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Abstract

In this work, a compressible Reynolds Averaged Navier Stokes (RANS) code is used to investigate the effects of
leading and trailing edge geometries and planform on micro hovering rotor. The current work serves as a step towards
using computational methodology to develop a highly efficient micro-scale rotor. The effect of leading and trailing
edge geometries is investigated by looking at blunt and sharp profiles and comparing with experimental data. The
thrust and power are reasonably well predicted for all the geometries. Blunt leading edge geometries show poorer
performance compared to the corresponding sharp leading edge geometries mainly because of large pressure drag
acting at the blunt front. Blunt leading edge geometry also shows significant leading edge laminar separation bubble
which results in complete separation near the tip. Sharpening the trailing edge shows performance improvement for
the blunt leading edge geometry, but not for the sharp leading edge geometry. Flow visualization shows that the tip
vortex flow-field is very complicated with the presence of secondary vortices and additional vortices formed due to
separation near the trailing edge. Use of twist and taper improves the performance of micro rotor. Twist reduces the
induced power, while taper decreases the profile power. Additionally, twist increases the thrust level at which rotor
has maximum thrust to power ratio.

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. There are three main types of MAV -
fixed wing, flapping wing and rotary wing. Even though
fixed wing MAVs are more efficient, they are not hover
capable and therefore cannot perform indoor missions ef-
fectively. Both flapping wing and rotary wing MAVs pro-
vide hover capability. Rotary wing MAVs are more pop-
ular because of their simpler kinematics and therefore,
smaller mechanical losses compared to a flapping wing
design. However, rotary wing vehicles are still not effi-
cient enough to meet the objectives set by DARPA.

The main difficulty in achieving a better performance
with rotary wing vehicle comes 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 ve-
hicle characteristic that must be carefully addressed. One
of the key to good hovering efficiency for rotary wing
MAV is to have good aerodynamic efficiency.

MAVs have relatively poor aerodynamic efficiency
compared to full-scale vehicles. MAV rotors have
achieved a Figure of Merit (FM) of around 0.6 while
full-scale helicopters may have aFM near 0.8 or higher.
This degraded performance is due to the adverse effects
of the low Reynolds numbers at which the MAVs oper-
ate. Rotary-wing MAVs generally fly in the 20,000 to
100,000 Reynolds number range. 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. Separation, transition, and
reattachment can all occur within a short chordwise dis-
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tance, forming laminar separation bubbles that have a
strong adverse effect on the lifting surface characteristics.
As a result of the poor airfoil performance, sub-scale ro-
tors have lower efficiency than full-scale ones.

As a result, for the MAV rotors, the selection of airfoils
is extremely important. A good airfoil choice for MAVs
will try to accomplish several goals: to delay the onset of
the laminar separation bubble and therefore flow separa-
tion, to achieve a high maximum lift coefficient, and to
keep induced and profile drag at a minimum. However,
few experimental and computational studies have system-
atically investigated thin, cambered airfoils and wings of
low aspect ratio which are commonly used in MAVs.

Previous work by the present authors (Refs. 1–3)
demonstrated the capability of using a compressible
Reynolds Averaged Navier-Stokes (RANS) solver to
study the flow physics of hovering micro-rotors. The
studies provided good performance and flow-field predic-
tion. Having gained sufficient confidence in the solver,
the present work will attempt to aid in developing a good
airfoil profile for micro-rotors. As a first step, the effect
of leading and trailing edge geometries will be studied
and the details of the flow physics will be analysed. Fol-
lowing, an initial study on the effect twist and taper will
be done.

Methodology

The computations are performed using the overset struc-
tured mesh solver OVERTURNS (Ref. 4). All the com-
putations are performed in a time-accurate manner in the
inertial frame of reference. The code solves the com-
pressible RANS equations using a preconditioned dual-
time scheme in the diagonalized approximate factoriza-
tion framework, described by Buelow et al. (Ref. 5)
and Pandya et al. (Ref. 6). The diagonal form of im-
plicit approximate factorization method was originally
developed by Pulliam and Chaussee (Ref. 7). The low
Mach preconditioning is based on the one developed by
Turkel (Ref. 8). 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. 9) 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. 4) to account for the re-
duction of turbulence in the vortex core due to flow rota-
tion 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 ap-
proach of Srinivasan et al. (Ref. 10) is used. Implicit
hole-cutting technique (Ref. 11) is used to find the con-
nectivity information between various overset meshes.

Results

The experimental setup of Ramasamy et al. (Ref. 12) on
a hovering micro rotor is used for the study. It consists of
two-bladed rotor operating at a tip Reynolds number of
32,400, tip Mach number of 0.08 and a wing aspect ratio
of 4.39. The resulting rotor solidity is 0.145. The un-
twisted rectangular blades uses a 3.3% curvature circular
arc airfoil with a thickness of 3.7%. The baseline section
has a blunt leading as well as trailing edge. Experiments
were also performed on sections which were slightly dif-
ferent from the baseline section. One of them is the base-
line section with sharpened leading edge (SLE) and the
other is the baseline section with sharpened leading edge
and trailing edge (SLTE). Performance data is available
at various collective angles. High resolution flow visu-
alization and particle image velocimetry (PIV) flow-field
data is available for the case with collective angle of 12◦

using the baseline sectional profile.
Computations are performed on rotor blades with four

different sectional profiles, see Fig. 1, listed below:

1. Blunt leading and trailing edge (BLTE)

2. Sharp leading edge and blunt trailing edge (SLE)

3. Blunt leading edge and sharp trailing edge (STE)

4. Sharp leading and trailing edge (SLTE)

The modeled geometries are mostly similar to the cor-
responding experimental geometries. Minor modifica-
tions are made to the geometries to allow simulation us-
ing C-type grid. The geometries with sharp leading edge
are modeled using a slightly rounded leading edge and
the geometries with blunt trailing edge are modeled with
marginally smoothened trailing edge. Figure 2 shows a
close up of mesh near sharp leading edge and blunt trail-
ing edge. It should be noted that the differences in the
modeled geometry is so small that it is not expected to
have any significant influence on the solution.

A two mesh overset system with a body conforming
blade mesh and a cylindrical background mesh is used
for the computations. A hole-cutting technique is used to
blank out the portion of the background mesh that over-
laps with the blade mesh. Information is exchanged from
one grid to the other by means of interpolation. For 12◦

collective setting cases, where the flow-field is compared
with the experiments, computations are performed on a



fine mesh with the blade mesh having 267× 185× 99
points in the streamwise, spanwise and normal directions
respectively and the background cylindrical mesh having
127×186×198 points in the azimuthal, radial and ver-
tical directions respectively, see Fig. 3. In the most re-
fined regions, the background mesh has a grid spacing of
0.02 chords in both the radial and the vertical directions.
Along the azimuthal direction, a grid plane is spaced ev-
ery 1.5◦. For all other collective settings, where only per-
formance data is compared, computations are performed
on a coarser mesh obtained by leaving out every other
point in the spanwise and normal direction. The chosen
time-steps corresponds to 0.125◦ of azimuth for the fine
mesh and 0.25◦ of azimuth for the coarse mesh calcula-
tions.

Performance Comparison

Figure 4(a) compares the computed performance with the
experimentally measured values (Ref. 12). It can be
seen that the computed performance for all geometries
(BLTE, SLE and SLTE) show good agreement with the
experimental results. At higher thrust levels, the power
is slightly under-predicted for the SLE and SLTE geome-
tries and marginally over-predicted for the BLTE geom-
etry. The differences at higher thrust values can be more
clearly seen in figure of merit (FM), see Fig. 4(b), where
the the predicted maximumFM is slightly higher for the
sharp leading edge geometries and marginally lower for
the BLTE geometry. However, the overall comparison
between the computational and the experimental result is
reasonably good and therefore demonstrate the capability
of the current computational study to provide good per-
formance predictions.

Comparing the performance of various geometries, it
can be seen that the profiles with blunt leading edge
shows degraded performance at all thrust levels com-
pared to a geometry with sharp leading edge. Also, in-
terestingly, sharpening the trailing edge is seen to im-
prove the performance of the geometry with blunt lead-
ing edge, but not for the geometry with sharp leading
edge. Looking at the computational results, it can be
seen that while the BLTE and STE geometry achieve a
maximumFM of about 0.45 and 0.5, respectively, the
sharp leading edge profiles attain a maximumFM greater
than 0.55. The maximumFM is achieved at a thrust
level of about 0.015−0.02 (CT /σ ≈ 0.12) for all the ge-
ometries. In order to achieve maximum endurance, the
MAV must fly at maximumCT /CQ. Figure 4(c) shows
the plot of computedCT /CQ versusCT for all the geome-
tries. In all cases, the maximumCT /CQ is seen to occur
at a lower thrust compared to that at which maximumFM
is achieved; at a thrust value of about 0.01. Figure 4(d)
shows the variation of thrust with collective setting for all

the geometries. The geometries having identical trailing
edge profile is seen to produce similar thrust at the same
collective setting. Blunt trailing edge geometries produce
lower thrust at all collective setting compared to the ge-
ometries with sharp trailing edge profile. The reason for
the differences in performance between different geome-
tries will be studied in detail in the following sections.

It should be noted that the performance results ob-
tained using fine mesh for the 12◦ collective setting are
comparable to the coarse mesh results and therefore,
shows grid convergence in the performance data.

Blade Surface Streamlines

Separation patterns on the blade surfaces are used to high-
light some of the differences resulting from various ge-
ometries. Figure 5 shows the surface streamlines on the
blades for 12◦ collective setting for all the four geome-
tries. The results shown are obtained for the fine mesh
calculations. Most of the flow is attached for the sharp
leading edge geometries, especially the one with blunt
trailing edge. For the profile with sharp trailing edge,
the flow separates near the trailing edge at about 80%
chord position. The inboard stations show a small portion
of leading edge separation which reattaches with fairly
strong radial cross-flow. In contrast, the blunt leading
edge geometries result in a leading edge separation that
increases in chordwise extent as one goes towards the tip,
with the flow completely separating at the tip. The reat-
tachment downstream of the leading edge separation bub-
ble then seems to extend to almost the same positions as
for the geometries with sharp leading edge with identical
trailing edge profile.

Spanwise Loading Distributions

The differences in the performance of various geome-
tries can be better understood by looking at the span-
wise loading distributions. Figure 6(a) shows the span-
wise thrust distribution for 12◦ collective setting for all
the four geometries. The distribution for the geome-
tries with identical trailing edge profile are comparable
through most of the span except near the tip. For geome-
tries with identical leading edge, the blunt trailing edge
profiles produce smaller thrust distribution compared to
that with sharp leading edge throughout the span. Com-
paring the power for the geometries with identical trailing
edge, see Fig. 6(b), the spanwise distribution is similar
only in the inboard regions. Blunt leading edge geome-
tries show higher power distribution at most of the span
locations compared to sharp leading edge geometry with
same trailing edge profile. From the plot, it can also be
seen that sharp trailing edge geometries have higher span-
wise power distribution compared to blunt trailing edge



geometries with identical leading edge profile. This could
be misinterpreted that sharpening the trailing edge results
in performance degradation. However, it should be noted
that the results are compared at different thrust levels and
it was seen previously in Fig. 4 that sharpening the trail-
ing edge improves the performance of the blunt leading
edge geometry, while it does not affect the performance
of the sharp leading edge geometry.

Isolating the power into components due to the viscous
force (viscous power,CQv ) and the pressure force (pres-
sure power,CQp ) can provide a better understanding of
the reason for the disparities between the power distri-
butions of the blunt and sharp leading edge geometries.
Figure 6(c) and Fig. 6(d), respectively show the span-
wise distribution of viscous and pressure power. From
the figures, it is seen that in contrast to the total power,
the viscous power distribution for the blunt leading edge
geometry cases are lower than that from the sharp leading
edge geometries at all span locations. The reason for this
is that when there is separated flow, the skin friction is
actually in the upstream direction, which lowers the skin
friction drag. The distribution of the pressure component
of power can be seen to be very similar to that of the total
power. Since the viscous component is about an order of
magnitude smaller than the pressure component, the dis-
parities in the total powers of various geometries arises
mainly from the differences in the pressure components
and the reason for this dissemblance will be understood
better when looking at the blade pressure distributions at
different spanwise stations.

Blade Pressure Distributions

A better understanding of the spanwise distributions of
thrust and power can be obtained by looking at surface
pressure plots at selected spanwise stations. Figure 7
shows the chordwise surface pressure distribution for all
the four geometries at 12◦ collective setting at four span-
wise locations. The distribution for the sharp leading
edge geometries do not show much variation with span,
whereas those for the blunt leading edge geometries vary
significantly with span, especially in the outboard regions
because of the leading edge separation. The effect of the
laminar separation bubble can be seen at the 0.6R and
0.8R span locations for the blunt leading edge geome-
tries, where the pressure distributions becomes relatively
constant near the leading edge. At 0.95R span location,
where the flow is completely separated, the pressure dis-
tribution on the upper surface can be seen to be wavy.

Comparing the chordwise pressure distributions for the
blunt leading edge geometries with the sharp leading
edge geometries having identical trailing edge profile, es-
pecially at the inboard locations, one observes that the
distributions are different near the leading edge, whereas

they are comparable near the trailing edge. This is as ex-
pected, because the geometries differ only at the leading
edge while being exactly similar at the trailing edge. The
blunt leading edge geometries results in a larger suction
peak which occurs at an earlier chordwise location com-
pared to that for the sharp leading edge geometries.

Comparing the chordwise pressure distributions for the
blunt trailing edge geometries with the corresponding
sharp trailing edge geometries, it can be seen that the
distributions are similar on the bottom surface of the air-
foil. On the top surface of the airfoil, the blunt trailing
edge geometries have higher pressure through most of the
chord. As a result, the blunt trailing edge geometries have
lower thrust compared to the corresponding sharp trailing
edge geometries.

Figure 8 shows the variation of surface pressure along
the vertical direction at the same four spanwise locations
for all the four geometries at 12◦ collective setting. The
surface pressures proceed in a clockwise manner around
all geometries at all four spanwise locations, except right
near the suction peaks at the leading edge (both at the
top and bottom for the blunt leading edge geometries
case). The area enclosed by the curve gives the sectional
pressure drag coefficient. Clearly, the pressure drag for
the blunt leading edge geometries are higher than that
for the sharp leading edge geometries and the difference
mainly occurs near the maximumz/c location which cor-
responds to the regions near the leading edge. The high
pressure region created near the leading edge due to stag-
nating flow generates significant amount of pressure drag
for the blunt leading edge geometry case. A small contri-
bution to the pressure drag also comes from the reduction
in suction peak due to the leading edge laminar separa-
tion bubble. It can also be seen that the pressure drag for
the blunt trailing edge geometries are smaller compared
to the corresponding sharp trailing edge geometries.

Sectional Flow Contours

In order to attain a better understanding of the separa-
tion, spanwise contours of eddy viscosity for all the four
geometries at 12◦ collective setting are plotted in Figs. 9,
10, 11 and 12. At 0.4R station there is little difference be-
tween all the contours. The leading edge separation bub-
ble for the blunt leading edge geometries is very small.
The really high values of eddy viscosity are concentrated
in the separated regions near the trailing edge and in the
very near wake. The wake also seems to show the typical
shear layer instabilities for low Reynolds number flow.
By the 0.6R station, the separation is more pronounced
for the blunt leading edge geometries in the leading edge
region; as a result, the results do show a movement for-
ward for the beginning of the growth in eddy viscosity.
The region of higher eddy viscosity has grown slightly



larger near the trailing edge for both geometries with
clear shear layer instability. By the 0.8R location, there
is now a region of high eddy viscosity near the leading
edge region for the blunt leading edge geometries that
connects to the high eddy viscosity region near the trail-
ing edge. At the 0.95R station there is clearly a relatively
massively separated flow region that extends over nearly
the whole chord of the cross section for the blunt leading
edge geometries case, resulting in a large volume of high
eddy viscosity flow.

Figures 13 and 14 show radial velocity contours along
with streamlines at spanwise locations of 0.4R and 0.8R,
respectively. The plots show similar separation features
as those observed in the contours of eddy viscosity. It is
interesting to note that in the regions of flow separation,
the radial flow component of velocity is very strong as
compared to the regions outside. This may result in the
transport of eddy viscosity from within the leading edge
separation bubble towards the tip, further elevating the
level of eddy viscosity in the tip region.

Flow-field Visualizations

Next, qualitative features in the flow-field are examined.
Figure 15 shows iso-surfaces of the so-calledq-criterion
(Ref. 13) near the blade surface for 12◦ collective set-
ting for all the four geometries. While the flow is smooth
near the tip of the sharp leading edge geometries, nu-
merous vortical structures can be seen on the top of the
blunt leading edge geometries blade due to flow separa-
tion. These structures can also be seen in Fig.16(a),(c),
which show the streamwise vorticity contours. Looking
at the tip vortex, for both the geometries, it is evident
that the tip vortex flow-field is extremely complicated be-
cause of the presence of a variety of secondary structures
near the blade tip. The origin of these structures can be
discerned from Fig. 16. While initial traces of the tip
vortex can be seen slightly upstream of the quarter-chord
point, secondary vortices originate from the leading edge
as well as from the separation of the crossflow bound-
ary layer rolling over the rounded tip. In addition to the
secondary vortices, a large number of additional vortical
structures are found near the trailing edge of the blade
over most of the span for all cases as seen from Fig. 16;
although more clearly seen for the sharp leading edge ge-
ometries. Similar vortical structures can be seen even in
the experimental flow visualization (Ref. 12) shown in
Fig. 17. These structures are formed as a result of flow
separation near the blade trailing edge. Within a short
distance downstream of the trailing edge, these structures
appear to have merged with the tip vortex (as seen from
the coherent iso-surface in Fig. 15).

Effect of Twist and Taper

Having studied the effect of leading and trailing edge ge-
ometry profiles for micro rotors, an initial study is also
performed on the effect of twist and taper on the perfor-
mance of these small-scale rotors. Twist and taper are
generally used to optimize the rotor performance in full-
scale helicopters. Taper reduces the profile losses near the
tip, apart from reducing the local solidity of the blades
and consequently the inflow. On the other hand, intro-
ducing negative twist in the blades increases the inflow
at the root while reducing it at the tips. This produces
a more uniform inflow distribution, thus reducing the in-
duced losses of the rotor. With the right combination of
twist and taper, a more uniform inflow and higher lift to
drag ratios can be achieved along the blade span. Twist
and taper can also be expected to provide similar benefits
in micro-scale rotors.

Figure 18 shows the performance comparison for three
different linear twists (−3◦, −10◦ and−15◦) along with
the no twist case for the SLTE geometry. Clearly, we can
see that the performance gets better with larger negative
twist, especially at higher thrust values. TheFM for the
−15◦ twist reaches a maximum value greater than 0.6.
The thrust level at which maximumCT /CQ is achieved
increases as the twist increases. This is significant be-
cause the MAV can now operate at a higher thrust level
to achieve maximum endurance.

Figure 19 shows performance comparison for the unta-
pered SLTE geometry along with 2 : 1 symmetrically and
2 : 1 asymmetrically tapered geometry. The taper is lin-
ear and starts at 80% span. For the symmetrically tapered
blade, the mid-chord line remains unchanged, while for
the asymmetrically tapered blade, the leading edge line
remains unchanged. Asymmetric taper intrinsically in-
troduces a negative twist. In order to maintain the thick-
ness ratio, the airfoil is thinned as the blade tapers. Ta-
per introduces very small change in solidity, which can
be neglected. From Fig. 19, it can be seen that both
symmetric and asymmetric taper provides similar perfor-
mance improvements at all thrust levels. This suggests
that the performance improvement mainly arise due to
the reduction in profile power, as the difference in twist
near the tip for the two tapered blades did not contribute
to any significant difference in performance. The maxi-
mumFM for the tapered blades reaches a value close to
0.6. Clearly, the combined use of twist and taper should
improve theFM even further. The thrust level at which
CT /CQ is maximum increases marginally for the tapered
blades. Further studies will be required to determine the
optimal configuration.



Conclusions

In the previous works by the present authors, detailed
validation of a compressible Reynolds Averaged Navier
Stokes (RANS) solver to perform time accurate compu-
tations at low Reynolds and Mach number flow regime
were done. In the current work, the solver was further
applied to study the effect of leading and trailing edge
geometries on hovering micro rotors. Four different ge-
ometries comprising of two different leading and trailing
edge profiles (blunt and sharp) for the blade section were
studied. The computations were validated with experi-
mentally measured performance data. Additionally, the
flow physics was looked in detail. An initial study on the
effect of twist and taper were also performed.

The following are some specific conclusions from the
present work :

1. The performance of all the geometries (BLTE, SLE,
SLTE) showed good comparison with the experi-
mental data.

2. The performance of the sharp leading edge geome-
tries was better compared to that of corresponding
blunt leading edge geometries. The total thrust pro-
duced by the geometries with identical trailing edge
were similar. However, the geometries having blunt
leading edge required larger power. The reason for
this was found to be mainly because of the pressure
drag created by the near stagnation pressure close to
the blunt leading edge.

3. A small contribution to the additional power for the
blunt leading edge geometry cases also comes from
the presence of significant leading edge separation
bubble, which increased in chordwise extent as one
goes towards the tip, eventually leading to complete
separation near the tip.

4. Sharpening the trailing edge was seen to improve
the performance of the geometry with blunt lead-
ing edge, but not for the geometry with sharp lead-
ing edge. Blunt trailing edge geometries had lower
thrust and power compared to the sharp trailing edge
geometry with identical leading edge due to higher
pressure on the upper surface of the airfoil.

5. Even though the sectional thrust values were com-
parable, the sectional chordwise pressure distribu-
tion for the blunt and sharp leading edge geome-
tries with identical trailing edge were different near
the leading edge even at the inboard portions of the
blade. The blunt leading edge geometry had larger
suction peak which occurred at an earlier chordwise
location. In the outboard regions, the leading edge

separation bubble of the blunt leading edge geome-
try resulted in a region of constant pressure near the
leading edge, whereas the pressure distribution for
the sharp leading edge geometry did not show much
variation with the spanwise location.

6. The sectional contours of eddy viscosity showed
larger turbulence in separated regions and in the very
near wake for all the geometries. In the separated re-
gions, the radial velocity was also larger and was di-
rected towards the tip of the blade. The contour plots
showed shear layer instabilities in the wake, which
are typical for low Reynolds number flows.

7. Flow visualization showed that the tip vortex flow-
field is very complicated with the presence of sec-
ondary vortices. Additional vortices were found
near the trailing edge of the blade over most of the
span, a feature which was observed even in the ex-
periments.

8. Similar to full-scale rotors, use of twist and taper
was seen to improve the performance of micro rotor
using SLTE geometry. The performance improve-
ment due to twist arose mainly due to the reduc-
tion in induced power, while the improvement in ta-
pered blade occurred as a result of decrease in profile
power. Twist also increased the thrust level at which
maximumCT /CQ is achieved.

As a concluding remark, it was seen that the perfor-
mance of micro rotors can be further improved by choos-
ing appropriate blade planform. Further detailed studies
of flow physics are required to understand the effect of
planform geometries, which in turn can help in determin-
ing the optimal geometry.

Acknowledgments

This work is sponsored by the Army Research Office
Contract MURI ARMY-W911NF0410176. Opinions,
interpretations, conclusions and recommendations are
those of the authors and are not necessarily endorsed by
the United States Government. The authors would like to
thank the Technical Monitor Dr. Tom Doligalski and the
MURI review team for their encouragement and support.

References
1Lakshminarayan, V. K., Bush, B. L., Duraisamy,

K. and Baeder, J. D.,“Computational Investigation of
Micro Hovering Rotor Aerodynamics,” 24th AIAA Ap-
plied Aerodynamics Conference, San Francisco, CA, June
2006.



2Lakshminarayan, V. K., and Baeder,
J. D.,“Computational Investigation of Micro Hover-
ing Rotor Aerodynamics,”Proceedings of the American
Helicopter Society International Specialists’ Meeting on
Unmanned Rotorcraft, Phoenix, AZ, January 2007.

3Lakshminarayan, V. K., and Baeder, J. D., “Further In-
vestigation of Micro Hovering Rotor Aerodynamics Us-
ing Time Accurate Computations,”Proceedings of the
64th Annual Forum and Technology Display of the Amer-
ican Helicopter Society International, Montréal, Canada,
May 2008.

4Duraisamy, K., “Studies in Tip Vortex Formation,
Evolution and Control,” Ph.D dissertation, Department of
Aerospace Engineering. University of Maryland. College
Park, MD. 2005.

5Buelow P. E. O., Schwer D. A., Feng J. and Merkle
C. L. “A Preconditioned Dual-Time, Diagonalized ADI
scheme for Unsteady Computations,” 13th AIAA Com-
putational Fluid Dynamics Conference, AIAA paper 97-
2101, Snowmass Village, CO, July 1997.

6Pandya, S. A., Venkateswaran, S. and Pulliam, T. H.
“Implementation of Preconditioned Dual-Time Proce-
dures in OVERFLOW,” 41st AIAA Aerospace Sciences
Meeting and Exhibit, AIAA paper 2003-0072, Reno, NV,
January 2003.

7Pulliam, T. H. and Chaussee, D. S. “A diagonal Form
of an Implicit Approximate Factorization Algorithm,”J.
Comp. Phys., Vol. 39, 1981.

8Turkel, E., “Preconditioning Techniques in Computa-
tional Fluid Dynamics,”Annual Review of Fluid Mechan-
ics, Vol. 31, 1999, pp. 385–416.

9Spalart, P. R. and Allmaras, S. R., “A One Equation
Turbulence Model for Aerodynamics Flow,”AIAA Paper
92-0439, 1992, pp. 1–22.

10Srinivasan, G. R., and Baeder, J. D., “TURNS: A Free-
wake Euler/ Navier-Stokes Numerical method for Heli-
copter Rotors,”AIAA Journal, Vol. 31, No. 5, May 1993,
pp. 959–962.

11Lee, Y., “On Overset Grid Connectivity and Auto-
mated Vortex Tracking in Rotorcraft,” Ph.D disserta-
tion, Department of Aerospace Engineering. University
of Maryland. College Park, MD. 2008.

12Ramasamy, M., Leishman, J. G. and Lee, T. E., “Flow
Field of a Rotating–Wing Micro Air Vehicle,” 36th AIAA
Fluid Dynamics Conference and Exhibit, 2006.

13Jeong, J. and Hussain, F., “On the Identification of a
Vortex,” J. Fluid. Mech., 285, 1995, pp. 69–94.



(a) Blunt leading and trailing edge (BLTE) (b) Sharp leading and blunt trailing edge (SLE)

(c) Blunt leading and sharp trailing edge (STE) (d) Blunt leading and trailing edge (SLTE)

Figure 1: Computational sectional profile.

(a) Leading edge (b) Trailing edge

Figure 2: C-mesh near sharp leading edge and blunt trailing edge.

(a) Blade mesh (267×195×99) (b) Cylindrical mesh (127×195×198) with blade mesh boundary

Figure 3: Computational mesh for Micro-rotor calculation.
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Figure 4: Performance Comparison.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 5: Blade surface streamlines for 12◦ collective setting.
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Figure 6: Spanwise force distribution, 12◦ collective setting.
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(d) SLTE geometry

Figure 7: Blade pressure distribution at different spanwise location, 12◦ collective setting.



-Cp

z/
c

-1 -0.5 0 0.5 1 1.5 2
-0.15

-0.1

-0.05

0

0.05

0.1

0.15

r = 0.4R
r = 0.6R
r = 0.8R
r = 0.95R

(a) BLTE geometry

-Cp

z/
c

-1 -0.5 0 0.5 1 1.5 2
-0.15

-0.1

-0.05

0

0.05

0.1

0.15

r = 0.4R
r = 0.6R
r = 0.8R
r = 0.95R

(b) SLE geometry

-Cp

z/
c

-1 -0.5 0 0.5 1 1.5 2
-0.15

-0.1

-0.05

0

0.05

0.1

0.15

r = 0.4R
r = 0.6R
r = 0.8R
r = 0.95R

(c) STE geometry

-Cp

z/
c

-1 -0.5 0 0.5 1 1.5 2
-0.15

-0.1

-0.05

0

0.05

0.1

0.15

r = 0.4R
r = 0.6R
r = 0.8R
r = 0.95R

(d) SLTE geometry

Figure 8: Blade pressure distribution at different spanwise location, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 9: Eddy Viscosity contour at 0.4R, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 10: Eddy Viscosity contour at 0.6R, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 11: Eddy Viscosity contour at 0.8R, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 12: Eddy Viscosity contour at 0.95R, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 13: Radial Velocity contour along with streamlines at 0.4R, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 14: Radial Velocity contour along with streamlines at 0.8R, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 15: Iso-surfaces of second invariant of velocity magnitudeq = 8.0, 12◦ collective setting.



(a) BLTE geometry (b) SLE geometry

(c) STE geometry (d) SLTE geometry

Figure 16: Contours of streamwise vorticity, 12◦ collective setting.

Figure 17: Experimental flow visualization.
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Figure 18: Computed performance comparison for various blade twists, SLTE geometry.
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Figure 19: Computed performance comparison for various blade taper, SLTE geometry.


