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A compressible Reynolds Averaged Navier Stokes (RANS) is used to simulate a hov-
ering rotor with four di�erent tip shapes (rectangular, swept, BERP-like and slotted) to
understand the e�ect of rotor wake in-ground e�ect(IGE). The simulations are built upon
an original framework developed by the current authors. The tip vortices are better re-
solved by modifying grids in order to follow the path of the rotor wake and using overset
meshes to better preserve the vortices. Overall the fully turbulent RANS computations
predict a highly di�used vortex core compared to experiments for the rectangular, swept
and BERP-like tip. The eddy viscosity levels are quite high and it is believed that the
current formulation of turbulence modeling is leading to excessive di�usion of vorticity. To
circumvent this problem, simulations are performed with the laminar 
ow assumption on
the wake capturing meshes. The tip vortices are captured well by using this assumption
and the tip vortex characteristics agree well with the experiments. Between the di�erent
tip shapes, the rectangular and swept tip show similar vortex strengths. The BERP-like
tip has a slightly di�used vortex core than the former two tip shapes. The slotted tip shows
a highly di�used vortex core compared to the other three tips.

Nomenclature

A Area of the rotor blades (�R2)
AR Aspect Ratio, AR = R=c
c Rotor blade chord
CP Rotor power coe�cient in-ground e�ect = Power/(��R2V 3

tip)
CT Rotor thrust coe�cient in-ground e�ect = Thrust/(��R2V 2

tip)
Mtip Tip Mach number
r Radial distance
rc Vortex core radius
R Radius of the rotor
Re Reynolds number
Vtip Tip speed
V� Swirl velocity
z Rotor height above ground
� Circulation
 Wake age (degrees)
�o Collective pitch (degrees)
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I. Introduction

The brownout phenomenon consists of the creation of a dense dust cloud that engulfs the rotorcraft during
in-ground e�ect operation. Apart from the obvious problem of rendering the pilot visually disoriented, these
clouds can also be responsible for blade erosion and mechanical wear. Current day workarounds to the
brownout problem include the use of sensors and avionic displays for improving the situational awareness or
the employment of piloting strategies to avoid the brownout cloud. Although these solutions can contribute
in limiting the number of brownout related mishaps, these strategies only provide a temporary solution and
a more permanent solution is desired for this problem. Since the interaction of the rotor wake with the
dust particles on the ground is the driving force of the brownout phenomenon, it is believed that a good
understanding of the underlying 
ow physics can provide insight to develop e�ective means of preventing
and/or mitigating the adverse e�ects of rotorcraft brownout.

Over the last few years, signi�cant strides have been made in the experimental analysis of the brownout
problem in controlled environments. Detailed particle image velocimetry (PIV) measurements of the 
ow�eld
performed by Lee et al.1 at micro scale and Milluzzo et al.2 at subscale showed a whole host of aerodynamic
phenomena such as di�usion, vortex stretching and turbulence generation occurring close to the ground.
PIV measurements enabled the experimentalists to measure the velocity pro�les close to the ground for a
quantitative estimate of the 
ow�eld. Recent experiments have been performed by Hance et al.3 to include
the e�ect of fuselage on the wake of a two-bladed subscale rotor. Additional experiments conducted by
Johnson et al.4 and Sydney et al.5 showed the phenomenon of entrainment and uplift of sediment particles
in the presence of the rotor wake of a hovering micro scale rotor. Other experimental studies include the
PIV measurements and brownout simulations performed by Nathan and Green.6 These experiments were
conducted in a wind tunnel to simulate low speed forward 
ight on a micro scale rotor.

These aforementioned experiments provide a detailed understanding of the 
uid dynamics for micro and
subscale rotor in-ground e�ect. However, the wide range of parameters a�ecting the brownout problem are
still di�cult to model in experiments. The main experimental di�culty comes in simulating the brownout
conditions in full-scale rotors. Computational studies can be used to overcome these challenges by simulating
a wide range of brownout conditions with relative ease. However, computational studies have their own share
of challenges such as:

� The tip vortex emanating from the blade needs to be preserved for a signi�cantly long time to capture
their 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 extremely
challenging especially using non-CFD computational methods.

� Modeling the 
uid-particle interaction for these complicated 
ow-�eld is extremely challenging. Devel-
opment of a particle model is still an active �eld of research.

These challenges are further aggravated in terms of computational expense when the scale of the problem
is increased. To simplify the computations, most recent studies simplify the multi-phase brownout problem by
ignoring the e�ects of the airborne sediment particles on the 
ow�eld and simulate only the e�ect of 
ow�eld
on the particles. This is a reasonable approximation for the brownout problem, except possibly very close to
the ground where the particle density cloud may be large enough to a�ect the momentum of the 
uid. This
decoupled approach allows one to concentrate on the problem of tracking the evolution of the rotor tip vortices
and its interaction with the ground boundary layer. Over the last few years, researchers modeling brownout
have employed aerodynamic models of various levels of sophistication. Most approaches track the tip vortex
in the particle-�xed Lagrangian frame of reference.7{9 Even though these free-vortex type methods can track
the vortex for a long distance, these methods involve a certain degree of empiricism in determining the vortex
core radius and roll-up. Additionally, these methods rely on approximate sublayer models to predict the
ground boundary layer and thus may be best suited to provide qualitative prediction of the ground boundary
layer. Methods using the vorticity transport model (VTM)10{12 or vorticity con�nement13,14 provide a
capability for a more fundamental representation of the formation and evolution of the tip vortex. However,
VTM applications to brownout have been run as an inviscid model and thus still require an approximation
to the sublayer to capture the ground boundary layer. On the other hand, vorticity con�nement applications
to brownout have used very coarse meshes near the ground that may not be su�cient to capture the details
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of the wall jet and interaction with the vortical wake. Furthermore, in these studies the blades were treated
using lifting-line aerodynamics with their accompanying assumptions. In another work, Thomas et al.15

presented a hybrid methodology combining the capabilities of a high-�delity RANS solver with a free-wake
method to simulate the single-phase and two-phase 
ow�eld environment beneath a hovering rotor. This
method requires lesser computational expense compared to a full RANS single-phase simulation but still
relies on empirical correlations in the free-wake domain of the 
ow�eld. Thus, all the above mentioned
approaches in their current forms still retain a fair amount of empiricism.

A RANS-based CFD solver with su�cient mesh resolution can resolve the detailed velocity pro�les near
the ground without using empirical vortex core factors or a sublayer model. The primary disadvantage of this
methodology is the computational expense required to capture the evolution of the wake structure. However,
with parallelization and the use of intelligent clustering of mesh points in regions of interest, one can use
these high �delity methods to simulate the brownout problem. Earlier work by current authors 16 and 17

showed the capability of this methodology to provide accurate performance and 
ow�eld characteristics of
the micro scale rotor tested by Lee et al.1 The current work extends this methodology to simulate the one-
bladed subscale rotor experiments of Milluzzo et al.2 The simulations investigate the e�ect of four di�erent
blade tip shapes on the tip vortex formation, evolution and its interaction with the ground.

II. Experimental Setup for Validation

The experimental setup of Milluzzo et al.2 shown in �g. 1 is used to validate the 
ow�eld of a hovering
one-bladed rotor operating in-ground e�ect. The rotor consisted of an untwisted rectangular blade with
NACA 2415 airfoil. The rotor blades had an aspect ratio of 9:132 and were set to a collective pitch of 4:5�.
The rotor operated at a tip Mach number of 0:24 and a chord Reynolds number of 250; 000. The experiments
were performed on four di�erent blades obtained by varying the blade tip shapes. The rotor blades operated
at a rotor height of 1R above ground.

Figure 1. Experimental setup of Mullizzo et.al.

III. Methodology

III.A. Flow Solver

In the present work, a RANS based solver OVERTURNS18 is used to perform the computations in a time-
accurate manner in an inertial frame of reference. The code solves the compressible RANS equations using a
preconditioned dual-time scheme. The second order backwards di�erening scheme is used for time marching
and the linear system is solved using Lower Upper Symmetric Gauss Seidel (LUSGS) framework. Low Mach
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preconditioning22 is used to improve the convergence and accuracy of the 
ow solver. A third-order MUSCL
scheme23 utilizing Koren’s limiter24 is used for spatial reconstruction on the blade and the main background
mesh and a �fth-order mapped WENO scheme25 scheme is used vortex tracking grids and funnel shaped
mesh. More details about the meshes are provided in the following section. The Roe 
ux di�erence scheme26

is used for calculating inviscid 
uxes and a second-order central scheme is used to discretize the viscous terms.
The Spalart-Allmaras27 turbulence model is employed for the RANS closure. This one-equation model has
the advantages of ease of implementation, computational e�ciency and numerical stability. The production
term in this eddy-viscosity model is modi�ed to account for the reduction in turbulence levels at the vortex
core due to rotational e�ects.28 The implicit hole-cutting technique, developed by Lee29 and improved by
Lakshminarayan,18 is used to determine the connectivity information between the various overset meshes.

III.B. Mesh System

III.B.1. Blade meshes for four di�erent tip shapes

The blade mesh comprises of a body conforming C-O type mesh. Figure 2(a) shows the experimental blade
meshes employing four di�erent blade tips. Similarly for validation purposes, the computational blade meshes
are generated as seen in Fig. 2(b). First type of blade consists of the rectangular tip. Second is the swept
tip consisting of a 20o leading edgesweep angle. Third is a BERP-like tip2 which is generated by placing
varying airfoil sections along the span of the blade beyond 84:2% of the span. The computational BERP-like
tip uses uses a �nite chord in the last cross section of the blade unlike the experiments. A �nite chord
length is maintained at the tip for obtaining non negative jacobian values while th C sections collapse in the
computational cells. The fourth type of tip shape used in the experiments is the slotted tip. Slotted tip is
constructed to eject momentum in the 
ow�eld with the purpose of di�using vorticity. The experimental
slotted tip blade comprised of four internal slots of circular cross section. The slots connected the leading
edge of the blade to its side edge shown in Fig. 3(a). The computational slotted tip uses slots with a square
cross section to avoid the cell volumes from going to zero. Figure 3(b) shows the slotted tip blade used in
computations. The cross-sectional areas of the slots are matched with the values used in experiments. The
center of each slot’s trajectory starting from the leading edge to the side edge is used to place 2-D square
cross-sections to form the slot meshes. The slot meshes extend out both from the leading edge and side edge
into the blade mesh to ensure that a su�ciently large fringe layer exists for the exchange of information
between the blade mesh and slot mesh.

(a) Experimental blades (b) Computational blades

Figure 2. Four di�erent blade tips for comparison
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(a) Experimental slot mesh (b) Computational slot mesh

Figure 3. Experimental and computational slot tips

III.B.2. Overset meshes for wake capturing

The curents authors in an earlier work captured the �nest details of rotor wake in-ground e�ect for the micro
rotor using 28 million points. For capturing a similar resolution of tip vortices in the 
ow�eld of a subscale
rotor system , one would require 128 million points. This would lead to a prohibitive calculation with the
available computational resources. Consequently, a new mesh methodology for the current subscale rotor
mesh system. First, the wake capturing is done by using a single cylindrical background mesh (�g. 4(a) and
the simulation is performed for �fteen revolutions. The background mesh has a constant spacing in radial
direction(between 0:8R to 2:0R). The 
ow�eld is reasonably well developed after �fteen revolutions. It is
then used to obtain the instantaneous tip vortex trajectory by searching for maximum vorticity magnitude
corresponding to the vortex center at di�erent wake ages. Once the tip vortex trajectory is obtained, the
background mesh is modi�ed to follow the path of the rotor wake to reduce the number of mesh points in
the radial direction. The resulting modi�ed background mesh is shown in �g. 4(b) and is referred as main
background mesh.

(a) Initial mesh system for the �rst �fteen revolutions (b) Modi�ed background mesh after �rst �fteen rev-
olutions

Figure 4. Main background mesh modi�cation

In addition to the strategic re�nement of main background mesh, to better the preserve the tip vortices
along a wake age, a vortex tracking grid (VTG)17 seen in �g. 5(a) is used. VTG is a three dimensional
helical mesh, which is generated by azimuthally extruding a 2-D Cartesian plane along the instantaneous tip
vortex trajectory. These 2-D planes are placed at every 1:0o of the azimuth, which is two-third the azimuthal
distance as the background mesh. The 2-D planar section of VTG is a Cartesian mesh with equi-spaced
mesh points near the middle, which stretches at the edges to reduce the cell size disparity between the VTG
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and the main background mesh. The extent of the 2-D plane is calculated by accounting for the expected
wandering of the tip vortex. At the edge of the VTG the cell spacing is equal to that in the new background
mesh, while at the center the cell spacing is approximately one-fourth. Since the VTG is obtained by using
an instantaneous tip vortex trajectory, the resulting grid contains irregularities along the azimuth direction.
These irregularities are damped out by using a Laplacian based smoothing.

The resolution of vortices close to the ground is further improved by using a funnel mesh �g. 5(b). The
cross-sectional limits of the funnel mesh are based on the instantaneous tip vortex trajectory. It can be
observed that the mesh is following a radially outward path as the vortices move radially outward close to
the ground. The cell spacing in the azimuth direction is two-thirds of the main background mesh. The radial
and vertical directions are re�ned twice as much as the main background mesh.

(a) Vortex tracking grid (VTG) (b) Funnel mesh

Figure 5. Additional overset meshes

Figure 6. Complete mesh system

The combination of blade mesh, main background mesh, vortex tracking grids and funnel mesh shown in
�g. 6 form the complete mesh system for wake capturing. Table 1 shows the number of points in each type
of mesh for the one-bladed cases.
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Table 1. Number of mesh points in di�erent meshes for one-bladed runs.

Mesh Dimensions Mesh points

(in millions)

Blade Mesh 267 � 185 � 51 2:52

Main Background Mesh 247 � 241 � 326 19:11

Vortex Tracking Grid 145 � 145 � 1342 28:21

Funnel Mesh 367 � 100 � 366 11:96

Total 61:82

Table 2. Thrust and power comparison with experiment2 for di�erent rotor heights.

Blade tip shape CT (Computed) CT (Experimental) CP (Computed)

Rectangular 0:0019 0:0018 0:000122

Swept 0:0020 0:0020 0:000130

BERP-like 0:0019 0:0023 0:000127

Slotted 0:0020 0:0014 0:000149

IV. Results

The current section discusses the results from the qualitative and quantitative comparison of CFD calcu-
lations with available experiments for the one bladed rotor operating at a rotor height of 1R above ground
with di�erent tip shapes.

IV.A. Performance Validation

To gain con�dence in the predictive capability of CFD methodology, the predictions of the integrated thrust
and power are compared with available experiments. Table 2 shows the comparison of predicted thrust
and power coe�cients along with the experimental thrust coe�cient. Note that the experimental and
computational thrust values are in good agreement for the rectangular and swept tip. The BERP-like tip
shows a 17% higher thrust value in computations as compared with experiments. A possible reason for this
discrepancy can be attributed to the di�erence in the �nite radius at the blade tip in the computational
mesh. Furthermore, the slotted tip in computations predicts much higher thrust value than experiments.

Additionally, the CFD predicted coe�cient of power is also shown in the table whereas the experiments
did not measure the power values. The rectangular, swept and BERP-like tip show similar power values
whereas the slotted tip shows higher power values.

IV.B. Tip Vortex Formation

Following the performance validation, the computations provide a more detailed qualitative insight into the
tip vortex formation for di�erent blade tips. Figure 7 shows the vorticity magnitude contours at various
chordwise locations for di�erent blade tips. The blade mesh is clustered at the tip to accurately capture the
tip vortex. Notice that in �g. 7(a) and (b), the tip vortices emanating from the rectangular and swept tip
have similar vortex strength. In contrast, the BERP-like tip shown in �g. 7(c) has a reduced vortex strength.
Furthermore, the slotted tip seen in �g. 7(d) has a highly di�used vortex structure due to the presence of
slots at the tips of the blade. The di�usion of vortex in the slotted tip might aid in preventing the brownout
cloud.

IV.C. Instantaneous Radial Velocity

A quantitative comparison of the experiments and computations close to the ground is made by plotting the
instantaneous radial velocity pro�les in Figure 8. The results are compared for four di�erent radial locations
(r=R = 1:25, r=R = 1:40, r=R = 1:53 and r=R = 1:60) at a wake age of 00.

It can be seen that the magnitude of the experimental and computational radial velocity pro�les are in
good agreement at all radial locations. The experiments show 
uctuations in the radial velocity pro�les for
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(a) Rectangular (b) Swept

(c) BERP-like (d) Slotted

Figure 7. Tip vortex formation for di�erent blade tips

the three tip shapes - rectangular, swept and BERP-like tip shape (�gs. 8(a-c-e)) at all radial locations. The

uctuations correspond to the presence of tip vortex in the 
ow�eld. The slotted tip in experiments shows
considerably lower 
uctation as observed in �gs. 8(g) because of the di�usion of tip vortex at older wake
ages. On the other hand, no such 
uctuations are noticed in the computations in �gs. 8(b-d-f-h), where all
the di�erent tip shapes show a similar behavior close to the ground. This implies that the tip vortices get
di�used in the computations by the time they reach close to the ground.

IV.D. Instantaneous Swirl Velocity Comparison

A detailed quantitative validation of the CFD results with experimental data is done by comparing the swirl
velocity pro�les for di�erent blade tips at di�erent wake ages as shown in �gs. 9(a-h). The velocities are
non-dimensionalized by the freestream tip Mach number and are measured at a wake age of 00. Overall the
wake positions at di�erent wake ages predicted by CFD are in good agreement with the experiments for all
the blade tips. It can be observed that the vortices move inwards as they age and reach 0:9R at  = 2700.
This also marks the slipstream boundary of the rotor wake path. An exception to this trend is the additional
contraction in the BERP-like tip in �gs. 9(f) and (g) where the slip stream boundary seems to contract more
(about 0:85R) in computations. Additionally, it is important to note that the computations underpredict
the peak to peak swirl velocity for the rectangular, swept and BERP-like tip at all wake ages. However, the
slotted tip has a reasonable agreement between the peak to peak swirl velocity for all the wake ages.

IV.E. Tip Vortex Characteristics comparison

A detailed comparison of the velocity �elds surrounding the tip vortices can be made by calculating the
circulation, peak swirl velocity and core radius at di�erent wake ages and compared with the experimental
data. Figure. 10(a-b) shows a variation of circulation values at di�erent wake ages for both experiments
and computations respectively. Circulation is non-dimensionalized by the tip speed and rotor radius. The
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