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Abstract
In this work, a compressible Reynolds Averaged Navier Stokes (RANS) code is used to investigate low Reynolds
number and low Mach flows, which are typical of Micro Air Vehicles (MAV). The main objective of this work is to
assess the predictive capability and to identify the deficiencies of the computational methodology. The code is vali-
dated with experiments for 2D airfoil flows in order to assess the lift and drag predictions. 3D finite wing validations
are performed to ascertain the capability of the methodology to predict tip vortex evolution. This is then followed
by extensive validation studies on micro hovering rotors. A recurring theme in all these calculations is that inviscid
phenomena like lift/thrust and tip vortex structure/induced velocities are modeled well, while drag/power predictions
show considerable deviation from experimental data with the exception of Micro-rotor 2. It appears that the discrep-
ancy arises mainly because of the difference between modeled and actual geometry in the leading edge and trailing
edge regions. Tip vortex parameters are well captured except for the core size is computed to be slightly larger than
the experimental measurements and more vorticity is entrained into the tip vortex than is measured.

Nomenclature
c Chord length of the airfoil
R Radius of the rotor
M∞ Free-stream Mach number
Mtip Tip Mach number
Vtip Tip Speed
Re Reynolds Number
α Angle of Attack
ψ Wake age (degrees)
θo Collective pitch (degrees)
CT Thrust Coefficient = Thrust/(ρπR2V 2

tip)
CP Power Coefficient = Power/(ρπR2V 3

tip)
FM Figure of Merit = Ideal Power/Actual Power

(Ideal Power = C3/2
T√

2 )
Γb Bound circulation on the blade (normalized

by speed of sound and blade chord)
Γv Vortex circulation (normalized by speed of sound

and blade chord)

ω Vorticity vector (normalized by speed of sound
and blade chord)

q Non-dimensionalized Invariant of the velocity
gradient tensor ∂ui

∂x j

∂u j
∂xi

(normalized by
speed of sound and blade chord)

rc Core radius (normalized by chord)

Introduction
With the growing desire for efficient rotary wing MAV
which typically operate between Re = 103−105, accurate
predictions of low Mach, viscous dominated flows are in
increasing demand. Because of the difficulties involved
in experimentally studying MAV and the breakdown of
analytical correlations for drag and boundary layer be-
havior for this Reynolds number range, accurate com-
putational results are of critical importance to MAV re-
search. The goal of this work is to extend the applicabil-
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ity of a compressible Reynolds Averaged Navier-Stokes
(RANS) solver for analysis of the flow physics to the low
Mach and Reynolds number regime; a condition that has
not yet received a considerable amount of computational
attention. In a more general sense, extending the confi-
dence in predictions in this problem ultimately leads to-
wards a more detailed characterization of the flow physics
over the entire Mach and Reynolds number spectrum us-
ing a single solver.

Background
Low Reynolds number flow is well understood from a
theoretical viscous flow perspective, however computa-
tional validation of experimental data has barely been
conducted in the Reynolds number range of 20,000 to
100,000. A major difficulty in the computational pre-
diction of low Reynolds number aerodynamic flows is
the fact that the flow has a tendency to separate under
relatively mild adverse pressure gradients. In addition,
the possibility of isolated separation bubbles and laminar-
turbulent transition can also cause significant turbulence
modeling issues.

Further, unlike in fixed wing vehicles or even ro-
tary wing vehicles in forward flight, the flow-field of
hovering rotors is significantly influenced by the trailed
wake system since it remains in the proximity of the ro-
tor at all times. Therefore, an accurate representation
of the tip vortex formation and evolution is essential in
achieving high fidelity performance predictions of hov-
ering MAV. The desire to better understand tip vortex
formation is evidenced by the large volume of compu-
tational, experimental and analytical studies performed
over the past 30 years, [1–5]. However, the authors of this
work have not found any validated computational studies
of near-field low Reynolds number tip vortices. OVER-
TURNS, a RANS code, has been validated for a variety
of high Reynolds number compressible flows involving
fixed wing and rotor tip vortices, e.g. [6]. With the re-
cent implementation of low Mach preconditioning into
the OVERTURNS algorithm, the present work seeks to
extend the validation of the code to low Reynolds num-
ber and low Mach tip vortex formation.

Methodology
The computations are performed using the overset struc-
tured mesh solver OVERTURNS [6]. This code solves
the compressible RANS equations using a diagonal form
of the implicit approximate factorization method devel-
oped by Pulliam and Chaussee [7]. In the present case,
since low Mach numbers are involved, the precondition-
ing of Turkel [8] is implemented to improve convergence

and accuracy. 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 [9] turbulence model is em-
ployed for the RANS closure. This one-equation model
has the advantages of ease of implementation, computa-
tional efficiency and numerical stability. The turbulence
model equations are solved in an uncoupled manner with
the NS equations. The implicit second order backward
difference scheme is used with Newton sub-iterations for
time integration. The implicit inversion is done using
Diagonally Dominant ADI (DDADI) scheme. The con-
vection terms are discretized using second order upwind
scheme and the diffusion terms are discretized using sec-
ond order central differences. The production term in this
eddy-viscosity model is modified [6] to account for the
reduction of turbulence in the vortex core due to flow ro-
tation effects.

Infinite Span Validation
A significant issue concerning MAV wing and rotor de-
sign is the tendency for the flow to separate at lower an-
gles of attack compared to higher Reynolds number ap-
plications. As a result, a number of researchers, [10, 11]
have shown that for the Reynolds numbers typical of ro-
tary MAV, thin cambered airfoils offer superior stall char-
acteristics and aerodynamic performance. Mueller [10]
has conducted extensive experimental studies on airfoils
of this type at Reynolds numbers ranging from 60,000
to 200,000. Mueller’s wing had a semi-span aspect ra-
tio of 3.0 and used a circular arc airfoil with 5% cam-
ber and 1.93% thickness, see Fig. 1. Figure 2 shows a
2D computational validation of some of the results from
Mueller’s work at Re = 60,000 and M = 0.016. Compu-
tations are performed on a mesh of size 267× 85 points
in the streamwise and the normal direction respectively.

The lift predictions [12] are quite good with slightly
lower predictions for CLmax and stall angle. Drag es-
timates show substantial under-predictions at lower an-
gles of attack and slight over-predictions at higher an-
gles. This is most likely caused by erroneous prediction
of flow separation characteristics resulting from the tur-
bulence model’s difficulty in predicting transitional be-
haviors. In a similar validation of the present algorithm,
Schroeder [13] notes that at lower angles of attack, the
fully turbulent assumption of the present implementa-
tion of the Spalart-Allmaras model may underestimate
the length of the laminar separation bubble, resulting in
more attached flow and a lower drag. At higher angles of
attack, the fully turbulent assumption may over-predict
the levels of turbulence, resulting in increased separation



and higher drag. It should also be noted that Mueller’s
airfoil is prone to separation on the lower surface at low
angles of attack, thus the correct calculation of this be-
havior makes accurate predictions of force for angles of
attack near 0o more challenging. Nevertheless, this study
serves as a demonstration of the capabilities of the low
Mach preconditioner and turbulence model to deliver ac-
ceptable performance predictions under typical MAV op-
erating conditions.

It has been recognized that wind tunnel data for flows
involving separation cannot be assumed to be completely
two dimensional because of the interaction with the side
walls [14]. Schroeder [13] has demonstrated better vali-
dation of drag data for 3D wings in the wind tunnel set-up
of Mueller [10]. Thus, these reasonably accurate infinite
span performance predictions justify moving towards fi-
nite wing studies where the focus is not on performance,
but on accurately predicting the flow field associated with
the formation and evolution of the tip vortex.

Fixed-Wing Validation
The numerical algorithm is validated in the finite-span
case using measurements made by Zuhal [5] on a NACA
0012 wing of aspect ratio 4.61 with a rectangular tip.
Vortex velocity profiles were obtained using 2 and 3-
component PIV techniques at x = 1, 2, 3 and 4 chords
downstream of the trailing edge. Experiments were con-
ducted at a Reynolds number of 9040, Mach number of
0.004 and at angles of attack ranging from α = 0o through
10o. For these lower Reynolds numbers, the viscous
forces become significant and Batchelor’s analysis [4]
shows that the viscous head loss term can overpower the
inviscid acceleration mechanism and lead to an axial ve-
locity deficit. In the present validation, the Zuhal experi-
mental data shows the expected core axial velocity deficit
in all cases. Computations are performed on a mesh of
369×121×111 streamwise, spanwise and normal points,
respectively (Fig. 3). To help ensure an accurate and sta-
ble simulation, OVERTURNS was run at a Mach of 0.05
rather than the lower experimental value. Since the Mach
numbers involved in these studies are well within the in-
compressible limit, it is expected that small variations in
Mach number will not have a significant effect on the fi-
nal results.

As mentioned previously, because of the increased
tendency for flow separation, MAV usually employ thin
airfoil sections. Thus as we might expect with the rela-
tively thick NACA 0012, regions of flow separation exist
along much of the span, especially at low angles of at-
tack. Spanwise shedding interacts with the developing tip
vortex causing it to deform, resulting in some of the os-
cillations in the velocity profiles shown in Fig. 4. At high

angles of attack, the strength of the tip vortex is sufficient
to generally overweigh the effect of these interactions.
However, at angles of attack near 4o and below, the com-
puted strength of the forming vortex is of the same order
of magnitude as the spanwise shed vorticity. This causes
a significant delay in the formation of a coherent vor-
tex to streamwise location of up to 3 chords downstream.
Because the experimental profiles are obtained by an en-
semble average of instantaneous velocities, closer to the
wing, these unsteady interactions are probably not accu-
rately represented. For the purposes of validation, only
the instantaneous profiles of the relatively steady tip vor-
tex at angles of attack greater than 4 degrees are presented
here.

The computed axial and swirl velocity profiles [12]
in the tip vortex at x/c = 1 and 4 are given for α = 6, 8
and 10 degrees in Fig. 4. In general, the computed axial
velocity profiles show good agreement with the experi-
ment aside from a tendency to slightly over-predict the
magnitude of the axial velocity deficit. There is also an
over-prediction of the effect of a secondary structure as
can be seen on the inboard side (r/c < 0) of the axial
velocity profiles at the x/c = 1 stations. Although espe-
cially pronounced for the 8 and 10 degree cases, these
disturbances weaken by x/c = 4 producing smooth pro-
files between r/c = −0.1 to r/c = −0.2 for all angles of
attack.

Note the relatively large core radius sizes resulting
from the low Reynolds number. A typical core radius for
a moderate Reynolds number of 200,000 may be on the
order of 0.04c [15]. As seen in Fig. 4, the core radius is
significantly larger (r ≈ 0.1c) at the x/c = 1 station. The
core radius and peak swirl velocities are notably under-
predicted at 6 degrees, however the core radius is cap-
tured well at 8 degrees and both the swirl and radius size
are in good agreement with the experiment at 10 degrees.
The under-predictions may result from under resolving
the vortex formation region at the blade tip. Although the
magnitude of the swirl velocities is under-predicted out-
side of the core flow region, it is worth noting that the
velocity gradients in this zone are predicted quite well in
all cases. Again, the trend of improving results with in-
creasing angle of attack may be attributed to the increas-
ing margin between the strength of the tip vortex and the
strength of the spanwise shedding. For rotors, the prob-
lems encountered with spanwise shedding in the fixed-
wing case can be expected to be exacerbated by the direct
influence of tip vortices trailed from the previous blade.

Hovering Rotor Validation
With validation of the predictive capability of OVER-
TURNS for low Mach number and Reynolds numbers in



2D and 3D fixed wing, the extension is made to the ro-
tor case by exploring the experimental results obtained
by Hein and Chopra [16] and Ramasamy et al. [17] on
hovering rotors. The first case is used to demonstrate the
capability of OVERTURNS to predict the overall perfor-
mance, while the second case will be used for a more
complete validation which include performance and flow
field predicting capability.

Micro-rotor 1 (Hein and Chopra)
The experimental setup consists of a two-bladed rotor op-
erating at a tip Mach number of 0.114 and tip Reynolds
number of 51,200. The untwisted rectangular blades had
an aspect ratio of 3.81 and used a 7% curvature circular
arc airfoil with a thickness of 2.75%, qualitatively sim-
ilar to the Mueller airfoil studied in the 2D validations.
Performance data were obtained at collective angles of
θo = 4,6,8,10,12 and 14 degrees. A two mesh overset
system with a body conforming blade mesh and a cylin-
drical background mesh was used. The blade mesh has
267× 185× 99 points in the streamwise, spanwise and
normal directions respectively and the background cylin-
drical mesh has 127×186×198 points in the azimuthal,
radial and vertical directions respectively, Fig. 5. Hole-
cutting technique is used to blank out the portion of the
background mesh that overlaps with the blade mesh. In-
formation is exchanged from one grid to the other by
means of interpolation. Certain geometric modifications
are made to ensure high mesh quality. As opposed to the
actual blade, the modeled leading edge and the tip are
rounded, and the trailing edge comes to a sharp point.

Performance Comparison

Figure 6 shows the convergence of the thrust coefficient
[12] for a sample set of collective angles. It can be seen
that it is fairly converged for all the angles shown.

Figure 7 compares the performance results with those
obtained in Hein and Chopra’s experiment. Notice that
the thrust coefficient, which is primarily a function of
inflow, is predicted well. The figure of merit (FM) and
CP however, which are strongly related to the drag (and
thus the amount of separation), show poor comparisons.
The source of these discrepancies is most likely three-
fold. One cause is the inability of the turbulence model to
predict transitional behaviors as discussed during the in-
finite span validation. Secondly, the large boundary layer
thickness and susceptibility of the flow to separation for
low Reynolds numbers suggests that the aforementioned
geometric differences in the modeled and experimental
rotor may cause significant variations in parameters that
are sensitive to these effects. The value of Cd0 = 0.068
and k = 1.2 were determined by curve fitting the experi-

mental results. Then k = 1.2 was held constant to curve
fit the computational results. For idealized momentum
theory, k is 1 and Cd0 is 0. The power predictions are
shown along with the simple momentum theory power
predictions for both experimental and computational data
in Fig. 7 (d). It can be seen that the discrepancy in Cd0
of approximately 50% represents a major contribution to
the under-prediction of the power. Finally, the compu-
tations did not model the influence of the experimental
rotor mounting apparatus. In flow visualizations taken
from [16], the mounting clearly introduces an obstacle
near the blade root which may result in increased power
estimates.

The present calculations are in the rotor blade frame
where source terms are added to the momentum equa-
tion to allow for the rotation (there is zero grid velocity
in the rotor blade frame). The flow relative to the rotor
blade should become stationary in time. The alternative is
to calculate things in the inertial system where the blade
motion is accounted for by the grid velocities. In this sys-
tem the flow is unsteady as the blade rotates. This would
require a time-accurate preconditioner which allows for
time accuracy of the unsteady calculations. In a separate
study of a non-preconditioned regular size rotor case, the
authors have noticed some discrepancy in the power pre-
dictions between blade frame and inertial frame calcula-
tions. Details of this will be looked into as a part of the
future work.

Circulation

The bound circulation Γb over the rotor span for each col-
lective angle is plotted in Fig. 8. There is the expected
monotonic increase moving from the root towards the tip
which leads into a zone of unsteady variations beginning
at approximately 80% span. Continuing towards the tip,
the variations persist until the local effect of the form-
ing tip vortex is indicated by a large spike in circula-
tion. The variations in Γb near the tip region are partially
caused by interactions with the vortices from the previ-
ous blade and previous rotor revolutions. Another source
of these oscillations could be the unsteady trailed wake
structures as seen from Fig. 10. This notion is supported
by the increase in the extent and amplitude of variations
with decreasing collective angle, since lower induced ve-
locities in the wake give rise to vortices that linger near
the rotor plane for longer periods of time. Additionally,
the unsteady shear layer convecting off the trailing edge
can contribute to fluctuation. Another cause of the vari-
ations in Γb is the trailing edge shear layer. In higher
Reynolds number cases this unsteady flow region is typi-
cally smaller than the grid can accurately capture. How-
ever, the shear layer in the present case is thick enough
to be at least coarsely resolved and have its unsteady in-



fluence felt at the blade. This is similar to the difficulties
encountered at low angles of attack in the fixed wing case
discussed previously. These two factors result in an in-
definite value of the peak bound circulation. At θo = 4o,
these effects result in the strength of the tip vortex circu-
lation peak at y/R = 1 being less than the peaks in circu-
lation just inboard of the tip.

Another effect of lower collective angles is the tighter
grouping of vortices in the wake. As a result, computing
vortex circulation by integrating a circuit around a single
vortex (as is done in this study) may yield misleading re-
sults since the choice of circuits will include effects from
neighboring vortices. This problem manifests at θo = 4o

in the fluctuating prediction of vortex circulation shown
in Fig. 9. Other collective angles essentially show a con-
stant circulation strength with wake age, which agrees
with Helmholtz’s 3rd vortex theorem which requires a
conservation of circulation. This result is also a testa-
ment to the sufficient spatial resolution of the vortex in
the far-field.

Comparing the bound and vortex circulations, we find
that for each collective angle, Γv ≈ Γb. These results,
listed in Table 1, are most likely overestimated because
of the ambiguity in measuring the bound circulation near
the tip mentioned earlier. Nevertheless, within the mar-
gins of this ambiguity, the percentage of circulation en-
trained into the tip vortex is markedly greater than is typ-
ically reported in higher Reynold’s number studies. As
an example, Bhagwat and Leishman [21] report Γv/Γb ≈
50−70% for a larger aspect ratio blade at Re = 2.7×105.
From Fig. 9, the vortex appears to be fully rolled up by
the wake age of 20o–40o. This is an expected result for
an untwisted rotor blade.

Vortex evolution

Figure 11 shows the computed tip vortex core radius
and peak swirl velocities over one rotor revolution. The
asymmetry of the swirl velocity profiles result primarily
from the influence of the rotor slipstream on the portion
of the tip vortex that is inboard of the wake boundary.
Note that just after the vortex passes under the second
blade at θo = 180o, the inboard portion of the vortex is
accelerated while the outboard swirl velocity decay con-
tinues relatively unaffected. This is accompanied by a
sudden decrease in the core radius.

Micro-rotor 2 (Ramasamy et al.)
The experimental setup consists of a two-bladed rotor op-
erating at a tip Mach number of 0.085 and tip Reynolds
number of 36,450. The untwisted rectangular blades had
an aspect ratio of 4.39 and used a 3.3% curvature cir-
cular arc airfoil with a thickness of 3.7%. High reso-

lution flow visualization and particle image velocimetry
(PIV) flow-field data and performance data is available
at various collective angles. Computation is performed
for the case with collective angle of 12o. A two mesh
overset system with a body conforming blade mesh and a
cylindrical background mesh was used. The blade mesh
has 267× 185× 99 points in the streamwise, spanwise
and normal directions respectively and the background
cylindrical mesh has 127× 186× 198 points in the az-
imuthal, radial and vertical directions respectively. Sim-
ilar to Micro-rotor 1, certain geometric modifications are
made to ensure high mesh quality. As opposed to the
actual blade, the modeled leading edge and the tip are
rounded, and the trailing edge comes to a sharp point.

Flow-field Visualizations

Figure 12 shows iso-surfaces of the vorticity magnitude
near the blade surface. It is evident that the tip vortex
flow-field is extremely complicated because of the pres-
ence of a variety of secondary structures near the blade
tip. The origin of these structures can be discerned from
Fig. 13. 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 cross-flow boundary layer rolling
over the rounded tip. Within a short distance down-
stream of the trailing edge, these structures appear to have
merged with the tip vortex (as seen from the coherent iso-
surface in Fig. 12). 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.
These structures are formed as a result of flow separation
near the blade trailing edge and are seen to persist over
large wake ages.

As mentioned in the previous paragraph, a number of
vortical structures mask the flow-field of the tip vortex.
In order to extract only the rotational flow regions and not
the highly strained regions, the so-called q-criterion [18]
is shown in Fig. 14. The resolution of the tip vortex until
3 blade passages is clearly evident. Beyond this wake-
age, the background mesh becomes too coarse to accu-
rately represent the details of the tip vortex. An interest-
ing feature revealed from this figure is the fact that while
the tip vortex is smooth initially, it seems to get twisted
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 evolving tip vortex (note that the verti-
cal convection of the tip vortex is relatively low before
the first /pass as has been well documented [19, 20]) and
other near-blade structures. It is also seen that after the
first pass, the vortex becomes wavy along its axis, thus
suggesting an instability.

Further evidence of the interaction between differ-



ent turns of the tip vortex can be seen in Fig. 15, in
which, vorticity magnitude contours are shown along an
azimuthal plane of the background mesh. The tip vortex,
after its first blade passage is seen to interact with the in-
board wake as well as the second blade passage, both of
which introduce a strain-field.

Performance Comparison

Experiments were performed on different variations of
the baseline airfoil cross-section (blunt at both leading
and trailing edge). The cross-section with sharpened
leading and trailing edge (SLT) resembles closely to
the one used for computations, with the difference of a
slightly rounded leading edge for the modeled geome-
try. Table 2 shows the performance comparison with the
baseline and SLT data. As expected, the thrust is pre-
dicted well, with the values closer to the SLT case. Sur-
prisingly, even the power prediction is good, the value
lies between the baseline and the SLT cases. It should be
noted that the experimental results were obtained by re-
moving the contribution from tares (obtained from tests
without the blades attached to the hub). However, the
contribution from tares were only about 1% of the total
value and therefore insignificant. An interesting thing to
notice is that a slight variation in the experimental ge-
ometry caused significant difference in the performance
data, especially the figure of merit. This points to the im-
portance of accurately modeling the geometry, also sug-
gesting that the difference between the modeled and the
actual geometry could be the main reason for the discrep-
ancies in the power prediction of the Micro-rotor 1.

Flow-field Comparison

Figures 16 and 17 compares the computed swirl velocity
contours with the experimental results at the azimuth lo-
cations, 30o and 60o, respectively. The contours shows
good agreement except a slight over-prediction in the
core radius of the tip vortex. The experiments also show a
more turbulent flow-field compared to the computations.
Figures 18 and 19 show the comparison of streamwise
vorticity contour at the azimuth locations, 30o and 60o,
respectively. The agreement is very good with reasonably
accurate prediction of the amount of wake contraction.
Again we see a slight over-prediction in the tip vortex
core radius. The reason for this could be due to the under-
resolution of the tip vortex formation resulting in exces-
sive numerical dissipation which leads to a non-physical
growth of the core radius.

Vortex Structure comparison

Figure 20 shows the comparison of swirl velocity pro-
file at the wake ages of 30o, 60o, 210o and 240o. At

all azimuth locations, the core radius is over-predicted.
However, the rate of core growth is predicted accurately,
see Fig. 22(a). This supports the fact that the tip vortex
formation is under-resolved, while its evolution is well
resolved. Therefore, an unphysical growth in the core ra-
dius is observed initially, there after, the core grows in
the correct manner. Similar to core radius, the peak swirl
velocity is over-predicted at all wake ages, while its de-
cay rate is predicted accurately, see Fig. 22(b). The main
reason for this is due to an over-prediction in the amount
of vorticity entraining into the tip vortex, clearly seen in
Fig. 23, which will lead to a larger swirl velocity. The
inadequacy of the Spalart-Allmaras turbulence model in
a non-isotropic environment such as those found near the
regions of tip vortex formation could be the major cause
for this discrepancy. The above notion is supported by the
streamwise vorticity profile plot, Fig. 21. The plot shows
a trend of improving prediction with the wake age. The
peak vorticity is under-predicted at smaller wake ages and
slightly over-predicted at larger wake ages. However, the
area under the curve shows an increased vorticity predic-
tion at all azimuth locations.

Conclusions
A computational validation of a compressible RANS
code was performed for the model cases of a 2D air-
foil, a fixed-wing and a hovering rotor, each operating at
the low Reynolds and Mach numbers typically associated
with MAV.

2D airfoil : Lift predictions of the experimental
data in the 2D case were good, however drag is under-
predicted, especially at low angles of attack. This may be
due to the difficulty in accurately predicting transition as
well as experimental uncertainty.

3D Fixed wing : With respect to the strength of
the tip vortex, strong unsteady shedding resulting from
the thick NACA 0012 airfoil section was observed along
most of the span in the fixed-wing validation. At angles of
attack greater than 4o, the computed tip vortex was strong
enough to remain relatively steady at both the x/c = 1 and
4 stations. The comparisons of these results with exper-
iment showed good capture of the axial velocity deficit,
peak swirl velocity and core radius size at α = 10o, al-
though the accuracy of these predictions degraded as α
decreased.

Hovering rotor : The tip vortex formed on MAV ro-
tor blades was observed to interact with secondary vor-
tices early in its development along the chord. Inter-
actions with other secondary vortical structures formed
from unsteady shedding at the blades trailing edge con-
tinued in the near and far wake. After the first passage
of the tip vortex under the blade, the vortex experienced



some destabilization as it was influenced by the strain
field from both the blade and the inboard wake sheet.
The blade passage also resulted in an increased vertical
convection rate and reduction in vortex core size. Perfor-
mance predictions for Micro-rotor 1 were similar to the
2D case in that drag was under-predicted. However, the
power prediction for Micro-rotor 2 was good. Some of
this discrepancy could be attributed to the difference be-
tween the actual and the modeled geometry. The thrust
coefficient, as it is mostly an inviscid mechanism was
captured quite well.

Vortex circulation was found to be nominally constant
over at least the first 180o of wake age, a significant re-
sult indicative of a spatially well resolved vortex. Calcu-
lations also show that the magnitude of vortex circulation
was almost equal to the peak bound circulation. It was
noted however that the difficulties in discerning the peak
bound circulation likely caused this to be an overestimate.
Also, the inadequacy of the turbulence model could have
caused an over-prediction in the tip vortex circulation.

Prediction of the vortex structure was found to be
reasonable with the exception of initial wake ages. The
discrepancy could arise due to under-resolved tip vortex
formation leading to an unphysical initial core growth.
However, the vortex core evolution resembles the exper-
imental result. It was surmised that the over-prediction
in the swirl velocity could have resulted from the over-
prediction in the vorticity of the tip vortex.

The results of this work demonstrate the applicability
of RANS solution techniques to the operating conditions
typical of hovering MAV. The ability of OVERTURNS
to quantitatively reproduce experimental results and pro-
vide insight into localized flow phenomena serves as a
strong incentive to continue computational MAV study
with similar algorithms. While inviscid effects seem to
be satisfactorily represented, drag prediction seems to be
more sensitive to the details of the leading edge and trail-
ing edge geometries and hence a more difficult problem.

Future Work
The results of this investigation illustrate the significance
of both accurately modeling the experimental geometry
and sufficiently resolving the regions of tip vortex forma-
tion. In continuing this work the authors plan to develop a
more accurate computational representation of the sharp-
ened leading and trailing edges of Micro-rotor 1 blade
and the Mueller airfoil. It is hoped that these improve-
ments will yield better predictions of the separation loca-
tions and thus better predictions of Cd0 and other perfor-
mance parameters that are tied to viscous mechanisms.

The unsteady nature of the flow-field, especially near
the blade was clearly seen. However, all the computations

were performed in a non-time accurate mode due to the
limitation of the current preconditioner in OVERTURNS.
As a continuing work, a modified preconditioner will be
implemented, which will allow time accurate computa-
tions for these low Mach number cases. This will also
enable computations in the inertial frame instead of the
blade frame, which might further improve the predic-
tions.

Improved prediction of vortex structure at the initial
wake ages will be attained by increasing the grid reso-
lution near the tip of the blade, leading to a more ac-
curate representation of the tip vortex formation. More-
over, computations performed using higher order scheme
could reduce some of the numerical dissipation. The use
of fifth order scheme for the inviscid terms and fourth
order scheme for the viscous terms will be considered.
The resolution requirements at the Reynolds numbers in
this study are small enough that a Large Eddy Simula-
tion (LES) is under consideration for future investiga-
tions. This may be pursued initially by implementing a
hybrid RANS/LES simulation in an effort to efficiently
calculate attached flow regions while maintaining accu-
racy in separated flow.
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Figure 1: Mueller airfoil mesh.
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Figure 2: 2D validation with Mueller CL and CD experiment. Re = 60,000.

Figure 3: Computational mesh used for validation with Zuhal experiments.
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Figure 4: Swirl and axial velocity profiles for fixed wing, Re = 9040.



(a) Blade mesh (b) Cylindrical mesh with blade mesh boundary

(c) Cylindrical mesh (top view)

Figure 5: Computational mesh for Micro-rotor 1 comparisons.
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Figure 6: Plot showing the convergence of CT for Micro-rotor 1.
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Figure 7: Computed and experimental performance for Micro-rotor 1.
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Figure 8: Non-dimensionalized bound circulation along rotor span for Micro-rotor 1.
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Figure 9: Non-dimensionalized vortex circulation as a function of wake age for Micro-rotor 1.



Figure 10: Iso-surfaces of vorticity magnitude |ω| = 5.0 for hovering Micro-rotor 1.
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Figure 11: Tip vortex viscous core radius (a) and Peak tip vortex swirl velocity (b) with wake age, for Micro-rotor 1.



Figure 12: Iso-surfaces of vorticity magnitude |ω| = 5.0 for hovering Micro-rotor 2.

Figure 13: Contours of streamwise vorticity for Micro-rotor 2.



Figure 14: Iso-surfaces of second invariant of velocity magnitude q = 1.0 for Micro-rotor 2.

Figure 15: Contours of vorticity magnitude at ψ = 60o for Micro-rotor 2.



(a) Computational (b) Experimental

Figure 16: Swirl Velocity contours at ψ = 30o for Micro-rotor 2.

(a) Computational (b) Experimental

Figure 17: Swirl Velocity contours at ψ = 60o for Micro-rotor 2.

(a) Computational (b) Experimental

Figure 18: Streamwise Vorticity contours at ψ = 30o for Micro-rotor 2.



(a) Computational (b) Experimental

Figure 19: Streamwise Vorticity contours at ψ = 60o for Micro-rotor 2.
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(d) ψ = 240o

Figure 20: Swirl Velocity profile comparison for Micro-rotor 2.
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Figure 21: Streamwise vorticity profile comparison for Micro-rotor 2.
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Figure 22: Tip vortex viscous core radius (a) and Peak tip vortex swirl velocity (b) with wake age, for Micro-rotor 2.
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Figure 23: Ratio of vortex circulation to bound circulation with wake age for Micro-rotor 2.



θo Γb Γv Γv/Γb
4 0.0177 0.0191 1.08
6 0.0212 0.0233 1.09
8 0.0277 0.0280 1.01

10 0.0330 0.0331 1.00
12 0.0374 0.0409 1.09
14 0.0427 0.0455 1.06

Table 1: Relationship between peak non-dimensionalized bound circulation and non-dimensionalized circulation in
the tip vortex for Micro-rotor 1.

CT CP FM
Computational 0.0169 0.00272 0.57
Expt. (baseline) 0.0159 0.00306 0.46
Expt. (SLT) 0.0172 0.00244 0.65

Table 2: Performance comparison for Micro-rotor 2.


