considered as a concept to design NAV. So a aitetd
judge which concept is fit for NAV has to be madieking
into account the mission requirements of an endgrgneater
than 20 minutes and the existing MAVs whose encdigaiare
always bottlenecks of designs, the power efficieiscyught
to be the most important criterion to select a ephc
Moreover, hovering flight usually consumes more rgne
than forward flight, so hovering efficiency is tted as the
crucial factor for concept design.

However, it is still a great challenge to compahe t
hovering power efficiency of the two concepts glbb&o in
this study, a dimension of 7.5 cm and a mass arafns are
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Figure 1: Mass vs. MAV wing span or rotor diameter
In the design of small UAVSs, rotary-wing preferdmused

with its well-prepared theory and simplicity of faation.
There are several configurations for rotary-winghaepts
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including the single rotor with tail rotor, co-akieotors,
multiple rotors, and ducted fans. Neverthelessjyqles of
configurations are considered in the statistice iajority of

Lasek'? tried to use conventional full scaled model equrati
to calculate the power of fixed-wing, rotary-wingnd
flapping-wing flight vehicles of small size. Thersdusion is

small flapping-wing UAVs should not be regarded aas that the suitability of flapping or rotary wing dht is

complete imitation of birds or insects, since theyally have
a pair of flapping wings but with conventional caritvanes.

dependent on the mission profile and ambient wipeked.
Since typical NAV Reynolds numbers are much lowentin

A statistics of weight and dimension (diameter fothe case of full scaled model, it will not be psecio adopt the

rotary-wing, wing span for flapping-wing) has be#me as
shown in Figure 1. Most of the data for small UAMsme
from the international MAV competition “MAVO7 and the
others come from current well-known MAVs. Functaio
state the relation between dimension and the quoreing
weight are fitted by equations as follows.

For mini- and micro- rotary-wing UAVs, the fittedlations
are,

1) m=18249D"*

2 D =0.0075n°%*
For flapping-wing MAVs, the equations fitted are,

(3) m = 240.26%"%%

(4 b=0.0507m">*.

From the equations above, it appears that expresditfer
from each other for the two concepts. Basicallyhwhe same
mass, the dimension required by rotary-wing fligahicle is
smaller than that required by the flapping-wingHli vehicle.
And the fitted equations of flapping wing are diéfat from
those derived from the birds proposed by¥iand Shy$#°.
With the equations from the small UAVs, Table 2 d¢zn
given as follows by substituting the mass of 10fdg MAV)
and 10g (for NAV) for the corresponding item ‘m’.

Table 2 indicates that the dimension defined for\Mi&
very close to that of the rotary-wing concept dedivfrom
Equation 2, but only 1/4 of the flapping—wing copice
dimension derived from Equation 4. However, for rEig
NAV, the rotary-wing concept only requires about dralf
dimensions defined by DARPA, whereas the flappimggw
concept needs a larger dimension. In conclusioth tie
geometric similarity by conveying the existing smaRAVs,
the rotary-wing concept can satisfy the requirentsiined
above, but the flapping-wing concept cannot.

MAVs NAVs
Mass(g) 100 10g
Defined dimension (cm) 15.24 7.50
D|men5|9n from egs. (1-2) 15.10 337
Rotary-wing (cm)
D|mer_13|0n .from eqgs (3-4) 62.09 1774
Flapping-wing (cm)

Table 2 Relations between weight and wing spaotor diameter

3 SIMPLIFIED EQUATIONS FOR HOVERING
PERFORMANCE

In the definition of NAVs, the hovering ability aradlong
endurance of 20 minutes is proposed. From the ctiovel
helicopter, hovering flight will take more powerthmost of
flight situations. Therefore, hovering performande
especially emphasized in the study of concept. Wb3dind

SEPTEMBER 14-17, 2009, DELFT, THE NETHERLANDS

equations of full scaled model without modificatidn this
part, simplified empirical equations are utilised the
computation but with certain parameter estimatednfthe
MAVSs.

Generally, the hovering power of the rotary-wingtit
vehicle consists of the induced power, the prgfdever, and
the tail rotor power if an§®. In this design, the tail power will
not be considered. To show the propeller efficienay
parameter called the figure of merit (FM) is alwagtculated
as follows,

_ Ideal power
©) = “ActualPowe |
Ideal power _ Piea
" InducedPowr + ProfilePower P +P,
w32

6)  Pea= N

where Rea is the minimum power derived from the
momentum theory to support a weigh¥dfAs the absence of
the low Reynolds aerodynamics studies on smaltyaténg
air vehicles and the detail information of rotofigure of
merit estimated from the MAVs could be used as ewkn
parameter to computer the hovering power. So ki¢hdata
presented, the value of the FM can be estimatecbréling to
the experience of the coaxial rotor MAMCRO[13], a value
of 0.55 for the FM has been assumed in the conipotaf
power efficiency. Then the expression of the aenadyic
power of hovering flight is simplified as,

P
7 P:P-+P: |deal,
™ Y RM

32 32
JLV 257 37W i

055 /2pA JoD?

For the flapping way, the balanced flight hoverpmver
can be simplified a4/,

@) P=—nr

FR=R+R
(9) ) 3/2
Di = iW w = i W
M e \V20A My yJ20A
2 2 1 7b?
10 =—A= 7b? =
10 A 3 3 4 6

whereny is hovering efficiency which is about 2/3. So, the
expression of the hovering power of the flappinggMlight
vehicle can be given as,

3/2 3/2 3/2
ay p=t W " 3WT _ogopW_
W20A 24207, Jor?

After substituting a diameter of 7.5 cm and a n@isK) g
in Equation 8 and Equation 11, the hovering povesessary
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for the rotary-wing flight vehicle is about 0.536Whereas it _ _
is about 0.542W for flapping-wing flight vehicle. ~From the computation, the performance of the rasor
Consequently, the hovering power required by thachieved with a FM of 0.504 and hovering power.688W.

rotary-wing flight vehicle is a little less tharatirequired by A thrust coefficient of 0.0145 and a power effidgof 0.024
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the flapping-wing vehicle. With the analysis aboikeshows

are calculated from the following equations,

that the rotary-wing configuration is a little moedficient (12) C = T
than the flapping-wing configuration. However, mostthe pA(QR)2
equations above are based on the approximatiorhef t P
parameter such as FM¢ Andny etc. which may lead to some (13) C.= —
errors. Therefore, the conclusion will not be coeing PAQR)

enough. This simplified computation can only give an
overview of the hovering power consumption of biyttes of
flight modes. So in the following part, detailedsdgm of
rotary-wing concept and flapping-wing concept aagried
out.

4 WINGS CONCEPT DESIGN

4.1 Rotary-wing Design
In this part, a design of a single motor with anaer of

7.5cm and a thrust of 10g is shown. Since the power

efficiency is one of the most important parameferdNAV,
optimization of a rotor to reduce the energy lasstilised in
the design. In the past years, lots of researchesteen done
on the optimization of propeller. Larrabéhas proposed the
minimum induced loss (MIL) to optimize the propelle
Adking™ proposed another method departure from that
Larrabee but still based on Betz's method. Eluetc. have
proposed a more sophisticated methods
multidisciplinary design optimization approach.
preliminary design, MIL method is applied to thesegn with
a software ofXROTOR™. For this computation, potential

Goldstein formulation is chosen so that tip bougdar

conditions and a finite hub can be accounted for.

At the beginning of the design, an airfoil with aogl
performance at low-Re number shall be determindterA
comparisons of several airfoils, AG38 is chosentlas
candidate airfoil to design the rotor since AG3&iwe of
low-Re number airfoil with well-documented experinted
data®. At a Re number of 20,000, tt@*?/c, reaches a

maximum value of 11 at the angle of attack of abSulvith
excellent low speed performance. With the inputtiod
aerodynamic parameters of airfoil inKROTOR a single
rotor of two blades with a diameter of 7.5cm antiraist of
10g is designed. The rotational speed (RPM) ofrther is
9,000 and the radius of hub is confined to 20%hef rotor
radius. Finally, a chord distribution and a pitchgke
distribution are computed from the method of optetion.
However, due to the limitation of the theory, tHade root
chord turns out to be too long to be fabricated.aSamall
modification with the chord length is completedha root of
the rotor and the performance of new blades islcelzded
with XROTOR Figure 2 shows the final form of the rotor.

) >

| ?S.Ommk’ |
r

ZP e
23.8mm

Figure 2: Plan of optimum rotor
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Comparing the hovering power of optimized rotorhviitat
calculated by simplified equations, one can firat there are
some distinctions between them by virtue of théedénce of
the figure of merit. As the FM from simplified edioms is
estimated basing on certain rotary-wing MAV, twasens
are analyzed. One reason might be the differencarfil
selected for the rotor design; the other reasorniniig the
reduction of the Reynolds nhumber causing the degi@al of
aerodynamic performance.

4.2  Flapping-wing Design

Over the last century, flight insects and birdssiuelied by
many scientists including the flight mechanismpadgnamics
and kinematics. Those researches have providechdbau
information for engineers to implement a flappinmavair
vehicle. After the first well-known flapping-wingravehicle

flapping-wing NAV with the wing span of 7.5cm andress
of 109 is designed in this part with referring theory and

hummingbirds.

1.0 4 [ = Insects and Hummingbirds

0.4 -

0.2

» 59 89 10g
05919 29

0.0

T v T o T ¥
100 150 200 250
Wing Loading(N/m®)
Figure 3: Statistics of wing area to disk areanseicts and hummingbirds

o4
o
=]

To start with, the wing area of the flapping aihigde shall
be decided. In the nature, the insects and birds tiee ability
to fly with the flapping wings. Because of compteélapping
mechanisms utilised by birds, most of existing fiag-wing
air vehicles imitate the flight insects despite fiuet that they
are even larger than the insects. In this study pttinciples
derived from insects have been applied with takiogpunt to
the even larger flight animals of hummingbirds. dugh

icroBat, plenty of flapping-wing air vehicles have been

eveloped with various siZE¥*®). Most of the theories about
witwe flapping-wing come from the nature, such as the

As geometric similarity mentioned above. Similarlyancept of

parameters derived from the flight of insects and
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and 163° respectively. So the stroke angle of wiffeflight

EIIingt0r1[21]and Chdf®, a statistics of wing area to disk areaanimals varies greatly even they are the same kind.

ratio changing with wing loading is presented ie Higure 3.
Six curves to state the relation between the eatbthe wing
loading at different weights are also shown. Théora
distributes between 10% and 30% for the animalgeyed,
while it distributes between 15% and 20% at a highieg
loading especially for hummingbirds which nearlywéahe
same dimensions and weights as the NAVs definedeab®0
the average ratio of about 18% is selected asatie of this
design.

Since the flapping mechanism is similar to insehg
flapping wings to be designed are preferred tor risfe wing
shape of insects. Ellingt6H proposed the chord distribution
with a Beta distribution from the summary of enousf
insects as follows,

@4y f =xP(1-x)""/B(p,q),

(15)B(p,q) = f: X" L= X" dx,

where p and g are calculated from wing area asdn@41.58.
Then, the following equations can be obtained as

6(F) = 247 (1 F)*°.

(16)

13.65mm

Figure 4. Flapping wing shape

The chord distribution along the wing could be dedi
from Equation 16. Two separate wings are formesghasvn
in Figure 4. For this wing, the span aspect ratiabout 7.1,
while the wing loading exceeds to 123. Now, the wing

shape and main parameters have been decided. Howeve

other parameters are still needed to determinergpate the
hovering power. With the definition of the wing slea the
flapping frequency obtained from geometric simtiars not
capable of satisfying with the design requiremefbr
hovering flight, the flapping frequency may be af¢a by
the balance of weight and lift.

In the traditional methods, the equaffSrof mean lift over
a half-stroke derived from hovering insects by rigjton is
always used to calculate the mean lift. But fos ttase, it is
preferred to use the mean lift to obtain the flagdrequency
with the following equation,

pO*RESEE (S)(dg/ df)’ cos B

17 =
40 8cos B L t

n=

To simply the design, the lift generated by up leris
assumed to be the same with down stroke. In thisitemp,
some parameters concerned with the kinematicscstill be
obtained from the nature. Stroke an@leis about 120° for
most insecté”), but from the Ch&", black—throated,
magnificent, black-chinned andRufous Hummingbird

Nevertheless, 120° is chosen as a popular strokge an
because of the flapping mechanism of insects. dEbif’®
stated that two types of hovering mechanism arehyidsed

by insects and birds, one is the horizontal stinkehich the
stroke plane is an approximately horizontal strplene, the
other is the incline stroke in which the strokenglehas a
certain angle with horizontal plane. Most of inseeind
hummingbird hover with the first mechanism. Thulse t
horizontal stroke is adopted in the design withstibke
angle S . Besides, all of the moment parameters of the

flapping wing can be computed with the laws of €hap
summarized from the insects’ win§Y. Since the
no-dimensional parameters about wing stroke movehaare

no relation with frequency and most of them of etiéint
insects varies little from each other, they arewate from
the experimental data of insects. Until now, mos$t o
parameters have been obtained except the mean lift
coefficient. The hovering fight of insects and Birdivolve
unsteady aerodynamics so that the mean lift coeffidsn’t

fit for being computed with steady aerodynamic rodth
Again, from the clues of the nature, the meanchigfficient
could be obtained with taking the unsteady aerogijcsinto
account. As shown in the reference [26], only dlelit
distinction exists among different hummingbirdsretieat the
dimension and Re number varies greatly. In factstnuf
insects fly at an ultra-low Reynolds number nothe same
range of NAVs here. But the dimension and the ro&88AV
are close to those of hummingbirds. Consequertté/ntean
lift coefficient could be obtained from them. Wjtarameters
obtained above, flapping frequent)is calculated with three
groups of solutions obtained. After the analysis toé
possibility of every solution, the frequency is fiomed to be
about 177 which are higher than that of most irssaetl birds.
With the value of flapping frequency and geometric
parameter of the flapping-wing, the hovering poseuld be
computed. In this paper, only aerodynamic powel kb
calculated including the induced power and profitever.
Ellington® adopted the Rankine-Froude momentum theory
to calculate the ideal induced power, then he abphe
vortex theory to give a spatial correction and thake
periodicity theory to give a temporal correction.

(18) By =P+ 0+7)

n

2 1/2
(19) P=|—Pu
pPARcosp

After substituting relative parameters obtainedhwite
method mentioned above into Equation th@, ideal induced

power per NewtorP., is computed as 3.69 W™ . Then
with the correction, the mean specific induced po% is

obtained as 4.12 W™,

Next, the profile power shall be calculated. Sintjlaa
quasi-steady meth&d is adopted during the computation to
assume a mean value of coefficient of profile dmad a mean

(Selasphorusufus) have a stroke angle of 150°, 150°, 126Re number.
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— ApDR? respectively as shown in Table 3. Moreover, thechaion is
(20) =220
Re= LAR reverse. As far as we know, the FM of full-scaletidopter is

. . . about 0.7 to 01, but it reduces rapidly with the decrease of
With the flapping frequency of 177, the mean Re bemnis pIcly

. the Reynolds number. In the hovering power comprtaif
about 20,000 at sea level. As the profile dragisvery well : : L B .
rotary-wing with simplified equations, the FM of58. is
documented in the case of ultra-low Reynolds nus)biie y-wing P 9

L . . . . utilized, while it is only about 0.504 based onargtwing
empirical equation determined by EllingtShis used. After design. It means that an overestimation of FM fegsimade

substitutingRe into Ellington’s equationCy, ,, could be in the computation without considering the effeét tioe
Reynolds number reduction. For the flapping winige t
induced power computed from simplified equations is
approximately equal to that in the concept deskgrt, the
hovering efficiency in the design is lower thanttassumed in
the simplified equations.

obtained. And from the appendix of reference [111é, drag
coefficient estimated shows a reasonably good awet
Then with the formula of mean specific profile powe
proposed by Ellingtdf?!

e o*RE(S)dg o \3 co$p____

(21) P = , Methods | o ... . .
pro D, pro Simplified Equations | Concept Design
16pw CO§ ,Br Concept
Rotary-wing 0.536W 0.585W
the profile drag power could be calculated. In digna(21), Flapping-wing 0.542W 0.571W
the parameter related to the kinematics and thanpater
related to the flapping-wing moment could be olsdiras Table 3: Comparison of hovering power derived from

stated above. With those parameters, the mearfispecifile simplified equations and concept design

power can reach 1.70 W™ Finally, the aerodynamic
hovering power could be determined from the follogvi
equation,

In conclusion, the hovering efficiencies of botmcepts
only differ from each other by less than 5%. Caouosmstly,
—_ — each of the concepts could be used to design théwith the
(22) P =(Ryg +P,0)xmg. approximate hovering ability. However, more fastshall be

For this design, the hovering power is about 0.5%ghi¢h ~ considered such as the theory, the reliability ahe
is still a little bit higher than that obtained finosimplified ~Maneuverability —and the fabrication —complications.
equations in section 3. With the results from the toncepts Considering the conditions and means of the laboyat
design, itis found that the flapping wing is meféicient than ~ Fotary-wing is preferred as a NAV concept.

rotary wing for hovering flight. Since the absence of detailed information in the
preliminary design, massive parameters are estinate
5  CONCLUSIONS according to the flight animals in the nature andi\ig. So in

the future work, elaborate design should be caoigdnd the
method to estimate the hovering power shall be dwgnl.
Experiments shall be done to evaluate the hovering
performance of small rotors.

This paper have surveyed both the rotary wing dmed t
flapping wing concept to determine a suitable cphder a
NAV design with a dimension of 7.5cm and a mas4Qy.
Firstly, a geometric similarity law is derived froMAVs
existing and it is found that the flapping-wing nah satisfy
the design requirement. Secondly, the hoveringopexdnce ) )
is studied with simplified equations. The resulitss that _ 1he authors would like to thank the support of @hin
rotary-wing is more efficient than flapping-wing rfca Scholarship Council and the laboratory of DAEPSAE.
hovering flight. At last, to further compare botbncepts, a
single rotor wing is designed using the MIL theovigh a REFERENCES
low-Re airfoil of AG38. Modifications have beenrnotuced [;] \F;ines, D.J., ﬁndEARPNDSg’ NSTO Aif\ﬁhicledpf:;’grﬁg()ﬁl-_%

T - P oungren, ., Kroninger, . ang, ., an am n Low
to eliminate the defect of theoretical resultsatfdition, the 2l Reynglds Number Tegtmg o e A8 A o TSAMARA!
rotor is recalculated to get the hovering powerd Alnen, a Nano Air Vehicle AIAA paper, 2008-417
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