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Design of Test Benches for the Hovering
Performance of Nano-Rotors
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ABSTRACT

With the reduction of rotor diameter and motor size, the
hovering performance measurement becomes a challenge for
rotary wing NAVs. Five test benches with highly sensitive
mechanism systems have been successively designed in view of
being able to measure the thrust and torque of nano-rotors
simultaneously and response to the change of variables rapidly
with sufficient accuracy. A commercial micro brushless motor
and a micro rotor have been studied experimentally and
computationally. Computational and experimental
comparisons have been carried out and the performance of the
test benches has been discussed. The analysis suggests that the
thrust coefficients measured by each test bench vary a little
from each other, while the power coefficients present
significant differences. Then the hovering performance of the
micro rotor and power efficiency of the motor were studied.
Degradation of motor efficiency and rotor figure of merit are
observed with size reduction associated with Nano Air Vehicle
applications.

1 INTRODUCTION

be able to autonomously enter buildings, staret &rgets
and transmit data at a fairly low speed or hoverimzde.
Hence, compared with the conventional MAV, a NAM no
only has a smaller size but also the requiremersa tafw-
speed flight and hovering ability. Furthermordsiexpected
that NAVs should have an endurance of 20 minutes to
complete a recognition mission within a range slthan 1
km. Consequently, the propulsion efficiency beconaes
quite important parameter for NAV design. In aduiti
hovering performance is always a bottleneck fordhsign
of small unmanned air vehicles as a result of ggraldation
of the aerodynamic performance at low Reynolds remib
Thus, the hovering performance of NAVs will be
investigated in this paper.

Presently, two concepts are largely studied indbsign
of NAVs. One is the rotary wing; the other is thepping
wing. Previous studies have shown that the rotangw
concept has almost the same hovering performance as
flapping wings with a dimension of 7.5cm and a maks
10g. As rotary-wing concepts can draw from existimgory
as well as the high reliability and efficiency dflicopters,

Micro Aerial Vehicles (MAVs) have developed quicklythis propulsion method was adopted as the prefexad
since the end of the last century with the emergingoncept at ISAE. In order to study the hoverindqenance

requirements of civilian applications, homelandusig and
military objectives. At present, more complicatedtlefield

of rotary-wing NAVSs, the propulsive efficiency obtors is
an interesting issue. However, as a result of theedsion

environments or civilian security situations fosmdiers to and weight constrains of NAVs, the rotor diameted ¢he
implement MAVs in urban missions. Therefore, anreve motor weight are rather small. So with the reduciid the
present need has emerged to improve MAV capalsilitierotor diameter and rotational speed of ultra smaditors,
enabling the timely collection of comprehensiveelijence measuring both thrust and torque simultaneouslhyh vait
information, particularly on the ground in urbarrréén. rapid response poses a challenge. The torque df sot@s
However, current MAVs are too large to provide aitonal — estimated below 0.002N.m — is difficult to measwith a
awareness to the users; consequently, even smab@fficient 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 meEM) of the
entries and transmission of data without being dete rotor.

Therefore, Nano Air Vehicles (NAVs) were proposed t In recent years, several studi@§!“ have been reported
fulfil such missions. Referring to the definitiongposed by for small rotors or propellers. However, in mostidits,
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) amdeasurements of thrust and torque, or the rotdtigmeed
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 vehidgteshould
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necessary for the NAV range. So, a test bench ddsig
nano-rotors of the NAV range was required, whichuldo
allow to simultaneously measure torque and thriumsthis
study, five benches were successively developed wit
different sensitive mechanism systems. Calibratiohgest
benches were performed to eliminate nonlinearityloafd
cell and uncertainty factors. Experiments were iedrout
with the same motor and rotor on each bench and
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comparisons were made to find out their advantages
disadvantages. The rotor is calculated with lowsBftware

and results are compared with those of experiméutiast,
hovering performance of the rotor and work efficigrof
the motor were analyzed.

Figure 1: Micro motor and rotor MCF3225

The brushless out-runner motor MICRO and carboorro
MCF3225 from the company Microlnvent were testethi
experiment as shown in Figure 1. The mass of the&omo

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

—— MCF3225

0 L . I H L .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
o(pm)

Figure 2: Thrust vs. rotational speed
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Figure 3: Torque vs. rotational speed

To design a test bench, it is necessary to havenargl
overview of rotor propulsion performance. Therefottee
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thrust and torque of the MCF3225 rotor were eskuhats
an intial reference to design the test bench. Sineeotor is
fabricated for commercial purposes, the distributiof
chord, the pitch angle and the airfoil forms ar&nown. In
addition, the rotor blade is made of very thin cexbmaking
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 withe
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 lminar
separation bubble (LSB) is always induced, although
laminar flow dominates in the boundary layer. Most

scomputational fluid dynamics software packages hawe

ability to simulate transitional flow, whereas XR&| has
been found to be capable of capturing the LSB latvaRe.
Therefore, this 2-D airfoil analysis packagel waed to
compute the airfoil's aerodynamic performance data,
calculated at several ultra-low Reynolds numberbjciv
would be achieved by altering the rotor’s rotatiospeed.
XROTORY, a package for analyzing and optimizing a full-
scale 3-D propeller, was subsequently used withrdber'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 tbalculation,
which is able to take tip boundary conditions anéindge
hub into account. The rotational speed was incobfisen
1,000 RPM to 9,000 RPM. Figure 2 and Figure 3 gmes
the thrust and torque variation with rotational eghewhich
increase sharply with increasing rotational speeds;
ultimately a thrust of only about 18g and a torgfiebout
120g.mm can be achieved at 9,000 RPM. Such smlakya
will augment the difficulty of obtaining accurate
measurements, and as a consequence precise Itadvitlel
be chosen in the test bench design, along with charésm

to amplify thrust and torque outputs.

2.2 Test bench 1

At the first stage, test bench 1 was designed ag/rshin
the Figure 4. It is composed of five parts: an gpesupply
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 witah
adjust the voltage and stabilize it at a certaine/do ensure
the same input. The thrust and torque measurenystens
includes a mechanism to separate the thrust agdedoad
cells from each other. Two beam load cells MEIRREQ,
sized at a capacity of 0.5N from calculated est@satvere
used to measure thrust and torque. Te small magkeof
motor and rotor allowed the load cells to be usad a
supporting beams, as shown in Figure 4. Howevernihin
obstacle of the design was the separation of thamst
torque to allow them to be measured independemly.
mechanism, shown in Figure 4 (b), was developed to
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transform the movement of rotation induced by tert¢u a
linear movement orthogonal to the direction of gtruhis
mechanism was also desirable as it amplified thgu®
measured. As shown in Figure 5, the cube rotat¢d thie
adjoined pieces when the rotor applied a torqushipg the
bearing connected with the load cell and generairfigrce
F2. At the same time, the bearing applied forceoR1the
cube, opposite to F2; L1 was the lever arm of Fllahthe
lever arm of F2. If the torque generated by thematas M1
and torque imposed on the load cell was M2, them
equation is given as follows,

1) 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 hgtmthe
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 amgienom

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

and processing software. The controller was a YBE4-
from the Wes-Technik company for brushless motors. |

During tests, the DAQ worked in both directions:
command generated by the computer
transmitted to the speed controller via this devared the

measurements acquired during the experiment (waltag

current, thrust, torque and rotational speed) wetayed
back to the software as well.

During the experiment, the beam load cell deformedn
a force acted on it, which was converted to anrialje
voltage and recorded by the DAQ. In general, logts @are
adjusted at two points by adding the known masw®igue
to obtain the linear relationship between the defdion
and voltage at the beginning of experiments. Loelts are
treated as behaving linearly with the force imposedhem.
In fact, the small magnitude of torque and thrusant the
nonlinearity of the load cell and deformation othet

unknown factors could affect measurements. Thesefor

detailed test bench calibrations were carried oefore
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
shown in Figure 6 and Figure 7 respectively. Infes, the
thrust added and torque added are the known massqure
added on the test bench, while thrust measured@nde
measured are quantities measured by the test b@mad.
one-order polynomial functions (straight lines) editted
respectively so that a relationship between the sovea
value and real value could be established. Howditezd
functions will introduce errors into the resultstHe relative

fit error is defined as the ratio of the differermetween the

real value added on test bench and the fitted valhieined
from the function to the real value, then the re&afit error
for thrust is below 3% when the thrust is greantBg, and
for torque it is below 7% when the torque is abbSegmm.
In general, the working range of the thrust andjuer is
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beyond 2g and 15-mm respectively for NAVs. Therefore,
fitted functions are appropriate to give a reastmab
precision for results.
After the calibration, adjustments were done tcabed

the blade before experiments since most rotorsmapave

a symmetric mass for both blades due to fabricatiwars.
Then the motor and rotor were installed on theliesth for
measurement and the preparation of experimentseeeaky.

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

a |

e “% . W
ORI, . y

Figufe 4: Test bénch 1 (a)Laer detector (b)YTE)tcpnsformation
system (c)Motor and rotor (d) Laser emitter
(e)Beam load cell (f) controller

-

Figure 5: Principle of the torque measurement

are 2

Thrust Measured
3

|

5 L i
B 0 5 10 15 20 25
Thrust Added (g)

Figure 6: Thrust calibration of test bench 1
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200 . . . fixed in this experiment. For the micro bench, theust will
be amplified because of the mechanism, but theueormll
not. So in this experiment, the load cell F1200hwa

/}/{1 capacity of 2N has been changed to measure thstttfnd

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

bench 1.
As mentioned above, calibrations are necessaryrdefo

z‘mf carrying out the experiments. So the micro bencls wa

=]
S

Torque Measured

o
=

calibrated at first as shown in Figure 9 and Figl®e The
results of calibration were fitted by two straidimtes, and
relative fit errors of both thrust and torque amgaier than
that of test bench 1 according to the figures. Redafit

errors of thrust are below 2% when the thrust &atgr than

50 L L
-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 blessh
motor MICRO and rotor MCF3225 were tested on therani
2.3 Test Bench 2 - Micro Bench bench and the results are stated in the followeng. p

As shown in Figure 4, the test bench 1 is fgain ‘ ! '
composed of two load cells, which confine its bdangth
and height of rotor axis; as a result, the mecharsgstem 20
and the ground disturb the downstream behind ther @
the flow around the rotor. Therefore, a new tesichewas
desired. After analyzing the faults of test bencta Imicro
bench, originally was used for bigger motors angpphers
in wind tunnel tests, was utilised to measure thatom
MICRO and rotor MCF3225 in the configuration shoimn
Figure 8.

sk

ok

Thrust Measured

;
10 15 20 25
Thrust Added (g)

Figure 9: Thrust calibration of micro test bench

|

150} /

501

Torque Measured

Figure 8: Micro bench (a) Torque transformatiortays
(b) Supporting beam (c) Controller (d) Motor androt or 1

(e) Velocity measurement instrument

Compared with test bench 1, the micro bench’s rotor % o fﬂmuemed(grﬁné? 150 20
precedes the supporting frame, thergby reduc!ng the Figure 10: Torque calibration of micro test bench
influence of the ground and the mechanism systehichw
are down stream. The micro bench systems are aistars )
to those of test bench 1 except that the instrument 24  Testbench 3 - Nano Bench version 1
measure the rotational velocity and the mecharsgstem Since the micro bench was firstly designed for moand
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 ppiecbf NAVSs, it failed to measure the torque with accefdab
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 measurement e
the axis will press a bearing hidden in the vettizeam and So a new test bench was developed to maintain theom
measure the torque. The measurement of thrust ean bench’s merit but overcome the friction in the rmagbm.
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

SEPTEMBER 14-17, 2009, DELFT, THE NETHERLANDS 45


https://www.imavs.org/pdf/imav.2009.7

.org/

/[[Www.1mavs

http

EMAV2009-7
https://www.imavs.org/pdf/imav.2009.7

of the same systems as test bench 1, except thst thnd

EUROPEAN MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION 2009

calibration results of thrust and toque and cowedng

torque measurement system. To implement the separétted lines. Relative fit errors of thrust are d&10.5% when
measurement of coupled thrust and torque, two shatipe thrust is above 1g, while relative fitted esrof torque
wedges were orthogonally placed in grooves locaiad are below 3% when the toque is above 30g.mm aauptdi
different surfaces, allowing the mechanism to resbo analysis. Compared with the other two test benchasp
simultaneouslyand rapidly to the small changes l# t bench version 1 has higher calibration precisiorotdvi

measurement variables. Nano bench version 1 alsiaios
the simplicity of test bench 1 and the long suppgrbeam
high above the ground, as demonstrated on the rh&moh.

As shown in Figure 12, the upper wedge with the

corresponding groove can only rotate in one dioecsio that
it can only transfer the thrust to the thrust sensbe lower
wedge with the corresponding groove can only rotata
direction perpendicular to the thrust and transifer force
induced by the torque to the torque sensor. Becthese
two wedges are orthogonal, the thrust and the towgli not
influence each other. With this mechanism, an dination
of about 6 times could be generated for thrust,levhb
amplification was achieved for torque. Two thintswietal
lines are used to connect the mechanism and loél toe
avoid the generation of friction by the contactvien the
load cell and mechanism. In addition, the load defl

measuring the thrust was changed to a beam lodd cel

MEIRI F1200 with a capacity of 2N.

Figure 11: Nano bench version 1 (a) Laser emitipSupporting
beams (c) Motor and rotor (d) Laser detector (efjBkzad cell for
thrust (f) Mechanism system (g) Beam load cell fwgtie

(h)

(i)

IS ‘ L1 i

i;i |

. ' !
\‘ |
| = !

[ i |
Figure 12: Section view of nano bench version 1
(h) Upper wedge (i) Lower wedge
Due to the nonlinearity of the load cell and thovement
of the mechanism, two 2-order polynomial functiomsre
fitted for calibration results. Results are shown the

MICRO and rotor MCF3225 were tested and the results
listed in the following part.

251

20

o
T

Thrust Measured

5 [} 5 10 15 20 25 30
Thrust Added (g)

Figure 13: Thrust calibration of nano bench vergion

<
| P
IR

Torque Measured
o
g

S
8

50 0 50 100 150 200 250 300
Torque Added (g.mm)

Figure 14: Torque calibration of nano bench verdion

2.5 Test bench 4 - Nano Bench version 2

Despite the fact that Nano bench version 1 shoWwigla
sensitivity and a rapid response to the thrust tmdue,
some problems have emerged. Very thin and softswirere
utilized along the vertical carbon tube outsidetlod test
bench in order to not generate a force limitingritation of
the mechanism. However, thin wires augment the rinne
resistance of the electrical system. Thereforeewinith a
larger cross section were passed through the cehttre
carbon tube between the electrical source and speed
controller for nano bench version 2 as shown irufggl5.
Thus, the inner resistance could be reduced witke li
influence on the torque measurement. In this betiocé,
elasticity of the load cells and metal wires allotse
horizontal beam to transfer the applied forces thedefore
deflect to give a reading. Two directions of defileec are
induced — thrust and torque — of which the deftetin the
thrust direction is larger due to amplification thre bench
and that in the direction of the torque is fairljadl by
virtue of the small magnitude of torque. Althoughet
deflection induced by thrust could be eliminated the

following figures. Figure 13 and Figure 14 show the
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calibration and the deflection induced by torqusnsll, the
experiment must ensure the attitude of the horaddmtam
was constant. Therefore, the length of the vertiesm was
shortened to reduce the amplification of the tharsd two
micrometer screws were introduced to adjust thieud# of
the mechanism during experiments, as shown in EigiGr

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

Since nano bench version 1 relies on a fairly seesi
mechanism established on the orthogonality of tvenlges
to separate the coupled thrust and torque, thécktlm of
the test bench requires high precision to prevdm t
interaction of the two variables. The fabricatiaroe of the
two wedges as well as potential deviation betwelesm t
direction of thrust and the axis of the horizoriteabm will
have an effect on the measurement, especially®iotique.
So a calibration allowing for the interaction oéttinrust and
torque was performed before the experiments. Figie
shows that relative fit errors of thrust are bel@w% when
the thrust is above 1g. However, it is observed theathrust
has a strong influence over the torque as showrigare
17. For instance, a thrust of about 23 g will prelan extra
torque of about -50g.mm. For the torque calibrgtimm the
other hand, relative fit errors are below 8% whem torque
is greater than 50g.mm and the influence of tortguearust
is less than -0.1g, even when the torque exceedg./3m.
Consequently, the interaction between thrust andu®
cannot be neglected, especially for the influerfcéiist to
torque. For this reason, the experimental resultstake
this interaction into account before performingccdtions.

Motor MICRO and rotor MCF3225 were tested in this

experiment.

Thrust Measured
s

H . . .
£ [ 5 10 15 20 25
Thrust Added (g)

Figure 16: Thrust calibration of nano bench versdon
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Figure 17: Influence of thrust on torque
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Figure 18: Torque calibration of nano bench vergion
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Figure 19: Influence of torque to thrust

2.6 Testbench 6 — Torque Sensor

In the test bench experiments mentioned abteetarque
remains a difficulty for measurement. In order &tablish
the pure torque of the rotor, a static torque sebs$¢15 by
the SCAIME company with a capacity of 0.005N.mm and
an accuracy class of 0.2% was used to measuretfeet
solely. As shown in Figure 20, the torque sensas A
length of 48 mm and a diameter of 45mm, so an ele#n
supporting beam was installed to avoid the effdcthe
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.
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Figure 20: Torque sensor (a)Supportig base (b)iosgnsor

(c) Laser emitter (d) Horizontal supporting beam (6)

(e) Motor and rotor (f) Laser detector

®)

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, uguddifined as
the disk area; Q is the rotor torque; U is the tnyoitage
and | is the input current.

The solidityo is defined as,

EUROPEAN MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION 2009

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

3/2
(4) FM = I:?deal - CT

P Jzc,

_P _QIQ
TTIRTT

_N,C
o=—",
TR

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 thealius of

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

micro and rotor MCF3225 were tested with this bench

@
3

Torque Measured

i .
50 100 150 200 250
Torque Added(g.mm)

Figure 21: Torque calibration of torque sensor

3 RESULTSAND ANALYSIS

Since the test benches above were developed
successively, gradual improvements have been made b
introducing numerous modifications to the mechasismd
electric systems. This also brought about distimgi
between the results tested by different benches.
Comparisons were carried out with the experimergsililts
of the Micro motor and MCF3225 rotor at a voltag8® V
for test bench 1, the micro bench and nano benciorel
and a voltage of 3.8 V for the nano bench versioang
torque sensor. All results were presented withreeos of
confidence 95%.

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

_ T
@ &= Ry
s)
Co=—.
(3) P pA(QR)3

For this paper, hovering performance is studiedih&o
figure of merit (FM) is defined as the ratio of &i@ower to
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Figure 22: Thrust coefficient at different rotatdspeeds
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Figure 23: Power coefficient at different rotatibepeeds
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Figure 24: FM vs. ratio of thrust coefficient taapsolidity
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Figure 25: Motor efficiency at different rotatiorspjeeds

Figure 22 presents the thrust coefficients at ckffe
rotational speeds for all test benches except trquée
sensor. The thrust coefficients determined by bestch 1
were not regular, however; they match well with tasults
on nano bench version 1 at rotational speeds frgd03
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, theo
test bench version 2 tested a higher thrust coeffichan
the other test benches, and differences of about d&uld
be found between this and version 1. Numericalutations
predict a lower thrust coefficient at rotationalesfs less
than 4,000 RPM, but match well with nano benchicerg
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 valudraétt
coefficient is used as a reference.
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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 lé Re. 2)
secondly, the vibration of test bench has flatteroed
reversed the change.

Figure 24 shows that the figure of merit variesrfrthe
ratio of thrust coefficient to solidity. FM measdréy test
bench 1 and the micro bench is mainly located betm@4
and 0.5, while that measured by the nano benchovets
and version 2 is less than 0.4. Figure 25 showsnthtor
efficiency varies with rotational speed. Since thsults of
nano bench version 2 were tested at a differertage| they
are omitted from this figure. Although differencegist
between the results tested by the three test benche
motor efficiency rises sharply with the increaseathtional
speed for all. The peak value measured by naneahben
version 1 is about 0.53 higher than that measusedest
bench 1, which is 0.43, and the micro bench, wisdh37.

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 miesd bench
tested the lowest values among the test benchesthg of
its complicated mechanism, which will cause moretifr
than other systems and reduce the measuring seémgsiti
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 allowthicr
possibility, the deformation of the load cell anétal lines

they version 2 caused interaction between the tharst

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

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

especially when the micro rotor rotates at such $peeds.

long lever arm of the main horizontal beam. Theqter

Deter§! overcame this issue by measuring rotors at ve®ensor is supposed to be able to measure the Giedice

high speeds. Even with great attention to the Seitgiof

precisely, but the torque is a dynamic variableabse of

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

coefficients with enormous distinctions. In Figuz8, the
test results of power coefficients were presentatifferent
rotational speeds. At low speeds, the power caeffts
tested by the torque sensor approach those testetieb
nano bench, and the discriminations augment wighédri
rotational speeds. However, results match well Witise of
test bench 1, especially when the rotational speeteds

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

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

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

In this experiment, the Re varies from 4,000 t®Q0, In
general, the aerodynamic performance of rotor detges
with the reduction of Re. However, the thrust cioéhts
and power coefficients change slightly with Re araty
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 &gy and
the magnitude of alteration depend on the testtencThe
following reason may result in them: 1) firstlyetgeometry
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found to predict a laminar separation in advanodted low
Reynolds numbet¥, 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, the
computational error will accumulate, causing difeces
between the experimental and computational results.

an 4  CONCLUSIONS

Five test benches, including a bench based oncquéor
sensor, were designed for the measurement of hmyveri
performance of micro rotors and motors for NAVS.
Sensitive mechanisms were developed so that thedand
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thrust are able to be tested simultaneously andkbyiln  [6]
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 bencloegdc
measure the thrust with a difference of less th&fo.2
However, great differences were observed for thrgui
coefficients tested by each bench. In additionl-fodled [9]
helicopters reach figure of merit values of abaittd 0.8”,
though this value declines sharply with decreasike
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 Maunytl
University achieved a FM of about 0.55, while thendeter
of the rotors was 2 times that of the MCF3%%5These
experimental results therefore demonstrate thectimu of
FM with the drop of the Reynolds number. At the sam
time, the motor efficiency increases sharply wibkational
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 wirte inter
resistance increases accordingly, resulting irgadr power
consumption. Therefore, motor efficiency decreasib a
reduction in size. The rotor was also calculateith WiFOIL
and XROTOR at different rotational speeds, but the
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, the
experimental results of FM and motor efficiency whihat
the performance of micro rotors and motors deahita the
reduction of size.

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

8]
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