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Aérodynamique d'un micro rotor
en environnement confiné

S. PROTHIN? T. JARDIN? N. DOUE?, C. FERNANDEZ-ESCUDERCO"

1. ISAE-Supaéro, Département d’aérodynamique et Psapul 10 avenue Edouard
Belin, 31055, Toulouse, France

Résumé

Dans le cadre des recherches conduites au seirédartbtment Aérodynamique et Propulsion
(DAEP) de I'ISAE, et plus particulierement I'équipavaillant sur I'aérodynamique et la propulsion
des Micro-Drones s'intéresse a l'aérodynamique d&aarotors en milieu confiné. L'étude s'inscrit
dans le cadre du développement de micro-dronegeindoor destinés, par exemple, a I'exploration
de réseaux souterrain (grottes ornées) et/ou I'nla®n en environnements contraignants
(installations nucléaires).

L'enjeu est double, d'une part, évaluer linfluende parois sur le comportement
aérodynamique du micro-rotor, et d'autre part, coemre linfluence du micro-rotor sur
I'environnement proche.

Abstract

As part of the research carried out within ISAE&Er@dynamics and Propulsion Department
(DAEP), and in particular the team working on aeyadmics and propulsion of Micro-Drones, is
interested in the aerodynamics of micro-rotors onfined environment. The study is part of the
development of indoor micro-drones for the expliorabf undrground networks (ornate caves) and /
or observation in restricted environments (nuclaetallations).

The challenge is twofold: firstly, to evaluate thmdluence of walls on the aerodynamic
behavior of the micro-rotor and, on the other hatalunderstand the influence of the micro-rotor on
the nearby environment.

Mots clefs : Aérodynamique, Rotor, Drone, ConfinéExpérimental,
Numérique

1 Introduction

Micro-Air Vehicles (MAVS) have recently gained inést owing to their ability to perform
missions of observation at relatively low costrésponse to the 1996-2000 MAV Program initiative
by the US Defense Advanced Research Projects AgdD&RPA), three main concepts of MAVs
have emerged: fixed-wing, rotary-wing and flappimigtg MAVs (Refs. 1-3). Fixed-wing MAVs are



23™ Congrés Francais de Mécanique Lille, 28 Aolt au®l Septembre 2017

mostly dedicated to long-range missions due ta ttedatively long-endurance and high-speed range.
However, they are not hovering capable and arecheastly restricted to outdoor missions.

Conversely, rotary-wing MAVs suffer from low-endace but offer the possibility to evolve
in confined environment due to their ability to foem hovering flight and to achieve enhanced
maneuverability. While the two former concepts dymgerive from the scaling of conventional
aircraft and helicopters, the flapping-wing concelgrives from the observation of nature. This
alternative bioinspired concept could potentiallpwa hovering flight, enhanced maneuverability and
low noise generation while providing reasonabledgnamic performance, hence endurance, at low
Reynolds numbers typical of insect flight. Althoullgppping-wing MAVs may appear as a promising
concept at several levels, they involve complexmaical systems and complex aerodynamics that
make it an immature technology (Refs. 4-7). Thasddte, rotary-wing MAVs appear as the most
relevant solution for missions of observation imfomed environments. While the aerodynamic
performance of hovering micro rotors in non-confinenvironments has been extensively studied
(Refs. 8—11), virtually no research work has foduse micro-rotors in highly confined environments.
Few studies report results of micro-rotors In Gebugffect (IGE) though, showing that a rotor
hovering in the vicinity of the ground outperforrashovering rotor Out of Ground Effect (OGE).
These results are of paramount importance for thattdesign of efficient auto-pilot and the defimiti
of low-consumption flight strategies (Ref. 12).tlns context, Lee et al and Lakshminarayan et al
(Refs. 13, 14) have brought to the fore the comple{ the flow that develops around an IGE micro-
rotor using PIV measurements and URANS computatiespectively. Nathan et al (Ref. 15) have
experimentally investigated the flow around an I@k€Ero-rotor both hovering in crosswind and in
forward flight. On the basis of PIV measuremertts, authors have highlighted differences between
the two configurations in the transition from regilation regime to ground vortex regime. In another
context, still using IGE micro-rotors, various amth motivated by the necessity to augment
knowledge on the brownout phenomenon have unravbiegrominent flow features that promote
upliftment of sediment particles (Refs. 16—18).

Overall, the aforementioned studies demonstratetibandary conditions are critical to the
aerodynamic performance of micro-rotors as they siggificantly constrain the development of the
rotor wake. In this paper, we extend previous wookihe experimental analysis of lateral and upper
wall effects, as well as channel and duct effe€teese configurations modelize highly confined
environments that may be encountered by an MAVqaperihg indoor reconnaissance. In particular,
we show that ceiling effects have a beneficial iotpan aerodynamic performance, in a rather a
similar way to that obtained in ground effects tygbugh a distinct physical mechanism. Furthermore,
channel effects seem to derive from a simple limganbination of both ceiling and ground effects. In
contrast, lateral walls have negligible effectsaenodynamic performance whether they are isolated o
in duct configuration. All these observations heljgze guidelines for the design of efficient auilotp

2  Experimental Setup

An illustration of the experimental setup is shoinrfigure 1. The micro-rotor has a radius
R=125 mm and consists of two untwisted flat platéd a 15 degrees pitch angle. For each case, the
rotor was powered using an AXI| 2808/24 goldline gtess motor. A PID controller was
implemented in order to operate the rotor at roteti frequencies ranging from 20 to 60 Hz
within +/ 1% accuracy. Variations in rotational dreencies allowed to keep the rotor thrust constant
for different rotor-to-boundaries distances. Theoraovas operated such that its tip-path-plane was
parallel and/or perpendicular to wall boundary dtods, depending on the configuration considered.
It was connected via a 600 mm long steel beamneehanical traverse that allowed to automatically
adjusting the rotor-to-boundaries distance. Wallritaries consisted of 900_900 mm2 (roughly
7.2x7.2 R?) Plexiglas (ground plane) and wooderpéupand side walls) plates. The rotor was
mounted on an offset balance that allowed two faam®ponents and three torque components to be
measured within +/-1% accuracy. The maximum rarigaebalance was 10 N and 0.5 Nm for force
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and torque measurements respectively. Mean fonedstaques were obtained by averaging 5000
samples acquired at a frequency of 1 kHz over a imerval of 5 s. For each case, four runs were
performed to assess the repeatability of the loadsmrements. Results presented in this paper were
obtained by averaging the values of the repeatabilins. Note that data obtained with the motor
mounted upstream and downstream of the rotor (mwvasmall gaps between the rotor and the
boundaries) overlapped within the error marginadidition, velocity flow fields in the axial plané o
the rotor were obtained through high-definitionrastescopic Particle Image Velocimetry (PIV)
measurements. Two FlowSense EO 16M cameras wehreyiized to a 2x200 mJ DualPower
Bernoulli laser and driven via Dynamic Studio (Dsa)tcommercial software. While the laser was
operated at a nominal 15 Hz frequency, PIV imagesevacquired at 2.5 Hz (every six laser impulse)
due to the maximum 2.6 Hz allowable operating fegguy of the cameras. The laser power was set to
35 mJ in order to limit laser reflections on théorcand the walls. The cameras were equipped with a
85 mm focal length Samyang lens, F/4. The time &teyween two images used for the cross-
correlation was set to 80 ms. Velocities were caegbwsing an adaptive cross-correlation (two
refinement steps) with a final window size of 16x®8, and spurious velocities were identified using
a peak ratio validation procedure (with a peakd¢alpratio of 1.2). The final dimensions of the
reconstructed three-component flow fields were exprately 600x400 mm2 (4.8x3.8 R?), leading to
a spatial resolution of 0.25 mm (2:1R). For each case, 1000 instantaneous velocity filds were
averaged, ensuring convergence of both mean antldling values. In what follows, all velocities
are non-dimensionalized using the induced velogitgerived from rotor thrust measurement T and
momentum theory:w= [T / 2pTIR?)2.

3 Results

This section aims at understanding how horizomdllateral wall boundary conditions affect
the aerodynamic performance of micro-rotors. Towdwat end, we focus on the evolution of the
Power Loading (PL) as a function of the non-dimenal distance h/R that separates the center of the
rotor disk from the wall, at a given Disk LoadirfgL(. Recall that PL is defined as the ratio between
the thrust and the power of the rotor Wnd that DL is defined as the ratio between hinest and
the area of the rotor disk T/A, with AR?. The PL=f(h/Ry. curve is of paramount importance in
practice as it reveals the enhancement or degosdafi the aerodynamic performance of a given
MAV as it approaches horizontal or lateral walls.

Ground Effect

Figure 2 displays the evolution of the ratio of the poweadings obtained in and out of
ground effects as a function of the rotor to growistance h/R, at a given DL. It is shown that
PLce=PLoge is roughly constant for values of h/R above 2 fayidly increases for values of h/R
below 2, as h/R tends to O.

This trend, which is extensively reported in theeriture, is associated with the radial
expansion of the rotor jet. Such a phenomenotustibited on figure 3 which depicts streamlines and
fluctuating radial velocity isolines superimposed/elocity magnitude isocontours for both h/R=1 and
h/R=2 IGE cases.

Overall, it is shown that the rotor jet expanddabyl away from the rotor axis where a strong
recirculation region develops. In the h/R=2 cake,recirculation region in the vicinity of the gral
is sufficiently far away from the rotor disk to @l for a slight contraction of the jet immediatly
downstream of the rotor hub before the flow is ¢@ised to circumvent the recirculation region in
the outward direction. In the h/R=1 case, the cetation region is tilted along the rotor axis diten
and fills the gap between the rotor and the gropnelyenting any jet contraction. Here, the flow is
severely constrained in the outward direction imiaiedly after the rotor disk. This simple comparison
between the h/R=1 and h/R=2 cases thus showsbget expansion is more pronounced for low
values of h/R.

The influence of ground proximity on jet expansierfurther highlighted offigure 4 which
shows the periphery of the jet for different h/RBe&s The periphery of the jet is here extractenhfro
local maxima of radial velocity fluctuations. Itedrly appears that jet expansion increases with
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decreasing values of h/R, with a minimum jet sectioughly ranging from 0.78A at h/R=1 to 0.61A
at h/R=4. In addition, such an expansion is catedlavith a reduction and homogenization of the
axial velocity at the rotor disk. This is highligidk onfigure 4 which depicts spanwise profiles of axial
induced velocity at the rotor disk. This mechanisogether with a reduction in tip vortex strenggh,
known to promote aerodynamic efficiency (Ref. 1®yerall, three main features can be observed: 1)
axial velocity along most of the blade span is oedi) 2) maximum axial velocity is reduced and
moved towards the wing tip, 3) negative velociaes induced at the blade root due to the intenactio
with the recirculation region.

The increase in Rte=PLoge With decreasing h/R values can also be viewedadsaease in
thrust at a given power. This extra lift when agmtang the ground is appreciated by helicoptetpilo
as it contributes to secure landing phases.

In the framework of MAVS, another interest emergisit of significantly reducing power
consumption and hence increasing flight endurarteenwlight is performed IGE. In other words, an
interesting strategy to enhance MAVs endurance iallow for robust IGE flight. This requires to
promote flight robustness through the definitionsohple models dedicated to auto-pilot design. As
such figure 2 shows that empirical asymptotic models of the form

ax (/RN %>+ b

provide a reasonable estimation of the evolutioRlgée=PLoce as a function of h/R. Furthermore, it
is interesting to note that the evolution of ®2EPLoce, hence the model, is roughly independent to
DL.

Ceilling Effect

While it is known that MAVs endurance can signifitdg benefit from IGE flight phases, we
here ask if MAVs can benefit from flight phasesQriling Effects (ICE)? The literature on rotors
being historically associated with the study of meshhelicopters, and the latters being not conéant
to ICE flight phases in practice, this MAVs-specifiight configuration is virtually undocumented.

Similarly to the IGE casdigure 5 shows the evoultion of the RE=PLoge ratio as a function
of the rotor to ceiling distance h/R, at a given.D\ prominent feature is the drastic increase in
PLce=PLoce as h/R tends to 0. This increase is stronger thahobserved in the IGE case, with
values of PLICE=PLOGE reaching 2.55 at h/R=0.12 lgocompared with the value of 1.56 at
h/R=0.12 in the IGE case). Furthermore, ceiling@i occur at lower values of h/R than IGE effects
and thus appear as a more sudden and severe ph@mome

Conversely to the IGE case, the increase ir2PLoge for decreasing values of h/R is not
related to any jet expansion. Rather, the proximoitythe ceiling restricts the axial incoming flow
above the rotor, which is to be compensated bydtheelopment of a radial incoming flow. This
feature is visible orfigure 6 which depicts streamlines and fluctuating radielogity isolines
superimposed to velocity magnitude isocontourd@ith h/R=1 and h/R=2 ICE cases.

Furthermore figure 7 shows that the proximity of the ceiling and thetretion in axial
incoming flow above the rotor does not significgralter the axial induced velocity at the rotorkdis
despite a reduction in maximum axial velocity magmé. This suggests that the prominent
mechanism that leads to an increase in aerodynperformance is different from that occuring in
IGE configurations. Here, as previously mentionnedan be seen that the rotor feed air comes from
aside, and even from beneath of the rotor. As ¢lotia between the rotor and the ceiling decreases,
the flow increasingly distortsand accelerates towahe rotor. The flow pattern recalls that in a
constricted pipe section, which is conducive totuaneffects. Correlating this to the evolution of
PLce=PLoge as a function of h/R indicates that the rotorusked to the ceiling for sufficiently low
values of h/R, making it a sudden and severe phenom Besides, although this mechanism differs
from that observed in IGE configurations, it shob&lnoted that the reduction in tip vortex strength
due to wall proximity is common to both IGE and IC&ses. Overall, three main features can here
again be observed: 1) axial velocity along mosthef blade span is unchanged, 2) maximum axial
velocity is reduced, 3) upward velocities are irgtloutside the rotor due to distortion in rotordfee
air.



23™ Congrés Francais de Mécanique Lille, 28 Aolt au®l Septembre 2017

These results show that ICE flight is more benafitt MAVs endurance than IGE flight is,
providing that the MAVs auto-pilot is sufficientlpbust to allow for ICE flight with very low h/R
values. Therefore, there is a significant intenastdefining models that contribute to auto-pilot
robustness for ICE flight. As sudigure 5 shows that asymptotic models of the form :

ax (h/RMY'?+ b
can provide a reasonable estimation of the evalwifdPLce=PLoge as a function of h/R.

Channel Effect

In this subsection, we focus on the effects of aekitype confinement on the aerodynamics
of micro-rotors (IChE). Channel configuration rdsufrom the combination of IGE and ICE
configurations and opens the path towards the safdgighly confined configurations typical of
indoor flight (e.g. intrusion through vent pipe wnderground tunnels). More specifically, in light o
previous results, we ask if IChE aerodynamic penorce simply results from the linear combination
of IGE and ICE aerodynamic performance or if stramn-linear coupling tend to generate a
completely new scenario.

The distance H between the lower (ground) and uga#iing) horizontal walls is introduced.

Figure 8 shows the evolution of the Rke=PLoge ratio as a function of the rotor to ground
distance h/R, at a given DL and for H/R=4. The ettohs of Plge=PLoge and Plce=PLloge are
added for ease of comparison. Interestingly, amiebmw counter-intuitively, the results indicatettha
the IGE and ICE effects coupling can in a firstraeh be treated as a linear coupling.

This observation is further highlighted Gigure 9. Overall, it can be seen that the global flow
structure above the rotor is roughly similar tottb&the ICE case while the global flow structure
below the rotor is roughly similar to that of th&H case. In some way, the rotor acts as an
impermeable frontier that makes the downstream flosependent to the upstream conditions and
vice versa. Although this statement is reasonaalig\for prominent steady flow features, it shob&
noticed that IChE configurations enhance flow uaditeess, with higher levels of velocity
fluctuations. Unsteady data would be required temaine if unsteady phenomena are likely to occur
at a time scale that is detrimental to MAVs attéwmbntrol.

Nonetheless, showing that IChE effects result ftbe quasi-linear combination of IGE and
ICE effects, at least in a mean sense, is conduoifight robustness in confined environments and
provides simple guidelines for the definition obust auto-pilot.

Wall effects

We finally address the influence of lateral walbximity on the aerodynamics of micro-rotors
(IWE). On the contrary to previous cases, wall @febreak the symmetry of the problem as they
influence a limited portion of the rotor disk. Imig particular case, it is observed that the,PtPLoge
ratio is not significantly affected by wall proxityi(and is therefore not shown here). On the other
hand,figure 10 shows that the flow structure is modified. As thtor to wall distance decreases, the
rotor jet is sucked towards the wall, which tiks axis in the counter-clockwise direction. In dida,
the tip vortex is flattened in the vertical directiand its strength is significantly reduced when
approaching the wall. Both wake tilting and chanigetip vortex size and strength naturally induce a
lateral force and a rolling moment that is howeteer weak to be measured here. Flow modifications
induced by the proximity of the wall are localizedhin a small portion of the rotor disk which make
their influence on aerodynamic loads negligibleviobsly, this is no more true if the rotor disk is
slightly tilted, i.e. if the rotor disk is not sttly perpendicular to the wall and the rotor jepinges the
wall, which is a common feature of advancing roigtwing MAVs. Therefore, for missions in
confined environments, there is a significant iesein developing robust attitude control that prev
rotor tilting when performing forward flight towasdvertical walls. Furthermore, additional results
have shown that In Duct Effects (IDE), which reduim the presence of two parallel lateral walls
from both sides of the rotor, do not significaniifluence aerodynamic loads either. Note that such
results were obtained for values of y/R as low.&88.0
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4 Conclusion

Due to their small dimensions, micro-air vehicléfeothe possibility to perform missions of
reconnaissance in confined environments. Searclestue task forces, archeologists and nuclear
security workforces, to name a few, could greadpdfit from MAVs capable of robust indoor flight.

In this context, a way to enhance flight robustriese understand how the rotor of a hovering capab
MAYV responds to wall proximity in terms of aerodymias performance.

Toward that end, we conducted experiments on aomn@or hovering in the vicinity of
horizontal and vertical walls. By means of forced @AV measurements, we were able to reveal
changes in aerodynamic performance due to walliiox and correlate it with the occurrence of
specific flow phenomena. Our results are in linghvextensive research on ground effects, showing
that aerodynamic performance benefits from grourakipiity due to a reduction in induced axial
velocity at the rotor disk and reduction in tip teo¢ strength. In addition, while ceiling proximigyso
leads to an enhancement of aerodynamic performénseshown that ceiling effects are more severe
and sudden than ground effects and can be viewedeaturi effect acting above the rotor disk.
Furthermore, it can be seen that channel effeatsouate surprisingly be considered as a linear
combination of both ground and ceiling effects. @asely, vertical wall proximity does not have a
major impact on aerodynamic performance, whethernsatated wall or a duct configuration is
considered.

These results demonstrate that simple models caebieed for the definition of efficient
auto-pilots, contributing to indoor flight robustse However, to gain further insight into the
aerodynamic response of a rotor hovering near Waillndary conditions, dynamic tests will be
conducted in the future.
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Figure 4. Location of the rotor jet periphery deduced frarodl maxima of radial velocity fluctuations (top)da
nondimensional axial velocity at the rotor disktfbm) for the IGE configurations.
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Figure 6. Streamlines and iso-lines of radial fluctuatingoadties superimposed to contours of velocity
magnitude. Flowfields obtained for the h/R=2 (lefitd h/R=1 (right) ICE configurations.

Figure 7. Non-dimensional axial velocity at the rotor disk fbe ICE configurations.
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Figure 9. Streamlines and iso-lines of radial fluctuatingoadties superimposed to contours of velocity
magnitude. Flow fields obtained for the h/R=2 {laftd h/R=1 (right) IChE configurations.
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Figure 10.Streamlines and iso-lines of radial fluctuatingogdties superimposed to contours of velocity
magnitude. Flow fields obtained by PIV for the y(R#5 (left) and y/R=0.55 (right) IWE configurations



