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be able to autonomously enter buildings, staret tpgets
and transmit data at a fairly low speed or hoverimgde.
ABSTRACT Hence, compared with the conventional MAV, a NAM no
With the reduction of rotor diameter and motor size, the ©Only has a smaller size but also the requiremerd tufw-
hovering performance measurement becomes a challenge for ~ speed flight and hovering ability. Furthermordsiexpected
rotary wing NAVs. Five test benches with highly sensitive that NAVs should have an endurance of 20 minutes to
mechanism systems have been successively designed in view of  complete a recognition mission within a range sélthan 1

being able to measure the thrust and torque of nano-rotors ., Consequently, the propulsion efficiency beconaes
simultaneously and response to the change of variables rapidly . for NAV desi | diditi
with sufficient accuracy. A commercial micro brushless motor quite .'mportant parameter or esign. In a 3 i
and a micro rotor have been studied experimentally and hovering performance is always a bottleneck fordbsign
computationally. Computational and experimental  of small unmanned air vehicles as a result of ggradation
comparisons have been carried out and the performance of the  of the aerodynamic performance at low Reynolds rersib
test benches has been discussed. The analysis suggests that the  Thys, the hovering performance of NAVs will be
thrust coefficients measured by each test bench vary a little investigated in this paper.

from each other, while the power coefficients present P ty t | \v studied indasi
significant differences. Then the hovering performance of the resently, two concepts are largely studied in gn

micro rotor and power efficiency of the motor were studied.  Of NAVS. One is the rotary wing; the other is th@pping
Degradation of motor efficiency and rotor figure of merit are  wing. Previous studies have shown that the rotangw
observed with size reduction associated with Nano Air Vehicle  concept has almost the same hovering performance as
applications. flapping wings with a dimension of 7.5cm and a maks
10g. As rotary-wing concepts can draw from existimgory
1 INTRODUCTION as well as the high reliability and efficiency dflicopters,
Micro Aerial Vehicles (MAVs) have developed quicklythis propulsion method was adopted as the prefai&d
since the end of the last century with the emergingoncept at ISAE. In order to study the hoveringqrenance
requirements of civilian applications, homelandusig and  of rotary-wing NAVs, the propulsive efficiency obtors is
military objectives. At present, more complicatedtlefield an interesting issue. However, as a result of theedsion
environments or civilian security situations fosmdiers to and weight constrains of NAVs, the rotor diameted séhe
implement MAVs in urban missions. Therefore, anreve motor weight are rather small. So with the reduciad the
present need has emerged to improve MAV capalsilitierotor diameter and rotational speed of ultra smaditors,
enabling the timely collection of comprehensiveslijence measuring both thrust and torque simultaneoushh vait
information, particularly on the ground in urbarr&n. rapid response poses a challenge. The torque df itas
However, current MAVs are too large to provide &ftonal — estimated below 0.002N.m — is difficult to measwith a
awareness to the users; consequently, even smabeifficient precision, as is the couple of torquel dhrust.
Unmanned Air Vehicles (UAVS) are required to allowyet, both sets of data are needed to have accesseto
reconnaissance inside buildings, penetration ofromar propulsion set efficiency and the figure of meFiM) of the
entries and transmission of data without being aete rotor.
Therefore, Nano Air Vehicles (NAVs) were proposed t In recent years, several stud@§' ™ have been reported
fulfil such missions. Referring to the definitionoposed by for small rotors or propellers. However, in mosadi¢s,
DARPA, a NAV is defined as a UAV whose maximumeither the test bench was designed for separate
dimension should not exceed 3 inches (7.5 cm) andeasurements of thrust and torque, or the rotdtismeed
maximum weight should be less than 18.Because of the and rotor diameter were larger than what is culyent
special requirement of this kind of aerial vehidteshould necessary for the NAV range. So, a test bench defsig
nano-rotors of the NAV range was required, whichuldo
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Zhen.Liu@isae.fr ' ' © study, five benches were successively developed wit
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and Propulsion, E-majjean-marc.moschetta@isae. fr benches were performed to eliminate nonlinearityloaid
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comparisons were made to find out their advantages
disadvantages. The rotor is calculated with lowsB#ware
and results are compared with those of experiméttist,
hovering performance of the rotor and work efficigrof
the motor were analyzed.

igre 1: Micro motor and rotor MCF3225

thrust and torque of the MCF3225 rotor were esthas
an intial reference to design the test bench. Simeeotor is
fabricated for commercial purposes, the distrilbutiof
chord, the pitch angle and the airfoil forms ar&nown. In
addition, the rotor blade is made of very thin carbmaking
conventional measurement applications impossiblee T
chord and twist distributions were determined by
PropellerScanné? with images of the front and side view
of the rotor As the rotor blades are relatively thin, the alrfoi
could be treated as a curve with thickness andattfeil
form obtained by imprinting a special material witie
blade cross-section. With the geometric parametérthe
airfoil thus determined, the aerodynamic perforneacculd

be calculated. The Reynolds number at which therrot
functions is usually lower than 20,000 so that lo@inar
separation bubble (LSB) is always induced, although
laminar flow dominates in the boundary layer. Most

The brushless out-runner motor MICRO and carboarrot cOMPutational fluid dynamics software packages have

MCF3225 from the company Microlnvent were testethim
experiment as shown in Figure 1. The mass of theomo
MICRO is about 2.40g and the maximum thrust is aed
to be 24g. MCF3225 is 8Immx 63mmpropeller weighing
only 0.2g".
2  TEST BENCH DESIGNSAND EXPERIMENTAL
METHODOLOGIES

2.1 Rotor performance calculations
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Figure 2: Thrust vs. rotational speed
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Figure 3: Torque vs. rotational speed
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To design a test bench, it is necessary to havenargl
overview of rotor propulsion performance. Therefotiee

ability to simulate transitional flow, whereas XA®| has
been found to be capable of capturing the LSB latwvaRe.
Therefore, this 2-D airfoil analysis packagel wasdi to
compute the airfoil's aerodynamic performance data,
calculated at several ultra-low Reynolds numberkijclv
would be achieved by altering the rotor’s rotatiospeed.
XROTOR!, a package for analyzing and optimizing a full-
scale 3-D propeller, was subsequently used withrabar’s
geometric  information, the airfoil's aerodynamic
parameters, and a very small forward flight speed t
compute the rotor's performance characteristics.e Th
potential solution of Goldstein is utilized in thalculation,
which is able to take tip boundary conditions anfinide
hub into account. The rotational speed was incrbégam
1,000 RPM to 9,000 RPM. Figure 2 and Figure 3 ks
the thrust and torque variation with rotational eghewhich
increase sharply with increasing rotational speeds;
ultimately a thrust of only about 18g and a torgfie@bout
120g.mm can be achieved at 9,000 RPM. Such smalkksa
will augment the difficulty of obtaining accurate
measurements, and as a consequence precise |tmavidel
be chosen in the test bench design, along with chamésm

to amplify thrust and torque outputs.

2.2 Test bench 1

At the first stage, test bench 1 was designed aw/rshn
the Figure 4. It is composed of five parts: an gnesupply
system, thrust and torque measurement system, speed
measurement system, electric parameter measurement
system and control and data acquisition system.eHeegy
supply system is a regulated DC power supply wiuah
adjust the voltage and stabilize it at a certainedo ensure
the same input. The thrust and torque measurenysters
includes a mechanism to separate the thrust andedoad
cells from each other. Two beam load cells MEIRR®T,
sized at a capacity of 0.5N from calculated estmatvere
used to measure thrust and torque. Te small maskeof
motor and rotor allowed the load cells to be used a
supporting beams, as shown in Figure 4. Howeverntain
obstacle of the design was the separation of thaunst
torque to allow them to be measured independemly.
mechanism, shown in Figure 4 (b), was developed to



transform the movement of rotation induced by terdm a
linear movement orthogonal to the direction of #tyuhis
mechanism was also desirable as it amplified thqui
measured. As shown in Figure 5, the cube rotated thie
adjoined pieces when the rotor applied a torqushipg the
bearing connected with the load cell and generairigrce
F2. At the same time, the bearing applied forceoRlthe
cube, opposite to F2; L1 was the lever arm of Fllahthe
lever arm of F2. If the torque generated by therratas M1
and torque imposed on the load cell was M2, them
equation is given as follows,

L M2/M1=(F2xL2)/(F1xL1) =L2/L1.

Hereby, the rotor torque was transferred to thd kel with
an amplification of L2/L1. The speed measuremestesy
was made up of a laser emitter and a detector bghvthe
rotational speed could be measured and then traedféo
an USB analog-to-digital data acquisition (DAQ); wsed

NI USB-6229 BNC by National Instruments. The eliectr
parameter measurement system consists of an amgtrom

and voltmeter to measure the current and voltagsipa
through the controller. The control and data adtois
system includes the controller, DAQ instrument, pater

beyond 2g and 15-gm respectively for NAVs. Therefore,
fitted functions are appropriate to give a reastmab
precision for results.
After the calibration, adjustments were done toabet

the blade before experiments since most rotorsnmoapave

a symmetric mass for both blades due to fabricagiwars.
Then the motor and rotor were installed on theltesth for
measurement and the preparation of experimentseealy.

At a certain voltage, the rotational velocity coultk
tladjusted by the controller with signals from thetada
acquisition software. To increase the precisionrasults,
measurements were repeated multiple times. As a
verification of the test benches, only results dirashless
out-runner motor MICRO and a rotor of MCF3225 are
posted in the following part.

and processing software. The controller was a YBE4- :
from the Wes-Technik company for brushless motors.
During tests, the DAQ worked in both directions: a
command generated by the computer software was/
transmitted to the speed controller via this devered the
measurements acquired during the experiment (wmltag
current, thrust, torque and rotational speed) wetayed
back to the software as well.

During the experiment, the beam load cell deformvbdn
a force acted on it, which was converted to anriatte
voltage and recorded by the DAQ. In general, loglts are
adjusted at two points by adding the known mas®imue
to obtain the linear relationship between the dafdion ;
and voltage at the beginning of experiments. Logts @re ,
treated as behaving linearly with the force imposedhem. i
In fact, the small magnitude of torque and thrustant the
nonlinearity of the load cell and deformation orhet

unknown factors could affect measurements. Thesefor
el

detailed test bench calibrations were carried oefore
Figure 5: Principle of the torque measurement

Figure 4: Test behéh 1 (ai)Laser detector (b)Totmrtsformation
system (c)Motor and rotor (d) Laser emitter
(e)Beam load cell (f) controller
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experiments to improve the precision of resultsic8ithe
thrust and torque are fairly small, the units o&rgrand
gmm were used. Calibrations of thrust and torque are
shown in Figure 6 and Figure 7 respectively. lnffeg, the
thrust added and torque added are the known massque
added on the test bench, while thrust measuredtande
measured are quantities measured by the test ba@mai.
one-order polynomial functions (straight lines) editted
respectively so that a relationship between the soreal
value and real value could be established. Howefitezd
functions will introduce errors into the resultstHe relative
fit error is defined as the ratio of the differertmetween the
real value added on test bench and the fitted valiuained
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from the function to the real value, then the re&fit error of
for thrust is below 3% when the thrust is greantBg, and
for torque it is below 7% when the torque is ab®Segmm. s ; .

0 5 10
Thrust Added (g)

Figure 6: Thrust calibration of test bench 1
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In general, the working range of the thrust andyjder is



200 \ fixed in this experiment. For the micro bench, tiveist will
be amplified because of the mechanism, but theuwmgll
not. So in this experiment, the load cell F1200hwt
19or f 1 capacity of 2N has been changed to measure thstthnd

because the micro bench is firstly designed as alevh
system, the electric system was kept different frimst

=3
S

Z bench 1.
i As mentioned above, calibrations are necessaryréefo
2 50 carrying out the experiments. So the micro bencls wa
fnﬂ/ﬁ calibrated at first as shown in Figure 9 and Figlie The
results of calibration were fitted by two straigimes, and

relative fit errors of both thrust and torque angaler than
that of test bench 1 according to the figures. fRedafit
errors of thrust are below 2% when the thrust &atgr than

-50 =
-50 0 50 100 150 200

Toraue Added (g.mm) 1g, while relative fit errors of torque are belo% svhen the
Figure 7: Torque calibration of test bench 1 toque is greater than 40g.mm. Similarity, the blesh
motor MICRO and rotor MCF3225 were tested on therani
2.3 Test Bench 2 - Micro Bench bench and the results are stated in the followarg. p
As shown in Figure 4, the test bench 1 is fgain ® : :
composed of two load cells, which confine its beanygth I/I/I
and height of rotor axis; as a result, the meclmarsgstem 2
and the ground disturb the downstream behind ther ar Pf
the flow around the rotor. Therefore, a new testchewas

<

desired. After analyzing the faults of test bencha Imicro
bench, originally was used for bigger motors anappliers

in wind tunnel tests, was utilised to measure thetom /
MICRO and rotor MCF3225 in the configuration shoimn 5 p

Figure 8. /
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Figure 9: Thrust calibration of micro test bench
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Figure 8: Micro bench (a) Torque transformatiorteys
(b) Supporting beam (c) Controller (d) Motor ancbrot 0 1

(e) Velocity measurement instrument

Compared with test bench 1, the micro bench’s rotor % 0 S 150 20
precedes the supporting frame, thereby reducing the '
influence of the ground and the mechanism systehichw
are down stream. The micro bench systems are asltars ]
to those of test bench 1 except that the instrument 2-4  Testbench 3 - Nano Bench version 1
measure the rotational velocity and the mecharsigstem Since the micro bench was firstly designed for mend
to separate the thrust and torque have been chamged propellers which have higher thrust and torque thase of
shown in Figure 8 (e) and (a). With the same ppilecof NAVs, it failed to measure the torque with accefsab
test bench 1, the central axis of the horizontglpsuting precision. It is assumed that the friction in thiznm bench
beam rotates with the torque, and then the loddigetl on mechanism brought about the increased measuremrent e
the axis will press a bearing hidden in the veltimsam and So a new test bench was developed to maintain tbeom
measure the torque. The measurement of thrust ean kench’s merit but overcome the friction in the nagbm.
acquired by virtue of a four degree-of-freedom eyst Based on this requirement, nano bench version 1 was
located at the top of the plane, whereas lateralement is designed with a highly sensitive mechanism. It wasle up

Figure 10: Torque calibration of micro test bench



of the same systems as test bench 1, except thst tnd calibration results of thrust and toque and comwedmng
torque measurement system. To implement the separitted lines. Relative fit errors of thrust are tel0.5% when
measurement of coupled thrust and torque, two shattme thrust is above 1g, while relative fitted esraf torque
wedges were orthogonally placed in grooves locaied are below 3% when the toque is above 30g.mm acuptdi
different surfaces, allowing the mechanism to respo analysis. Compared with the other two test benchasp
simultaneouslyand rapidly to the small changes g t bench version 1 has higher calibration precisiorotavi
measurement variables. Nano bench version 1 alsmios MICRO and rotor MCF3225 were tested and the resuilts
the simplicity of test bench 1 and the long suppgrbeam listed in the following part.

high above the ground, as demonstrated on the rb&moh. 30
As shown in Figure 12, the upper wedge with the
corresponding groove can only rotate in one diogctio that » ‘
it can only transfer the thrust to the thrust sensbe lower _,/j
wedge with the corresponding groove can only rotate ” //
direction perpendicular to the thrust and transfier force B,
induced by the torque to the torque sensor. Becthese § )f/‘
two wedges are orthogonal, the thrust and the towgjli not Ew
influence each other. With this mechanism, an diogtion /‘j
of about 6 times could be generated for thrust,levho st
amplification was achieved for torque. Two thintsmietal
lines are used to connect the mechanism and loésl toe g
avoid the generation of friction by the contactwestn the ;
load cell and mechanism. In addition, the load def A T s
measuring the thrust was changed to a beam lodd cel  Figure 13: Thrust calibration of nano bench version
MEIRI F1200 with a capacity of 2N. 300 ‘
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Figure 14: Torque calibration of nano bench verdion

Figure 11: Nano bench version 1 (a) Laser emitbeSupporting

beams (c) Motor and rotor (d) Laser detector (ejBkead cell for 2.5  Testbench 4 - Nano Bench version 2

thrust (f) Mechanism system (g) Beam load cell fwgtie Despite the fact that Nano bench version 1 showigla
*] sensitivity and a rapid response to the thrust tmdue,
o (v some problems have emerged. Very thin and softswirere

“a

utilized along the vertical carbon tube outsidetlod test
bench in order to not generate a force limitingribtation of
the mechanism. However, thin wires augment the rinne
L resistance of the electrical system. Thereforeewinith a
larger cross section were passed through the cenftdre
carbon tube between the electrical source and speed
controller for nano bench version 2 as shown iruFggl5.
Thus, the inner resistance could be reduced withe li
influence on the torque measurement. In this beriod,
elasticity of the load cells and metal wires allow®e
horizontal beam to transfer the applied forces thedefore

| ‘ deflect to give a reading. Two directions of detilet are
Figure 12: Section view of nano bench version 1 induced — thrust and torque — of which the deftetin the

(h) Upper wedge (i) Lower wedge thrust direction is larger due to amplification tve bench
Due to the nonlinearity of the load cell and thovement ;.4 that in the direction of the torque is fairipal by

of the mechanism, two 2-order polynomial functiomsre \irtue of the small magnitude of torque. Althoughe t

fitted for calibration results. Results are shown the yefiection induced by thrust could be eliminated thg
following figures. Figure 13 and Figure 14 show the




calibration and the deflection induced by torqusmsll, the
experiment must ensure the attitude of the horadog¢am
was constant. Therefore, the length of the vertealm was
shortened to reduce the amplification of the tharsd two
micrometer screws were introduced to adjust theud# of
the mechanism during experiments, as shown in Eif&r

Figure 15: Nano bench version 2 (a) Micrometeess
(b) Wires passing through the carbon tube

Since nano bench version 1 relies on a fairly semsi
mechanism established on the orthogonality of tveages
to separate the coupled thrust and torque, théctttom of
the test bench requires high precision to prevéwd t
interaction of the two variables. The fabricatioroe of the
two wedges as well as potential deviation betwema t
direction of thrust and the axis of the horizortiabm will
have an effect on the measurement, especiallyetotique.
So a calibration allowing for the interaction oéttihrust and
torque was performed before the experiments. Figure
shows that relative fit errors of thrust are bel@®w% when
the thrust is above 1g. However, it is observed ttiathrust
has a strong influence over the torque as showrigare
17. For instance, a thrust of about 23 g will proelan extra
torque of about -50g.mm. For the torque calibratimm the
other hand, relative fit errors are below 8% whea torque
is greater than 50g.mm and the influence of tortguihrust
is less than -0.1g, even when the torque exceedg.3mn.
Consequently, the interaction between thrust armdu
cannot be neglected, especially for the influerfchust to
torque. For this reason, the experimental resultstake
this interaction into account before performingcoédtions.

Motor MICRO and rotor MCF3225 were tested in this

experiment.
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Figure 16: Thrust calibration of nano bench versdon
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Figure 18: Torque calibration of nano bench vergion
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2.6 Test bench 6 — Torque Sensor

In the test bench experiments mentioned abtweetarque
remains a difficulty for measurement. In order taélish
the pure torque of the rotor, a static torque sebd¢l5 by
the SCAIME company with a capacity of 0.005N.mm and
an accuracy class of 0.2% was used to measureiteet
solely. As shown in Figure 20, the torque sensas h
length of 48 mm and a diameter of 45mm, so an eeten
supporting beam was installed to avoid the effecthe
torque sensor to the rotor downstream. Additionadlyort
thin wires were adopted to connect the motor to the
controller, whose influence on inner resistance ewer
computed during result processing.



Figure 20: Torque sensor (a)Supportig base (b)iosgnsor
(c) Laser emitter (d) Horizontal supporting beam
(e) Motor and rotor (f) Laser detector

the actual power and the motor efficientis defined as the
ratio of actual power to input electric power,

4 FM :M :—C.E/2
P Jc,

(5) = ﬂ = Q_m

Ul Ul
where T is the thrust; P is the power consunfeds the
rotational speed; R is the radius of the blade is the
density of the air; A is the reference area, uguddiiined as
the disk area; Q is the rotor torque; U is the tmmitage
and | is the input current.

The solidityc is defined as,

(6) g = E ,

R

where N is the number of blades an@is the average

The calibration was carried out before the expents as chord length.

shown in Figure 21. The relative fit errors of toegsensor

Re is defined as the Reynolds number at theakfius of

are below 5% when the torque is above 25 g.mm. Motg|ade.

micro and rotor MCF3225 were tested with this bench
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Figure 21: Torque calibration of torque sensor
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3 RESULTSAND ANALYSIS

Since the test benches

successively, gradual improvements have been made b & T el - Tti 1 E 7 !
introducing numerous modifications to the mechasismd 5 + pt o rEreEEs Ll
electric systems. This also brought about distimsti g R @g;vhw»z
between the results tested by different benches. oo \7}{%@“ =

Comparisons were carried out with the experimergsiilts
of the Micro motor and MCF3225 rotor at a voltag8® V
for test bench 1, the micro bench and nano bencdiorel
and a voltage of 3.8 V for the nano bench versioand
torque sensor. All results were presented withrebeos of
confidence 95%.

As the definitions of propulsive parametersaibrs vary
slightly between countries,
comparing the results. The thrust coefficiegta®d power
coefficients G are defined as follows,

- r

@ &= oaqRy
P

C,=———.

®) & PA(QR)®

For this paper, hovering performance is studiedtheo
figure of merit (FM) is defined as the ratio of adeower to

above were developed

they are defined before *er
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Figure 22: Thrust coefficient at different rotatabispeeds
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Figure 22 presents the thrust coefficients at diffié
rotational speeds for all test benches except trqué
sensor. The thrust coefficients determined by iestch 1
were not regular, however; they match well with thsults
on nano bench version 1 at rotational speeds frgdo03
RPM to 6,000 RPM, whereas they approach the results
the micro bench at rotational speeds from 6,500 RBM
8,000 RPM. Nevertheless, the results for the theest
benches vary slightly from each other. However, nhao
test bench version 2 tested a higher thrust caeffichan
the other test benches, and differences of about dduld
be found between this and version 1. Numericalutalions
predict a lower thrust coefficient at rotationaleeds less
than 4,000 RPM, but match well with nano benchigerg
at rotational speeds above 6,000 RPM. In gendralthrust
coefficients lie between 0.015 and 0.02 and
discriminations among the results tested by all tbst
benches are less than 25% if the average valudrostt
coefficient is used as a reference.

of propeller has been optimized by the designeditierent
rotational speed, so that the lift coefficient ahe power
coefficient doesn’t change a lot with the drop ld Re. 2)
secondly, the vibration of test bench has flatteroad
reversed the change.

Figure 24 shows that the figure of merit variesfrthe
ratio of thrust coefficient to solidity. FM measdréy test
bench 1 and the micro bench is mainly located betvw@4
and 0.5, while that measured by the nano benchoverds
and version 2 is less than 0.4. Figure 25 showsntbtor
efficiency varies with rotational speed. Since thsults of
nano bench version 2 were tested at a differeriage| they
are omitted from this figure. Although differencegist
between the results tested by the three test bendhe
motor efficiency rises sharply with the increaseatftional
speed for all. The peak value measured by nanchben
version 1 is about 0.53 higher than that measuredest
bench 1, which is 0.43, and the micro bench, wiidh37.

Although, when compared with the other test benches
test bench 1 measured values between those founthen
benches, short support beams and friction in thehar@sm
impacted the measurement precision by allowingatibn
in the system at low rotational speeds. The miesb bench
tested the lowest values among the test benchesthg of
its complicated mechanism, which will cause moretitrn
than other systems and reduce the measuring séysiti
Despite the fact that nano bench version 1 usesdhee
mechanism as version 2, the calibration methods thad
measurement methods differ greatly between expetsne
Whereas nano test bench version 1 did not allowthir
possibility, the deformation of the load cell anétai lines

thgy version 2 caused interaction between the tharsd

torque. Even taking this into account, uncertagmsech as
propeller asymmetry and deviation of the motor frtme
centreline upon installation could have a largéuarice on

Torque measurement is a difficulty for small rotorsthe torque measurement for these two versions dutket

especially when the micro rotor rotates at such $peeds.

long lever arm of the main horizontal beam. Thegter

Deter$’! overcame this issue by measuring rotors at ve®ensor is supposed to be able to measure the ®iadice

high speeds. Even with great attention to the #eitgiof

precisely, but the torque is a dynamic variableabse of

test benches, the five test benches measured therpoasymmetry of the rotor and motor. However, theigbfbr

coefficients with enormous distinctions. In Figu28, the
test results of power coefficients were presentetiféerent
rotational speeds. At low speeds, the power caeffis
tested by the torque sensor approach those testetieb
nano bench, and the discriminations augment witthéni
rotational speeds. However, results match well withse of
test bench 1, especially when the rotational speededs

this torque sensor to measure the dynamic variadenot
been verified. Calculation has underestimated tmeist
coefficient at low rotational speeds but overestadait at
high rotational speeds. Because of the small tlEs&nof
rotor blades, conventional methods fail to measioeeform
of the blade precisely. Hereby, an approximate otktlias
adopted in this study, which might result in deigias of the

5,000 RPM. Nano bench version 2 measured higheepowplade’s geometric form. On the other hand, XFOIk haen

coefficients than the other test benches, and ewults
approximate those of nano test bench version 1.riliceo
bench tested the lowest values, but its resultcmaiell
with computational results from XROTOR.

In this experiment, the Re varies from 4,000 tdR0, In
general, the aerodynamic performance of rotor detdes
with the reduction of Re. However, the thrust coéhts
and power coefficients change slightly with Re amay
from test benches. As shown in Figure 22 and 23,
alteration of less than 15% for thrust coefficiant! 35% for
the power coefficients could be found. But the &y and
the magnitude of alteration depend on the testhencThe
following reason may result in them: 1) firstlyetgeometry

found to predict a laminar separation in advanadtea low
Reynolds numbel$, and the prediction of profile drag is
always a key difficulty for computational software
particularly when the profile drag dominates, ashis case
at ultra-low Reynolds numbers. Consequently,
computational error will accumulate, causing défeces
between the experimental and computational results.

the

an 4

Five test benches, including a bench based oncueor
sensor, were designed for the measurement of hayeri
performance of micro rotors and motors for NAVS.
Sensitive mechanisms were developed so that the¢and

CONCLUSIONS



thrust are able to be tested simultaneously andktyuiln

order to compare the performance of the test bemche

experiments were carried out with the MICRO motad a
MCF3225 rotor. Results show that the test bencloesgdc
measure the thrust with a difference of less th&#o.2
However, great differences were observed for threque
coefficients tested by each bench. In additionl-doaled
helicopters reach figure of merit values of abaittd 0.8”,
though this value declines sharply with decreashg
number; the experimental results found here inditahe
figure of merit of the micro rotor is between 0.8da0.5.
Even so, the counter-rotating MAV rotors from Manytl
University achieved a FM of about 0.55, while thandeter
of the rotors was 2 times that of the MCF3225These
experimental results therefore demonstrate thectexu of
FM with the drop of the Reynolds number. At the sam
time, the motor efficiency increases sharply witkational
speed; in the experiments, the maximum motor efficy is
about 0.53, whereas it is about 0.6 for conventiomators.
As the small motors are fabricated with thin wirds inter
resistance increases accordingly, resulting ingadr power
consumption. Therefore, motor efficiency decreasib a
reduction in size. The rotor was also calculateth WiFOIL
and XROTOR at different rotational speeds, but th
computational results vary greatly from the experital
results, especially for the torque measurements.

In conclusion, the current test benches can meabere
thrust to a reasonable precision, but fail to meaghe
torque, and calculations are not able to prediethtbvering
performance of a rotor precisely. Furthermore,
experimental results of FM and motor efficiency whiat
the performance of micro rotors and motors dechita the
reduction of size.

In light of this information, further modificationsill be
implemented in order to increase the measuremahitlisg
of nano bench version 2. Accurate calibration bdlcarried
out, and comparisons made between the experimantil
theoretical results to verify the performance of trarious
test benches. Furthermore, the method to acquomegic
rotor profiles will be improved, and suitable cortgtional
methods should be developed in future work.

th
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