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Abstract

The present work experimentally investigates the use of coaxial and planar propulsion systems, in
multi-rotor Unmanned Aerial Vehicles. A systematic study of the coaxial configuration is performed
evaluating parameters influencing its performance in hover. The sensitivity to the diameter and pitch
of the propellers, the interrotor distance, the power distribution, the motor velocity constant, and the
relative sense of rotation of the propellers, is explored. A dedicated test bench is developed, allowing the
installation and testing of both single and coaxial configurations, varying the previous parameters, and
measuring thrust, torque and RPM . The behaviour of experimental curves is predicted by an analytical
model, based on Momentum Theory, and the pertinent variables are identified. The experimental results
demonstrate the conditions in which the coaxial and single rotors are more efficient. It is concluded
that it is possible to reach a coaxial configuration with better performance than the planar one (two
single rotors operating side do side, in the same plane): this is obtained when the coaxial diameters are
a given percentage higher than the single diameters. A detailed discussion of the parameters influence
is presented.
Keywords: Drones, Multi-rotors, Propeller Propulsion, Coaxial Rotors, Momentum Theory, Experi-
mental Test Bench

1. Introduction

The industry of multi-rotor Unmanned Aerial Ve-
hicles (UAVs) is growing important in application
areas such as aerial imagery, surveillance and struc-
tures inspection, requiring long flight times and
high payload capabilities. Increasing the number
of rotors is a straightforward solution to have more
available payload, and simultaneously introduce ro-
tors redundancy, along with an improvement of
multi-rotors reliability. However, it increases the
propulsion system size. Alternatively to the solu-
tion with the rotors in the same plane (planar con-
figuration), the coaxial configuration arises, with
the rotors positioned in pairs, allowing for a more
compact design. This configuration is also more
suitable for operating with strong winds [1].

Usually, studies are performed in order to com-
pare the advantage of using a coaxial rotor over a
single one [2, 3, 4]. The coaxial rotor has a clear ad-
vantage over the single configuration, since it allows
to attain higher values of thrust for a given diam-
eter. However, this is not easily verified if two sin-
gle rotors are used as a basis of comparison. Since
there is an interference of the upper rotor (Ru) wake
in the lower rotor (Rl), there will be more losses,

and thus a lower efficiency. This work focuses on
the identification of rotor geometrical characteris-
tics, that influence the rotors performance, estab-
lishing limits in which the coaxial rotor is prefer-
able to the planar system. To initiate the present
study, a modelling of the slipstream of both coax-
ial and single rotors is done, by using an adapted
model of Momentum Theory (MT) [5]. There are
some researchers using this method for predicting
the performance of both single and coaxial rotors,
obtaining low errors (∼ 5%) [2]. With the analyt-
ical model, it is possible to detect the influence of
diameter D and interrotor distance, H. The exper-
imental tests include single rotor tests, varying D,
pitch p, and motor Kv, and coaxial tests. Those
parameters are also evaluated in Ru and Rl, adding
to studies of interrotor distance, power distribu-
tion, and the relative sense of propellers rotation
- same rotation (SR) or opposite rotation (OR).
It is noted that few works detect variations with
H, for small ratios of H/D. Coleman [6] presents
an extensive review from the early coaxial rotor
development and experiments. It presents works
showing that H does not affect performance, only
affecting the thrust sharing ratio between rotors.
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Also, it describes experimental evidences of no de-
pendence for H/D > 0.1 and of a gain in perfor-
mance with increasing H, for H/D < 0.05. These
results are corroborated by: Johnson [7], that veri-
fied computationally an increase in performance for
H/D < 0.15, D.Prior and C.Bell [8], that concluded
that H/D ∈ [0.41, 0.65] values give better perfor-
mance results in small UAV, for Reynolds num-
bers of Re < 50000, and Bohorquez et al. [9],
whose experimental results, for micro scale coax-
ial rotor (Re = 20000), showed a slight increase in
total thrust, Ttot, for small H. Studies on pitch,
for torque balance, showed that pl > pu (Rl and
Ru pitch, respectively) allowed for better perfor-
mance [6]. Cedric [10] experimentally verified a
coaxial performance dependency on diameter and
pitch variation only. Ramasamy [11] presents ex-
tensive tests on a torque-balanced coaxial rotor,
reaching similar conclusions, and also detecting an
interference of Rl on Ru. Studies and experimen-
tal data on single rotors performance are available
in references [12, 13], showing an improvement on
performance by increasing D.
Next a summary of the main concepts for single

and coaxial analysis is made, followed by a presen-
tation of the experimental test bench, and the ex-
perimental tests sequence. Finally, a discussion of
the results is made, and the main conclusions are
outlined.

2. Background
2.1. Propulsion System Components
Multi-rotor propulsion systems are composed by

a power supply (battery), the electronic speed con-
trol (ESC) and the motor. The motor converts the
electrical power, Pe, into mechanical power (Pm),
then delivered to the propeller. Two efficiencies are
calculated. The motor and ESC combined efficiency
is given by equation (1),

ηmotor+ESC =
Pm

Pe
, (1)

The propeller efficiency in hover, evaluated as the
Figure of Merit (FM), derived from MT [5], is the
ratio of the minimum ideal induced rotor power at
hover, to the actual necessary power, accounting for
induced and profile losses. Equation (2) is used for
single rotor and planar system FM calculations,

FM =
Pideal

κPideal + P0
(2)

The coaxial rotor FM is obtained from equa-
tion(3), a definition further extended by Syal [14].
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where CTu and CTl
are the adimensional coefficients

of Ru and Rl thrusts, Tu and Tl, respectively. Using
experimental data, for the coaxial case, FM can
have the form of equation (4).
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]
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where Pu is the upper rotor power, and Pl is the
lower rotor power.

Figure 1 presents how coaxial rotors may be as-
sembled (cases A,B,C), as compared to the single
rotor (case D) or the planar configuration (case E).

Coaxial Rotor A
Coaxial Rotor B

Coaxial Rotor C

Single Rotor D

Planar System E

Figure 1: Coaxial, single and planar systems

2.2. Analytical Model
For the planar analysis, the results are obtained

as twice the single rotor performance values, thus,
induced velocity, thrust and induced power, for one
single rotor (Rs), are written as presented in equa-
tions (5) to (7) [5].

vi =

√
T

2ρA
(5)

T = 2ρA(vi)
2 (6)

P = κTvi (7)

where vi is the induced velocity, T and P are thrust
and power respectively, A is the rotor disk area, and
ρ the air density. κ is the induced power factor, an
empirical value accounting for non-ideal effects of
the flow. Generally, κ = 1.1 [5].

The coaxial system (Figure 2) requires a more ex-
tensive analysis. The adapted MT model starts to
assume the wake velocity [15, chapter 2], accounting
with H (equation (8)).

Vs = Vc + vi + vi · tanh(k
s

h
) (8)
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Here, Vs is the slipstream velocity, at a plane with
an s distance from the rotor disk plane, Vc the climb
velocity, which is equal to zero, h the distance defin-
ing the extent of the contracting streamtube, and k
the factor that adjusts the severity of the contrac-
tion.

Different upper and lower diameters, Du and Dl,
are also introduced, by considering the rotor areas
ratio, kA = Au/Al.

Applying the mass, momentum and energy con-
servation laws to the control volume of Figure 2,
the next relations are determined, for Ru thrust
Tu, power Pu, induced velocity vu, and Rl thrust
Tl, power Pl, and induced velocity vl.

Tu = ρAuv
2
u

[
1 + tanh

(
k
s

h

)]
(9)

vu =

√
Tu

ρAu

(
1 + tanh

(
k s
h

)) (10)

Pu = Tuvu (11)

Tl + Tu = ρAl(kAvu + vl)wl (12)

where wl is the velocity in Rl far wake. With these
relations, a third order equation is found. Relat-
ing the previous parameters, it is then possible to
find a solution for thrusts, knowing the powers, or
vice-versa. It is noted that the previous powers are
ideal induced powers. To account for non-ideal ef-
fects, the κ factor and an interference-induced fac-
tor, κint - defined as the ratio of ideal coaxial power
necessary to hover, to the power of two isolated ro-
tors -, should be taken into account.

This solution was used to verify the experimen-
tal results. It was necessary to introduce a pro-
file power component, P0, to take into account the
power needed to overcame the drag forces on the
blade [5].

P0 =
1

8
ρNbΩ

3cCd0R
4 (13)

Here, Nb is the number of blades of the rotor, Ω
the rotational speed, c the chord, R the radius and
Cd0 an estimated value of the profile drag coeffi-
cient. This value is an estimate, since Cd0 and c
(measured at 75% of the radius), are both approxi-
mations. The coaxial and planar comparison, is also
done by computing the ratio rp (equation (14)), re-
lating both total coaxial and planar powers:

rp =
Pu + Pl

2P
(14)

Figure 2: Coaxial rotor slipstream flowmodel (mod-
ified from [5])

3. Experimental Measurements
3.1. Experimental Setup

The designed setup allows testing both single and
coaxial configurations. For the coaxial case, it is
possible to obtain the individual performance var-
iales, from Ru and Rl. Also, the distance between
the rotors can be changed. Few experimental se-
tups allowed for this distinction, in small rotors.
Bohorquez et al. [9] and Ramasamy [11], also inves-
tigated the upper and lower rotor behaviour. Cedric
obtained the performance for the total coaxial rotor
performance [10].

The experimental setup for this work is depicted
in Figure 3. It allows the measurement of RPM
values, along with torque and thrust of the ro-
tors. RPM is measured using infrared sensors, from
Vishay, CNY70. The thrust and torque are mea-
sured using a system of installed strain gages (SG),
in a full bending bridge configuration [16]. It mea-
sures up to 30N , with an uncertainty of around 1%.
Torque can go up to 1Nm, with an uncertainty of
around 0.001 − 0.005Nm. The SG used are from
HBM [17], with designation 1-LY13-6/350. The cal-
ibration of the system was done by implementing a
Least Squares Method to the calibration data.

The data was collected by using a data acquisi-
tion (DAQ) system comprised of three DAQ boards
from National Instruments (NI): NI 9237 for SG
readings, PCIe-6321 and CB-68LP, for collecting
the other sensors outputs, provide supply voltage,
and send the control throttle signal to the ESCs. An
auxiliary program with a LabView interface was de-
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veloped, for setup control, collecting and recording
data. Using the collected values, the propeller effi-
ciency FM can be calculated, as well as the several
powers, and the ratio rp.

Figure 3: Experimental setup. A. coaxial configu-
ration; B. single configuration; 1. RPM sensor; 2.
full bridges for torque measurement, on the lateral
faces of the tubes; 3. full bridges for thrust mea-
surement, in the frontal and backward faces of the
tubes.

3.2. Testing Procedure
For the tests, EMP electric motors and thin elec-

tric APC propellers were used. After a validation
of the test setup, and comparison with the APC
propellers data, the intended tests were done. The
propellers operated in a range of Reynolds numbers
of 3000× 104 to 2000× 105. The next experimental
runs were done with 840Kv motors and at a con-
dition of torque balance. It is noted when another
Kv is used.

1. Influence of Rl on Ru: with the propellers
9x6E/9x6EP, and a motor of 1050Kv, the con-
figurations with the ratio H/D = [0.190; 0.234;
0.277; 0.321; 0.365] were tested. To verify if Ru

behaves like an isolated single rotor, their per-
formance curves versus RPM are compared.

2. Sense of rotation: two tests were per-
formed, with an OR configuration using
(9x6EP/9x6E)Ru/Rl

propellers, and an SR
configuration with (9x6E/9x6E)Ru/Rl

.

3. Power distribution between Ru and
Rl: the tests were made with the fol-
lowing percentage values of mechanical
power: [10%/90%; 20%/80%; 30%/70%;
40%/60%; 50%/50%] and [60%/40%;
70%/30%; 80%/20%; 90%/10%], corre-
sponding to Poweru/Powerl[%], in a rotor
formed by 840Kv motors and the propellers
9x6E/9x6EP.

4. Interrotor distance H: with the propellers
9x6E/9x6EP, the ratios H/D = [0.190; 0.234;
0.277; 0.321; 0.376; 0.365; 0.464; 0.534; 0.595;
0.682], were tested, in a coaxial configuration.

5. Propeller diameter: the first set of tests
was done with the single rotor configuration.
Three different diameters were tested, using
propellers with the same pitch (6in), with val-
ues of DCW2 = 8in, DCW1 = DCCW1 = 9in
and DCW3 = 10in. In the coaxial con-
figuration, the propellers were installed as
(Du/Dl): DCW1/DCCW1, DCW2/DCCW1,
DCW3/DCCW1, DCCW1/DCW1, DCCW1/
DCW2 and DCCW1/DCW3.

6. Propeller pitch: Again, three values for pitch
(p) were considered, at a constant 10in diam-
eter: pCW1 = pCCW1 = 6in, pCW2 = 5in and
pCW3 = 7in, corresponding to the propellers
10x6E, 10x6EP, 10x5E and 10x7E. They were
first tested in the single rotor, followed by
the coaxial analysis (pu/pl): pCW1/pCCW1,
pCW2/pCCW1, pCW3/pCCW1, pCCW1/pCW1,
pCCW1/pCW2 and pCCW1/pCW3.

7. Motor velocity constant (Kv): the type
of motor in terms of the ratio velocity out-
put to the applied voltage, was tested by
using three types of motor, with constants
750Kv, 840Kv, 1000Kv and 850Kv (Kv1, Kv2,
Kv3, Kv4, respectively). In the coaxial con-
figuration, they were installed as Kv1/Kv1,
Kv1/Kv2, Kv1/Kv3, Kv2/Kv1 and Kv3/Kv1,
along with the propellers 9x6E/9x6EP.

4. Results

Next, the main conclusions taken are presented,
for single and coaxial rotors. Also, a comparison of
coaxial and planar efficiencies is done. The values of
the deviations presented are obtained for the higher
power consumptions.

4.1. Single Rotor Results

It is noted that the variations are obtained for
the same RPM values, for each test. Results were
compared with a rotor mounted with a 9x6E pro-
peller.

4.1.1 Sensitivity to Propeller Diameter

Figure 4 shows the variation of thrust and me-
chanical power for the tested propellers. It can
clearly be seen that a higher diameter provides a
higher T , thus requiring more power. With an in-
crease of D of about 11.1%, there is an increase in T
and P , of around 33% and 35%, respectively. With
a decrease of diameter of 11.1%, this variation is
also obtained (−37% in T and −35% of P ). This
difference may be due to the uncertainties, or to
differences in the performance of both propellers.
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Figure 4: Sensitivity to diameter - 8x6E, 9x6E and
10x6E propellers

4.1.2 Sensitivity to Propeller Pitch

In this case, the 10x6E propeller is used as base
of comparison for a p variation of 16.67% (5in, 6in
and 7in). Evaluating thrust and power variation
with RPM , in Figure 5, it was only detected an
increase of about 4% in thrust for higher p, along
with more 25± 10% of power (high uncertainties in
power). With the decrease of p, T lowers 14%, with
less 21± 5% of power.
For this propeller model, the performance of the

rotor does not change significantly with the change
in pitch. However, in Rl, there is a tendency to in-
crease the generated thrust for a certain RPM , due
to higher angle of attack, thus higher lift generated.
With other type of propellers, the results can differ
from the ones presented.

Figure 5: Sensitivity to pitch - 10x5E, 10x6E, 10x7E
propellers

4.1.3 Sensitivity to Motor Kv constant

The change in rotorKv does not generates signifi-
cant variation in performance (Figure 6). It is noted
that the lowerKv motor, with 750Kv, has higher ef-
ficiency, with up to more 3% in thrust and power for
a certain Pe. With the small percentages at hand, it
is assumed that the Kv is a parameter that does not
influence significantly the performance of the single
rotor, and that it should be chosen accordingly with
the propellers that are used.

Figure 6: Sensitivity to motor Kv - motors of
750Kv, 840Kv, 850Kv and 1000Kv

4.2. Coaxial Rotor Results
The coaxial test results have as basis of compar-

ison the rotors mounted with two 840Kv motors,
and the 9x6E/9x6EP propellers. It was first veri-
fied that Ru is not influenced by Rl, and that its
performance is equivalent to that of a single rotor
operating isolated (test 1, with 1050Kv motors and
9x6 propellers, with varying interrotor distance).

4.2.1 Sensitivity to Rotation sense

The OR configuration is more aerodynamically
efficient: the interference with the Rl is lower, since
less vibrations and turbulence were observed, and it
was possible to reach higher disk loadings. Figure 7
shows Tl and Pl variation with RPM . It is seen that
Tl is 30% higher, for the OR case. It corresponds
to around −30% of consumed power.

4.2.2 Sensitivity to Power Distribution

Some influence of power distribution on coax-
ial performance was detected (Figure 8). The Ru

performance remained constant, only changing the
thrust and RPM level attained. Comparing to
the 50%/50% case, the Rl performance is worse
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Figure 7: Lower propeller thrust and power versus
RPM – Sensitivity to rotation sense

for the cases where Poweru > Powerl[%], provid-
ing up to less 83% of thrust, for a certain RPM ,
in the 90%/10% case. This is noticeable in the
60%/40% distribution, with less 14% of thrust. For
Powerl > Poweru[%], Rl has better performance,
since the Ru operates at a lower power level, gen-
erating less thrust, thus having a wake with lower
velocity, reducing the interference. In terms of vari-
ation of Pl with RPM , there is a tendency to an
increase of power for a certain RPMl, in the inter-
mediate distribution cases.
For the extreme cases where Powerl >>

Poweru[%], Rl will reach a higher level of thrust,
for a certain RPM - more 20% for the 10%/90%
case, and around 10% more, for the 20%/80% and

Figure 8: Tl versus RPM and Ttot versus Ptot -
Sensitivity to power distribution

30%/70% cases -, while Ru just contributes with a
small amount of thrust, for the final result. In terms
of Ttot versus power, the improvement is of around
3± 11%. Although these cases imply a better per-
formance of Rl, the cases 40%/60%, 50%/50%, and
60%/40% allow to reach higher Ttot.

It is concluded that the 40%/60% distribution
can be considered for use as the best one (less in-
terference), along a OR configuration. In this work,
the 50%/50% distribution is used to assess the in-
fluence of other parameters.

4.2.3 Sensitivity to Interrotor Distance H

The interrotor distance influence was tested, but
no variations could be observed in the results (Fig-
ure 9), and any possible deviation is inside the un-
certainty values. H/D ratios lower than 0.15 should
have been tested, requiring the use of larger diame-
ters, in order to possibly detect variations. It is also
to be noted that the H/D ratios are in the interval
presented by D.Prior and C.Bell [8] for best perfor-
mance, for Re < 50000. It is then concluded that
the interrotor distance is not a sensitive parameter
for UAVs coaxial rotor performance.

The adopted ratios for the tests in the further sec-
tions, are of H/D = H/Du = [0.522, 0.464, 0.417],
for Du = [8, 9, 10]in, respectively.

Figure 9: Total propeller thrust versus Ptot - Sensi-
tivity to interrotor distance

4.2.4 Sensitivity to Upper Rotor Diameter

By varying Du, a clear change in Tu is detected.
For the higher RPM , the 8x6E upper propeller pro-
vides about 37% less thrust, and the 10x6E pro-
peller provides about more 32%. For the same
RPM conditions, the lower propeller seems to have
the same behaviour. It was verified that, with
higher Du, the lower rotor will tend to rotate at
lower RPM , due to the interference from Ru.

Evaluating the total variation, by summing up
the results for a certain level of total power, it is
seen that for the same power, the 8x6E/9x6EP case
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Figure 10: Tu vs RPM and Ttot vs Ptot - Sensitivity
to upper rotor diameter

provides around less 9% of total thrust, and the
10x6E/9x6E case generates about 5% of the base
thrust, for higher power levels. Due to the uncer-
tainties in power, the final performance can be as-
sumed not to change significantly.
Having these results, it can be concluded that

the variation in Du does not influence the coaxial
performance greatly. This behaviour could be pre-
dicted from the momentum theory: the increase of
Du led to a higher thrust, also implying a higher
cross sectional area of the slipstream inflow, from
the Ru wake. This worsens the interference between
rotors, causing the Rl efficiency to decrease, since in
order to provide the same amount of thrust, the Pl

increases. Although there is an improvement in Tu,
it is not enough to overcome the increase in power
requirements.

4.2.5 Sensitivity to Lower Rotor Diameter

Again, the performance of the upper propeller is
constant. At higher RPM levels, the lower rotor
provides less 33% of thrust with the 8x6E propeller,
and 32% more, with the 10x6E propeller. In terms
of power, they required less 30% and more 26% of
mechanical power, respectively. By analysing the
overall efficiency results, it was observed that the
configuration with 8x6E propeller provides up to
less 7% of thrust, and with the 10x6E propeller,
more 6% of total thrust is generated, for the higher
power consumptions.

4.2.6 Sensitivity to Upper Rotor Pitch

Changing the pitch on the upper propeller gener-
ates changes on the individual performance of the
rotors, but small changes are detected in the whole
configuration, for thrust versus power (Figure 12).

Figure 11: Tl versus RPM and Ttot versus Ptot -
Sensitivity to lower rotor diameter

For higher RPM , the Ru with a 10x5E propeller
generates less 14% of thrust than the base rotor,
and less 20% in power. For the 10x7E propeller,
the upper rotor only generates more 5% of thrust,
which does not represent a variation as large as the
previous one. In terms of mechanical power, it con-
sumes more 24%.

For the lower rotor, it is seen that for a higher up-
per pitch, Tl slightly increases, for a certain RPM
(about 7.5% more for 10x7E and −3% for 10x5E),
due to higher and lower interference, respectively.

Regarding the overall efficiency, the configuration
10x5E/10x6EP provides about more 2% of thrust,
and the configuration 10x7E/10x6EP provides less
4% of thrust, for higher power consumptions. In
general, both cases seem to have about the same
performance in the end, but the configuration with
higher upper pitch seems to perform slightly worse.

Figure 12: Ttot versus Ptot- Sensitivity to upper ro-
tor pitch
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Figure 13: Ttot versus Ptot- Sensitivity to lower ro-
tor pitch

4.2.7 Sensitivity to Lower Rotor Pitch

Changing the pitch on the lower propeller does
not affect the performance on the upper rotor. It
is possible to conclude that for the case with lower
pitch (10x5E), both Tl and Pl decrease. Similarly,
there is an increase of this quantities for higher pitch
(10x7E), for a certain RPM . Since the variations
in power and thrust are close, the final performance
does not change. In terms of total thrust and power,
the behaviours are similar (Figure 13). The de-
crease in lower pitch seems to slightly increase the
performance, with about 1% of thrust, and the in-
crease of pitch to worsen it, with less 3% of thrust,
for higher power consumptions.

4.2.8 Sensitivity to Upper Rotor Kv

Changing the upper rotor motor Kv constant,
Kvu , does not affect significantly the performance of
the coaxial rotor. The total variations of thrust and
power with Pe are lower than or around 5% (Fig-
ure 14). However, having a lower Kv motor on the
upper rotor can increase the overall performance,
since they have a higher efficiency.

Figure 14: Ttot versus Pe - Sensitivity to Kvu

4.2.9 Sensitivity to Lower Rotor Kv

The behaviour of the upper propeller was con-
stant. Looking at the total results, the deviations
of thrust versus Pe, for all the cases, are lower than
5%. The change in lower rotor Kv constant, Kvl ,

Figure 15: Ttot versus Pe - Sensitivity to Kvl

appears to not influence the final performance (Fig-
ure 15).

4.3. Coaxial versus Planar Comparison
The coaxial configuration (c) is compared to the

performance of two single rotors - planar system (p).
The total results of thrust and power are compared
in an adimensional analysis, and the FM is also
calculated.

4.3.1 Rotor Diameter Influence

The coaxial configuration can present better re-
sults, when a certain difference on diameter is
reached, for which rp < 1. Figure 16 shows the
rp results for several thrust levels. The uncertain-
ties are all about 0.1. They are not depicted in
the graph to allow an easier data interpretation. It
is possible to identify some cases with better per-
formance, or at least, about the same performance
as the planar case. When Du = Dl = 1.125Ds

(increase in diameter of 1in, from 8in to 9in),
with rp = 0.96, the performance of a coaxial ro-
tor is about the same as two isolated rotors. With
this, it can be concluded, and verified from the
data, that with an increase in the difference of di-
ameters, the coaxial rotor will have better perfor-
mance. If the diameter is again increased by 1in,
or Du = Dl = 1.25D, the ratio reaches a value of
around 0.86. In other words, it is possible to have
an improvement in performance of around 15%.

Other configurations, that also produce more
thrust for a given power, can be identified: the case
where Du = 1.11Dl = 1.25Ds , with rp = 0.9, and
the case Dl = 1.11Du = 1.25D, having rp = 0.86.
This means that it is enough to increase the lower
diameter (for these variation percentages).

The FM of the several rotors was also obtained,
using equation (4). The coaxial cases have the
higher FM (around 0.66), close to the values for
the planar rotor, with 9x6E and 10x6 diameters.
In the lower diameter study, it is noticeable that,
for the case where Dl < Du, the FM lowers to
0.62. The case where Dl > Du, is the one with
higher FM , of around 0.68. It is verified that
the coaxial rotor has a higher FM than the pla-
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nar case, in the cases where Dl > Du > Ds – for
1.125Du = Dl = 1.125Ds, FM increases 13%, and
for 1.125Du = Dl = 1.25Ds, it goes up to 28% –
or Dl = Du > Ds – with Du = Dl = 1.25Ds, FM
increases 25%.

4.3.2 Rotor Pitch Influence

It was noted that the increase in pitch worsens
the performance, from 10x6 to the 10x7 propeller.
However, from 10x5 to 10x6, this was not verified
and the performance seems to be the same. For
the pitch study, all the coaxial cases evaluated have
worse performance than the planar ones (rp > 1),
operating at a lower power level than the two iso-
lated single rotors. However, it is possible to iden-
tify the cases with best performance.

The case [10x5/10x6]c is coincident with
[10x6/10x6]c, with rp ∼ 1.3. Also, from the FM re-
sults, the [10x5/10x6]c has the better performance,
going up to 0.67. The [10x6/10x6]c rotor has an
equivalent FM to the [10x5/10x5]p system, with
FM = 0.6, and close to the [10x6/10x6]p system,
with FM = 0.65. The cases with the 10x7 pro-
peller have the worst performance (higher rp ratio

Figure 16: Diameter sensitivity studies: rp fraction.
Ds planar system (index p) comparison to Du (up-
per figure) and Dl (lower figure) coaxial test results
(index c).

and lower FM). If pl > pu or pl = pu the FM
increases, being close to planar results.

5. Conclusions
The work developed allows to identify parameters

that can be used to improve the coaxial rotor per-
formance, the single rotor performance, and finally,
to find a coaxial system with better efficiency than
the planar one. With the analytical analysis, it was
possible to predict the behaviour of experimental
curves.

An experimental test setup was projected and
mounted, allowing to measure the individual cur-
rent, voltage, thrust, torque andRPM , in the single
or coaxial configuration, with different motors and
propellers. Also, a LabView program was created,
with a graphical interface, to collect and present
in real time, raw and processed data, and control
the functioning rotors. Finally, the post process-
ing was made using a developed Matlab program,
which allowed to obtain performance curves of the
propellers, and of motors efficiencies.

The systematic experiments with single or coaxial
rotors allow to draw the following conclusions:

• Lower Kv motors are more efficient, although
the variations obtained are not too significant.

• Increasing diameter and pitch, in a single con-
figuration, retrieved better performance.

• The interrotor distance H does not influence
coaxial performance.

• The coaxial performance is improved when
Dl > Du and pl > pu.

• A configuration with Poweru < Powerl[%] is
more efficient: the best results were for values
of 40%/60% and 50%/50%.

• The coaxial system has better performance
than the planar when Du and Dl are higher
than Ds, for a given percentage, improving for
Dl > Du.

• The pitch test results are ambiguous. Chang-
ing pitch is not enough to make a coaxial con-
figuration more efficient, however, a configura-
tion with pu < pl seems to slightly increase
coaxial FM , being close to the planar results.

• A slight increase in FM appears for higher
thrust loadings.

• The analytical results are close to the experi-
mental, and an estimation of parameters such
as κint could be made.

It can be concluded that a coaxial rotor is then
preferable, when a given difference in terms of di-
ameter is verified: using a OR coaxial system, with

9



Dl > 1.125Du > 1.25Ds or Du = Dl > 1.25Ds,
there is an improvement in consumed power rela-
tive to the planar system, of about 15%. If Du =
Dl > 1.125Ds, the gain is only of about 7% to 4%.
The other parameters should be used to optimize
the coaxial system.
In terms of future work, regarding the test bench,

some aspects can be improved: two pressure sensors
could be installed to measure the slipstream veloc-
ity, right after the rotors planes; if possible, a way
of minimizing the vibrations could be developed.
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