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Abstract

In this work, a compressible Reynolds Averaged Navier Stokes (RANS) solver is used to investigate the aerodynamics
of a micro-scale shrouded rotor configuration in hover; in order to evaluate the predictive capability of the compu-
tational approach and to understand the flow physics of the micro-scale shrouded systems. The overall performance
is well predicted for a range of RPMs. The shrouded configuration shows improved performance over the free rotor,
mainly seen as an increase in thrust. The thrust produced by the rotor in the shrouded configuration is lower than that
of the free rotor, but the thrust generated by the shroud morethan compensates for the deficit. The thrust produced
from the shroud is identified to come from two main sources. First, the low pressure created primarily by the blades
and partly by the tip vortex around the shroud inlet generates large shroud thrust at sections near the blade location.
Second, the suction created due to the flow accelerating around the shroud inlet generates additional thrust, and be-
comes the primary source of thrust production at shroud sections away from the blades. The low pressure due to the
tip vortex can help in enhancing the flow acceleration. A study of the effect of various shroud parameters show that
diffuser angle and diffuser length did not have much influence on the performance of the system, while smaller tip
clearance and use of elliptic shroud inlet significantly improve the overall performance. Finally, an improved shroud
design is proposed that might be better suited for non-hovering flight conditions.

Nomenclature

aw wake contraction area ratio
CP power coefficient = power/(ρπR2U3

tip)

CPideal ideal power coefficient =C3/2
T /

√
2

CT thrust coefficient = thrust/(ρπR2U2
tip)

c chord length of the airfoil,m
Dt throat diameter,m
FM figure of merit =

(ideal power)/(actual power) =CPideal /CP

Ld diffuser length of the shroud,m
p pressure,N/m2

p∞ freestream pressure,N/m2

q non-dimensionalized second invariant of the

velocity gradient tensor,∂ui
∂x j

∂u j
∂xi

(normalized by tip speed and blade chord)
R radius of the rotor,m
r radial location of the blade,m
rlip lip radius of the shroud,m
Ur,Uz radial and inflow velocities,m/s
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Utip tip speed,m/s
x,y,z Cartesian coordinates
δtip tip clearance of the shroud,m
θ azimuth location, deg
θd twice the expansion angle of the shroud, deg

Introduction

Micro Air Vehicles (MAVs), as defined in the research
program of Defense Advanced Research Projects Agency
(DARPA), are cheap flying vehicles with no dimension
exceeding 6 inches (15 cm), with a weight of no more
than 100 grams. The endurance is encouraged to be one
hour and the payload should include a camera or other
sensing devices. Over the past decade, MAVs have re-
ceived an increasing amount of attention in military and
civilian markets.

While there is no perfect MAV for all situations, most
of the small flying vehicles being developed can be di-
vided into three categories - fixed wing, flapping wing
and rotary wing. Fixed-wing MAVs have so far been the
most successful at achieving the longest endurance and
greatest speed and range. However, they are not hover
capable and therefore cannot perform indoor missions ef-



fectively. Both flapping wing and rotary wing MAVs pro-
vide hover capability. However, due to their complex
kinematics, hovering flapping-wing vehicles have very
poor mechanical efficiency. On the other hand, rotary-
wing vehicles can adapt some of the technology used in
full-scale vehicles and can keep the mechanical losses to
a minimum. However, current day rotary wing vehicles
are still not efficient enough to meet the objectives set by
DARPA.

The main difficulty in achieving better performance
with rotary wing vehicles come from the large hover
power requirements. Hover is an intrinsically high-power
flight state with considerably larger energy requirements
than cruise for fixed wing vehicles; this fact is indepen-
dent of scale. If hover extends for a significant fraction
of the mission duration, hover efficiency becomes a key
vehicle characteristic that must be carefully addressed.
Good hovering efficiency requires good aerodynamic ef-
ficiency.

MAVs have relatively poor aerodynamic efficiency
compared to full-scale vehicles. MAV rotors have
achieved a maximum Figure of Merit (FM) of around 0.6
while full-scale helicopters may have a maximumFM
near 0.8 or higher. This degraded performance is due to
the adverse effects of the low Reynolds numbers at which
the MAVs operate. Rotary-wing MAVs generally have tip
Reynolds number of the order of 20,000 to 100,000. At
these low Reynolds numbers, viscous effects in the flow
are dominant over the inertial ones, boundary layers are
thick and undergo several complex phenomena. Sepa-
ration, transition, and reattachment can all occur within
a short chordwise distance, forming laminar separation
bubbles that have a strong adverse effect on the lifting
surface characteristics.

One of the possible technological solution to enhance
the aerodynamic performance and payload capability of
rotary wing MAV is to enclose the rotor with a duct or
a shroud. Since the 1930s, the propeller industry has
been using ducts to enclose the propeller to improve its
power loading (Refs. 1–3). The concept of utilizing a
duct is also popular in fenestron tail rotors (Refs. 4, 5)
and has been recently applied to ducted fan/rotor VTOL
UAVs (Refs. 6, 7). The use of a duct/shroud also
promises to enhance the capabilities of a hovering MAV
rotor. In addition to improving the aerodynamic perfor-
mance, the shroud can serve as a safety feature, protect-
ing the rotating blades and also offers the possibility of
attenuating the noise signature of the rotor.

Even though a considerable amount of work, both ex-
perimental and analytical, has been performed on ducted
rotors, these investigations are predominantly for scales
that are much larger than MAVs. The physical under-
standing gained from these studies may or may not be
applicable to shrouded rotors operating in the viscous

dominated low Reynolds number flow regime. There-
fore, one needs to carefully investigate the benefits of
using a shroud at MAV-scale. Recently, Pereira and
Chopra (Refs. 8, 9) performed an extensive paramet-
ric study on the performance of small-scale shrouded
rotors and demonstrated the merits of this concept at
MAV scale. Experiments were performed investigat-
ing the effects of varying diffuser expansion angle, dif-
fuser length, inlet lip radius, and blade tip clearance
of the shroud. Based on the suggestions from Pereira
and Chopra, Hrishikeshavan and Chopra (Ref. 10) built
a shrouded rotor MAV and obtained significant perfor-
mance benefits.

Although the parametric study of Pereira and
Chopra (Refs. 8, 9) is very extensive, there is still sig-
nificant scope in improving the shroud design at these
scales. However, it is extremely time consuming to
experimentally study the effects of various shroud pa-
rameters. Instead, computational fluid dynamics (CFD)
can be used to study the performance and flow physics
of micro-scale shrouded rotor and can thereby be used
to aid in the design process. Previous work by the
present authors (Refs. 11, 12) demonstrated the capabil-
ity of using a compressible Reynolds Averaged Navier-
Stokes (RANS) solver to study the flow physics of hov-
ering micro-rotors. The studies provided good perfor-
mance and flow-field prediction. Following this, Lum-
mer (Ref. 13) initiated the computational study of micro-
scale shrouded rotor in hover. However, Lummer as-
sumed the shroud to be rotating with the rotor, which re-
laxed the need for a time accurate computation.

The present work seeks to extend the methodology
developed in previous studies to perform time-accurate
simulation of a hovering micro-scale shrouded rotor.
Experimental results obtained by Hrishikeshavan and
Chopra (Ref. 10) will be used for validation followed
by detailed analysis of the flow physics. Finally, inves-
tigation on the effect of diffuser angle, tip clearance and
shroud leading edge shape will be performed.

Rotor and Shroud Configuration

The experimental data of Hrishikeshavan and
Chopra (Ref. 10) on a two-bladed hovering shrouded ro-
tor is used for performance validation. The experimental
setup is shown in Fig. 1. The blades used have a 2 : 1
taper starting at the 60% span location with the leading
edge remaining straight and the trailing edge tapering
towards the leading edge; this results in a nose down
twist in this region due to the camber. The radius and the
chord of the blade are 121mm and 25mm, respectively,
making the aspect ratio equal to 4.84. A circular arc
airfoil with 10% camber, 2% thickness and leading edge
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Figure 1: Experimental setup of Hrishikeshavan and
Chopra (Ref. 10).

Ld

Dt

tipδ
dθ  /2

rlip

Figure 2: Schematic of cross sectional view of shrouded-
rotor.

sharpened from the 8% chord location is used.
The major dimension that defines the shroud geometry

is the throat diameter (Dt). A schematic of the cross-
sectional view of a shrouded-rotor is displayed in Fig. 2.
The throat diameter is defined as the inner diameter of
the shroud at the rotor-blade plane. The shroud consists
of two sections with the rotor blade plane as the line of
demarcation between the sections. The section of the
shroud above the rotor blades in Fig. 2 is the inlet, and the
section below the rotor blade plane is the diffuser. The in-
let consists of a semi-circle and the exterior is known as
the lip with the lip radius denoted byrlip. The diffuser
has two parameters that define it, which are its length,
Ld , and its expansion angle,θd/2.

The throat diameter used by Hrishikeshavan and
Chopra (Ref. 10) is 247cm, which makes the tip clear-
ance equal to 2.5mm ( 1% of throat diameter). The lip
radius and the diffuser length are 9% and 15%, respec-
tively, of the throat diameter. The diffuser angle is 0◦.
Note that some of the dimensions reported in the origi-
nal paper might be slightly different due to measurement
errors.

Methodology

The computations are performed using the overset struc-
tured mesh solver OVERTURNS (Ref. 20). All the com-
putations are performed in a time-accurate manner in the
inertial frame of reference, such that the blades rotate
while the shroud remains stationary. The code solves
the compressible RANS equations using a preconditioned
dual-time scheme in the diagonalized approximate factor-
ization framework, described by Buelow et al. (Ref. 15)
and Pandya et al. (Ref. 16). The diagonal form of im-
plicit approximate factorization method was originally
developed by Pulliam and Chaussee (Ref. 17). The low
Mach preconditioning is based on the one developed by
Turkel (Ref. 18). The preconditioning is used not only
to improve convergence but also to improve the accu-
racy. The inviscid terms are computed using a third order
MUSCL scheme utilizing Koren’s limiter with Roe’s flux
difference splitting and the viscous terms are computed
using second order central differencing. The Spalart-
Allmaras (Ref. 19) turbulence model is employed for the
RANS closure. This one-equation model has the advan-
tages of ease of implementation, computational efficiency
and numerical stability. The production term in this eddy-
viscosity model is modified (Ref. 20) to account for the
reduction of turbulence in the vortex core due to flow
rotation effects. The downwash velocity in the bottom
plane of the rotor can be significant. In order to account
for this and to properly represent the inflow at the other
far-field boundaries, the point-sink boundary condition
approach of Srinivasan et al. (Ref. 21) is used.

For the purpose of modeling, the outer portion of the
shroud is closed using a spline fit (experiments use an
open-ended shroud), which facilitates the use of a C-type
mesh. This modification should not change the overall
flow physics and performance data, as the flow is mostly
quiescent at the outer portion of the shroud in hover. For
all the shrouded rotor computations, a four mesh overset
system consisting of two C-O type blade meshes, a C-H
type shroud mesh and a cylindrical background mesh is
used. The blade and the shroud meshes conform to their
respective bodies. Information is exchanged from one
grid to the other using chimera interpolations. Implicit
hole-cutting technique (Ref. 22) is used to find the con-
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(a) Blade mesh (267×93×50) (b) Cylindrical mesh (247×133×158) and shroud mesh (247×
247×31) with blade mesh boundary

Figure 3: Computational mesh for shrouded-rotor calculation.

nectivity information between various overset meshes.
Each of the blade meshes have 267× 93× 50 points in
the streamwise, spanwise and normal directions respec-
tively, the shroud mesh has 247× 247× 31 in the az-
imuthal, wrap-around and normal directions, respectively
and the background cylindrical mesh has 247×133×158
points in the azimuthal, radial and vertical directions re-
spectively, see Fig. 3. The total number of mesh points
used is approximately 10 million. In the most refined re-
gions, the background mesh has a grid spacing of 0.025
chords in the radial and 0.04 chords in the vertical di-
rections. Along the azimuthal direction, a grid plane is
spaced every 1.5◦. The chosen time-step size corresponds
to a motion of 0.25◦ of azimuth. Each simulation is run
for 8 revolutions to achieve convergence.

Results

Performance Comparison

Experiments were conducted for a range of RPM varying
from 1500 to 3500. Correspondingly, the tip Reynolds
number varied from 30,000 to 70,000 and the tip Mach
number ranged from 0.056 to 0.131. The collective set-
ting was set to 22◦. Figure 4(a) shows the variation of
thrust with rotational speed obtained from computation as
well as experiments for free (unshrouded) and shrouded
rotors. Clearly, the computational results agree very well
with the experimental data for both the rotors. The im-
provement in thrust produced by using a shroud is clearly
noticeable. Figure 4(b) compares the power curves ob-
tained from computations with those measured from ex-

periments as a function of RPM. The powers obtained
from the computations are seen to be marginally lower
than the experimental values at all RPMs for both the ro-
tors. Interestingly, the experimental power required by
the shrouded rotor is similar to that for the free-rotor at
all RPMs; such a trend is also well captured by the com-
putations. The difference in the computed power for the
free and the shrouded configuration is less than 4% at all
rotational speeds. The results demonstrate the capability
of the current computational study to provide good per-
formance predictions.

Collective Sweep

Following the validation of the computational method-
ology, calculations are done for a range of rotor collec-
tive settings at a fixed RPM of 2500. Figure 5(a) shows
the CFD predicted variation of the free rotor thrust co-
efficient (CT ) with collective setting. In addition, the
total thrust coefficient for the shrouded rotor is shown
along with the individual thrust coefficients for the shroud
and rotor. Clearly, the shrouded rotor combination pro-
duces larger thrust as compared to that from the free ro-
tor at all collective settings, with the difference more pro-
nounced at higher values (∼ 30% higher at 26◦ collec-
tive angle compared to∼ 8% higher at 14◦ collective an-
gle). Interestingly, the thrust produced by the rotor in
the shrouded configuration is lower than that produced by
the free rotor. Similar observations were made by Pereira
and Chopra (Ref. 9) in their experimental studies. The
thrust produced by the shroud more than compensates the
deficit produced by the rotor to produce a net increase in
thrust for the shrouded configuration.
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Figure 4: Performance comparison between CFD predictions and experiment as a function of RPM for micro-scale
free and shrouded rotor.

A better understanding of the contribution of the
shroud to the total thrust of the shrouded rotor can be ob-
tained by looking at the ratio of shroud thrust to the total
thrust, computed as a function of collective setting, plot-
ted in Fig. 5(b). While the shroud contributes to about
19% of the total thrust at lower collective setting, it in-
creases to as high as 29% of the total thrust at the high-
est collective setting. Note that these ratios can vary
based on the shroud geometry, but the trend of increas-
ing shroud contribution with increasing rotor collective
setting should hold true for any shroud geometry as long
as there is no significant flow separation.

Figure 5(c) shows the variation of power coefficient
(CP) with rotor collective setting for both free as well as
shrouded rotor. It should be noted that the power con-
tribution for the shrouded rotor configuration comes only
from the rotor. The shroud power is almost zero because
of the radial symmetry. Surprisingly, as seen from the
plot, the power required for both the free as well as the
shrouded rotors are almost identical (within 5%) at all
collective settings. Similar observations were made ear-
lier while looking at the effect of RPM. As a result, the
increase in thrust obtained for the shrouded rotor at a con-
stant collective angle almost corresponds to performance
gain at a constant power setting.

A measure of efficiency is obtained by looking at the
figure of merit (FM), defined by the ratio of ideal power
to actual power, as a function of thrust coefficient, plot-
ted in Fig. 5(d). For the purpose of comparison, the ideal
power for the shrouded rotor is assumed to be the same
as that for a free rotor operating at the same thrust. From
the plot, the shrouded rotor is seen to achieve a maximum
FM of about 0.78, whereas the free rotorFM saturates at

around 0.6. Also, the shrouded rotor sustains highFM
for a larger range and for higher values of thrust coeffi-
cient compared to the free rotor. Similar observations are
made for the ratio of thrust to power coefficients (power
loading), shown in Fig. 5(e). The reason for high effi-
ciency even at large collective angles is because of the
off-loading of thrust from the rotor (seen earlier) in the
shrouded configuration, which allows the rotor to operate
at a much higher collective angle without stalling. There-
fore, enclosing the rotor with a shroud not only improves
the performance, but also allows the rotor to operate at a
much higher thrust, thereby improving the overall capa-
bility of the MAV. However, it must be kept in mind that,
the increase in thrust obtained by a shrouded rotor must
also compensate for the weight of the shroud added to the
MAV.

Understanding the Physics

Although, the flow-field predicted by CFD simulations
can be used to provide the integrated performance of the
rotor and shroud for comparison with experimental mea-
surements, they also provide a wealth of high resolution
information that can be explored to obtain a better under-
standing of the reasons behind the performance benefits
of the shroud.

Rotor and Shroud Performance

A better understanding of the rotor performance in the
shrouded configuration can be obtained by looking at
the spanwise distribution of the integrated quantities and
comparing it with the distribution for the free rotor. Fig-
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Figure 5: CFD predicted performance as a function of collective setting for micro-scale free and shrouded rotors.
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Figure 6: CFD predicted spanwise rotor thrust and power distribution, 22◦ collective setting.

r/R

U
z/

U
tip

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

z = 1.0c
z = 0
z = -0.5c
z = -1.0c

(a) Free rotor

r/R

U
z/

U
tip

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

z = 1.0c
z = 0
z = -0.5c
z = -1.0c

(b) Shrouded rotor

Figure 7: CFD predicted average inflow (non-dimensionalized by tip speed) along radial direction at different planes
above and below the rotor, 22◦ collective setting.

ure 6 shows the spanwise thrust and power distribution at
22◦ collective setting for both the configurations. As seen
earlier, the thrust produced by the rotor in the shrouded
configuration is lower compared to that of the free ro-
tor and the difference occurs throughout the span, but
is more prominent in the outboard region of the blade.
On the other hand, the difference in power is marginal
and occurs more towards the tip of the blade. Note that,
for the present flow condition, the computed integrated
power for the shrouded rotor is∼ 4% more than that for
the free rotor. It should be mentioned here that, the over-
all shape of the thrust and power distributions are not too
different for the two configurations. This suggests that

the rotor blade for the shrouded configuration can possi-
bly be designed without the consideration of the shroud
geometry; the blades that perform well for a free rotor
should provide good performance even with the use of a
shroud.

The difference between the blade performance in the
free and the shrouded rotor configurations can be com-
prehended by looking at the inflow. Figures 7(a) and
(b) respectively, show the radial variation of the inflow
velocity averaged in the azimuthal direction for the free
and the shrouded rotors. The variation is shown at dif-
ferent planes above and below the rotor. The value ofz
is positive above the rotor plane and negative below. It
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Figure 8: CFD predicted average radial velocities (non-dimensionalized by tip speed) along radial direction at different
planes above and below the rotor, 22◦ collective setting.
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Figure 9: CFD predicted azimuthal variation of shroud
thrust, 22◦ collective setting.

should be noted that the results shown atz = 0 are ob-
tained by averaging those atz = 0.1c andz = −0.1c (to
minimize influence of the rotor blade). The velocities are
non-dimensionalized by the tip speed. Clearly, the inflow
for the shrouded configuration is larger at all planes com-
pared to that for the free rotor. As a result, the effective
angle of attack seen by the blades in the shrouded config-
uration is lower, leading to a lower blade thrust. Above
the plane of the rotor (z = 1.0c), it is seen that the inflow
is significantly greater for the shrouded rotor than for the
free rotor. Thus, the shroud has significantly accelerated
the flow above the rotor downward through the shroud

Iteration

C
T

0 1440 2880 4320 5760 7200 8640 10080 11520
0

0.0025

0.005

0.0075

0.01

0.0125

0.015

0.0175

0.02

0.0225

0.025

Rotor
Shroud

1 rev

Figure 10: Convergence history of rotor and shroud
thrust, 22◦ collective setting.

and then into the rotor plane. Note that at the plane of
the rotor and atz =−0.5c, the downwash velocity is zero
at some locations due to the blockage of the shroud. A
small amount of upwash is noticable outside the shroud.

Looking at the radial component of the average veloci-
ties at different planes, shown in Fig. 8, the magnitude of
the velocity pointing inboard is larger for the shrouded
configuration as compared to that for the free rotor at
a plane above the rotor, while the trend is reversed at
the plane of the rotor. At the plane above the rotor, the
shroud is perturbing the flow radially inward; while at
the plane of the rotor, the shroud blockage inhibits radial
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(a) −30◦ azimuth (b) 0◦ azimuth

(c) 30◦ azimuth (d) 90◦ azimuth

Figure 11: Sectional pressure (non-dimensionalized by freestream value) contour at different azimuth location for
micro-scale shrouded rotor, 22◦ collective setting. Plane of the rotor is shown in black.

flow. There is not much difference in the radial velocities
below the rotor plane.

To understand the performance of the shroud, az-
imuthal variation of the shroud thrust at one instant of
time is plotted for 22◦ collective angle in Fig. 9. The 0◦

azimuth corresponds to the location of the blade and the
azimuth increases with the increasing wake age. As ex-
pected, the thrust produced by different sections of the
shroud are not similar. The thrust peaks at the section
where the blade is present and drops by about 5 times at
the 90◦ and−90◦ azimuthal planes, which are the loca-
tions furthest from the blade. An interesting feature to
notice is that the thrust drops at different rates on the ei-
ther sides of the blade location. This can be more clearly
seen in the zoomed-in figure. The thrust in the positive

azimuth location drops at a slower rate compared to that
in the negative azimuth location. Similar trends were
observed for all the collective settings. The reason for
this will be explained later in this section. Although, the
thrust varies at different azimuthal sections of the shroud,
the average thrust of the shroud and the rotor remains
fairly constant with time. This can be seen from the con-
vergence history plot of the shroud and rotor thrusts plot-
ted in Fig. 10. Note that the rotor and shroud thrusts have
fluctuations on the order of 2% and 1%, respectively. The
rotor power has a fluctuation of∼ 4%. These fluctua-
tions are due to unsteadiness in the flow-field at these low
Reynolds numbers. Details of the unsteadiness are pro-
vided in an earlier paper (Ref. 11) by the current authors.

A better understanding of the azimuthal thrust distri-
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Figure 12: CFD predicted sectional and average pressure (non-dimensionalized by freestream value) distribution on
the shroud, 22◦ collective setting.

bution can be obtained by looking at the pressure con-
tour plots. Figure 11 shows the sectional pressure (non-
dimensionalized by freestream value) contours at az-
imuth locations of−30◦, 0◦, 30◦ and 90◦. From the plot,
it is apparent that the peak seen in the shroud thrust at
0◦ azimuth location is due to the large low pressure cre-
ated by the rotor on its upper surface, which extends to
the inlet region of the shroud and also partly due to the
high pressure created on the lower surface of the blade,
which extends to the outer portion of the blade. As one
moves away from the blade, the pressure difference cre-
ated by the rotor blade decreases and the suction gener-
ated by the flow accelerating around the shroud inlet be-
comes the primary contributor to the shroud thrust. The
difference in the shroud thrust drop on the either side of
the blade location can be understood by looking at the
pressure contours at 30◦ and−30◦ azimuthal plane. At
30◦ azimuthal location, the tip vortex lingers around the
rotor plane, which not only aids in the acceleration of the
flow over the duct, but also creates a low pressure region
on the shroud inlet. On the other hand, the tip vortex at
the−30◦ azimuth location has a wake age of 150◦ and
therefore, has convected to a position much below the ro-
tor plane. The tip vortex at this location does not have as
significant an influence on the flow-field near the shroud
inlet as was seen at the 30◦ azimuth location, thus re-
sulting in a lower sectional thrust. At 90◦ azimuth loca-
tion, although the flow might be accelerated better over
the shroud compared to the−30◦ azimuth location, the
pressure difference created by the rotor blades are mini-
mal. As a result,−30◦ azimuth location produces slightly
higher thrust compared to the 90◦ azimuthal section.

Figure 12 shows the sectional (0◦ and 90◦ azimuth)
as well as azimuthally averaged surface shroud pres-
sure distribution. In Fig. 12(a), a length proportional to
the actual pressure is plotted normal to the shroud sur-
face, with higher than freestream pressure pointing in and
lower than freestream pressure pointing out. Figure 12(b)
plots the variation of pressure (non-dimensionalized by
freestream pressure) in terms of the non-dimensional ra-
dial location. The radial location is non-dimensionalized
by the lip radius of the shroud. The leading edge of the
shroud corresponds tor/rlip = 1. Plotted this way, the
area under the curve is proportional to the sectional thrust
of the shroud. As seen earlier, the magnitude of low pres-
sure on the shroud inlet at 0◦ azimuth location is much
larger due to the presence of the rotor blade. The large
low pressure created by the tip vortex near the plane of the
blade is clearly visible at 0◦ azimuth location. However,
the force component due to this low pressure acts mainly
in the radial direction and does not contribute much to the
shroud thrust. The low pressure developed near the lead-
ing edge of the shroud (at the top of the inlet) due to flow
acceleration is seen at both azimuth locations and has
most of its component in the thrusting direction. The av-
erage pressure distribution shows two peaks in the inner
portion of the shroud inlet; one due to the suction created
by the flow accelerating around the inlet and the other
due to the low pressure created by the tip vortex. Pereira
and Chopra (Ref. 9) also observed the presence of two
peaks in their experimental data. The average pressure
on the outer portion of the shroud is close to freestream
value and does not affect the shroud performance; there-
fore, justifying the modification of the outer portion of
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the shroud geometry for the purpose of modeling. The
diffuser portion of the shroud has higher than freestream
pressure at 0◦ azimuth and lower than freestream pres-
sure at 90◦ azimuth. However, the average pressure on
the diffuser portion is close to freestream value.

As a summary, the thrust produced from the shroud
comes from two main sources. First, the low pressure
created primarily by the blades and partly by the tip vor-
tex around the shroud inlet generates large shroud thrust
at sections near the blade location. Second, the suction
created due to the flow accelerating around the shroud in-
let generates additional thrust, and becomes the primary
source of thrust production at shroud sections away from
the blades. The low pressure due to the tip vortex can
help in enhancing the flow acceleration.

Wake Trajectory

A good understanding of the flow physics can be ob-
tained by looking at the tip vortex flow-field. In order
to extract only the rotational flow regions and not the
highly strained regions, the iso-surfaces of the so-called
q-criterion (Ref. 24) colored with azimuthal vorticity
contour is shown in Fig. 13 for the 22◦ collective setting
case. From the plot, the flow-field looks clean and the res-
olution of the tip vortex until 2 blade passages is clearly
evident. Beyond this wake-age, the background mesh be-
comes too coarse to accurately represent the details of the
tip vortex. Although the tip vortex is initially smooth, it
is seen to become twisted beginning near the first blade
passage. This is because of the fact that it is embedded
in a highly strained field due to the presence of the evolv-

Figure 13: CFD predicted iso-surfaces of second invari-
ant of the velocity gradient tensor,q = 0.25, colored
with azimuthal vorticity contour for baseline micro-scale
shrouded rotor, 22◦ collective setting.
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Figure 14: CFD predicted wake trajectory for micro-scale
shrouded rotor, 22◦ collective setting.

ing tip vortex. For some of the cases shown later in the
paper, the tip vortex stays much closer to the shroud sur-
face and the resulting interaction with the shroud bound-
ary layer generates additional instabilities in the wake. A
weak vortex is also seen to be shed from the trailing edge
of the shroud.

Figure 14 shows the wake trajectory for the free as well
as the shrouded rotor configurations operating at 22◦ col-
lective setting. As expected, the wake contracts at a much
slower rate in the presence of the shroud as compared to
from a free rotor. On the other hand, the difference in the
vertical convection of the wake of the two configurations
is marginal. It should be mentioned here that, according
to the momentum theory for the ducted rotors (Ref. 23),
the ratio of the shroud thrust to the total thrust is given by
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the expression 1− 1
2aw

, whereaw is the wake contraction
area ratio. From the expression, the contribution of the
shroud to the total thrust for the shrouded rotor config-
uration can be calculated to be∼ 31% (taking the con-
traction ratio to be∼ 0.85). The CFD predicted value
of the shroud contribution to the total thrust is∼ 26%.
The difference between the ideal momentum theory and
the computations can be accounted by the non-ideal con-
traction of the wake in the CFD calculation. However,
the comparison is still reasonable enough, thereby fur-
ther validating the current calculations. In addition, the
expression from the momentum theory suggests that the
contribution of the shroud to the total thrust can be in-
creased by having a smaller wake contraction (largeraw).
Therefore, for a shrouded rotor configuration with 0◦ dif-
fuser angle, the best possible shroud sharing of the to-
tal thrust is obtained when there is no wake contraction.
However, for the present shrouded rotor configuration,
the wake contracts fairly significantly. This indicates that
the current shroud geometry is far from an optimal de-
sign and it should be possible to further improve the per-
formance of a hovering shrouded rotor configuration by
using a better shroud shape.

Effect of Shroud Parameters

To improve the design of the present shroud, it is impor-
tant to understand the effects of various shroud parame-
ters on the performance and the flow-field of the shrouded
rotor configuration. In this section, a study of the effect
of tip clearance, diffuser length, diffuser angle and shroud
inlet shape is performed. All the parameters are varied in-
dependent of each other, so that the individual effects can
be isolated.

Effect of Tip Clearance

Table 1: CFD predicted performance of micro-scale
shrouded rotor for different shroud tip clearances, 22◦

collective setting.

Tip CT CT CT CP

clearance (rotor) (shroud) (total) (total)
(%Dt)

0.5 0.0171 0.0089 0.0260 0.00345
1.0 0.0180 0.0064 0.0244 0.00343
1.5 0.0182 0.0052 0.0234 0.00341
2.0 0.0183 0.0045 0.0229 0.00340
4.0 0.0184 0.0028 0.0212 0.00335
∞ 0.0200 0.0000 0.0200 0.00332

Tip clearance (%D t)
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Figure 15: CFD predicted variation of figure of merit
with tip clearance for micro-scale shrouded rotor, 22◦

collective setting.

Table 1 shows the CFD predicted performance variation
as a function of shroud tip clearance for the shrouded ro-
tor. The collective angle of the rotor is set to 22◦. The
baseline configuration corresponds to 1% tip clearance.
Also, shown is the performance of the free rotor (tip
clearance equals∞). As the tip clearance increases, the
rotor thrust increases, while the shroud thrust decreases.
However, the decrease in shroud thrust is greater than
the increase in rotor thrust, resulting in a net decrease in
the total thrust. The total power is also seen to decrease
with the increasing tip clearance. To gauge the perfor-
mance difference between the configurations with vari-
ous tip clearances, the variation of figure of merit with tip
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Figure 16: CFD predicted azimuthal variation of shroud
thrust for different tip clearances, 22◦ collective setting.
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(a) 1% tip clearance (baseline shroud), 0◦ azimuth (b) 4% tip clearance, 0◦ azimuth

(c) 1% tip clearance (baseline shroud), 90◦ azimuth (d) 4% tip clearance, 90◦ azimuth

Figure 17: Sectional pressure (non-dimensionalized by freestream value) contour along with velocity vectors for
micro-scale shrouded rotor, 22◦ collective setting. Plane of the rotor is shown in black.

clearance is plotted in Fig. 15. Again, the figure of merit
is calculated based on the ideal power required for a free
rotor operating at the same thrust. The performance ben-
efit from decreasing tip clearance is clearly evident from
this plot. While the configuration with the tip clearance
of 0.5% achieves aFM of about 0.86, the system with
the tip clearance of 4% achieves only aFM close to 0.65.
The free rotor achieves aFM of 0.6. Similar observations
were made by Pereira and Chopra (Ref. 8) on the effects
of tip clearance.

A better understanding of the differences in the shroud
thrust at different tip clearances can be obtained by look-
ing at the azimuthal variation of the shroud thrust at
one instant of time for different tip clearance configura-
tions, see Fig. 16. Clearly, as the tip clearance increases

both the peak at 0◦ azimuth as well as the base value at
90◦ azimuth decreases. The reason for this can be un-
derstood from Fig. 17, which shows the sectional pres-
sure (non-dimensionalized by freestream value) contours
along with velocity vectors at 0◦ and 90◦ azimuth lo-
cations for the configuration with tip clearances of 1%
(baseline) and 4%. The plot shows that both the low pres-
sure acting at the shroud inlet at sections near the blade
location, as well as the suction generated by flow accel-
eration around the shroud inlet has decreased.

Even though significant performance benefits can be
achieved by reducing tip clearance, it is practically im-
possible to reduce the tip clearance beyond a certain
point. If the tip clearance is made too small, any vibration
on the system can result in the blade rubbing against the
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shroud, which will not only affect the performance, but
also the overall life of the MAV. Therefore, one needs
to explore other ways of improving the design of the
shrouded rotors.

Effect of Diffuser Length

Table 2 shows the CFD predicted performance variation
of the shrouded rotor as a function of shroud diffuser
length. The collective angle of the rotor is set to 22◦.
The baseline case corresponds to 15% diffuser length.
As observed by Pereira and Chopra (Ref. 8), the dif-
fuser length is seen to have very little effect on the per-
formance of the overall system. However, as the dif-
fuser length increases, the rotor thrust decreases, while
the shroud thrust increases. The reason for the differences
can again be understood by looking at the azimuthal vari-
ation of the shroud thrust for various configurations, see
Fig. 18. The difference between configurations having
different diffuser lengths is seen to arise mainly at the 90◦

Table 2: CFD predicted performance of micro-scale
shrouded rotor for different shroud diffuser lengths, 22◦

collective setting.

Diffuser CT CT CT CP

length (rotor) (shroud) (total) (total)
(%Dt)

15.0 0.0180 0.0064 0.0244 0.00343
22.5 0.0174 0.0066 0.0240 0.00341
30.0 0.0170 0.0072 0.0242 0.00342
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Figure 18: CFD predicted azimuthal variation of shroud
thrust for different diffuser lengths, 22◦ collective setting.

(a) 15% diffuser length (baseline shroud)

(b) 30% diffuser length

Figure 19: Velocity magnitude (non-dimensionalized by
tip speed) contour along with velocity vectors at 90◦ az-
imuth location for micro-scale shrouded rotor, 22◦ col-
lective setting. Plane of the rotor is shown in black.

azimuth location. It is seen from Fig. 19, which shows the
velocity magnitude (non-dimensionalized by tip speed)
contour along with velocity vectors at 90◦ azimuth loca-
tion for the 15% (baseline) as well as the 30% diffuser
length configurations, that the velocity at the inlet of the
shroud is larger for the longer diffuser length configura-
tion, thereby creating a larger suction pressure.

The contrast in the flow velocity over the shroud in-
let for various shroud diffuser length configurations was
found to be because of the difference in the wake trajec-
tory (not shown). It was seen that the wake contracts at
a slightly slower rate for the configuration with longer
diffuser length. As a result, when the diffuser length is
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longer, the tip vortex remain much closer to the shroud
surface and the low pressure created by the tip vortex
provides larger acceleration to the flow. The increase in
the shroud contribution to the total thrust because of the
smaller wake contraction can be explained independent
of the above discussion, by using the momentum the-
ory (Ref. 23) (discussed earlier).

In summary to this section, even though an increase
in shroud thrust was achieved with longer diffuser length
shrouds, the difference was just sufficient to compensate
the decrease in rotor thrust. As a result, an increase in dif-
fuser length did not have any effect on the performance
of the chosen shrouded rotor. In reality, an increase in
diffuser length will add to the weight of the shroud and
therefore, has an adverse effect. Further studies are re-
quired to determine the shortest possible diffuser length
that can be used for the shroud without compromising on
the performance.

Effect of Diffuser Angle

Table 3 shows the CFD predicted performance variation
of the shrouded rotor as a function of shroud diffuser an-
gle. The collective angle of the rotor is set to 22◦. The
baseline case corresponds to 0◦ diffuser angle. The over-
all performance remains the same with increasing dif-
fuser angle, which is contrary to the observation made
by Pereira and Chopra (Ref. 8). In the experiments of
Pereira and Chopra, the best performance was obtained
at a 10◦ diffuser angle.

The azimuthal variation of the shroud thrust in Fig. 20
shows marginal difference in the sectional thrusts for dif-
ferent diffuser angle configurations. As the diffuser angle
is increased, the peak thrust increases marginally, while
the thrust at the 90◦ azimuth decreases slightly. The dif-
ferences could be understood by looking at the pressure
contour plots, shown in Fig. 21, for the 10◦ shroud dif-
fuser angle configuration. The pressure contours for the
configurations with other diffuser angles (5◦ and 15◦) are

Table 3: CFD predicted performance of micro-scale
shrouded rotor for different shroud diffuser angles, 22◦

collective setting.

Diffuser CT CT CT CP

angle (◦) (rotor) (shroud) (total) (total)

0 0.0180 0.0064 0.0244 0.00343
5 0.0180 0.0063 0.0243 0.00343
10 0.0179 0.0063 0.0242 0.00343
15 0.0179 0.0063 0.0242 0.00343
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Figure 20: CFD predicted azimuthal variation of shroud
thrust for different diffuser angles, 22◦ collective setting.

similar to that shown in Fig. 21, which is in turn sim-
ilar to the pressure contours for the 0◦ diffuser angle
(see Fig. 11). From the plot, it can be seen that the dif-
fuser portion has high pressure at 0◦ and low pressure
at 90◦ azimuth location. With increasing diffuser angle,
the high pressure at the 0◦ azimuth produces additional
thrust, while the low pressure at the 90◦ azimuth location
reduces the sectional thrust. It should be kept in mind that
use of very large diffuser angle might result in poorer per-
formance because of flow separation.

Although no performance difference is seen by using
a diffuser angle for this configuration, such a result may
not be expected for all other shroud configurations. For a
configuration, where the wake does not contract as much
as for the present configuration, an angled diffuser might
affect the overall performance.

Effect of Shroud Inlet Shape

This section studies the effect of shroud inlet shape on
the performance of the shrouded rotor. Four different
elliptic shapes, 1.25 : 1, 1.5 : 1, 1.75 : 1 and 2 : 1 were
studied. Note that, the baseline shroud inlet is circular.
All the shrouds have equal minor axis length, while the
major axis is varied according to the ratio provided. The
cross section of 1.5 : 1 and 2 : 1 elliptic inlet shrouds along
with the baseline configuration are shown in Fig. 22. Ta-
ble 4 shows the CFD predicted performance of various
shrouded rotor configurations at 22◦ collective setting.
Clearly, the total thrust increases for shrouds with longer
major axis, while the total power remains fairly constant.
The rotor thrust decreases with increasing the major axis
length and the shroud thrust more than compensates for
the deficit. The variation of figure of merit (calculated
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(a) 0◦ azimuth (b) 90◦ azimuth

Figure 21: Sectional pressure (non-dimensionalized by freestream value) contour at different azimuth location for
micro-scale shrouded rotor configuration with 10◦ diffuser angle, 22◦ collective setting. Plane of the rotor is shown in
black.

based on ideal power for a free rotor operating at the
same thrust) for various configurations, plotted in Fig. 23,
shows that theFM reaches to a value greater than 0.9 for
the 2 : 1 elliptic inlet shrouded rotor. The performance
gain is larger than what was obtained by halving the tip
clearance. The only penalty to be paid is a slightly larger
shroud weight. Since the CFD predictions show that there
is more scope of improvement by further elongating the
elliptic inlet, this needs to be carefully studied experimen-
tally in the future.

(a) 1:1 circular inlet
(baseline shroud)

(b) 1.5:1 elliptic inlet (c) 2 : 1 elliptic inlet

Figure 22: Cross-section of various shroud inlet shapes.

A better understanding of the differences in the shroud
thrust for different shroud leading edge shapes can be ob-
tained by looking at the azimuthal variation of the shroud
thrust at one instant of time, see Fig. 24. Clearly, as the
shroud inlet is elongated, both the peak at 0◦ azimuth,

Table 4: CFD predicted performance of micro-scale
shrouded rotor for different shroud inlet shapes, 22◦ col-
lective setting. Inlet shape defined by the ratio of major
to minor axis of the ellipse.

Inlet CT CT CT CP

Shape (rotor) (shroud) (total) (total)

1 : 1 0.0180 0.0064 0.0244 0.00343
1.25 : 1 0.0174 0.0074 0.0248 0.00347
1.5 : 1 0.0167 0.0087 0.0254 0.00346
1.75 : 1 0.0160 0.0103 0.0263 0.00344

2 : 1 0.0160 0.0110 0.0270 0.00344

as well as the base value at 90◦ azimuth increases. This
suggests that, the difference between various shroud inlet
shapes arise due to the variation in the amount of acceler-
ation of the flow around the shroud leading edge, which is
confirmed in Fig 25. Figure 25 shows the sectional pres-
sure (non-dimensionalized by freestream value) contours
along with velocity vectors at 0◦ and 90◦ for the config-
uration using 2 : 1 elliptic inlet shroud. The low pressure
prevalent over the shroud inlet due to the flow accelera-
tion is clearly visible at 90◦ azimuth. The velocity vectors
also show a large region of separation.

Figure 26 compares the radial variation of non-
dimensional pressure on the shroud for the baseline as
well as the 2 : 1 elliptic inlet shroud configurations at
0◦ and 90◦ azimuth locations. The plot is similar to
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Figure 23: CFD predicted variation of figure of merit
with shroud inlet profile, 22◦ collective setting.
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Figure 24: CFD predicted azimuthal variation of shroud
thrust for different shroud inlet profiles, 22◦ collective
setting.

that shown in Fig. 12(b). The radial location is non-
dimensionalized by the minor axis of the shroud. For the
2 : 1 elliptic inlet shroud configuration, the decrease in
pressure near the leading edge is very rapid as compared
to the baseline shroud, which then becomes fairly con-
stant when the flow separates. Even with the increased
flow-separation, the extra thrust produced due to the low
pressure near the leading edge for the 2 : 1 elliptic inlet
shroud is sufficient to out-perform the baseline shroud.

A better understanding of the flow-field for an ellip-
tic inlet shroud configuration can be obtained by look-
ing at the wake velocities and the tip vortex trajectories.
Figure 27 shows the radial variation of inflow and radial
component of velocity averaged in the azimuthal direc-

tion for the 2 : 1 elliptic shroud inlet configuration. The
variation is shown at different planes above and below the
rotor. The plot is similar to that shown in Figs. 7 and 8
for the baseline configuration. The inflow produced by
this 2 : 1 elliptic shroud inlet configuration, especially
one chord above and in the plane of the rotor, is much
larger compared to that from the baseline shroud geom-
etry, which explains the reduced thrust produced by the
rotor. The inflow produced near the root of the rotor and
inboard is particularly larger than that from the baseline
shrouded rotor or the free rotor. The radial component of
velocity, on the other hand, is lower at all planes, result-
ing in a more vertically downward flow.

Figure 28 shows the wake trajectory produced by the
rotors for the two different elliptic shroud inlet configu-
rations along with that for the baseline configuration. In
agreement with the earlier discussion on wake trajectory,
the wake for the rotor with the most elongated shroud
inlet, which provides the best shroud sharing of the to-
tal thrust, is observed to contract the least. In addition,
the wake also convects down slower, even though the in-
flow is larger; in fact for the first 40 degrees of wake age,
the tip vortex does not convect downward and it is only
around 60 degrees of wake age that the tip vortex actu-
ally passes below the plane of the rotor. This is possibly
caused by the smaller contraction rate, which places the
tip vortex outside of the high inflow region and close to
the shroud wall; image vortices would then act to slow
down the downward trajectory. As a result of the lower
contraction and vertical convection, the effect of tip vor-
tex at the shroud inlet is more significant for the elongated
inlets.

Modified Elliptic Inlet Shroud

From all the calculations in the previous section, it is clear
that the outer portion of the shroud does not contribute to
the overall performance. However, this holds true only
under hovering conditions. For forward flight conditions
or even for hovering flight in the presence of gust, the
outer portion of the shroud can play a significant role in
the performance. A non-aerodynamic outer portion of the
shroud can significantly increase the drag. In the current
section, we propose a shroud design that uses the 2 : 1
elliptic inlet (which provided the best performance), but
has a more aerodynamic outer portion. The inside portion
of this shroud is similar to the original 2 : 1 elliptic inlet
shroud. At the leading edge of the shroud, the ellipse
from the inside portion is transformed to a circle with
radius equal to the radius of curvature of the ellipse at that
point. Following a 90◦ arc of this circle, a spline is fit to
close the trailing edge. The cross-section of the proposed
shroud along with the original 2 : 1 elliptic inlet shroud
is shown in Fig. 29. For ease of reference, this modified
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(a) 0◦ azimuth (b) 90◦ azimuth

Figure 25: CFD predicted sectional pressure (non-dimensionalized by freestream value) contour at different azimuth
location for 2 : 1 elliptic inlet shroud configuration, 22◦ collective setting. Plane of the rotor is shown in black.
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Figure 26: CFD predicted sectional pressure (non-dimensionalized by freestream value) distribution on shroud, 22◦

collective setting.

geometry will be referred to as 2 : 1 elliptic+circular inlet
shroud.

Figure 30 shows the sectional pressure (non-
dimensionalized by freestream value) contours along
with velocity vectors at 0◦ and 90◦ for the configuration
using 2 : 1 elliptic+circular inlet shroud. The collective
setting is 22◦ and the RPM is 2500. When Fig. 30 is
compared to a similar plot for the 2 : 1 elliptic inlet shroud
configuration, shown in Fig. 25, it can be seen that they
are nearly identical inside the shroud and very similar on
the outer portion despite the large change in the outer

shroud geometry.

Following this, a collective angle sweep was per-
formed for the configuration using the 2 : 1 ellip-
tic+circular inlet shroud. The RPM was fixed at 2500.
Figure 31(a) shows the power polar for both the 2 : 1 ellip-
tic+circular inlet shroud and the baseline shroud configu-
rations. In addition, the power polar for the free rotor is
plotted for reference. The performance benefits obtained
from using the elliptic inlet shroud is clearly visible. Note
that, the power required for both the shrouded configura-
tions are almost similar except at the collective angle of
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Figure 27: CFD predicted average wake velocity components (non-dimensionalized by tip speed) along radial direction
at different planes above and below the rotor for 2 : 1 elliptic inlet shroud configuration, 22◦ collective setting.
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Figure 28: CFD predicted wake trajectory for micro-scale shrouded configuration with different shroud inlet profiles,
22◦ collective setting.

30◦. At 30◦ collective setting, the baseline shroud con-
figuration shows larger power due to the commencement
of flow separation on the blade. On the other hand, the
flow on the blade of the 2 : 1 elliptic+circular inlet shroud
configuration remains attached even at these high collec-
tive angles due to smaller effective angles of attack seen
by the blade sections, resulting from the increased inflow
velocities at the plane of the rotor. As a result, the 2 : 1 el-
liptic+circular inlet shroud configuration shows good per-
formance over a larger range of collective angles com-
pared to the baseline configuration. It should be men-

tioned here that the performance of the configuration us-
ing 2 : 1 elliptic+circular inlet shroud at 22◦ collective
setting is very similar to that of the configuration using
original 2 : 1 elliptic inlet shroud. The modified shrouded
configuration produces∼ 1% lower thrust compared to
the original 2 : 1 elliptic inlet shroud configuration. Fig-
ure 31(b) plots the contribution of the shroud to the total
thrust as a function of collective setting for both the 2 : 1
elliptic+circular inlet shroud and the baseline shroud con-
figurations. The contribution of the shroud using the new
geometry is much higher compared to that using the base-
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(a) Original (b) Modified

Figure 29: Cross-section of original and modified 2 : 1
elliptic shroud inlet shape.

line shroud. For the 2 : 1 elliptic+circular inlet shroud
configuration, the shroud contributes to more than 45%
of the total thrust at 30◦ collective angle.

Figures 31(c) and (d), respectively, show the variation
of figure of merit (calculated based on ideal power for
a free rotor operating at the same thrust) and the ratio
of thrust to power coefficient as a function of thrust co-
efficient. The improved performance of the 2 : 1 ellip-
tic+circular inlet shroud configuration is clearly reflected
in both the plots, especially at higher thrust values. The
maximum figure of merit increases to about 0.98 for the
2 : 1 elliptic+circular inlet shroud configuration and oc-
curs at a higher thrust level than for the baseline config-
uration. The maximum power loading is nearly identical
for the 2 : 1 elliptic+circular inlet shroud configuration as
for the baseline configuration; however, it remains close
to its maximum value for a very large range of thrust for
the 2 : 1 elliptic+circular inlet shroud configuration. To
clarify, one should not be surprised to see such high val-
ues ofFM, since theFM is calculated based on the ideal
power for a free rotor and not for a ducted rotor. Using
this definition, theFM can even have a value greater than
1. DefiningFM based on the ideal power for a free rotor
provides a fair parameter to compare the performances of
various configurations.

The analysis clearly demonstrates the performance
benefits obtained in hover for a configuration using an
elliptic inlet shroud as compared to the free rotor or the
configuration using a circular inlet shroud. Further stud-
ies are necessary to determine the advantages or disad-
vantages of using the proposed shroud design in non-
hovering flight conditions.

Summary

A compressible Reynolds-Averaged Navier-Stokes
(RANS) solver was applied to simulate the aerody-

(a) 0◦ azimuth

(b) 90◦ azimuth

Figure 30: CFD predicted sectional pressure (non-
dimensionalized by freestream value) contour at different
azimuth location for 2 : 1 elliptic+circular inlet shroud
configuration, 22◦ collective setting. Plane of the rotor is
shown in black.

namics of micro-scale shrouded rotor configuration in
hover. The computations were performed on structured
body-conforming blade and shroud meshes, overset in
a cylindrical background mesh. The computations were
validated with experimentally measured mean thrust and
power and a detailed understanding of the flow physics
was attained. Additionally, the effect of various shroud
parameters such as tip clearance, diffuser length, diffuser
angle and shroud inlet shape on the performance were
studied. The following are specific conclusions that can
be drawn from the present work :

1. The overall performance is well predicted for a
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Figure 31: CFD predicted performance at different collective settings for 2 : 1 elliptic+circular inlet shroud configura-
tion along with that of baseline shroud and free rotor configurations.

range of RPMs. Shrouded rotor configuration gen-
erates larger thrust compared to the free rotor, while
power required for both the configurations are not
too different. The difference in the computed power
for the free and the shrouded configuration is less
than 4% at all rotational speeds.

2. Collective angle sweep study showed that the
shrouded rotor produce higher thrust compared to
the free rotor at all collective settings, with the dif-
ference more pronounced at higher values (∼ 30%
higher at 26◦ collective angle compared to∼ 8%
higher at 14◦ collective angle). The thrust produced
by the rotor in the shrouded configuration is lower
than that produced by the free rotor. However, the

thrust produced by the shroud more than compen-
sates for the deficit. The contribution of shroud to
the total thrust increases from about 19% at lower
collective setting to as high as 29% at the highest
collective setting. The power required for both the
free as well as the shrouded rotors are almost identi-
cal (within 5%) at all collective settings.

3. The inflow at different planes above and below the
rotor is larger for the shrouded configuration com-
pared to the free rotor. As a result, the rotor in
the shrouded configuration produces lower thrust
throughout the span. The power distribution, on the
other hand, is comparable, with marginal differences
in the outboard region. The shape of the thrust and
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power distributions along the span of the blade are
not too different between free and shrouded rotors,
suggesting that the performance of the rotor blade
might be optimized separately from the shroud ge-
ometry.

4. The thrust produced from the shroud is identified
to come from two main sources. First, the low
pressure created primarily by the blades and partly
by the tip vortex around the shroud inlet generates
large shroud thrust at sections near the blade loca-
tion. Second, the suction created due to the flow
accelerating around the shroud inlet generates ad-
ditional thrust, and becomes the primary source of
thrust production at shroud sections away from the
blades. The low pressure due to the tip vortex can
help in enhancing the flow acceleration.

5. The wake contracts at a much slower rate for the
shrouded rotor as compared to from a free rotor.
As a general trend, increased shroud performance
comes with smaller wake contraction, which agrees
with the momentum theory.

6. Decreasing the tip clearance of the shroud improved
the performance of shrouded rotor significantly. The
configuration with tip clearance of half that of the
baseline shroud improved theFM by more than
10%. Reducing the tip clearance increases both the
low pressure created by the blade on the shroud inlet
as well as the suction created by the flow accelera-
tion on the shroud.

7. Diffuser length and diffuser angle did not have any
effect on the performance of the shroud. Increasing
the diffuser length increases the shroud thrust, but
the gain is just sufficient to balance the decrease in
rotor thrust.

8. Changing the inlet shape of the shroud from cir-
cular to elliptical improved the performance of the
shrouded configuration significantly. The configura-
tion using 2 : 1 elliptic inlet shroud achieved about
18% improvement inFM compared to the base-
line configuration. The improvement is achieved
because of the larger suction created by increased
flow acceleration around the shroud leading edge.
The inflow when using elliptic inlet shroud was seen
to be much larger compared that using the baseline
shroud.

9. An improved aerodynamic shroud design was pro-
posed, which has elliptic shape on the inner portion
of the shroud inlet and a circular shape on the outer
portion. The hover performance of the configura-
tion using this shroud was not too different from

the original elliptic inlet shroud. However, the new
shroud design can be expected to perform better in
non-hovering flight conditions.

10. Collective angle sweep study showed that the im-
proved proposed shroud provided significant perfor-
mance benefits. The maximum FM (based on ideal
power of the free rotor) was seen to increase to ap-
proximately 0.98 as compared to 0.78 for the base-
line shroud and 0.60 for the free rotor. Furthermore,
the contribution to thrust from the shroud increased
from about 20% at lower collective setting to almost
48% at the higher collective setting. As a result the
power loading curve remained close to its maximum
value for a significant range of thrust.

As a concluding remark, it was seen that the perfor-
mance of micro-scale shrouded rotors can be significantly
improved by choosing appropriate shroud parameters.
However, further studies are required to design an op-
timum shroud. The scope of current paper was limited
to hover analysis. As a continuing work, studies will be
done to understand the benefits or disadvantages of the
proposed shroud design in non-hovering conditions such
as forward flight, ascending or descending flight etc. In
addition, efforts will be made to optimize the major to
minor axis ratio of the elliptic inlet. Future work will
also look at including linear twist to the blade, since that
was shown to improve the rotor performance in an earlier
paper by the current authors (Ref. 12).
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