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Abstract
A wind tunnel test of eleven two- and three-bladed small-scale rotors was conducted in an open-jet, low-
speed wind tunnel. The goal was to study the influence of number of blades, blade pitch and geometry
on the hover performance. Two rotors were also studied in forward flight with varying rotational speeds,
rotor tilt angles and flow velocities covering a wide range of operating conditions. The experimental results
were used to develop a simple, empirical model of the studied rotor based on dimensionless quantities.
The model can be used in the preliminary design of multicopters. The performance measurements were
supplemented with optical background-oriented schlieren (BOS) measurements to visualize the blade tip
vortices in the rotor wake in order to gain a better understanding of the flow state. Simulations with DLR’s
free wake unsteady panel code (UPM) were carried out for comparison.

NOMENCLATURE

A Rotor disc area, m2
Aref Reference area, m2
c Chord length, m
Cd Drag coefficient
Cd0 Zero-lift drag coefficient
CT Thrust coeff., T/(ρA(ΩR)2)
CP Power coeff., P/(ρA(ΩR)3)
CY Tangential force coeff., Fy/(ρA(ΩR)2)
D Drag force, N
D Rotor diameter, m
Fres Resultant force, N
Fy Tangential force, N
FM Figure of merit
g Gravitational constant, 9.81m/s2
L Lift force, N
m Mass, kg
MAC Mean aerodynamic chord, m
n rotational frequency, rpm
Nb Number of rotor blades
P Rotor power, W
r Radial coordinate, m
R Rotor radius, m
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Re Reynolds number
T Rotor thrust, N
V∞ Freestream velocity, m/s
z Axial coordinate, m
α Tilt angle, ◦
Γ Circulation
κ Induced power factor
µ Advance ratio, V∞ cos(α)/(ΩR)
ρ Air density, kg/m3
σ Rotor solidity
Φ Angle of incidence, ◦
Ψ Azimuth angle, ◦
Ω Rotational frequency, 1/s

Abbreviations

BOS Background-oriented schlieren
BVI Blade vortex interaction
DLR German Aerospace Center
PIV Particle image velocimetry
RTG Rotor test facility Göttingen
UAV Unmanned aerial vehicles
UPM Unsteady panel method

1. INTRODUCTION

Due to the increased use of unmanned aerial vehicles
(UAVs) in recent years, the aerodynamics of small
rotors is a subject of growing interest. Although a lot
of research has been dedicated to helicopter aerody-
namics, it is not directly applicable to UAV rotors.
The major differences are: (i) UAV rotors operate
in the regime of low Reynolds numbers, (ii) UAV
rotors are typically rigid and thrust control is real-
ized by the adjustment of rotational speed and (iii)
UAV rotors are usually not linearly twisted and have
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strongly varying spanwise chord distributions.
Several experiments and simulations in hover and

forward flight were carried out in recent years to
investigate the aerodynamics of small-scale rotors.
The effect of low Reynolds numbers on the rotor
efficiency was experimentally investigated by Ra-
masamy et al. (2008)1 for hover. They studied rect-
angular, linearly tapered and twisted rotor blades,
noticing that the figure of merit FM for small-scale
rotors operating at low Reynolds numbers is sig-
nificantly lower than the FM for large rotors op-
erating at higher Reynolds numbers, even though
conventional rotor design strategies hold for small-
scale rotors. Ramasamy et al. (2007)2 and Hein and
Chopra3 applied laser flow visualization and parti-
cle image velocimetry (PIV) to visualize the rotor
wake, and found much thicker and more turbulent
wake sheets and larger viscous core sizes of the tip
vortices compared to helicopters, causing the lower
FM. Lakshminarayan and Baeder4 performed com-
pressible Reynolds-averaged Navier-Stokes calcula-
tions for the rotors studied by Ramasamy et al.1,2

and found good agreement with the experiment.
The effect of the spanwise distribution of airfoil

geometry and twist on hover efficiency was inves-
tigated by Hein and Chopra3 using cambered flat
plates for low Reynolds numbers. Ramasamy et al.
(2010)5 studied the effect of blade twist on rotor
performance and wake structure. They found that
the benefit of highly-twisted blades only results at
larger thrust coefficients. Numerical investigations
for the optimization of spanwise chord and twist dis-
tribution of small rotors in hover were carried out
by Klimczyk6 and Bohorquez et al.7, among oth-
ers. Milluzzo and Leishman8 studied the influence
of blade twist on the rotor wake applying PIV.

Experiments in forward flight were conducted for
a wide range of operational conditions (inflow veloc-
ity, rotational speed, tilt angle). The investigations
of Serrano et al.9, Kolaei et al.10 and Simmons and
Hatke11 focused on the comparison of different ro-
tors and operational conditions, whereas the stud-
ies of Krebs et al.12, Theys et al.13 and Yang, H.
et al.14 dealt rather with the comparison of experi-
ment and simulation. Ye et al.15 and Pollet et al.16

showed that an aerodynamic model can be derived
from experimental results. They demonstrated the
application of such empirical models in the design
process of multicopters17,16.

The rotor wake of small-scale rotors is of particu-
lar interest in forward flight, as blade-vortex interac-
tion (BVI) can occur under certain flight conditions
generating high amplitude impulsive noise. However,
there are few studies dealing with experimental in-
vestigation of wakes in forward flight. The wake of a
model helicopter was studied by Ghee and Elliott18

using laser flow visualization. Lößle et al.19 demon-
strated that background-oriented schlieren (BOS)
can be applied to visualize tip vortices of small ro-
tors.

The aim of the current work is to gain a better
understanding of the aerodynamics of small rotors
in both hover and forward flight. In hover, the influ-
ences of rotor pitch, blade number and rotor blade
geometry on performance were investigated. For this
purpose, thrust and power of eleven different rotors
were measured at different rotational speeds. To in-
vestigate the aerodynamics in forward flight, two of
the rotors were examined in a wide operational range
(variation of inflow velocity, rotational speed and ro-
tor tilt angle). Using these data, an empirical model
for the rotor was developed based on dimensionless
coefficients. Additionally, the tip vortices of the ro-
tor wake were visualized with BOS. This allowed the
detection and localization of BVI and helps with the
interpretation of performance data. For comparison,
simulations with DLR’s free wake unsteady panel
code (UPM) were carried out.

2. EXPERIMENTAL SETUP

Rotor experiments were conducted in the rotor test
facility (RTG) of the German Aerospace Center
(DLR) in Göttingen. The RTG is an Eiffel-tunnel
with open jet test section. For this test the wind tun-
nel was equipped with a nozzle with an outlet area
of 0.8 m x 1.6 m in order to achieve inflow velocities
up to 24 m/s. The nozzle was equipped with Seiferth
wings at the nozzle lips to suppress shear layer in-
stability. The rotor was installed with the rotation
axis horizontal in the test section and was driven by
a 180 W brushless DC motor. For thrust and torque
measurements the drive unit was equipped with a
strain gauge force sensor and a piezoelectric torque
sensor. The motor, force and torque sensor were cov-
ered by an aerodynamic fairing to minimize the aero-
dynamic interference. The rotor and drive unit were
mounted on a rotatable platform, allowing to adjust
the tilt angle of the rotor shaft. Sketches of the ex-
perimental setup and of the assembly of the drive
unit are given in Fig. 1 and Fig. 2. In the following a
rearward-tilt of the rotor plane is denoted by positive
tilt angles α (see also Fig. 3).

A BOS setup was used to study the flowfield of
the rotors. A retroreflective foil printed with a ran-
domly distributed dot pattern (1 mm diameter) was
attached to the ceiling (not shown in Fig. 1) and il-
luminated with LED spotlights. The camera system
was positioned on the rotatable platform to obtain
the same field of view for different tilt angles. To
achieve a sufficient sensitivity of the optical setup a
large distance between the background and the cam-
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Figure 1: Experimental setup in the rotor test facility (RTG)

Table 1: Geometric parameters of the studied rotors

Series Name Symbol Nb D [cm] Φ0.75 [°] σ MAC [cm]
Aeronaut
CAMcarbon Light

16 x 6 2 40.6 10.9 0.084 3.3
12 x 4.5 30.5 2.5

Aeronaut
CAMcarbon Power

12 x 6
2 30.5

12.7
0.066 2.212 x 8 16.9

12 x 10 21.5

KDE Direct

CF125-DP 2 31.8 6.9 0.076 2.7CF125-TP 3 0.114
CF185-DP 2 47.0 9.5 0.073 3.6CF185-TP 3 0.109
CF245-DP 2 62.2 8.8 0.067 4.3CF245-TP 3 0.100

era is desirable20. For this reason, the light beam
was redirected by 90° with a mirror underneath the
rotor. Images were taken by a high-speed camera
(Phantom VEO 640L) mounted on a cantilever arm.
The camera has a resolution of 2560 × 1600 pixels
and was equipped with a lens with 135 mm focal
length. Both the optical distance between the back-
ground and the rotor hub and between the rotor hub
and the camera sensor were 2.9 m.

In the measurements, eleven different rotors clas-
sified in three series were investigated. The first se-
ries comprises two geometrically similar rigid rotors
from the manufacturer “Aeronaut” differing in rotor
radius (CAMcarbon Light series). The second series
consists of three rigid Aeronaut rotors (CAMcarbon
Power series) with varying pitch and the same rotor
radius, chord and twist distribution. The third series
includes six two- and three-bladed rotors with lead-

/lag hinges and three different rotor diameters from
the manufacturer “KDE Direct”. (These rotors were
also used in NASA’s multicopter test bed.21) An
overview of the geometric parameters of the studied
rotors is given in Tab. 1. For selected rotors the nor-
malized chord and pitch distribution is illustrated in
Fig. 4. Although the “KDE Direct” rotors belong to
the same series, they differ in the normalized chord
distribution (the larger the rotor radius, the higher
the aspect ratio). For simplicity the distributions of
only one representative of this series is illustrated in
Fig. 4.

In the experiment, the rotational frequency n
(between 1200 rpm and 5900 rpm), the tilt angle
α (between -30° and 30°) and the inflow velocity
V∞ (between 0 m/s and 24 m/s) was varied, cover-
ing a wide range of operating conditions. Figure 3
shows the sign orientation and naming convention of
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Figure 2: Mechanical setup of the drive unit
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Figure 3: Definition of the aerodynamic forces acting
on the rotor

forces acting on the rotor. The measurements for the
CAMcarbon Light series, the CAMcarbon Power se-
ries and CF125-DP were repeated in order to quan-
tify the stochastic error. The aerodynamic tare loads
on the fairing were measured individually. Subtract-
ing the loads from the overall loads yields the net
rotor forces.

3. NUMERICAL SETUP

Aerodynamic simulations were performed with
DLR’s free wake unsteady panel code UPM22,23,24

to compare them with the experimental results.
UPM is a solver for three-dimensional inviscid and
incompressible rotor and propeller flow using dis-
crete panels on the surface of the rotor blades. The
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Figure 4: Chord and pitch distribution of the studied
rotor blades

rotor blade’s thickness is modeled by a source/sink
distribution along the blade surface, and the blade
lift is modeled by a prescribed doublet distribution.
The rotor wake consists of vortex particles induc-
ing a velocity field according to the Biot-Savart law.
The rotor wake deforms freely according to the lo-
cally induced velocities. Additionally, UPM allows an
approximate boundary layer and separation analysis
by empirical methods in postprocessing. The viscous
corrections do not affect the rotor wake. The rotor
geometry was provided by three-dimensional surface
scans. Depending on the complexity of the rotor ge-
ometry, the airfoils were extracted at 13 to 20 ra-
dial positions and approximated with NACA airfoils.
Based on these airfoils surface panels for UPM were
generated with DLR’s panel generation code PAN-
GEN. Figure 6 shows the numerical setup consisting
of the rotor, the aerodynamic fairing and the particle
wake. Since UPM is an unsteady flow solver, it pro-
vides time-resolved thrust and power data as well as
the distribution of lift and drag forces causing rotor
torque over the rotor plane (see Fig. 5).

4. RESULTS

4.1. Vortex Trajectories

The BOS method visualizes the tip vortex systems
due to the spatial inhomogeneity of density induced
by tip vortices in the flow. The background shift is
the result of the integral of the deflections experi-
enced by a light ray on its way through the density
object. Thus, a larger deflection is achieved when the
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Figure 5: Distribution of lift (left) and drag forces causing torque (right) over the rotor plane for CAMcarbon
Light 16x6 at n = 3600 rpm, V∞ = 13m/s and α = −10◦ calculated with UPM, counterclockwise rotating
rotor

Figure 6: Rotor wake calculated with UPM

light rays run longer parallel to the vortex axis, which
is the case at the most outer parts of the curved vor-
tex filaments (see Fig. 7). Snapshots were taken for
each 16.4° azimuth angle starting at 0° and with the
last image taken at 278.2°.The series was repeated
over 18 rotor revolutions, allowing a time-resolved
vortex tracking up to a vortex age of about 700°.

First, the results for hover are discussed. Figure 7
(right) shows sample tip vortex trajectories by means
of the detected vortex positions over the entire range
of vortex ages. Since no images were taken for blade
azimuth angles between 278.2° and 360° the trajec-
tories are interpolated in these sections. The axial
and radial tip vortex coordinates are separately an-

alyzed in Fig. 8. For vortex ages up to 180°, the tip
vortex trajectories show little scatter and are iden-
tical for both rotor blades. For higher vortex ages
the radial scatter increases and the trajectories of
the two blades split up into blade individual vortex
trajectories. The vortices trailed from blade 1 have
a greater radial distance from the rotor axis than
those of blade 2 due to vortex pairing. They reach
a minimum radial distance of about 0.79 rotor radii
at a vortex age of 450° and are then pushed back to
higher radial distances. In contrast, the radial dis-
tance of tip vortices generated by blade 2 decreases
continuously for growing vortex ages. A difference
in motion, albeit weaker, also occurs in the axial di-
rection. The tip vortices of blade 2 sink faster than
those of blade 1. This goes along with the tendency
observed for radial direction as the vertical velocity
is expected to be lower in a greater distance from the
rotor’s stream tube. In total, this indicates that vor-
tices begin to orbit around each other in pairs, trig-
gered by asymmetry in the trim of rotor blades. Vor-
tex pairing of helicopter rotors was studied, among
others, by Schwarz et al.25.

The comparison with the empirical wake models
of Landgrebe26 and Kocurek and Tangler27 shows
that for the radial coordinate the models are in good
agreement with the experimentally detected vortex
trajectories for wake ages younger than 180°. For
older wake ages the model predictions lie between
the measured radial positions of the vortices from
blade 1 and 2 and describe the averaged vortex tra-
jectory well. Considering the axial coordinate, the
models predict tip vortex trajectories characterized
by two sections each with constant but different sink
rates. Up to vortex ages of 180° the tip vortices
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Figure 7: An example for a BOS image (left) and extracted tip vortex positions from a series of 180 images
(right) of CAMcarbon Light 16x6 at n = 4000
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Figure 8: Axial and radial tip vortex coordinates of CAMcarbon Light 16x6 in hover at n = 4000 rpm

move downward with moderate velocity. Since the
following rotor blade passes the tip vortices which
are still in the vicinity of the rotor plane at a vortex
age of 180°, an additional vertical velocity is induced
and the vortices move downward with higher speed
for vortex ages older than 180°. The detected vor-
tex trajectory also shows two sections of constant
sink rates. In the first section up to vortex ages of
180°, the model of Landgrebe matches the detected
trajectories better than the model of Kocurek and
Tangler. In the second section, the model of Kocurek
and Tangler reproduces the trajectory correctly while
the model of Landgrebe predicts too high sink rates.
That is because the CAMcarbon Light 16x6 rotor
has an aspect ratio of 7.6, but the model of Land-
grebe was developed using rotors with aspect ratios
of 13.6 and 18.226. However, Kocurek and Tangler
conducted experiments with a wider range of aspect

ratios (between 7.1 and 18.2) and accounted for the
effect of aspect ratio in their model27.

The tip vortex trajectories calculated with UPM
contract more weakly forΨ ≤ 360◦ compared to the
experiment and models of Landgrebe and Kocurek
and Tangler, but for Ψ > 360◦ the contraction ob-
served in UPM results is stronger. In the axial direc-
tion the simulated trajectory also shows two sections
with constant sink rate, however the simulated tip
vortices sink slightly slower than in the experiment.

Next, the tip vortices in forward flight are studied.
Figure 9 illustrates the influence of freestream veloc-
ity, tilt angle and rotational speed separately. First,
the influence of freestream velocity on the vortex
trajectories is discussed. The comparison with hover
trajectories reveals that vortex pairing doesn’t occur
for any studied case in forward flight. Chung et al.28

studied a two-bladed rotor numerically and found
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Figure 9: Impact of variation of inflow velocity (a), rotational frequency (b) and tilt angle (c) on vor-
tex trajectories; schematic sketch illustrating the impact of lateral flow on the induced velocities of tip
vortices (d)
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that lateral flow has a stabilizing effect on the wake
suppressing vortex pairing for advance ratios higher
than 0.05. Since the lowest velocity corresponds to
an advance ratio of 0.05, the experiment agrees with
the result of Chung et al. Furthermore, Fig. 9a shows
that the deflection of the vortex trajectories at a
vortex age of 180° becomes weaker for higher inflow
velocities. The reason for this lies in the distortion of
the vortex structure. Since the distance between the
vortices in the front region increases with increas-
ing freestream velocity, the velocities of neighboring
vortices induced according to the Biot-Savart law
are smaller. In addition, the directions of the veloc-
ity vectors change. This is schematically illustrated
in Fig. 9d.

The reduction in rotational speed is qualitatively
similar to the rise of freestream velocity, since both
result in an increase of advance ratio. Hence, the ef-
fects observed with varying inflow velocity also occur
for varying rotational speed.

Finally, the influence of the tilt angle on the vortex
trajectories is discussed. It is noted that the results
are displayed in a coordinate system fixed to the ro-
tor plane. For high negative tilt angles, both the ex-
ternal flow and the rotor downwash add to increase
the convection velocity of the tip vortices. Thus, the
vortices move away from the rotor plane at a steep
angle immediately after their formation and are not
affected by the successive blade. If the tilt angle be-
comes higher, the vortices remain longer in the vicin-
ity of the rotor plane and thus are stronger affected
by the downwash of the following rotor blade. This
results in vortex trajectories that sharply drop down
at a vortex age of 180° at α = 0. For a tilt angle of
10° the rotor induced velocity at the rotor tip is not
high enough to overcome the vertical component of
the freestream velocity resulting in vortex trajectory
located above the rotor. However, the vortices are
only visible for a vortex age of up to 180°. This in-
dicates, that they are ingested into the rotor plane
by the following rotor blade and eliminated by BVI.

In Fig. 10 the axial and radial tip vortex coordi-
nates are separately analyzed in slow forward flight
with V∞ = 4.3m/s, α = 0◦ and n = 4000 rpm.
For comparison, the models of Landgrebe and Ko-
curek and Tangler are modified for forward flight
by superposition with the freestream velocity. For
α = 0◦ only the radial coordinate is affected by the
superposition. The vortices generated in the front
are still characterized by two sections with constant
sink rates. However, the sink rate in both segments
is smaller than predicted by the modified empirical
models. In contrast, the vortices in the back sink
with constant speed and are not affected by the fol-
lowing blade. As shown in Fig. 9, the reason for this
is the deformation of the vortex system by the ex-

ternal flow. The distances between the vortices are
stretched in the front and compressed in the back
area. This changes both the strength and the di-
rection of the induced velocities of the neighboring
vortices. However, these effects are not reproduced
by the modified models.

Considering the radial coordinate the vortices
both in the front and back follow the modified model
of Landgrebe up to Ψ = 360◦. For higher vortex
ages the vortices move backwards more slowly than
predicted by the model. This is due to the aerody-
namic motor fairing, which is a blunt flow obstacle
slowing down the flow.

4.2. Performance in Hover

In hover, the thrust T and the power P of a ro-
tor with rigid blades depend solely on the rotational
speed. Figure 11 shows the relation for all studied
two-bladed rotors in hover. As expected from theo-
retical considerations29, rotor thrust increases with
the square and power with the cube of rotational
speed.

Next, the dimensionless thrust coefficient CT and
power coefficient CP defined as

(1) CT =
T

ρA(ΩR)2

(2) CP =
P

ρA(ΩR)3

are considered, where ρ is the air density, A the rotor
disc area, Ω the rotational frequency and R the rotor
radius. These coefficients describe the rotor aerody-
namics regardless of the absolute rotor size. Since
the thrust increases quadratically and the power cu-
bically with rotational speed, CT and CP are also in-
dependent of rotational speed and only determined
by the rotor geometry. (Provided that the Reynolds
number and blade tip Mach number do not vary
significantly.)

Considering momentum theory, the ideal power
coefficient CPideal is given by a function of CT :

(3) CPideal =
C
3/2
T√
2

Momentum theory can be extended to account for
induced losses (e.g. nonideal inflow, tip losses, finite
number of blades) and losses due to parasitic drag.
The modified momentum theory is given by

(4) CP =
κC
3/2
T√
2
+
σCd0
8

where κ is the induced power factor and Cd0 the
zero-lift drag coefficient of the airfoil. A typical value

Presented at 48th European Rotorcraft Forum, Winterthur, Switzerland, 5–9 September, 2022.
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).

Page 8 of 16



2000 4000 6000
n[rpm]

4

6

8

10

12

14

T
[N

]

2000 4000 6000
n[rpm]

25

50

75

100

125

P
[W

]

CAM Light 16x6

CAM Light 12x4.5

CAM Power 12x6

CAM Power 12x8

CAM Power 12x10

KDE CF125-DP

KDE CF185-DP

KDE CF245-DP

Experiment

UPM

Figure 11: Effect of rotational speed n on rotor thrust T and rotor power P in hover

0.008 0.010 0.012 0.014 0.016
CT

0.0005

0.0010

0.0015

0.0020

0.0025

C
P

CAMcarbon
Power

CAMcarbon
Light

KDE Direct

Experiment

UPM

Momentum theory

Figure 12: Comparison of experimentally determined thrust and power coefficients of all studied two-bladed
rotors to predictions made with momentum theory, color legend as in Fig. 11

0.008 0.010 0.012
CT

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

C
P

σ = 0.073

σ = 0.109

0.012 0.014 0.016
CT

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

C
P

σ = 0.066

Two-bladed rotor

Three-bladed rotor

Momentum theory

Mod. momentum theory (κ = 1)

Mod. momentum theory (κ = 1.15)

Figure 13: Effect of number of blades (left) and blade pitch (right) on thrust and power coefficients, color
legend as in Fig. 11

Presented at 48th European Rotorcraft Forum, Winterthur, Switzerland, 5–9 September, 2022.
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).

Page 9 of 16



for helicopter rotors is κ = 1.1529. For κ = 1
only parasitic drag is considered. In the following
a zero-lift drag coefficient of Cd0 = 0.02 is used
since this is the zero-lift drag coefficient calculated
with XFOIL30 for a Reynolds number of 105 corre-
sponding to typical conditions at 75% of rotor ra-
dius. Figure 12 gives a comparison of CT and CP of
all studied hover cases with the ideal power coeffi-
cient. Each dot represents a measurement with indi-
vidual rotational speed. As predicted by theory, the
measurements do not depend on rotational speed
and cluster for each rotor. The comparison of the
rotors reveals effects of rotor geometry on the thrust
and power coefficient: First, since the two rotors of
the CAMcarbon Light series are geometrically sim-
ilar and only vary in absolute dimensions, they are
expected to have the same thrust and power coeffi-
cients. However, the thrust coefficient of the smaller
rotor is about 0.005 smaller than that of the bigger
one, due to the rotor hub whose size doesn’t scale
with the rotor diameter having a stronger relative
impact on the smaller rotor.

Second, the effect of the number of rotor blades
can be studied considering the two- and three-bladed
rotors of the KDE Direct series. Figure 13 shows
the measurement results and the prediction of the
modified momentum theory of the two-bladed (σ =
0.073) and three-bladed (σ = 0.109) KDE Direct
rotors. The increased number of rotor blades leads to
a rise in CT and CP . Since the increase of number of
blades leads to an increase in rotor solidity it causes
the growth of parasitic drag (see Eq. 4). Hence, the
offset from the ideal power coefficient grows with
the number of blades. The three-bladed rotors are
less efficient than the two-bladed rotors.

Third, the comparison of the CAMcarbon Power
rotors reveals the effect of blade pitch. While the
measurements of the rotor with the smallest blade
pitch (CAMcarbon Power 12x6) are in good agree-
ment with modified momentum theory, power coeffi-
cients obtained for the rotor with higher pitch exceed
theoretical prediction (see Fig. 13). The dispropor-
tionate increase in power with increasing blade pitch
indicates flow separation.

Additionally, simulations with UPM were executed
for one rotor of each series (CAMcarbon Light 16x6,
CAMcarbon Power 12x8 and KDE Direct CF185-
DP). Figure 11 and Figure 12 show, that the simula-
tions match both thrust and power in hover. Solely,
the thrust of CAMcarbon Light 16x6 is underesti-
mated by the simulation. We assume that inaccura-
cies in the extraction of airfoils from the 3D scan
led to these deviations. Surprisingly, even though
viscous effects are not included in UPM and the
CP -CT -diagram indicates flow separation for CAM-
carbon Power 12x8, the UPM simulation matches

the measurement.
A measure for rotor efficiency is the figure of merit
FM, defined as the ratio of ideal power Pideal to the
actual power Pmeas required:

(5) FM =
Pideal
Pmeas

=
C
3/2
T,meas√
2CP,meas

Considering modified momentum theory (Eq. 4) an
approximation for FM is given by:

(6) FM =

C
3/2
T√
2

κC
3/2
T√
2
+ σCd08

Figure 14 presents the figure of merit derived from
the measurement and the approximations of mod-
ified momentum theory. What stands out is that
for each rotor the measurements don’t coincide on
one combination of FM and CT but are aligned
along an inclined line in the FM-CT -diagram. This
is due to inaccuracies in the thrust measurements.
The dotted lines represent the effect of an erro-
neous thrust scatter at a constant power reading
on CT and FM, reproducing the inclination of the
measurements. Apart from that, the modified mo-
mentum theory matches the measurement for the
rotors of the KDE Direct series and the CAMcar-
bon Light series. Rotors with higher CT have also a
higher figure of merit. For the rotors of the CAM-
carbon Power series the graph shows that there is a
decline in FM with increasing blade pitch indicating
flow separation. The figure of merit of rotors with-
out flow separation lie within a range of 0.6 and
0.8. This is within the typical range for full-scale he-
licopter rotors29. Ramasamy et al.1 studied small-
scale rotors in hover at blade tip Reynolds numbers
of 35,000 and obtained only figures of merit up to
0.5. As shown by Winslow et al.31 this is caused a
rapid increase of airfoil drag as the Reynolds num-
ber decreases below 100,000. A comparison between
two- and three-bladed KDE Direct rotors indicates
that the three-bladed rotors have higher thrust co-
efficients, but slightly lower figures of merit than
the two-bladed rotors. As shown by the modified
momentum theory this is an effect of higher rotor
solidity.

4.3. Performance in Forward Flight

Although the agreement of the thrust calculation
with the measurement is not as good as for the other
simulated rotors, we focus on the performance of the
CAMcarbon Light rotors for two reasons. First, the
localization of tip vortices was carried out for this
rotor. Second, we intend to derive a model for a
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Figure 14: Figure of merit of all studied two-bladed rotors in hover (left); effect of number of blades on
the figure of merit (right), color legend as in Fig. 11

0 5 10 15 20 25
v[m/s]

7.5

10.0

12.5

15.0

T
[N

]

0 5 10 15 20 25
v[m/s]

50

100

150

P
[W

]

3000 rpm

3200 rpm

3400 rpm

3600 rpm

3800 rpm

4000 rpm

Experiment

UPM
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small-scale rotor. Since the two rotors of the CAM-
carbon Light series are geometrically similar, these
data can be used for cross-validation.

Thrust and power of a rotor in forward flight de-
pend on rotor tilt angle α and flight velocity V∞, in
addition to the rotational speed. In Fig. 15, UPM
simulations are compared to the experiment for a
rotor tilt angle of -10°. This tilt angle was chosen
because in steady forward flight the rotor is usu-
ally tilted forward. Moreover, the best agreement
between simulation and experiment is expected for
negative tilt angles as the forward tilt reduces the
blade section angle of attack and thus flow separa-
tion. The data shows that UPM underestimates the
thrust by approximately 10% for all studied cases of
this rotor. However, the simulation reflects the trend
correctly for both thrust and power. A more detailed

analysis for the comparison of experiment and simu-
lation with UPM and other computational methods
in hover and forward flight is given by Kostek et
al.32.

In the following, we derive a systematic descrip-
tion of lift, drag and power of the CAMcarbon Light
rotor in forward flight for the whole investigated pa-
rameter space. For this an approach, dimensional
analysis is applied. In addition to the thrust and
power coefficient the tangential force coefficient is
defined as

(7) CFy =
Fy

ρA(ΩR)2
,

describing the tangential force Fy in the rotor plane
(see Fig. 3). The Buckingham Π theorem33 indicates
that thrust T , power P and tangential force Fy in
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Figure 16: The influence of rotor tilt angle α and
advance ratio µ on thrust coefficient CT , power co-
efficient CP and tangential force coefficient CFy

forward flight are fully characterized by the thrust
coefficient CT , the power coefficient CP and the tan-
gential force coefficient CFy as functions of rotor tilt
angle α, advance ratio µ and Reynolds number Re.
Since blade tip Reynolds numbers reached in the ex-
periment cover a narrow range (between 90,000 and
142,000 calculated at 75% of rotor radius), the ef-
fect of Reynolds number on the thrust coefficient
can be neglected.

(8) CT = f (µ,α), CP = f (µ,α), CFy = f (µ,α)

Figure 16 shows the dependencies for all three coef-
ficients, offering a few general observations. As pre-
dicted by the Buckingham Π theorem the dimension-
less coefficients depend only on advance ratio and
tilt angle. Therefore, all measurements are located
on tilt-angle-specific curves in the CT -µ-diagram
and CP -µ-diagram. Moreover, the measurements of
both rotors coincide. This is a further proof that
the coefficients solely depend on advance ratio and
tilt angle. In particular, it verifies that the effect of
Reynolds number can be neglected for the studied
Re-range.

Considering thrust and power coefficients, Fig. 16
shows that CT and CP significantly depend on tilt
angle and can both increase and decrease with in-
creasing advance ratio. What stands out in both
graphs is the local raise in CT and CP for α ≥ 20◦
and 0.07 ≤ µ ≤ 0.17 (marked area in Fig. 16). A
possible explanation for this effect can be found in
the study of blade tip visualization presented above.
In Fig. 9c it is apparent that for µ = 0.11 and
α ≥ 10◦ the flow through the rotor disk is pointing
upward in the front and downward in the rear of the
rotor. This results in a highly unsteady and complex
flow and might be the cause for the local raise in CT
and CP . As the advance ratio is further increased
the velocity component perpendicular to the rotor
disk becomes stronger and the entire wake is above
the rotor (windmill brake state). This would explain
why the increase is limited to µ ≤ 0.17. However,
the mechanism leading to a raise in CT and CP for
the recirculating flow state remains unknown.

The results for UPM at α = 0◦, -10° and -20°
are also given in Fig. 16. The comparison with ex-
periment shows that the simulation matches both
thrust and power coefficient for -10° and -20° tilt
angle. However, the discrepancy from the measure-
ment becomes greater for α = 0◦, especially for
power coefficient. This is because for higher rotor
tilt angles the angle of attack at the blade sections
are higher and thus the area on the rotor disk where
flow separation occurs increases. However, the pre-
diction of flow separation is challenging for UPM.

Finally, the CFy -µ-diagram is discussed. For µ ≥
0.2 advance ratio is the dominating influencing pa-
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rameter on the tangential force coefficient. On the
contrary, for µ ≤ 0.2 the tilt angle is primarily influ-
encing CFy and advance ratio has only minor signifi-
cance. The UPM simulation shows good agreement
with the measurement for µ ≥ 0.2. For µ ≤ 0.2
UPM gives lower tangential force coefficients than
the measurement. The linear trend for µ ≥ 0.2 is
also observable in the UPM calculations for µ ≤ 0.2.
It is important to note that for low advance ratios
the flow around the motor fairing is highly influ-
enced by the rotor wake. Hence, the subtraction of
forces obtained with only the aerodynamic fairing
from the measurements with fairing and rotor is bi-
ased since the assumption of identical flow around
the fairing does not hold true. (This error is larger
for CFy than for CT because the ratio of tangen-
tial force acting on the cover compared to the force
acting on the rotor is higher than for the thrust di-
rection.) Therefore, the result obtained with UPM
for CFy for µ ≤ 0.2 is considered more trustworthy
than the measurement.

4.4. Empirical Rotor Model

As described above, the dimensionless coefficients
CT , CFy and CP can be used to fully describe lift,
drag and power of the rotor as a function of tilt an-
gle and advance ratio. In this section, an empirical
model for the CAMcarbon Light rotors is developed
based mainly on experimental data. (Only for CFy
and µ ≤ 0.2 simulation data are used for the rea-
sons mentioned above.) Since multicopters operate
most of the time in hover and steady forward flight
the model is developed for −30◦ ≤ α ≤ 0◦. For
each dimensionless coefficient an equation is derived
(Eq. 9 - Eq. 11, α in degrees). The comparison of
the empirical model with the measurement results
shows good agreement for all three coefficients (see
Fig. 16).

Because the influence of the Reynolds number is
not considered in the model, it cannot be applied
for all Reynolds numbers. The experiments were
performed at Reynolds numbers between 90,000
and 142,000 (calculated at 75% of rotor radius).
Studies by Winslow et al.31 and Mueller et al.34

showed that for conventional airfoils the lift-to-drag
ratio decreases strongly for Reynolds numbers be-
low 100,000 reducing the aerodynamic efficiency of
small rotors. Therefore the model is not applicable
to rotors with smaller Reynolds numbers. For higher
Reynolds numbers, the influence of the Reynolds
number on the lift-to-drag ratio is smaller, so that
the model is still expected to have good applica-
bility at moderately higher Reynolds numbers than
those studied. Furthermore, in all studied cases the
flow was incompressible. For this reason, the model
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Figure 17: Comparison of the empirical rotor model
with the measurement

is also limited to applications with incompressible
blade tip flow.

In the following, we will outline how the empirical
rotor model can be used in preliminary design of mul-
ticopters. Neglecting aerodynamic interactions be-
tween the rotors and the fuselage, multicopters can
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Empirical rotor model

CT (µ,α) = 1.14 · 10−2 + (4.86 · 10−2 + 3.17 · 10−3α) · µ1.5(9)

CFy (µ,α) =

{
0 µ ≤ 0.04
4.79 · 10−3 · (µ− 0.04) otherwise(10)

CP (µ,α) =

{
1.19 · 10−3 µ ≤ 0.08
1.19 · 10−3 + (2.62 · 10−3 − 1.26 · 10−4α) · (µ− 0.08) otherwise(11)

be modeled as a set of i single rotors and a blunt
body representing the multicopter’s fuselage. The
blunt body is characterized by its mass m (payload),
the drag coefficient CD and an aerodynamic refer-
ence area Aref . In steady forward flight the weight
of the multicopter must be in equilibrium with the
sum of lift forces Li and the drag of the blunt body
with the sum of propulsive forces Di generated by
the rotors:

(12)
∑
i

(cos(α)CT,i − sin(α)CFy,i ) · ρAi (ΩiRi )2 = m · g

(13)
∑
i

(sin(α)CT,i +cos(α)CFy,i ) · ρAi (ΩiRi )2 =
ρ

2
V∞CDAref

Moreover, the sum of rotor torques must vanish in
stationary flight so that the drone does not rotate:

(14)
∑
i

CP,i · ρAi (ΩiRi )2Ri = 0

Besides the mentioned force and torque equilibria
there are further ones in the other spatial directions.
However, these do not play a role if the multicopters
are symmetrically constructed (with exception for
pitching moment).

To verify the empirical rotor model, we consider
a system consisting of one CAMcarbon Light 16x6
rotor and a blunt body. Since the torque equilibrium
cannot be achieved with only one rotor, only Eq. 12
and Eq. 13 are considered. For a constant lift force
of 8.5N provided by the rotor, Fig 17 shows the
rotational speed n, rotor tilt angle α and power P
as predicted by the empirical rotor model for vary-
ing flight velocities and four different blunt bodies
(CD · Aref ). The prediction of rotor power shows a
typical characteristic for helicopters. Starting from
hover, the required power initially decreases with
increasing airspeed. For higher airspeeds, the re-
quired power increases again and exceeds the power

in hover. The figure additionally shows results ob-
tained in the measurement presented above that ful-
fill the trim conditions for lift and propulsive force.
The empirical model shows good agreement with
the measurement.

Finally, the application of the model is demon-
strated on a multicopter configuration. A quad-
copter with a mass of 5 kg and four identical rotors
with a rotor radius of 0.2 m each is examined. Fig-
ure 18 shows the power required by the rotors in for-
ward flight for four different fuselages (the aerody-
namic quality is represented by different CD ·Aref ).
The figure illustrates that the aerodynamic quality
of the fuselage in this configuration has very little
effect on the power consumption for airspeeds below
6 m/s.
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Figure 18: Application of the model to estimate the
power consumption of a quadcopter

5. CONCLUSIONS

The major results of this study can be summarized
as follows:
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• BOS was successfully applied to visualize blade
tip vortices of a small-scale rotor (CAMcarbon
Light 16x6) for hover and forward flight. Vortex
pairing known from helicopter wakes was also
found for the small-scale rotor in hover. The
empirical wake model of Kocurek and Tangler
reproduced the detected vortex trajectories of
the studied rotor well.

• In forward flight, the tip vortex trajectories were
influenced by rotor tilt angle and advance ratio.
The longer the vortices remained in the vicinity
of the rotor plane, the more strongly they were
affected by the downwash of the following rotor
blade. For positive tilt angles the vortices were
located above the rotor and were only visible
for a vortex age of up to 180° indicating that
they were destroyed by the following rotor by
BVI.

• The hover performance of eleven rotors was
investigated experimentally. Calculations with
UPM were carried out for three rotors showing
satisfactory agreement with the measurement.
In accordance with momentum theory, up to
CT = 0.012 the figure of merit for the stud-
ied two-bladed rotors increased with increasing
thrust coefficient. For higher CT , the figure of
merit decreased since the higher blade pitch led
to flow separation and thus to an increase in
drag. The comparison of two- and three-bladed
rotors revealed that due to the higher rotor so-
lidity, the three-bladed rotors had higher thrust
coefficients but also greater parasitic drag and
thus smaller figures of merit.

• CAMcarbon Light 16x6 and CAMcarbon Light
12x4.5 rotors were studied in forward flight with
varying rotational speed, rotor tilt angle and in-
flow velocities, covering a wide range of operat-
ing conditions. Dimensional analysis states that
for forward flight thrust, power and tangential
force coefficients depend only on advance ra-
tio and rotor tilt angle. Therefore, both rotors
showed the same dependencies.

• Based on the measurements of CAMcarbon
Light 16x6 and CAMcarbon Light 12x4.5 in
forward flight a simple, empirical model for
CT , CP and CFy was developed. It represents
the aerodynamic performance of the rotor for
−30◦ ≤ α ≤ 0◦ and µ < 0.35 and can be ap-
plied in preliminary design of multicopters. The
application of the model was demonstrated on
a single rotor and a quadrotor configuration.
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