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Abstract

An experimental investigation into the flow field produced by a shrouded rotor, operating in axial descent
is presented. Laser Doppler Anemometry (LDA) was used to determine the induced velocity of the rotors,
whilst Particle Image Velocimetry (PIV) was applied to investigate the dynamics of the unsteady flow
field produced. Tests were repeated using the same rotor, without the shroud, to assess its influence on
the observed phenomena. At low descent velocity ratios, the mean flow field resembled that produced
by a shrouded rotor operating in hover. At slightly higher descent velocity ratios, the wake from the
shrouded rotor broke down, leading to the formation of a large region of recirculation outboard of the
shroud which aperiodically sheds into the free stream. Further increases in descent velocity lead the
centre of recirculation to form around the external surface of the shroud. The flow topology appears to
be generally similar to the one arising from an isolated rotor operating in descent flight, however the
results suggest that the presence of the shroud might slightly delay the onset of the Vortex Ring State (VRS).

Keywords: Rotorcraft, Shroud, Aerodynamics, Vortex Ring State, Particle Image Velocimetry (PIV), Laser
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1. INTRODUCTION

Shrouded rotors have been extensively used in the
rotorcraft industry owing to the inherent safety”
and potential static performance improvements of
the design when compared to an isolated rotor?. Ex-
amples of their application include auxiliary propul-
sion for compound helicopters, helicopter tail ro-
tors and more recently vertical take off and landing
(VTOL) unmanned aerial vehicles (UAVs)=. To date,
research involving shrouded rotors has mainly fo-
cused on characterising the effect shroud design pa-
rameters, such as the blade tip clearance?,, inlet lip
radius®,® diffuser length”, angle and expansion ra-
tio, have on the performance and the structure of
the flow field produced by shrouded rotors operat-
ing in hover and edgewise flight®. However, there is
a distinct lack of detailed experimental or numer-
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ical data related to shrouded rotors operating in
axial descent, despite the fact that this represents
an important phase of the flight envelope of UAVs
especially when operating in urban environments.
In axial descent rotors can experience a flow phe-
nomenon known as the vortex ring (VRS)2. When
operating in axial descent the vortex system trailed
from a rotor, can collapse forming a highly unsteady
vortex ring of a similar scale to that of the rotors di-
ameter. The build up and subsequent shedding of
the vortex ring occurs over a number of rotor rev-
olutions. Shedding of the vortex ring from the ro-
tor leads to large unpredictable thrust oscillations,
increase in rotor torque and the loss of control ef-
ficiency characteristic of rotorcraft operating in the
VRS.

The mechanism by which the trailed vortex sys-
tem collapses into the toroidal form associated with
the VRS is based on the linear stability analysis of
helical vortex filaments performed by Gupta and
Loewy (1974)™ and Widnall (1972)™" along with the
free wake simulations of helicopter rotors operating
in axial descent conducted by Bhagwat and Leish-
man (2000)"4, Leishman et al. (2004)12 and Anan-
than and Leishman (2006)1%. These investigations
showed that the wake from a hovering rotor is in-
herently unstable. The small geometric perturba-
tions to the helix, with wavelengths equal to a few
core diameters or over several helix diameters iden-
tified by Gupta and Loewy (1974)'2, and the mutual-
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inductance instability of helical vortices identified
by Widnall (1972)M' lead to the breakdown of the
helical structure. Typically, this occurs some dis-
tance away from the rotor, however, in descending
flight this occurs in the vicinity of the rotor2, Free-
wake simulations performed by Bhagwat and Leish-
man (2000)14, Leishman et al. (2004)13 and Anan-
than and Leishman (2006)* identified the mutual-
inductance instability as the mechanism responsi-
ble for the bundling of vortex filaments into rings,
which move towards the rotor as it approaches the
VRS. Planar smoke flow visualisation of a rotor per-
formed by Stack et al. (2005)'° identified leapfrog-
ging of vortex filaments as the mechanism respon-
sible for the bundling of the vortex filaments. How-
ever, it was shown numerically that the mutual in-
ductance instability can result in the entanglement
of helical vortices™ 12 which would appear like
the vortex pairing of vortices, identified by Stack et
al. (2005)1¢ on a two dimensional plane. Outboard
of the rotor this leads to the build up of vorticity
around the rotor blade tips4”. The build up and sub-
sequent shedding of the recirculation is responsible
for the large thrust fluctuations associated with ro-
tors operating in the VRS. Ahlin (2007)"Z indicated
that the breakdown of the blade root system is re-
sponsible for the formation of the saddle point and
the conical region of reverse flow which penetrates
towards the rotor disk plane“l.

As previously stated, despite the dangers associ-
ated with such flight conditions, there is a distinct
lack of detailed experimental or numerical data re-
lated to shrouded rotors operating in axial descent
Therefore an investigation has been designed to as-
sess if and how the presence of the shroud affects
the development of the vortex ring state. To this
end, LDA and PIV were used to investigate the flow
for a range of descent velocities and results were
compared with those obtained without the shroud.
Time-averaged data was used to assess the general
structures of the flow fields whilst instantaneous
snapshots and modal analysis (Proper Orthogonal
Decomposition POD) highlighted the unsteady fea-
tures of the flow.

2. EXPERIMENTAL SETUP

The flow field produced by a 0.1778m diameter, two
bladed, twisted, tapered, fixed pitch, unarticulated
rotor mounted inside a shroud, operating in axial
descent was investigated. A schematic diagram of
the shrouded rotor is presented in figure ??. In or-
der to allow the influence of the shroud on the flow
field to be characterised, the flow field produced by
the unshrouded rotor was also investigated. The fi-
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Figure 1: Schematic diagram of the shrouded rotor
installed in the DeHavilland wind tunnel.

breglass rotor was lightly loaded and therefore was
assumed to be rigid. An AXI-2820/12-V2 brushless
motor, mounted on a stand located inside the wind
tunnel was used to power the rotor. The shroud was
connected to the motor using three support struts
located on the inlet side of the rotor, as shown in
Figure[T] The rotor was operated at a constant rota-
tional frequency of 66.3 &+ 1Hz, producing a rotor
tip speed of V4j, = 37m/s and a blade tip Reynolds
number of 15,000. The motors and propellers cho-
sen were all commercial components readily avail-
able from most UAV drone retailers.

The shroud, shown in figure [2| was 3D printed
out of Prototyping PLA (FDM), and was designed
based on the investigation performed by Pereira et
al. (2008)?4 to optimise the hovering performance
of the shrouded rotor. The shroud had an inlet
lip radius of r;j, = 0.02m, a blade tip clearance
(0¢jp ~ 0.001m), a diffuser angle 4 = 10°, and
a diffuser length of Ly = D;/2 = 0.089m. The
rotor disk plane was located at the throat of the
shroud. A schematic diagram of the shrouded ro-
tor installed in the wind tunnel is shown in figure
[1l The shrouded rotor was orientated to induce ve-
locity (U;) against the wind tunnel, so that the wind
tunnel speed (V) represented the descent velocity
of the shrouded or unshrouded rotor.

A Cartesian (x,y,z)-coordinate system, with its
origin at the geometric centre of the shroud outlet
plane, is defined so that the y-axis is vertically
upwards and the x-axis is orientated against the
direction of the wind tunnel's free stream. The
counterflow was produced using the University
of Glasgow, DeHavilland wind tunnel. This atmo-
spheric closed return, low speed wind tunnel is
capable of achieving speeds of up to |Vy| = 50m/s
in the 2.65m wide by 2.04m high octagonal test
section with a turbulence intensity below 0.4%.
The shrouded and unshrouded rotors were both
exposed to a range of descent velocities ranging
from o = (|V4|/U;) = 0to o = 2.5. The test rig
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Figure 2: Schematic diagram of the PIV regions of in-
terestand LDA planes investigated for the shrouded
rotor in axial descent.

shown in figure [1} had a negligible wind tunnel
blockage of 2%. Homogeneous seeding of the wind
tunnel for both PIV and LDA was achieved using
a Pivtec-GmbH seeder, incorporating 160 Laskin
nozzles with a mean olive oil particle substrate
diameter of 0.9um?4.

2.1. LDA

A commercially available Dantec Dynamics two-
component Laser Doppler Anemometry (LDA) sys-
tem was used to investigate the velocity profile pro-
duced by both the shrouded and unshrouded ro-
tors 1.48R upstream of the rotor disk plane (x/R =
0.48), as depicted in figure |2l In hover, measure-
ments were performed on a grid of sample points
concentrically spaced around the centre of the ro-
tor to estimate the notional induced velocity U;, with
azimuthal and radial resolutions of 15° and 0.08R
respectively. Each of the 289 points were sampled
over a period of 10s. When operating in descent 218
data points along the horizontal and vertical axes of
symmetry of the isolated rotor, on both planes of in-
vestigation, were sampled for a period of 10s with
a spatial resolution of 0.08R. The lasers were both
orientated at an angle of 2.5° coinciding to form a
2.62 x 0.12 x 0.12mm measurements volume. The
system was operated in burst mode with transit
(residence) time enabled to allow for the accurate
calculation of the mean flow velocity, and to prevent
high velocity bias for high turbulent flows 442225 The
accuracy of the mean flow field was calculated to be
+0.01ms~! which corresponds to 0.2% of the ro-
tors peak induced velocity. The location of the mea-
surementvolume in the flow field was controlled us-
ing a Dantec 904173332 3D traverse system which
is capable of scanning a measurement volume with
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a positional accuracy of £0.01mm. Figure 2| shows
the location of the LDA measurement planes inves-
tigated.

2.2. PIv

Two component PIV in the symmetry plane along
the longitudinal centre line of the rotor was per-
formed in order to assess the structure of the flow
field. A 532nm wavelength Litron double cavity
oscillator amplified Nd:YAG laser with an output
energy of 100mJ per pulse was used to deliver the
light sheet. A Phantom V341 digital high speed 4
Megapixel camera with a 2560 X 1600 pixel CMOS
sensor fitted with a Samyang 135mm focal length
was used to acquire the raw images. The flow
field produced by the shrouded rotor was split
into two distinct regions: Region 1: Shroud Outlet;
Region 2: Around the Shroud, as shown in figure
A single region of interest (Region 3), presented
in figure [2| was used to investigate the flow field
produced by the unshrouded rotor. The magnifi-
cation factor (M) of the regions of interest varied
from 6.1pixel/mm to 6.9pixel/mm. Three sets
of 600 image pairs were recorded at a frequency
of 200Hz for a range of counterflow velocities for
each of the regions of interest investigated. A time
delay of At = 200us was used for all experimental
configurations investigated.

Post processing of the raw PIV images (n) was
completed using the commercially available soft-
ware Davis V8.2. PIV of image regions closer than
0.004m to the solid surface of the shroud were
unreliable as a result of glare, therefore measure-
ments were only made to within 0.005m of the
shroud surface. The results presented in this paper
were produced using a multi-pass cross correlation
algorithm with interrogation windows of 48 x 48 pix-
els with a 50% overlap, followed by an interrogation
window of 24 x 24 pixels with a 50% overlap. The
resolution of the PIV was approximately 0.002R x
0.002R/pixel for all regions of interest. The uncer-
tainty of the velocity measurements was estimated
to be approximately €, = 0.08ms~* for each of
the interrogation regions”. A maximum displace-
ment error of 0.1 pixels was assumed for each of
these PIV regions, owing to sub-pixel interpolation.
The unsteadiness of the flow field was assessed by
calculating the root mean square (RMS) of the fluc-
tuations of the measured axial velocity.
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3. RESULTS

3.1. Characterisation of the mean flow field
produced by a shrouded rotor operating
in hover.

The flow field produced by the isolated and
shrouded rotors operating in hover was charac-
terised using LDA in order to estimate the averaged
induced velocity across the rotor disk plane at the
shroud outlet.

The mean axial velocity component (v) in a cross-
stream plane 0.48R upstream (with respect to the
wind tunnel flow direction) of the shroud outlet
plane is presented in figure 3| Based on the axial
velocity profile generated by the shrouded rotor, a
notional induced velocity U; = 3.3ms~! was calcu-
lated using equation[T} where u is the time averaged
induced velocity at the shroud outlet plane and A; is
the area of the region investigated using LDA.

U fol'lR 2murdr
M U= A,

The notional induced velocity of the shrouded ro-
tor was used to scale the descent velocity of both
the isolated rotor and the shrouded rotor (o =
|Vg|/U;). The same process was used to calculate
the induced velocity (U;, = 3.8ms™!) of the iso-
lated rotor on a plane 0.48R from the rotor disk
plane.

LDA velocity profiles along the vertical (y) axis of
symmetry of both the unshrouded and shrouded
rotor on a plane x = 0.48R from the shroud out-
let plane are presented in figure [4] Analysis of fig-
ure[dshows that the mean axial velocity profile pro-
duced by the shrouded rotor is topologically similar
to that produced by the isolated rotor, with a region
of low velocity flow air surrounded by a ring of high
velocity air. The results show that the shroud used
in this investigation does not significantly affect the
mean axial velocity profile produced by the rotor.
Earlier investigations into the flow field produced by
a shrouded rotor?®, identified a region of reverse
flow underneath the rotor's centre body. This region
of reverse flow is not observed in the mean flow
field presented in figure [3| or the LDA velocity pro-
files presented in figure [4] The absence of a rotor
centre body inside of the shroud is believed to be
responsible for this variation of the mean velocity
profile.
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Figure 3: Averaged axial velocity component (u)
produced by the shrouded rotor operating in hover
0.48R from the shroud outlet plane (x/R = 0.48).
This figure was produced using LDA and each sam-
ple point location is displayed by a white cross. The
rotor blade tip path — — (white) and the shroud
outlet lip —(white) have been projected onto the
plane of investigation.
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Figure 4: LDA velocity profiles along the horizontal
and vertical axes of symmetry of the shrouded and
unshrouded rotor 1.48R from the rotor disk plane
(x/R =0.48).
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3.2. Characterisation of the mean flow field
produced by a shrouded rotor operating
in axial descent.

Figure [5|shows the development of the mean axial
velocity profile produced by the isolated and the
shrouded rotor on a plane 1.48R from the rotor
disk plane x/R = 0.48, as the descent velocity ratio
was increased from o = 0 to a = 2.0. At low veloc-
ity ratios (a < 1.2), the mean axial velocity profile
of the isolated rotor developed to resemble that of
around jet, with a single peak velocity located at the
centre of the rotor?? (y/R = 0). At higher velocity
ratios, the peak axial velocity reduced until the axial
velocity profile becomes negative (—u) indicating
that the interaction between the rotor wake and
the wind tunnel free stream occurs downstream of
the plane of investigation (x/R < 0.0). This indi-
cates that the wind tunnel free stream penetrates
through the plane of investigation.

From figure[5] it is clear that, at velocity ratios be-
low (o = 1.2), the velocity profile produced by the
shrouded rotor is similar to that produced by the
unshrouded rotor on this plane of investigation. As
the velocity ratio was increased from a = 0.4 to
a = 0.9, the mean axial velocity profile becomes
uniform across a large portion of the shroud out-
let plane (y/R < |0.4]). No significant effect could
be observed in the mean axial velocity profile across
the shroud outlet plane (y/R < |1.0]), when the de-
scent velocity ratio was increased from o = 0.4 to
a = 1.2, Starting from a = 1.2 the profiles of the
unshrouded rotor flatten at a faster rate than those
of the shrouded rotor, suggesting that the shroud
might slightly delay the onset of the VRS. A further
increase in the descent velocity leads to a reduction
in the mean axial velocity across the shroud outlet
plane. At a velocity ratio of a = 1.4, the mean flow
across the shroud outlet plane is negative (—u), in-
dicating that the wind tunnel free stream passes
through the plane of investigation.

Figure [6] and figure [7] show the development
of the mean flow fields around the isolated and
shrouded rotor, as the descent velocity was in-
creased from hover (o = 0) to o = 1.4. The results
presented in figure [6] related to the mean flow
field produced by an isolated rotor operating in
axial descent were similar to those presented by
Green et al. (2005)4, and display the characteristic
features associated with a rotor operating in axial
descent. As expected from the LDA results pre-
sented earlier, the mean flow field produced by the
rotor is topologically similar to that produced by the
shrouded rotor when they were both operating in
hover, with a region of low velocity air surrounded
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by a ring of higher velocity air. Mean flow stream-
lines, calculated using a forward Euler prediction
algorithm were used to highlight specific features
of the flow field. The results presented in figure
[6] show that, at low descent velocities, the near
flow field produced by a isolated rotor is similar to
that produced by a hovering rotor. As the descent
velocity increased, the rotor wake was increasingly
encroached upon by the wind tunnel free stream.
At the interaction between the rotor wake and the
wind tunnel free stream, a saddle point forms in
line with the rotor hub. Analysis of figures [6[B) and
@C) shows that the saddle point moves towards the
rotor disk plane as the descent velocity increases. It
is hypothesised that, at low descent velocities, the
interaction between the rotor wake and the wind
tunnel free stream will occur outside of the region
of investigation (x/R > 2.0). At higher descent
velocity ratios a conical region of reverse flow pen-
etrates up to the rotor disk plane. Outboard of the
rotor a large region of recirculation forms. As the
descent velocity was increased, the recirculation
moves from below the rotor, shown in figure @C)
to above the rotor disk plane, figure [6[d) until the
rotor enters the windmill brake state.

2.5 ! ] L ! L }

-2 -15 -1 05 0 05 1 15 2 25 3
(y/R)

Shrouded rotor (-)X a = 0.0, 0a=1.1,0a=12,%va=14,+a=2.C

Unshrouded rotor (--)Xa = 0.0, ma =11, @a=12,4a =13, +a =2

Figure 5: Selective comparison of the mean LDA ve-
locity profiles along the vertical axis of symmetry
of the shrouded and unshrouded rotor, on a plane
1.48R from the rotor disk plane (x/R = 0.48),
as the descent velocity was varied from o« = 0 to
a=2.0.
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The mean flow field produced by the shrouded
rotor exhibits the same general topological features
that were discussed above for the unshrouded ro-
tor (see figure . At low descent velocities, & < 1.0
a large region of recirculation forms outboard of
the shroud. As the descent velocity increased, the
recirculation moved from upstream of the shroud,
as shown in figure B) to around the side of the
shroud, as shown in figure [7{C). At velocity ratios
greater than a > 1.4 the recirculation is trans-
ported downstream, away from the shrouded rotor,
as shownin figure D). As with the isolated rotor, at
the interaction between the shrouded rotors wake
and the wind tunnel free stream a mean flow sad-
dle point forms on the geometric centreline of the
shroud. The mean location of the saddle points, ex-
tracted from the centreline axial velocity profiles of
the PIV images presented in figure [6] and figure
are presented in figure[8] Analysis of figure[g|shows
that saddle points produced by both the shrouded
and unshrouded rotor wakes' interaction with the
free stream flow move towards the shroud outlet
plane, or the rotor disk plane as the descent velocity
was increased. In particular, at every descent veloc-
ity, the saddle point appears to be closer to the rotor
disk plane for the unshrouded configuration when
compared to the shrouded one. This suggests that
the overall development of the VRS is slightly de-
layed by the presence of the shroud, as previously
inferred from the LDA data presented in figure[5

It was only possible to determine the location of
the saddle point when it entered the interrogation
area. Consequently at velocity ratios less than
0.9 the location of the saddle point could not be
determined and thus the relationship between
the location of the saddle point and o could not
determined for the shrouded or unshrouded rotor
configurations from this investigation.

Further analysis of the PIV results revealed that,
as with the results of Green et al.?!, the instanta-
neous PIV snapshots of the flow field produced by
both the shrouded and unshrouded rotors differ
considerably from the mean flow fields presented
earlier in figure[7]and figure[6] Contour plots of the
RMS of the fluctuations of the local axial velocity
about the local mean axial velocity component for
the shrouded rotor (PIV Region: 2) are presented in
figure[d

Note the RMS of the fluctuations is scaled with
respect to the notional induced velocity of the
shrouded rotor U;. From figure [9it is clear that in
hover, the unsteadiness of the wake produced by
the shrouded rotor is concentrated into a single re-
gion located inline with the lip of the shroud, with
fluctuations in the order of 40% of the induced ve-
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locity. For isolated rotors this unsteadiness occurs
as a result of the passage of the blade root and
tip vortices, an example of which is shown in figure
However, no clear helical vortex structures can
be observed in the instantaneous vorticity plots of
the wake of the shrouded rotor presented in figure
The vorticity component normal to the investi-

gated plane, (w, = 55% - 55‘;}) presented in figure
[10)and figure[TT]was calculated using a least square
method, which incorporated a weighted differential
from four adjacent points in the x and the y direc-
tion, in accordance with the method described by
Raffel et al. (2007)4Z. The unsteadiness is therefore
associated with the shear layers produced by the
shrouded rotor wake interacting with the quiescent
surroundings. When operating in axial descent, at
a velocity ratio of a = 1.0 the RMS of the fluctua-
tions is concentrated at the location of the interac-
tion of the wake with the free stream flow. At this
location the unsteadiness is of a similar magnitude
to the induced velocity, which is much greater than
in the wind-off case.

To provide further insight into the dominant
structures of the flow field responsible for this un-
steadiness Proper Orthogonal Decomposition(POD)
by single value decomposition of the individual
PIV snapshots of the flow field produced by the
shrouded rotor was performed in accordance with
the mothod summarised by Taira et al. (2017)3C.
Each PIV snapshot, of a sequence of n snapshots
consists of a uniform grid of discrete velocity com-
ponents of size 1, X 7. The two velocity compo-
nents were separated into individual matrices of
size n, X ne before being recombined to form a col-
umn vector f(tx) of size 2nym.. Matrix (F) is then
produced by combining the column vectors f(t) to-
gether F = [f(t1), f(t2), f(t3),...f(ts)]. In POD,
the matrix (F), which contains the individual ve-
locity components of each instantaneous PIV image
pair, is decomposed into a set of orthonormal ba-
sis functions, using single value decomposition, that
represent the flow field in the most ‘optimal’ way
(F = ®XV). Matrices ® and W contain the left
and right singular vectors of F, and matrix ~ con-
tains the singular values along its leading diagonal.
When referring to POD analysis, ‘optimal’ is used to
describe the relative contribution of a given POD
mode to the overall kinetic energy of the flow struc-
tures. That is, large energetic flow structures that
systematically appear in the flow field are captured
in the first few POD modes. Summation of the gen-
erated modes allow the mean flow field to be recon-
structed from the POD modes as well as the recon-
struction of individual velocity flow fields. In order to
evaluate the importance of each POD mode on in-
dividual velocity fields, an analysis of the temporal
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Figure 6: Averaged axial velocity contours and streamlines close to the unshrouded rotor for increasing
descent velocity |Vy| (a = [0.0, 1.4]). Velocity is scaled with respect to the notional induced velocity, (U;).
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Figure 7: Averaged axial velocity contours and streamlines close to the shrouded rotor for increasing de-
scent velocity |Vy| (a = [0.0, 1.4]). Velocity is scaled with respect to the notional induced velocity, (U;).
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Figure 8: Mean location of the saddle point obtained
from PIV measurements of the flow field produced
by the unshrouded and the shrouded rotor in axial
descent.

coefficients, contained in matrix W associated with
each POD mode can be performed. Patter-Rouland
etal. (2001)3!showed that the temporal coefficients
of mode W(n) represent the influence mode 'm’ has
on the development of each instantaneous velocity
field (f,). The influence of each mode on the veloc-
ity field was evaluated by subtracting the maximum
and minimum reconstructed coefficient forms of
the POD mode W(m) from the averaged flow field.
The reconstructed flow fields presented in figure[12]
show that at a velocity ratio of & = 1.1 the unsteadi-
ness of the flow field, presented in figure [12[b,c) is
associated with the variation of the wakes penetra-
tion into the free stream flow. The location of these
fluctuations coincides with the region of high RMS
of the axial velocity fluctuations identified in figure
[ Analysis of figure [12] shows that at some veloc-
ity ratios the counter flow can penetrate up to the
shroud outlet plane, as shown in figure [12[(B). The
location of the saddle point, identified earlier, varied
as a result of the flow fluctuations. The flow fields,
produced as a result of the flows fluctuations re-
semble the two potential flow topologies, produced
by a rotor operating in the VRS, previously identi-
fied by Green et al. (2005)4". The second most ener-
getic mode (not presented in Figure[12|for the sake
of conciseness) manifested instead as a radial flap-
ping of the wake. In wind-off conditions, this repre-
sented the main source of unsteadiness in the flow
field.
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4. CONCLUSIONS

An investigation into the structure of the flow field
produced by a shrouded and unshrouded rotor op-
erating in hover and axial descent has been per-
formed using Particle Image Velocimetry (PIV) and
Laser Doppler Anemometry (LDA). The notional in-
duced velocity of the shrouded rotor's wake, at the
shroud outlet plane, was used to scale the descent
velocity of both investigations performed.

Data for the shrouded rotor shows that at low
descent velocities, =< 1.0 a large region of re-
circulation forms outboard of the shroud. As the
descent velocity increased the recirculation moved
from upstream of the shroud to around the side of
the shroud, as the rotor enters the VRS. At veloc-
ity ratios greater than a > 1.4 the recirculation is
transported downstream, away from the shrouded
rotor. The flow topology produced by the shrouded
rotor is generally similar to that produced by the
isolated counterpart in axial descent. However, the
velocity profiles at the shroud outlet plane and the
recording of the position of the mean saddle point
originating from the interaction between the rotor
wake and the wind tunnel free stream suggests that
the presence of the shroud might slightly delay the
onset of the VRS.

POD showed that most of the flow unsteadiness
associated with the VRS is caused by the variation
of the wake penetration into the free stream flow.
The location of these fluctuations mostly coincides
with a region of high RMS of the velocity fluctuation,
of the order of the notional induced velocity. In this
condition the flow can penetrate up to the shroud
outlet plane and the location of the saddle point var-
ied as a result of the flow fluctuations. The flow field
evolution resembles that of an isolated rotor oper-
ating in the VRS.
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