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Abstract

A compressible, structured, overset Reynolds Averaged Navier Stokes (RANS) solver is used to simulate a micro-
hovering rotor in ground effect (IGE) to demonstrate the capability of the code to provide accurate tip vortex flow-field
predictions, and provide a good understanding of the ground-wake interactions in conditions prevalent in helicopter
brownout. The performance validation at various ground distances shows good correlation with the experimental thrust
and power measurements. Further, detailed comparisions ofthe predicted tip vortex flow-field obtained by comparing
vorticity contours and radial velocity profiles with the experimental PIV measurements show very good agreement.
The examination of the IGE tip-vortex flow-field suggests a greater degree of unsteadiness with decreasing rotor
distance above ground. Analysis of the velocity vectors andthe eddy viscosity contours near the ground indicate that
the flow near the ground is mostly laminar. However, the induced velocities arising from the proximity of the rotor tip
vortices cause the boundary layer to become more turbulent.With decreasing rotor height above ground, the increased
interactions between the tip vortices and the ground boundary layer result in intermixing of eddy viscosity from the
tip vortex to the ground boundary layer. The presence of laminar separation is evident at smaller rotor heights above
ground. The use of negative twist on the blade results in further destabilization of the tip vortices due to increased
vortex-vortex interactions.

Nomenclature

A Area of the rotor blades (πR2), m2

c Blade chord, m
CT Thrust coefficient = Thrust/(ρπR2U2

tip)
CP Power coefficient = Power/(ρπR2U3

tip)
h Rotor height above ground, m
Mtip Tip Mach number
q non-dimensionalized second invariant of the

velocity gradient tensor,∂ui
∂x j

∂u j
∂xi

(normalized by tip speed and blade chord)
r Radial distance, m
R Radius of the rotor, m
Re Reynolds number
Utip Tip speed, m/s
z Distance above the ground, m
θo Collective pitch, degrees
ψ Wake age, degrees
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Introduction

One of the serious problems associated with heli-
copters operating in desert or dusty environment is the
‘brownout’ condition. When the helicopter operates at
close proximity to the ground, dust particles from the
ground get entrained into the air. Under certain opera-
tional conditions, particularly during take off and land-
ing, these entrained particles tend to recirculate around
the helicopter to form large dust clouds. An intense dust
cloud can severely obscure the pilot’s vision, which may
culminate in a loss of situational awareness. In the recent
past, military operations in brownout conditions have re-
sulted in several helicopter accidents, forcing helicopter
analysts to investigate the physics related to brownout,
and try to develop long-term mitigation strategies.

Most of the current workarounds to the brownout prob-
lem include either the use of additional sensors to im-
prove the visibility or to use operational tactics to avoid
getting into the brownout situation. Although, these so-
lutions help in limiting the number of mishaps caused by
the brownout, it is still desirable to find a more permanent
solution to this problem. Since the interaction of the ro-
tor wake with the ground and the dust particles form the
root cause of the brownout problem, it is believed that



a detailed understanding of the fluid physics along with
a good knowledge of the fluid-particle interaction under
these conditions can help researchers develop effective
means of preventing and/or mitigating the adverse effects
of rotorcraft brownout.

However, there are numerous challenges associated
with studying the brownout phenonmena. The most im-
portant challenge comes from the enormity of the prob-
lem, which needs to be tackled over a wide range of
flight conditions and sizes of dust particles over different
terrains. In addition, photographic evidence shows that
different helicopters with distinct design features such
as blade twist, rotor disk loading, tip shape, number of
blades, etc. produce different dust cloud shapes and
intensities while operating in brownout condition, thus
complicating the problem even further. However, this
also suggests that a suitable blade design might indeed
be able to prevent or mitigate the brownout problem. A
good physical understanding of such an extremely chal-
lenging and multi-phase problem can only be achieved
by a combined effort from the experimental and compu-
tational studies.

Although some significant progress has been made on
experimental studies of the brownout problem, research
is still at its early stages. The main experimental dif-
ficulty comes in simulating the various brownout con-
ditions, especially with a full-scale helicopter rotor. To
overcome the problem associated with scale, some recent
experiments were performed at the University of Mary-
land to study the effect of ground plane (Ref. 1) and the
phenomenon of particle entrainment (Ref. 2) on a hover-
ing MAV-scale rotor. It is believed that a good amount
of physical understanding of the actual brownout phe-
nomenon can be obtained from the studies at smaller
scales. Detailed PIV measurements of the flow-field were
peformed in Ref.1. The study showed competing phe-
nomenon of vortex stretching, diffusion and turbulence
generated at the ground. In addition, vortex pairing was
seen to induce stronger velocities near the ground. In
Ref.2, PIV measurements were used to study the lift-
off and the entrainment of sediment particles. The de-
velopment of the wall jet within the boundaries of the
rotor wake and the ground plane was observed to aid
the sediment particles to attain their threshold velocities
for lift off from the ground. Currently, similar exper-
iments are being performed on a sub-scale rotor at the
University of Maryland to gain further understanding of
the physics. Other experimental studies include the work
of Nathan and Green (Ref. 3), who performed PIV mea-
surements and experimental brownout simulations. Ex-
periments were conducted in a wind tunnel to simulate
low speed forward flight on a micro-scale rotor. These
results showed an increase in dust pickup with increasing
advance ratios.

In comparison to the experiments, computational stud-
ies can easily simulate a wide range of brownout condi-
tions. However, there are several challenges associated
with the computational studies such as:

• The tip vortex emanating from the blade needs to
be preserved for a significantly long time to capture
the interaction with the ground, and therefore, can
be computationally expensive, especially when the
ground distances are large.

• It is necessary to resolve the boundary layer and
the turbulence at the ground, which can be ex-
tremely challenging especially using non-CFD com-
putational methods.

• Modeling the fluid-particle interaction for these
complicated flow-field is extremely challenging.
Development of a particle model is still an active
field of research.

To simplify the computations, most recent studies sim-
plify the multi-phase brownout problem by ignoring the
effects of the airborne sediment particles on the flow-
field. This decoupled approach allows one to concentrate
on the problem of tracking the generation, evolution of
the rotor tip vortices and its interaction with the ground
boundary layer. Ignoring the effect of sediment particles
on the rotor IGE aerodynamic environment might not be
valid under all brownout conditions. However, this still
serves as a good first level approximation that can pro-
vide the much needed insight into the flow-field associ-
ated with a rotor operating IGE. The current paper fo-
cuses on the first part of the problem by trying to accu-
rately compute the rotor wake and its interaction with the
ground. The various physical phenomenon that needs to
be captured in the current work is shown in the schematic,
see Fig. 1. The schematic shows tip vortices shed from
the rotor blade, which expands near the ground to form

Figure 1: Schematic of the flow-field for a rotor operating
in ground effect.
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a jet flow. The flow developed near the ground can sep-
arate and form separation bubble under adverse pressure
gradients.

Currently, most approaches track the tip vortex in the
particle-fixed Lagrangian frame of reference (Refs. 4, 5).
Even though the free-vortex type methods can track the
vortex for a very long distance, these methods involve
certain degree of empiricism in determining the vortex
core radius and roll-up. In addition, they also need to rely
on approximate sublayer models to predict the ground
boundary layer. Therefore, these methods may only be
able to provide a qualitative prediction of the particle
entrainment. Methods using Vorticity Transport Model
(VTM) (Ref. 6) or vorticity confinement (Ref. 7) provide
better representation of the tip vortex. However, VTM is
an inviscid model and still requires approximate sublayer
models to capture ground boundary layer. On the other
hand, vorticity confinement methods uses empirical fac-
tors that may not be easily determined in a ground plane
simulations.

A RANS-based CFD approach can resolve velocities
near the ground without the use of any empirical factors
or sublayer models. Therefore, it does not suffer from
the problems associated with the other models. However,
these methods are considerably more expensive com-
pared to the other models. By taking advantage of the
advances in computing technologies, and through effec-
tive use of parallelization techniques, one can use these
high fidelity methods to simulate brownout problems.
The current work demonstrates the use of a compressible
Reynold-averaged Navier-Stokes (RANS) solver to accu-
rately simulate a rotor in ground-effect. The high res-
olution flow-field measurement of hovering micro-rotor
experiments performed by Lee et al. (Ref. 1) is used
for validation. An earlier work by Lakshminarayan and
Baeder (Ref. 8) showed the capability of this solver to
provide accurate performance and flow-field character-
istics of the rotor tested by Lee et al. in out-of-ground
condition. The current work extends this work to sim-
ulate the rotor in-ground effect. Following the perfor-
mance comparison with experimental data, the velocity
field for various rotor heights above ground are compared
with the experimental PIV results. Additional analysis is
performed to understand the details of flow physics very
close to the ground, where experimental measurement is
extremely challenging. In addition, a preliminary study is
performed to understand the effect of using twisted blade
at one particular rotor height above ground. Note that
the solutions obtained from the current simulations can
be provided to a sediment tracking code to simulate the
full brownout problem.

(a) Experimental setup

(b) Experimental flow visualization

Figure 2: Experimental setup and flow visualization (Ref.
1).

Experimental Setup for Validation

As mentioned before, experimental setup of Lee et
al. (Ref. 1) is used for validating the flow-field predicted
of a rotor operating in-ground effect. The setup consists
of a 2-bladed hovering rotor in which the rotor tip-path-
plane was set parallel to a ground plane, see Fig. 2(a).
The blades are rectangular and untwisted with an aspect
ratio of 4.39. The blades have a circular arc airfoil with
3.7% thickness and 3.3% camber. The rotor was operated
at a constant collective pitchθo = 12◦. The experimen-
tal results were obtained at a root Reynolds number of
6,480, a tip Reynolds number of 32,400 and a tip Mach
Number of 0.08. PIV measurements were performed at
different ground plane distances ranging from 0.25 to 2.5
times the rotor radius. Figure 2(b) shows a sample flow
visualization obtained from the experiment. It can be
seen that the experiment clearly captures various physi-
cal phenomenon mentioned in the schematic 1.
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Methodology

Flow Solver

The computations are performed using the overset struc-
tured RANS solver OVERTURNS (Ref. 9). 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. 11)
and Pandya et al. (Ref. 12). The diagonal form of im-
plicit approximate factorization method was originally
developed by Pulliam and Chaussee (Ref. 13). The low
Mach preconditioning is based on the one developed by
Turkel (Ref. 14). The preconditioning is used not only
to improve convergence but also to improve the accuracy
of the solution. 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. 15) turbulence model is employed
for the RANS closure. This one-equation model has the
advantages of ease of implementation, computational ef-
ficiency and numerical stability. The production term in
this eddy-viscosity model is modified (Ref. 16) to ac-
count for the reduction in turbulence levels at the vortex
core due to rotational effects.

Mesh System

A two mesh overset system consisting of a body conform-
ing C-O type blade mesh and a cylindrical background
mesh was used in the present study. Flow periodicity in

h/R Mesh points Total number of points
(in millions)

0.25 187×233×172 7.6
0.5 187×233×217 9.1
1.0 187×180×304 9.8
1.5 187×180×440 14.3

Table 1: Number of mesh points used in the background
mesh.

the azimuthal direction was utilized to simulate only one
half of the computational domain, thereby reducing the
computational cost. Information is exchanged from one
grid to the other using chimera interpolations. Implicit
hole-cutting technique, developed by Lee (Ref. 17) and
improved by Lakshminarayan (Ref. 9), is used to deter-
mine the connectivity information between various over-
set meshes. The dimensions of the blade mesh in the
streamwise, spanwise and normal directions are 267×

93×50 points, respectively. The background meshes for
all the rotor heights above ground have 187 points in the
azimuthal direction, such that a grid plane is placed every
1◦ of the azimuth. The number of grid points in the radial
and vertical directions of the background mesh were ad-
justed for different rotor heights above the ground. The
background meshes for all the different rotor heights are
refined to accurately resolve tip vortices all the way to the
ground. In addition, the mesh is further refined near the
ground to resolve the boundary layer. Table 1 tabulates
the size of the background mesh used for the various ro-
tor heights simulated above ground. Note that the rotor
height from the ground is represented by the variableh.
As the rotor height increases, the number of points in the

(a) Blade mesh (267×93×50) (b) Cylindrical mesh (187×180×304) with blade mesh boundary

Figure 3: Mesh system used for a rotor height ofh/R = 1.0.
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vertical direction increases. For two cases,h/R = 0.25
andh/R = 0.5, the mesh was refined to a larger radial ex-
tent to better capture the increased ground-wake interac-
tions observed at those heights. Figure 3 shows the blade
and background meshes used for the simulation of rotor
height of 1.0R above ground. Note that as the rotor height
increases, the number of points required to capture the es-
sential physics grows considerably. Such large problems
can only be tackled with effective parallelization.

Results

As mentioned previously, CFD calculations were per-
formed at four different rotor heights above ground:
h/R = 0.25, 0.5, 1R and 1.5R. In addition, the effect of
introducing a−10◦ linear twist ath/R = 1.0 was studied
to understand its impact on the resulting wake IGE aero-
dynamics. For this case, the collective pitch was set at
12◦ to allow comparision to the untwisted blade simula-
tions at comparable integrated rotor thrust.

Performance at Different Rotor Heights

To gain confidence in the predictive capability of the
CFD model, the predictions of the integrated thrust and
power data from the calculations were compared against
the measured experimental values. The spanwise distri-
butions of the rotor thrust and power were also examined
to better understand their behavior as a function of rotor
height above ground, as well as the change in blade twist.
The following sections describe the performance valida-
tion in greater detail.

Integrated Performance Comparison

In OGE, the thrust (CT ) and power coefficients (CP) pre-
dicted by the CFD model are 0.0143 and 0.00249, re-
spectively, while the experimental values are 0.0133 and
0.00227, respectively. The experimental thrust and power
are slightly smaller compared to the CFD values in OGE.
Table 2 shows the comparison of the predicted thrust and
power coefficients normalized by the OGE value along
with the experimental data obtained by Lee et al. (Ref. 1)
for various rotor heights above ground. From the ta-
ble, it is seen that current simulation methodology accu-
rately predicts the change in performance as rotor height
above ground varies. As the rotor height above ground
decreases, the thrust increases as expected, while the
power remains fairly constant (marginal increase with de-
creasing ground distance). An exception to this trend is
the predicted power for the rotor height of 0.25R above
ground, where the value has increased significantly. Oth-
erwise, the overall performance change due to ground ef-
fect is well predicted by the CFD model. For the case us-
ing twisted blade at the rotor height of 1R above ground,
the thrust produced is very similar to the values for the

h/R
CT /CTOGE CP/CPOGE

Computed Expt. Computed Expt.
0.25 1.40 1.44 1.18 1.07
0.5 1.23 1.26 1.07 1.05
1.0 1.15 1.17 1.06 1.05
1.5 1.06 1.08 1.06 1.04

Table 2: Thrust and power comparison with experiment
(Ref. 1) for different rotor heights.
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Figure 4: Spanwise thrust and power coefficients for different rotor heights.
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untwisted blade at the rotor height of 1R above ground,
while the power is lower by about 4%. The calculated
performance data shows good correlation with the mea-
sured values, and therefore, one can expect it to predict
the flow-field with reasonable accuracy.

Spanwise Performance

Spanwise distribution ofCT andCP are plotted in Fig. 4 to
understand the reason for the differences in the integrated
values. From the plot, it is evident that, as the rotor height
above ground decreases, the sectional thrust increases at
most of the span locations. However, an opposite trend
is observed near the tip region. As expected, the case
that uses twisted blades produces lower thrust outboard
and higher thrust inboard. Looking at the power distri-
bution, various rotor heights above ground do not show
much variation. However, using twisted blades results
in significantly lower power at the outboard sections and
marginally higher power at the inboard sections. Over-
all, the spanwise distribution looks consistent with what
is expected.

Flow-field Comparison

Following the performance validation, the current sec-
tion will focus on validating the predicted flow-field with
the available experimental data. PIV measurements were
performed to obtain velocity fields for different ground
distances. Velocities are provided at different wake-ages
(phase-averaged) and also as time-averaged values.

Phase Averaged Flow Field Comparison

Figure 5 shows the comparison of phase-averaged az-
imuthal vorticity contour at three different wake-ages (0◦,
60◦ and 120◦) for the rotor height of 1R above ground.
The plot also shows the velocity vectors. From the plot,
it can be seen that the predicted wake trajectory is very
similar to that of the experiments at all wake-ages. The
tip vortex is clearly resolved until it interacts with the
ground. Note that the tip vortex is significantly strong
even after four blade passages due to the intensification
caused by stretching of the vortex filament. Comparing
the magnitude of the vorticity, the experiment shows lot
more dissipation compared to the computational result.
The additional dissipation in the experimental data is be-
lieved to be caused because of larger tip vortex wandering
observed in the experiments as compared to the CFD cal-
culations, which causes additional vortex smearing when
the velocity field is averaged over multiple revolutions.

Next, the phase-averaged azimuthal vorticity contours
for the other rotor heights above ground (0.25R, 0.5R and
1.5R) are plotted in Fig. 6. Comparison with experimen-
tal data is shown at 0◦ wake-age. Overall, there is very

good agreement in the wake trajectory for all the cases,
except for the rotor height of 0.25R above ground. The
differences in the wake trajectories for the rotor height
of h/R = 0.25 can be due to the presence of large insta-
bilities in the tip vortex flow-field. More details of these
instabilities will be seen in later sections.

Time-Average Velocity Profile Comparison

A more quantitative validation can be obtained by com-
paring the velocity profiles for various rotor heights
above ground. Figures 7, 8 and 9 show the compari-
son between the experimental and the computed time-
averaged radial velocity profiles at four different radial
locations (0.8R, 1R, 1.25R and 1.5R) for the rotor heights
of 0.25R, 0.5R and 1R above ground, respectively. The
velocities are non-dimensionalized by the ideal hover in-
duced velocity for the corresponding thrust value. From
the plot, the computations can clearly be observed to cor-
rectly predict the overall physics of the flow-field. For all
the cases, the rotor induced flow is forced to expand ra-
dially outward creating a wall jet. The height of the wall
jet is seen to decrease (similar to the experimental data)
as one moves radially outward for all the rotor heights
above ground. As a consequence, there is an increase in
the peak radial velocities at larger radial distance. Com-
paring the predicted value of peak jet velocity with the
experiments, the computed value can be observed to be
higher for most of the cases. This is expected from the
fact that computations predicted much stronger vortices
at later wake-ages (shown earlier) and therefore, should
induce stronger velocities at the ground. We can also see
an improving correlation between the CFD and the ex-
perimental profiles as the rotor heights above ground in-
creases. This is in accordance with what was seen ear-
lier while looking at the phase-averaged azimuthal vor-
ticity contour plots, where the predicted trajectories for
the smaller rotor heights above ground showed more de-
viation from the experiments. Experimental data were
also obtained at further outboard radial locations, where
the jet becomes fully developed and the peak velocities
decrease because of diffusion. In the computations, the
results at these radial locations cannot be fully trusted as
the calculations did not have sufficient mesh resolution
to resolve the flow correctly. Therefore, the velocity pro-
files at these outboard positions are not plotted. It should
be mentioned here that the agreement in the radial veloc-
ity profiles for the rotor height of 1.5R above ground is
comparable to that of the 1R case.

Phase-Averaged Velocity Profile Comparison

A more detailed validation of the calculation is performed
by comparing the radial velocity profiles at different

6



(a) Computational result,ψ = 0◦ (b) Experimental result,ψ = 0◦

(c) Computational result,ψ = 60◦ (d) Experimental result,ψ = 60◦

(e) Computational result,ψ = 120◦ (f) Experimental result,ψ = 120◦

Figure 5: Comparison of CFD predicted phase-averaged vorticity contours with experimental data (Ref. 1) for a rotor
height ofh/R = 1.0.
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(a) Computational result,h/R = 1.5 (b) Experimental result,h/R = 1.5

(c) Computational result,h/R = 0.5 (d) Experimental result,h/R = 0.5

(e) Computational result,h/R = 0.25 (f) Experimental result,h/R = 0.25

Figure 6: Comparison of CFD predicted phase-averaged vorticity contours with experimental data (Ref. 1) for different
rotor heights,ψ = 0◦.
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Figure 7: Comparison of CFD predicted time-averaged velocity profile with experimental data (Ref. 1) at different
radial locations for a rotor height ofh/R = 0.25.

wake-ages (phase-averaged) for the ground distance of
1R. Figure 10 shows the comparison of radial velocity
profiles (non-dimensionalized by the ideal hover induced
velocity for the corresponding thrust value) at the radial
locations 0.8R, 1R, 1.25R and 1.5R. Plotted along with
this are the time-averaged radial velocity profiles, which
were discussed earlier. Note that the time-averaged ve-
locity is approximately equal to the average of all the
phase-averaged velocities. The fluctuations seen in the
phase-averaged radial velocity profiles are due to the lo-
cal velocity induced by the presence of tip vortex. These
fluctuations are indicative of the unsteadiness of the flow
at the ground plane. Accurate prediction of these fluctua-
tion is important to capture the dust entrainment correctly.
Note that these fluctuations do not show up in the time-

averaged values because all the transients get averaged
out. As expected, the agreement between CFD and exper-
imental phase-averaged result is reasonable. Again, due
to the stronger predicted vortex strength, the fluctuations
in the computed phase-averaged velocities are larger.

Average Inflow Velocities

Following the comparison of the radial velocities, the
next logical step is to look at the inflow velocities. Fig-
ure 11 shows the radial variation of the predicted induced
velocity averaged over time. The inflow is normalized by
the hover induced velocity corresponding to the thrust for
OGE case, so that the relative magnitudes of the inflow
can be observed. The variation is shown for different ro-
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Figure 8: Comparison of CFD predicted time-averaged velocity profile with experimental data (Ref. 1) at different
radial locations for a rotor height ofh/R = 0.5.

tor heights of 1R, 1R using twisted blade, 0.5R and 0.25R
above ground. For each case, the variation is plotted at
four different planes above ground. Three of the planes
correspond to one-fourth, one-half and three-fourths the
distance from the ground to the plane of rotor. The fourth
one is at the plane of the rotor given byz/R = h/R for
any particular rotor height above ground,h/R. In order
to minimize the influence of the rotor blade, the inflow at
the plane of the rotor was obtained by averaging values
for the plane 0.1 chords above and below the rotor plane.

All the important characteristics of the rotor wake are
captured in these plots. The wake boundaries can be
clearly seen in all the plots. For the rotor height of 1R
above ground, the wake is observed to contract initially,
which then expands as it gets closer to the ground. For the

rotor height of 1R above ground that uses twisted blades,
the wake contracts initially but then starts to expand at an
earlier wake age. The reason for the differences in the
wake contraction between the twisted and the untwisted
blade cases is possibly because of the higher inflow in-
board with the use of twisted blades, which makes the
wake turn faster. For theh/R = 0.5 case, the wake starts
expanding almost from the initial wake-ages in order to
adjust for the ground. The unsteadiness developing near
the ground is clearly evident. The unsteadiness gets more
prominent for theh/R = 0.25 case, where the wake ex-
pands even faster. As expected, the peak inflow in all the
plots increases or decreases based on whether the wake
contracts or expands.
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Figure 9: Comparison of CFD predicted time-averaged velocity profile with experimental data (Ref. 1) at different
radial locations for a rotor height ofh/R = 1.0.

Flow-field Visualizations

Iso-surfaces ofq-criterion (Ref. 18) can be used to bet-
ter view the tip vortex flow-field for various rotor heights
above ground cases. Figure 12 shows the iso-surfaces
of q-criterion,q = 0.25 colored with azimuthal vorticity
contour for the rotor heights off the ground, namelyh/R
= 1.0, 1.0 with −10◦ blade twist, 0.5 and 0.25. Though
the simulations are only performed for half the actual do-
main with the assumption of periodicity, the solution for
the entire domain is plotted for better viewing. From the
plots, it is evident that the instabilities in the vortices in-
crease as the rotor height above ground decreases. There
are several reasons that cause the development of these
instabilities. First, the thrust produced by the blade at

smaller rotor heights above ground is larger. Therefore,
not only is the strength of the tip vortex larger, which
leads to increased vortex-vortex interactions, but there is
also increased separation near the tip of the blade, which
seeds the instability. Second, the strength of tip vortex
is further intensified due to the rapid expansion of the
wake at smaller rotor heights above ground, which fur-
ther increases the vortex-vortex interactions. In addition,
an increased interaction of these strong vortices with the
ground acts as an additional destabilization factor. At the
rotor heights of 0.25R and 0.5R above ground, additional
flow structures are formed near the ground. It will be-
come evident later that these are formed due to flow sep-
aration at the ground. Due to the extremely complicated
flow-field found at smaller rotor heights above ground, it
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Figure 10: Comparison of CFD predicted phase-averaged velocity profiles with experimental data (Ref. 1) at various
radial locations for a rotor height ofh/R = 1.0. (con’td...)

becomes very challenging to accurately predict the veloc-
ity fields at these distances, especially for the rotor height
of 0.25R above the ground (seen earlier).

Comparing the vortex trajectories for the twisted and
untwisted blade at rotor height of 1R above ground, it
can be seen that the case with the blade twist has addi-
tional instabilities in the wake. The primary reason for
this is because the twisted blade configuration has a more
uniform inflow, which results in a decrease in downwash
towards the tip of the blade. As a result, the tip vortex
convects down at slower rate, thus resulting in increased
vortex-vortex interactions. Note that the strength of the
tip vortex emanating from the blade is not too differ-
ent for both the cases, as the thrust for both are almost
comparable. However, the tip vortex for the case with

blade twist gets intensified marginally faster because of
a slightly faster wake expansion rate during the initial
wake-ages. This acts as a secondary reason for increased
vortex-vortex interactions, thereby amplifying the insta-
bilities.

Velocities at the Ground

Due to relatively thin boundary layer region (less than 5%
of rotor radius), the experiments did not explore in much
detail the nature of boundary layer. When the boundary
layer is thin, PIV requires very fine spatial resolution near
the ground and must minimize laser reflections, both of
which pose extreme challenges. Therefore, there is no ex-
perimental validation for the velocities predicted by cur-
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Figure 10: Comparison of CFD predicted phase-averaged velocity profiles with experimental data (Ref. 1) at various
radial locations for a rotor height ofh/R = 1.0.

rent simulation methodology near the ground. However,
the current CFD solution can still be used to explore some
of the physics near the ground.

Figures 13, 14, 15, and 16 show the velocity vec-
tors along with the pressure contours (normalized by
freestream value) for the rotor heights of 1R, 1R with
−10◦ blade twist, 0.5R and 0.25R above ground respec-
tively. For the purpose of clarity, the vectors are plotted
only one in every six points in the normal direction and
one in every three points in the radial direction from the
mesh used for simulation. In all the cases, the tip vor-
tex can be easily identified by the low pressure region.
For the rotor height of 1R above ground, the flow-field
does not appear very complicated. There is a region of
high pressure on the ground corresponding to the stagna-

tion location. The jet flow at the ground is directed out-
wards at locations outboard of the stagnation point and
inwards inboard of it. The boundary layer developed near
the ground is mostly laminar, which becomes more tur-
bulent at regions directly below tip vortex as a result of
additional local induced velocity. There could be an in-
creased entrainment of particles from these regions of the
ground. For the rotor height of 1R with −10◦ blade twist
above ground, the instabilities developed in the wake can
be very clearly seen in Fig. 14, by identifying that the po-
sition of the tip vortex does not change smoothly from
one wake-age to the other. The instabilities seems to
have induced flow separation at aroundr/R = 1.25 at 60◦

wake-age.

Looking at the plots for smaller rotor heights of 0.25R
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Figure 11: Inflow velocity at different planes below the rotor for various rotor heights above ground.

and 0.5R above ground (Figs. 15 and 16, respectively),
it can be seen that there is an increased interaction of
the tip vortex with the ground as the rotor height above
ground decreases. For these cases, the tip vortex is ob-
served to come much closer to the ground compared to
the 1R case. As a result, the flow separates at the loca-
tion on the ground that is directly below the vortex. The
separated flow then reattaches at an outboard location on
the ground where the influence of the tip vortex is lower,
thus forming a separation bubble. The region of separa-
tion bubble is also marked by low pressure. The sepa-
ration bubble formed at one wake-age is observed to de-
tach from the ground at a later wake-age forming a small
opposite sign vortex. The opposite sign vortex interacts
with the tip vortex, thereby further developing instabili-
ties. The strength of this opposite sign vortex is larger

for smaller rotor heights above ground. Another interest-
ing feature to notice for the smaller rotor heights (0.5R
and 0.25R) above ground is the large high pressure re-
gion produced by the blade directly below the rotor at 0◦

wake-age. Such large pressure can accelerate the jet flow
near the ground.

Eddy Viscosity Contours

Eddy viscosity contours can be used to better view the
turbulence levels at the ground. Figures 17, 18 and 19
show the eddy viscosity contours (normalized by laminar
viscosity) for the rotor heights of 1.0R, 0.5R and 0.25R
above ground respectively, at two different representative
planes. The first plane is cut parallel to the ground at a
height of 0.03R above ground. The second plane is shown
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(a) h/R = 1.0 (b) h/R = 1.0,−10◦ twist

(c) h/R = 0.5 (d) h/R = 0.25

Figure 12: Iso-surfaces ofq-criterion,q = 0.25 for different rotor heights above ground.

at 60◦ wake-age. From the plots, it is seen that the overall
magnitude of eddy viscosity is very low for all the cases.
In fact, the values of eddy viscosity is less than the lami-
nar viscosity at most of the regions, suggesting that most
of the flow on the ground is nearly laminar. The experi-
mental flow visualization showed more turbulence in the
flow-field, see Fig. 2(b). One of the possible reasons for
the differences could be due to the additional turbulence
introduced by the mounting apparatus in the experiments,
which is not modeled in the computations.

Comparing the eddy viscosity contours for various ro-
tor heights above ground, it is seen that the magnitude of
eddy viscosity increases as the rotor height above ground
decreases. For all the rotor heights above ground, there is
a region of higher eddy viscosity formed directly below
the vortex, which corresponds to the turbulent boundary

layer region observed in the velocity vector plots. How-
ever, at lower rotor heights above ground, the higher eddy
viscosity region from the vortex (eddy viscosity gets fed
into the vortex from the inboard sheet) interacts with the
higher eddy viscosity region formed near the ground, re-
sulting in an intermixing of the turbulence levels.

Summary and Conclusions

A compressible Reynolds Averaged Navier Stokes
(RANS) solver was used to simulate a hovering micro-
rotor operating at very low tip Reynolds number in
ground effect, with the primary objective of demonstrat-
ing its capability to provide good flow-field predictions
for a hovering rotor operating close to the ground. The
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computations were validated with experimentally mea-
sured mean thrust and power. This was then followed
by a detailed validation of the tip vortex flow-field with
the experimental PIV data. In addition, the CFD data was
used to explore the details of ground-wake interactions at
various rotor heights. Further, studies were performed to
understand the effect of using twisted blade on the flow-
field at one particular rotor height above ground. The fol-
lowing are specific conclusions that can be drawn from
the present work :

1. The computations of rotor thrust and power coeffi-
cients showed good comparison with the available
experimental data. With decreasing rotor height
above ground, the thrust increased at a fairly con-
stant power. The spanwise distribution of thrust and
power followed the expected trend.

2. The phase averaged azimuthal vorticity contours for
different wake ages showed good comparison with
the experimental results in terms of wake trajectory.
However, the predicted strength of the vortex, es-
pecially at later wake-ages, was larger compared to
the experimental values. The discrepancy can be
attributed to the fact that no corrections to account
for the vortex wandering were applied during the
process of obtaining phase-averaged velocity fields
from PIV measurements over multiple rotor revolu-
tions. This results in additional smearing of the rotor
tip-vortices in the measurements.

3. The comparison of predicted time-averaged radial
velocity profiles with the experimental data at dif-
ferent radial locations for various ground distances
showed improving correlation as the rotor height
above ground increased. The comparison of veloc-
ities averaged at different wake-ages reflected the
fact that the predicted strength of tip vortex is larger
at later wake-ages. However, the comparison was
still very reasonable.

4. Flow visualization with the aid ofq-criterion
showed qualitative estimation of the amount of un-
steadiness in the flow field. Unsteadiness increased
with a decrease in the rotor height above ground.

5. Velocity vectors near the ground show that the
boundary layer is nearly laminar at most of the re-
gions. At locations on the ground directly below the
vortex, the local induced velocity of the tip vortex
transitions the boundary layer to a more turbulent
layer.

6. The interaction of the tip vortex with the ground
was observed to increase as the rotor height above
ground decreases. At lower grotor heights above

ground, the increased induced velocity from the tip
vortex causes the jet flow on the ground to separate
and form a separation bubble. The separation bub-
ble formed at one wake-age is seen to peel off at a
later wake-age forming an opposite sign vortex. The
opposite sign vortex was observed to further interact
with the tip vortex.

7. Looking at the eddy viscosity further confirmed that
most of the region near the ground is nearly laminar.
An increase in eddy viscosity was seen at locations
on the ground directly below the ground. At lower
rotor heights above ground, there were evidence of
eddy viscosity from the tip vortex intermixing with
the eddy viscosity generated at the ground.

8. A twisted blade was seen to generate a higher de-
gree of unsteadiness in the flow-field; this can be
attributed to increased vortex-vortex interactions.

As a concluding remark, the current paper demon-
strates the capability of using a wake capturing method
to understand the physics of a hovering micro-rotor op-
erating near ground. Future work will focus on a more
detailed validation of the velocity fields very close to the
ground, when the experimental data become available.
In addition, detailed PIV measurements are being per-
formed at the University of Maryland on a sub-scale rotor
(1 m radius) operating near ground. The current solver
will be further validated against these experimental re-
sults.
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(c) ψ = 120◦

Figure 13: Velocity vectors along with pressure (non-dimensionalized by freestream value) contours for a rotor height
of h/R = 1.0.
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(c) ψ = 120◦

Figure 14: Velocity vectors along with pressure (non-dimensionalized by freestream value) contours for a rotor height
of h/R = 1.0 with−10◦ blade twist.
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(c) ψ = 120◦

Figure 15: Velocity vectors along with pressure (non-dimensionalized by freestream value) contours for a rotor height
of h/R = 0.5.
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(c) ψ = 120◦

Figure 16: Velocity vectors along with pressure (non-dimensionalized by freestream value) contours for a rotor height
of h/R = 0.25.
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(a) Horizontal plane 0.03R above ground (b) Vertical plane at 60◦ wake-age

Figure 17: Contours of eddy viscosity normalized by laminarviscosity at two different planes for a rotor height of
h/R = 1.0.

(a) Horizontal plane 0.03R above ground (b) Vertical plane at 60◦ wake-age

Figure 18: Contours of eddy viscosity normalized by laminarviscosity at two different planes for a rotor height of
h/R = 0.5.

(a) Horizontal plane 0.03R above ground (b) Vertical plane at 60◦ wake-age

Figure 19: Contours of eddy viscosity normalized by laminarviscosity at two different planes for a rotor height of
h/R = 0.25.
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