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An experimental and computational study of the static performance of small microcoaxial twin rotors with a

diameter of 7.5 cm and twisted blades withinReynolds range from 6000 to 15,000 at 75%spanwas carried out. A test

bench, which is based on five-component sting balance with maximum load capacity of 2 N, was designed. The sting

balance experimental validation, carried out before the tests, showed average relative errors of forces and moments

were 1.589 and 3.777%, respectively. Loading–unloading tests showed a relatively important hysteresis for low loads

and a negligible hysteresis for higher loads. The static performance of the coaxial rotor was measured at three rotor

axial stations, which are located 0:53, 1:07, and 1:60R from the center, with the maximum thrust at the middle

station. A thrust of 0.112 N was measured at 6500 RPM for both rotors. The computational fluid dynamics solver

Fluent was used in simulations. Flow models, such as laminar, Spalart–Allmaras, standard k-!, and shear stress

transport k-!, were compared with different grid configurations. Results show that laminar model has the best

fidelity for flowfield. Full simulations of the final coaxial rotor were performed with laminar model showing an

overestimation of thrust and torque.

Nomenclature

A = rotor disk area, m2

CT = rotor thrust coefficient, 2T=��1A��R�2�
�c = mean chord, m
FM = figure of merit of rotor, C3=2

T =�2CQ�
L = rolling moment, N �m
M = pitching moment, N �m
N = yawing moment, N �m
Nb = number of blades
Pre = precision of measurement
Q = rotor torque, N �m
Qm = rotor torque coefficient, 2Q=��A�2R3�
R = rotor radius, m
Re = Reynolds number at 75% span of downstream rotor,

0:75�Rc0:75=�
T = rotor thrust, N

Tm = collective thrust measured at a certain input pulse
width modulation, N

tv;P = student t estimator given at probability P%, and a
freedom of v.

v = degrees of freedom
Y = side force, N
Z = normal force, N
� = rotation angle, �

� = inclination angle, �

"q = quantization error of the acquisition system, N or
N �m

"t = error of measurement in a subconfiguration, N or
N �m

"Rel;total = relative error of measurement in all subconfigurations
’ = yaw angle, �

� = rotor solidity, Nb �c=��R�
�1 = freestream fluid density, kg=m3

��m = means of rotational velocity measured, rad=s

I. Introduction

M ICRO Air Vehicles (MAVs) have achieved a great
development in the past decade [1–5]. Nano air vehicles

(NAVs) [6] proposed by the Defense Advanced Research Projects
Agency (DARPA) in 2006 attracts more attention in recent years to
fulfill missions in complex and cluttered environments. VariousNAV
concepts have been developed [7–9]. Coaxial rotor configurations
process the advantages of compactness and high payload-carrying
ability within the size and weight constraints. The configuration is
therefore used to design NAVs in ISAE-SUPAERO (Institute
Supérieur de l’Aéronautique et de l’Espace), even though the system
of two rotors mounted in-line to each other increases the me-
chanical complexity and introduces the aerodynamic interferences.
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Furthermore, the in-line counter-rotating rotor enables a robust
control of the torque, a potential problem for very small air vehicles.

The hover power requirement is the main difficulty in achieving a
better performance for coaxial rotors since hover flight state has a
typical low mechanical efficiency thus consuming a considerably
large amount of energy. With the reduction of size and rotational
velocity, nanocoaxial rotor operates in a significantly low Reynolds
number range between 5000 and 15,000 accompanying with the
phenomena of separation, transition and reattachment. The max-
imum figure ofmerit (FM) of micro rotor could drop to 0.2 [10,11] as
a result, while full-scale helicopter has amaximumFMup to 0.8 [12].
Research on the aerodynamic and propulsion performance of coaxial
rotors is considered critical despite the fact that the thrust and the
torque of the rotors are significantly small in the order of 0.010N and
0:001 N �m, respectively, due to the dimension and mass they
represent critical parameters for a typical NAV. Coupling between
torque and thrust makes the measurement sensitive to the test
fixtures. Therefore, measuring both thrust and torque simultaneously
is a significant challenge. It was noted by Mueller [13] that sensitive
equipment must be used to perform aerodynamic measurements on
small models at very low Reynolds numbers. To achieve this goal, a
new aerodynamic balance was designed procured by ISAE-
SUPAERO. Techniques to reduce experimental noise and increase
the accuracy of the results were investigated by Mueller [13] and
Albertani et al. [14] giving a special emphasis to the relevant noise-
to-signal ratio using statistical techniques associated to a robust
design of experiment (DOE). Bohorquez [15] and Bohorquez et al.
[16] developed a stand with load cell and torque sensor to test the
static performance of microcoaxial rotor of rectangle and tapered
blades with diameters of 11.2 cm. A maximum thrust of 180 g was
achieved, which is 1 order of magnitude larger than that of
nanocoaxial rotor. The design andmeasurement of a gearless torque-
canceling nanocoaxial propeller mechanism were conducted by
measuring torque and thrust separately [9,17]. A maximum thrust of
17.28 gwasmeasured. Relevant researches [18,19] have been carried
out on static performance of small rotors and propellers. However, in
these prior studies, the rotational speed and rotor diameter were
larger than what is required for the NAV range.

For the coaxial rotor system, the flowfield is more complicated
than that of single rotor due to the interaction between two rotor
wakes. The wake effect is prominent and the phasing of the im-
pingement of the tip vortex from upstream rotor upon the down-
stream rotor plays a significant role in the amount of unsteadiness on
the downstream rotor [20]. And significant blade to vortex and vortex
to vortex interactions is found for coaxial rotors. The tip vertex of
upstream rotor interacts with the flow of downstream rotor. Compu-
tational methods are the useful way to study the coaxial rotor flow
characteristics. Rotary-wing NAVs typically fly in the Reynolds
number range from 103–104 where viscous effect is very strong;
therefore, Euler equations frequently used for full-scale helicopters
numerical study [21,22] are usually not applicable. In [23–25],
compressible Reynolds averaged Navier–Stokes (RANS) equations
with Spalart-Allmaras (S-A) model for rotary-wing MAV was
adopted at tip Reynolds number varying from 19,000 to 27,000. It is
found that thrust and power were reasonably predicted. Because the
laminarflow is dominantwhen theReynolds number is below20,000
[26], the application of turbulence fluid model in the entire flowfield
is still an opening debate to the simulation of rotary-wing NAVs.
Because the coaxial rotors simulation involves two counter-rotating
rotors at high rotational speeds, how to define rotor movement is a
key problem. Chimera grids [27,28], sliding mesh [29], and multiple
reference frame (MRF) [30] techniques are widely used to solve this
problem.

Studies of coaxial rotor with twisted blades in a low Reynolds
number range of less than 15,000 are limited. For a deep under-
standing of the performance of such small rotor, a test bench based on
a 2 N five-component sting balance is designed to measure small
forces and moments simultaneously. Because the balance will be
applied to measure very small forces and moments, evaluation of the
balance is extremely important to present the characteristics of test
facilities. Calibration methods of strain-gage balances have been

well developed to obtain the calibrationmatrix [31]. Validation of the
calibration matrix with an acquisition system different from the
balance’s manufacturer is usually performed by the users [32–35],
because the accuracy of the balance and acquisition system
combined directly influence the accuracy of wind-tunnel result. An
evaluation method was used to apply the loads on balance by rolling
and pitching it to realize coupling among the forces and moments.
Low loads between 0 and 20% of full load, and high loads, between
20 and 100%of full load,were tested to learn the overall performance
of the balance used in this work. Measurement error and precision of
the systemwere estimated, and the hysteresis property of the balance
was evaluated as well. Having been validated, the balance was used
to measure the static performance of the coaxial rotor. Special
supporting beams were fabricated to fix the rotor and corresponding
electronic system on the balance. A 0.5 N beam load cell was
installed on the balance to measure thrust of one rotor. A removable
beam is used to adjust rotor spacing to verify its influence on rotor
performance. A numerical simulation was also carried out and
compared with experimental results. Ansys-Fluent [36] as a well-
developed commercial computational fluid dynamics (CFD) code
incorporates various flow models and computational methods. It is
verified to be capable of simulating static mixers with helical
elements.∗∗ Computations are carried out with laminar flow model
and several turbulence models including S-A, standard k-! model,
and shear stress transport (SST) k-! model using different element
discretization schemes, to verify the influence of flowmodel and grid
configurations on computational results. MRF method is applied to
define the movement of coaxial rotor.

II. Experimental Setup and Computation Methodology

A. Sting Balance Validation Setup

The main objective of this experiment is to assess the sensitivity
and resolution of the newly acquired nano-sting balance. An internal
force sting balance manufactured by l’Institut Aerotechnique in
France was used as the main test element to measure the change of
total thrust and torque varying with rotational velocity of both rotors.
The five-component sting balance, which is able to measure thrust
and torque simultaneously, has a maximum loading capacity of 2 N
for forces (Z and Y) and 0:12 N �m for moments (L, positive with
right hand rule;M, positive with left hand rule; and N, positive with
left hand rule). The structural component, made of high strength steel
alloy, 35NCD16, has amaximum dimension of 40mmwith a 10mm
rectangular support part on both sides. Validation experiments were
carried out using a PXI-1050 chassis requiring a set of custom-made
hardware and software for the installation of balance, data acqui-
sition, and postprocessing. A test procedure for the management of
experiments, and the analysis method for result processing are
specifically designed. Thefine evaluation of the balancewas possible
by using a customized fixture consisting of a clamp, a supporting
beam, a load-support plate and an angle-test plate, as illustrated in
Figs. 1a and 1b. The clamp is settled on the tablefixing the supporting

Fig. 1 Fixture for sting balance: a) lateral view, b) top view.

∗∗Data available online at http://www.bakker.org/cfm [retrieved 12 Sept.
2009].
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beam in a cantilevered position with pitch and roll degrees-of-
freedom. One end of the beam is held by the clamp, and the other end
is attached to the balance. On the supporting beam, an angle-test
plate, with the same attitude as balance, is placed parallel to the load-
support plate to place the protractor for angle measurement.

Because the error and accuracy depend on the bias between
measured and real values, the determination of real values require
high accuracy. The reference masses for load have beenmeasured by
high accuracy balance SARTORIUS, which has maximum capacity
of 2 kg and accuracy of 0.0001 g [35]. The resolution and sensitivity
of the entire acquisition system are critical for the validation of
measurement accuracy. In this experiment, a PXI-1050 chassis,
including SCXI-1520 signal conditioning unit, multifunction I/O-
DAQ, NI PXI-6229 series 16-bits card and PXI-8336 interface was
used as acquisition system. The SCXI-1520 module is an eight-
channel module for interfacing to strain-gauge bridges and other
Wheatstone-bridge-based sensors.†† The SCXI-1520 signal condi-
tioner supplies an excitation voltage of 4� 0:036 V to the balance
during the experiment. Output signals from the balance are amplified
by SCXI-1520 with a gain of 1,000 and filtered at 10 Hz.

Via a front module PXI-8336, the chassis is connected through an
optical cable to a Dell Optiplex 330 PC with 1.98 GB RAM. The PC
runs Measurement and Automation Explorer as driver interface
between control software, LabView, and the PXI-1050. Customized
Labview virtual instruments (VI) codes were developed for reading
and displaying rawoutputs (voltages) from thefive channels and data
logging. The VIs mainly contain the following functions: setting
sampling frequency and number of samples to average for each
channel, setting of the channel properties, and sting balance
calibration matrices, display functions plotting forces and moments,
input-output functions of measured data, input parameters of the
experiment, real time of row-voltages, forces and moments for each
channel on operator’s screen.

A user interface was developed for further result process. It is
based on the Graphical User Interfaces [37] programming tool of
Matlab 2006a. It also includes error and confidence interval
evaluation.

B. Coaxial Rotor Description

To solve the problem of significant propulsive performance
degradation of nanopropellers due to its small size, ISAE aero-
dynamics and propulsion lab proposed a rotary-wing NAV concept
with coaxial rotor. Such vehicle requires carrying a payload of about
0.02 N to meet DARPA’s requirements [6]. Coaxial rotor has the
advantages of compactness and high thrust compared with

conventional concepts with same size. Conventional helicopter
rotor typically has uniform chord. It controls attitude and flight
direction through collective and cyclic pitch control [12]. Because
small MAVs are characterized by extremely small size and weight,
conventional controls are not feasible. Therefore, rotor blades with
twisted and non uniform chord are particularly attractive for
propulsion optimization. Thus a pair of nano counter-rotating rotors
with diameters less than 7.5 cmwas designed based on lowReynolds
number aerodynamics and minimum induced loss theory [38,39] to
minimize energy loss. The blade airfoil has 2% thickness with 5%
curvature circular arc. In prior study [40], it was found thatmaximum
motor mechanical efficiency occurs at about 6500 RPM for a 7.5 cm-
diameter rotor; the concept design requires a total thrust of combined
rotors larger than 0.10 N. Taking account of fabrication errors, the
optimal design increases minimum total thrust to 0.120 N. The
XROTOR code [41] was applied to optimize rotor geometries.
Airfoil aerodynamic parameters at different Reynolds number were
calculated before the optimization. With the potential formulation
which is an extension of Goldstein’s two and four blade solution to
arbitrary numbers of blade and radial load distributions, the geometry
of undisturbed upstream rotor can be obtained by defining the
rotational velocity, thrust, and power consumed. The induced
velocity was recorded as additional axial and rotational velocity
components of freestream of downstream rotor. However, the
interaction between rotors depends on their spacing and rotational
direction. A rotor weight factor is therefore defined as the magnitude
of the influence of the induced flow of the upstream rotor to
the downstream rotor in terms of axial and tangential velocities. The
product of weights and the components of induced flow plus the
velocity of freestream are taken as the upstream flow velocity of
downstream rotor. Because both rotors are counter-rotating with
small spacing that is less than 2R, weights of 1.0 for axial velocity
and �1:0 for tangential velocity are specified to reflect the influence
of the upstream rotor induced velocity field to downstream rotor. By
integrating the influence of upstream rotor and freestream condition,
the downstream rotor geometry can be optimized with the rotational
velocity, thrust and power as well. Similarly, the induced velocity of
downstream rotor will influence the upstream as well. Its induced
velocity will be taken into account to optimize the upstream rotor
with weights of 0.5 for axial velocity and zero for tangential velocity
specified. Solution converges after six iterations and there are no
changes in chord length and twist angles. However, the rotors were
optimized in a static condition which is thought to be a significant
flight condition for NAVs. The chords lengths and twist angles at
blade root for both rotors are too big to be fabricated. Modifications
are therefore performed at blade root. In the end, an upstream rotor
with mean chord of 0.33R and mean twist angle of 17.21� and a
downstream rotor with mean chord of 0.31R andmean twisted angle
of 17.67� were obtained (Fig. 2). Calculation of optimized rotors
with XROTOR shows that the downstream and upstream rotor

Fig. 2 Blades chord and twist distribution: a) upstream rotor, b) downstream rotor.

††Data from the SCXI-1520 User Manual available online at http://
digital.ni.com/manuals.nsf/websearch/74F442BE4AFE68EE8625707E006
AE9D6 [retrieved 20 Aug. 2009].
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generate a total thrust of about 0.127 N and zero torque during
hovering at 6500 RPM for both rotors. After obtaining chord length
and twist angle distribution, both rotors were to be fabricated.
Because the rotors are thin and teetering, it is very hard to fabricate it
with a machine. Conventional method was applied to fabricate them
with two molds. Two 0.102 mm-thick carbon fiber layers and epoxy
resin were used and the finished rotors are shown in Fig. 3. However,
it should be pointed out that the thickness of rotors becomes nearly
identical resulting in geometry difference between fabricated and
optimized rotors.

C. Coaxial Rotor Experiments Setup

Because the reference center of measurement is located at the
mechanical center of the sting-balance, beams with rectangular
grooves were fabricated and fixed on the rectangular support end of
the sting balance to secure rotor as illustrated in Fig. 4. To measure
the thrust of both rotors, a beam load cell F1200 manufactured by
MEIRI with a capacity of 0.5 N was used to measure the thrust of the
downstream rotor. The thrust of the upstream rotor could be obtained
by subtracting the thrust of the downstream rotor from total thrust.
The total torque of the two rotors could be obtained from pitching
moment component signal from the sting balance. A carbon support
tube on which the upstream rotor was fixed could be adjusted to
change the axial spacing between rotors thus the influence of the
axial spacing between rotors could be studied. The LRK10-1-50Y
motor fromWes-Technik that drives the rotor weights only 1.4 g. It is
powered by a N5766A 3.7 V DC power supply by Agilent
Technologies. The YGE4-BL fromWes-Technik Company controls
the brushless motors. Optical sensors integrated with laser emitter
and detectors are used to measure rotational speed of the motors.
Ambient pressure and temperature sensors were applied as well for
air density calculation.

During rotor tests the balance output signalswere transferred to the
PXI-1050 chassis for processing together with the rotational speed,
and the input voltage and current and organized in the output file for
further postprocessing.

D. Computation Methodology

The numerical simulation was performed using FLUENT V6.3, a
software package capable of solving Euler equations, RANS
equations, or space-filtered equations. The conservation of mass,
momentum, energy, and so forth, can be obtained usingfinite volume
method.

Apressure-velocity coupling approachwas used to improve solver
robustness. Several spatial discretization schemes are provided by
Fluent such as first-order upwind, second-order upwind, power law,
QUICKand third-orderMUSCL. In this study, thefirst-order upwind
scheme and QUICK scheme were applied. First-order upwind
scheme determines all the variables by assuming that the cell-center
values of any variable represent a cell-average value and hold
throughout the entire mesh. The QUICK scheme calculates higher-
order value of convected variable at cell face by using a weighted
average of second-order upwind and central interpolation. Laminar
flowmodel was employed first. Several turbulence flowmodels were
introduced later. S-A model, a single-equation conservation tur-
bulence model provides good prediction of regular flows but fails to
simulate flows with mild separation or circulation. The k-! model
solves two additional conservation equations in which one is for the
turbulent kinetic energy k and the other is for the inverse time scale!.
Standard k-! model is typically adopted for low-Re number or for
transitional flows, while SST k-! model is suitable for complex
three-dimensional flows with strong rotation.

To modeling blade rotation, disk-actuator model, MRF technique
or fully unsteady approaches such as sliding mesh method and
chimera technique is frequently used.Disk-actuatormodel is a steady
method which considers rotor as a disk where the induced velocity is
specified without accounting for blade details. The MRF model [36]
is a steady-state approximation in which individual cell zones use
different frame equations to solve N-S equations. Zones containing
moving components can then be solved using moving reference
frame equations, whereas stationary zones can be solved with
stationary frame equations. At the interfaces between cell zones, a
local reference frame transformation is performed to enable flow
variables in one zone to be used to calculate fluxes at the boundary of
the adjacent one. If moving reference frame is used in a zone, the
velocities and velocity gradients are converted from a moving
reference frame to the absolute inertial frame whereas the scalar
quantities are determined locally from adjacent cells, because these
vector quantities change with reference frame. On the other hand,
quantities in the absolute inertial frame can be converted to moving
reference frame as well. Fully unsteady methods simulate blade
motion by embodying the rotors in subzones inwhich its surrounding
grids around move during computation. Disk-actuator model is the
most time-savingmethod, but it depends on the precision of specified
conditions for the disk and ignores the detailed blade geometry
character. The fully unsteadymethods allow one to simulate transient
phenomena, for instance the vortex shedding from a rotating blade,
but it requires several times’ CPU-time than other methods. For this
case with a steady rotating velocity, it is convenient to use MRF so
that the steady-state solutions are possible with relatively short
computing time and relatively high precision.

III. Experiment Design and Data Processing

A. Sting Balance Validation Design

The five-component sting balance represents the main source of
output experimental data. Therefore, its accuracy was carefully
evaluated before performing the counter-rotating nanorotor tests. A
critical aspect of the sting balance characterization is the interactions
between the axial and torque output signals. Such effects were
simulated during the balance validation tests by rotating the balance
around the X and Y axes illustrated in Fig. 1b. To simplify the
notations for further postprocessing, the measurements performed at
the same pitch and roll angles are defined as a configuration. For the
sting balance standard validation tests, five configurations were
performed. In each configuration, there are two subconfigurations
including lower loads (between 0 and 20% of full load) and higher
loads (between 20 and 100% of full load), respectively. To solve the

Fig. 3 Finished rotors.

Fig. 4 Test bench and sting balance.
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sting balance output signals the calibration matrix provided by the
manufacturer was used for both load ranges. Within each sub-
configuration, three different positions have been randomly chosen
from the ten positions in the load support plate in Fig. 1b; at each
position three different calibrated weights were applied in a random
order. Themeasurements were repeated 5 times for each position and
each weight recording 1000 samples for each measurement. The
applied loads are summarized in Table 1. Because of the method-
ology used for the validation tests, the loads may not cover the entire
range of the load capacity of the balance but would nevertheless
provide a rather complete evaluation for the five components as
required.

Furthermore the hysteresis property of the balance was evaluated
including two configurations with different pitching and rolling
angles at lower loads (between 0 and 10% of full load) and higher
load (between 10 and 100% of full load). Within each configuration,
two different positions have been randomly chosen on the apparatus
plate and at each position a sequence of five weights were
progressively loaded and unloaded repeating the measurement 5
times at each position. The applied loads are listed in Table 1.

B. Data Processing

The sting balance measurement precision is defined as the
standard deviation of the force or moment for all acquisitions in a
subconfiguration. The error is defined as the averaged differences
between the applied and measured force/moment components for
each test. And the relative error is defined as the ratio of averaged
differences between the applied and measured force/moment
components to the applied ones for each test.

During every coaxial rotor test, the variables are recorded for 15
times. For variables that are linear functions of the other independent
variables directly measured, the mean value and standard deviation
can be derived from measured values.

All of the results will have a confidence of 95% in the experiments.

C. Coaxial Rotor Experiment and Computation Design

The 0.5 N beam load cell is validated as well, but no detailed
description will be presented here. In the study, the rotor spacings of
0.53, 1.07, and 1.60R are applied, respectively, to verify their
influence on propulsive performance of counter-rotating rotors. The
component Y of the sting balance is applied to measure the total
thrust of coaxial rotors, while the 0.5 N beam load cell is used to
measure the thrust of downstream rotor. The total torque of both
rotors is measured by the component M of sting balance. The
experiments were all carried out at a tension input to controller of
3.7 V which has the same value as the NAV battery. At each rotor
spacing, the experimentwasfirstly carried out byfixing the rotational
velocity of the upstream rotor at 6500 RPM, Reynolds number at 3/
4R of 15,000, and changing downstream rotor rotational velocity
with the input current from the Reynolds number of 6000–14,000.
During the experiment, the rotational speed, input current, input
voltage, and the thrust of each rotor weremeasured, but only the total
torque was measured. Calculations are performed with laminar flow
model and turbulence flowmodels usingMRFmethod at a rotational
velocity of 6500 RPM for both rotors. The spatial discretization
schemes were also studied. Finally, the laminar flowmodel was used
to simulate rotor spacing of 1.07R using MRF method.

IV. Results and Discussion

A. Sting Balance Validation Results

Considering the experimental methodology presented above, the
validation of the setupwas performed and themeasurement precision
and error were estimated. Different measurements with five
configurations were performed including two subconfigurations for
each configuration with loads between 0 and 20% of the maximum
load and between 20 and 100% of the maximum load. All the results
are calculated assuming a confidence of 95%. Figure 5 shows the
plots of the measurement precision. The precision analysis shows
that the maximum Pre is 0.0071 N for the forces and 0:000265 N �m
for the moments. Furthermore, the component Y has higher
maximum Pre than the Z component; the N component has the

Table 1 Summary of applied forces and moments

Parameters Load component Y, N Z, N L, N�m M, N �m N, N �m
Normal tests Maximum load 0.001 �0:0042 0.0918 0.1099 0.0858

Minimum load �0:730 �1:588 �0:0881 �0:0918 �0:0544
Hysteresis tests Maximum load 0.0013 0 0.0965 0.0482 0.0858

Minimum load �0:7849 �1:5687 �0:0483 �0:0299 �0:0544
Balance Capacity �2:00 �2:00 �2:00 �0:12 �0:12

Fig. 5 Measurement precision; from left to right for a component, the

columns are for Config1–1, Config1–2, and so forth, respectively.

Fig. 6 Error plot: from left to right for a component, the columns are

for Config1–1, Config1–2, and so forth, respectively.
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largest Pre of the three-moment components. The error of the
measurement system consists of the error introduced by the sting
balance, the mechanical and electronic components. Therefore, a
maximum "t of 0.0088 N for the force and 0:00167 N �m for the
moment were obtained (Fig. 6). The Z component has the maximum
"t during the tests in which the roll angle and the pitch angle were
coupled with a maximum load of 1.47 N (150 g) suggesting that the
coupling of the two components may lead to an increase of the error.
From Fig. 6, because "t depends on the loads, the relative error
"Rel;total is introduced to present the performance of sting balance
more clearly. The relative errors for the five components are listed in
Table 2.

The maximum average relative error for all configurations, which
is 3.777%, was found in the pitching moment component, although
the minimum average relative error, assigned to the normal force
component, is less than 1%. Generally, all the components have an
average relative error less than 2%. The maximum average relative
error wasmeasured in theM component in the tests with a significant
combined force and moment loads. Compared with the 1 kg

maximum load balance from the University of Florida [30], whose
ratio of accuracy to maximum load is less than 0.125% for all
components, the sting balance seems to have a high relative error.
However, the relative error calculated here is the ratio of absolute
error to corresponding local load instead of maximum load. And the
maximum loads of the two balances are different.

The sting balance hysteresis characterization was also performed
for all five components at the low load and high load range. From the
hysteresis test results, it was found that the force componentsY andZ
(side and normal, respectively) and moment components L and N
(roll and yaw, respectively) exhibited a mild hysteresis at the lower
load range. The moment component M exhibited no significant
hysteresis. For their significance for the presented static performance
study of coaxial rotors, the hysteresis properties of the component Y
and M at the low load range are illustrated in Figs. 7 and 8. The Y
component (side force) was used to measure the total axial force of
the coaxial rotors

Because the experimental results presented above are relative to
the complete system, a careful check of all possible sources of errors
must be included. The most important contributors of the validation
system error was considered to be themeasurement error of pitch and
roll angles which were obtained by a digital protractor with a
resolution of�0:1�, positioned on the test plate illustrated in Fig. 1b.
Great care was used for the positioning of the test plate on the sting
balance to assure a proper alignment. It is believed that themagnitude
of the loads and the value of the attitudes of the balance have an effect
on the precision as well due to the increase of the coupling among the
three moment components resulting in larger errors. Other potential
sources of errors are the intrinsic high noise-to-signal ratio and the
elastic deflections of the sting balance under load.

B. Rotor Performance Results

The calculations were performed at a rotors axial spacing of
1:07R. The grid was generated using ICEM CFD V11.0. For the
MRF method, the flowfield is divided into three volumes in which
two small blocks are dedicated to the rotors, as shown in Fig. 9. The
external mesh boundary is formed by a 25:5R high cylinder with the
top and bottom radii of 12R and 16R, respectively. Every small block
has a height of 2=3R and a diameter of 1:5R. Figure 4 shows that,
each rotor is a solid thin piece of carbon fiber with twisted and
nonuniform chord blades. Because the rotors were driven by external
brushless motors, a small cylinder with the same diameter as the
motor was added at the center of each rotor. The fine O-grid mesh,

Table 2 Relative error of 2 N balance

Components Y, N Z, N L, N �m M, N �m N, N �m
Relative error 1:589� 0:337% 0:887� 0:137% 1:117� 0:192% 3:777� 1:463% 1:941� 0:442%

Fig. 7 Hysteresis property of component Y.

Fig. 8 Hysteresis property of component M. Fig. 9 Global view of the mesh.
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shown in the Fig. 10, was defined and optimized around the rotors to
capture the details of theflow structure and included a total number of
grid cells of 2.8 Million.

Table 3 shows the thrust and torque calculated with different flow
models and discretization schemes based on the MRF method at a
rotational speed of 6500 RPM for both rotors and a rotor spacing of
1:07R. The counter-rotating rotors were originally designed using
XROTORwith the requirement for a total thrust of 0.127 N and zero
torque. Both experimental and computational results show lower
thrust and higher torque compared with the values predicted from
XROTOR predictions. Furthermore, all the flow models used in the
simulations overestimate the thrust and underestimate the torque
when compared with the experimental results. If compared with the
experiment, the turbulence model k-! with the Quick scheme
predicted the most accurate value for thrust with the first-order
discretization scheme and themost accurate value of torque. Because
the Quick discretization scheme introduces small truncation error,
the absolute values of thrust and torque predicted by the simulations
are slightly higher than first-order method except S-A flowmodel. In
general, differences among computational results are considered
negligible. When comparing the experimental with computational
results, a relatively good agreement for the thrust and an under-
estimation for torque were found.

Because the fidelity of the performance prediction of rotors in
static conditions is greatly influenced by the ability to capture tip
vortex structure and the related disturbed flowfield, a detailed visual
comparison of the flowfield between laminar and k-! models with
Quick scheme was conducted, as illustrated in Figs. 11 and 12.
Figure 11 shows the pressure contours on the suction side of the
blades for both rotors. It is evident that laminar model captures
disturbance of flowfield near the blade tip while k-!model fails. The
blade tip vortexflowfield is extremely complicated,with the presence
of secondary vortices near the tip increasing the complexity and the
pressure distribution, as illustrated in Fig. 12. The secondary vortices
can be clearly observed from calculated results obtained with the
laminar model (Fig. 12a). Figure 12b shows that the turbulence k-!
model only predicts weak secondary structures validating the
assumption that the laminar flow dominates the flowfield at the
extremely lowRenumbers even though strongflow interactions exist
between the two rotors. It is postulated that the turbulenceflowmodel
failed to precisely predict the flowfield mainly because of its

application on the entire volume without considering the transition.
Furthermore it was found that at a short distance from the blade’s
trailing edge the secondary vortices merge with the tip vortex.

Figure 13 illustrates the experimental and calculated total thrust
and torque of both rotors with the Reynolds number at 3=4R of the
downstream rotor as an independent variable. Simulations were
performed with the laminar flow model and Quick scheme at rotor
axial spacing of 1:07R, while the experiments were conducted at
rotor axial spacings of 0:53, 1:07, and 1:60R. The total thrust
increases with the Reynolds number and peaks at 1:07R, whereas
Bohorquez’s study [15] shows that the system thrust does not
undergomeasurable changes at vertical separations larger than 0:4R.
Differences less than 0.017 N were found between experimental and
computational results. Experimental total thrust of 0.135 N was
obtained at a Re number of about 14,000. A total thrust of 0.112 N
was obtained from the experiment while a value of 0.121 N from the
simulation at 6500 RPM for both rotors. However, both results were
found smaller than XROTOR estimation. At same rotors tip speeds,
absolute values of from both experiment (4:918E � 04 N �m) and
simulation (8:2E � 05 N �m) are both larger than XROTOR
prediction (zero). Comparing the experimental and computational
results a larger difference was found for the torque than for thrust;
both differences are fairly constant with Reynolds number. During
the experiments, the downstream and upstream flow of the rotors
experienced a certain blockage by blade speed sensors, the load cell
and supporting beams influencing the performances of the rotors.
Moreover, the average relative errors obtained from the sting balance
validation tests for the components Y (thrust) andM (torque) of sting

Fig. 10 Grid around blades.

Table 3 Comparison of experimental results and computational results calculated with different flow models

Flow model Experiment XROTOR Laminar S-A k-! k-! SST

First order Total thrust, N 0.1120 0.1270 0.1209 0.1199 0.1194 0.1211
Total torque, N �m 	 10�3 �0:4918 0 �0:02840 �0:03530 �0:0746 �0:0168

Quick Total thrust, N 0.1120 0.1270 0.1282 0.1199 0.1206 Not converged
Total torque, N �m 	 10�3 �0:4918 0 �0:08044 �0:03532 �0:09320 Not converged

Fig. 11 Comparisons of computed pressure contours using different

flow models: a) upstream rotor, and b) downstream rotor.
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balance were found to be 1.589 and 3.777%, respectively, con-
tributing to the overall experimental errors. Other contributing
factors to the errors are the balance-rotors installation and the
differences of the rotor geometry used in the simulation and in the
experiments which includes fabrication tolerances. Furthermore,
the significantly low values for the torque, typically less than
1:00E � 03 N �m, could result in significant interference with
system noises further enhancing the experimental error. The values
on the plots for zero Reynolds number are relative to the condition of
power input to the upstream rotor and wind milling for the down-
stream rotor.

Figure 14 shows the experimental and calculated thrust versus
Reynolds number based at the 3=4R of the downstream rotor at a
rotors axial spacing of 1:07R. The values include rotors total and
single rotor thrusts and it was found that the thrust of upstream does
not change significantly with Re number increase, which could be
interpreted as the upstream rotor propulsive performance is not
influenced by the downstream rotor.However, the performance of the
downstream rotor is affected by the upstream rotor’s wake resulting
in a downstream rotor negative thrust at a very low Re numbers. The
experimental study in [15] also showed the identical conclusion.
Although simulations successfully predicted the trend, both
upstream and downstream rotor thrusts are overestimated. Figure 15
shows the figures of merit (FM) of the upstream and downstream
rotors versus the thrust coefficient to rotor solidity ratio from the
simulations results. The maximum FM for the upstream rotor of 0.46
is higher than that of the downstream rotor (0.33). However, the best
FMs for both rotors are significantly lower than typical full-scale
rotors, which is in the range of 0.7–0.8. The lower FM are attributed
to the low Reynolds number regime in which the nanorotor operates,
inducing an important decrease of the kinetic energy of the blades
laminar boundary layer causing a tendency of separation due to

adverse pressure gradient thus causing a significant degradation in
the static performance of coaxial nanorotor. It is also postulated that
the counter-rotating motion of the rotors induces counter-rotating
swirl flow induced by the upstream rotor resulting in a reduced FMof
the downstream rotor.

Fig. 12 Streamwise vorticity contours around upstream rotor tip:

a) laminar model, and b) k-!model.

Fig. 13 Performance comparisons at different rotor axial spacing for:

a) total thrust varying withRe number based at 3
4
R of downstream rotor,

and b) total torque.

Fig. 14 Computational and experimental thrust of single upstream

rotor, downstream rotor, and combined rotors at an axial spacing of

1:07R.
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V. Conclusions

The experimental and computational static performance of coaxial
counter-rotating twin rotors with a diameter of 7.5 cm and twisted
blades were studied using a novel 2 N maximum load five-
component micro sting balance and FLUENT V6.3 software
package. The experiments were performed at different rotor axial
spacing to study their mutual interferences on the static performance.
Before the experiments, the newly acquired sting balance was
evaluated using a specifically designed 2 degree-of-freedom testing
fixture, a high-resolution data acquisition system calibration check
procedure. Several FLUENT simulations were performed applying
different flow models including laminar model, S-A turbulence
model, standard k-! turbulence model, and k-! SST turbulence
model. Finally, coaxial rotor final simulations were run using the
laminar fluid model and at a fixed upstream rotor rotational speed of
6500 RPM at various downstream rotor blade-tip speeds.

The sting balance validation tests showed average relative errors
less than 4% for all components with excellent hysteresis char-
acteristics. The rotors experimental and computational evaluations
showed thrust values higher than 0.1 N with both rotors at
6500 RPM.

Both the experimental and computational results showed lower
thrust and higher torque in respect to the values predicted from
XROTOR. Furthermore, all flow models used in the FLUENT
simulations overestimated the thrust and underestimated the torque,
when compared with the experimental results. Laminar flow model
captured better than standard k-! turbulence model the disturbance
of flowfield near the blade tip including the secondary vortices near
the blade-tip and theirmergingwith themain tip vortex structure. The
comparison of experimental results obtained at constant tip speed
and at different rotors axial spacing showed the highest thrust at a
rotor’s axial spacing of 1:07R. Experimental and computational
thrust values versus the Reynolds number based at the 3/4 radius of
the downstream rotor showed that the thrust of the upstream rotor
does not significantly change increasing theRe number, which could
be interpreted as the upstream rotor propulsive performance is not
influenced by the downstream rotor.However, the performance of the
downstream rotor was affected by the upstream rotor’s wake
resulting in a downstream rotor negative thrust at very low Re
numbers. The figure of merit of the downstream rotor increased with
the increase of the thrust coefficient to rotor solidity ratio, and the best
figure ofmerit for the upstream rotor (0.46) was higher than the value
for the downstream rotor (0.33).

Experiments with isolated rotor should be carried out to study the
static performance of the single rotor and obtain a model validation.
Improvements of the experimental setup should include higher
resolution amplification equipment for the torque measurements.
The simulations were performedwithMRFmethod, therefore steady
results were obtained. Unsteady methods such as the sliding mesh

method or overset grids should be applied for an improved
simulation of the tip vortex formation and evolution. Wind-tunnel
tests should be carried out at different free streamvelocities and angle
of attack, including interference studies with a potential airframe.
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