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Abstract

The helicopter is a very versatile flying machine that is often required to operate in confined areas or
close to vertical obstacles such as buildings, ships and mountain walls. Therefore, the aerodynamic in-
teraction between a helicopter and the surrounding obstacles has recently become a promising research
topic in the rotorcraft field. In the present paper, the behaviour of a helicopter operating in the prox-
imity of a ground obstacle is investigated using numerical simulations. Calculations were performed on
the geometry used at Politecnico di Milano to carry out a systematic experimental study of the he-
licopter/obstacles aerodynamic interference. High-accuracy steady calculations were carried out using
a compressible Navier-Stokes solver developed in-house. In this framework, an actuator disk model is
used to reproduce the rotor effects. Blade loads prescribed on the actuator disk were computed using
a low-accuracy aerodynamic solver based on the strip theory. The solvers were coupled through a weak
coupling algorithm that allowed to find more realistic load maps in the rotor disk modifying the initial
inflow prescribed by the strip theory using induced velocities provided by the Navier-Stokes solver. Nu-
merical results were validated using experimental data and enabled to achieve a detailed insight about
the aerodynamic interaction occurring when a helicopter is operating near a ground obstacle.
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NOMENCLATURE

Cp = Pressure coefficient
CQ = Rotor torque coefficient, Q/(ρπΩ2R5)
CT = Rotor thrust coefficient, T/(ρπΩ2R4)
p = Local pressure
p∞ = Reference pressure
Q = Rotor torque
Ω = Angular speed
R = Rotor radius
ρ = Air density
T = Rotor thrust
vind = Induced velocity

1 INTRODUCTION

The helicopter is a very versatile flying machine
which is often required to operate within confined
areas, due to its capability of managing hovering
flight. The aerodynamic interaction between the
rotor-induced wake and the surrounding obstacles,
such as buildings and mountain walls, typically
generates a degradation of the helicopter perfor-
mance and high compensatory workload for the
pilot.

Several degrees of approximation can be em-
ployed for the fully-coupled aerodynamic simula-
tion of the helicopter-obstacle interaction. The
most natural and possibly high-fidelity method is
to actually solve the flow around each rotating
blade. This method allows to capture the time-
dependent features of the rotor wake and the aero-
dynamic interference between the rotor and the ob-
stacle, but it is extremely onerous from a time and
computer-memory point of view, thus often mak-
ing these kind of simulations unaffordable.

A further step of approximation can be achieved
by modelling the effect of the rotor on the flow
rather than solving the flow around the blades,
using the Actuator Disk (AD) method in order
to make the numerical simulation less computa-
tionally onerous. This method consists in adding
source terms, which are dependent on the local
blade loading, in the flow momentum and en-
ergy equations in order to enforce a pressure jump
across the rotor disc. The standard AD model
prescribes a revolution-averaged disk loading, at
the cost of losing the time-dependent description
of the blade passing. Once again a further degree
of approximation can be introduced, by choosing
a closed-loop or open-loop description of the AD.
In the open-loop approach the pressure jump on
the rotor is imposed a priori based on the local
disk loading as in [1, 2, 3], whereas the closed-

loop approach updates the rotor inflow according
to the computed flow-field, at the cost of a few
steady-state iterations, as implemented in [4] by
Rajagopalan et al. The inherent time-dependency
of the wake structures can be recovered using an
Unsteady Actuator Disk (UAD) or Actuator Blade
Model [5, 6], where the momentum source on the
disk follow each blade rather than being averaged
over a complete revolution.
This paper presents the numerical assessment

of the helicopter-obstacle aerodynamic interac-
tion in hovering flight, in absence of external
wind. Numerical calculations were carried out
with the Computational Fluid Dynamic (CFD)
code ROSITA (ROtorcraft Software ITAly) de-
veloped at Politecnico of Milano [7] and based
on the solution of the compressible Reynolds Av-
eraged Navier-Stokes (RANS) equations coupled
with the one-equation turbulence model of Spalart-
Allmaras. A steady AD model already embedded
in ROSITA and reproducing the effects of the ro-
tor blades using a disk having the same diameter
of the rotor itself [8] was employed for the calcu-
lations. Blade loads prescribed on the AD were
computed using the code HERA (HElicopter Ro-
tor Analysis) recently developed at Politecnico di
Milano and based on the simple strip theory and
two-dimensional airfoil section aerodynamic char-
acteristics. The HERA solver was coupled with
the CFD code ROSITA using a closed-loop cou-
pling strategy. The CFD simulations were vali-
dated through comparison with an experimental
database [9] produced at Politecnico Milano in the
framework of the The GARTEUR Action Group
22 “Forces on Obstacles in Rotor Wake” [10] com-
prising several universities (Politecnico di Milano,
University of Glasgow, National Technical Uni-
versity of Athens) and research institutes (CIRA,
DLR, ONERA, NLR). This database comprised
load measurements on the rotor, pressure mea-
surement on the obstacle and time-averaged Parti-
cle Image Velocimetry (PIV) measurements of the
flow-field.

2 EXPERIMENTAL SETUP

In the present work, the case of a hovering heli-
copter flying in the proximity of a ground obstacle
is investigated using CFD simulations. Numeri-
cal calculations were performed on the geometry
described by Gibertini et al. [9] and the experi-
mental database gathered at Politecnico di Milano
was used to assess the effectiveness of numerical
simulations. The database comprises a series of



Figure 1: Schematic of the Test Rig and experimental setup.

tests reproducing hovering flight conditions for dif-
ferent helicopter positions with respect to a sim-
plified volume with a parallelepiped shape. The
test rig sketched in Figure 1 essentially consisted
of a helicopter model, inspired by the MD-500, and
an obstacle which represented an ideal building.
For each test condition analysed during the exper-
iments force measurements on the helicopter rotor
and pressure measurements on the obstacle sur-
faces have been acquired. Furthermore, the PIV
technique was employed to survey the flow field be-
tween the helicopter and the obstacle in the most
relevant conditions. The adopted reference system
is represented in Figure 1 too. The origin of the
reference system was located on the floor, at the
mid-span of the front face.

The helicopter model was held by a horizontal
strut fixed to a system of two motorised orthogo-
nal sliding guides in order to allow the helicopter
displacement with respect to the obstacle. The ro-
tor had four untwisted and untapered rectangu-
lar blades with a chord of c = 0.032 m and ra-
dius of R = 0.375 m. The adopted airfoil was a
NACA 0012. No swash plate was present, so the
collective blade pitch angle was fixed to 10◦. A
rotational speed Ω of 2480 RPM was maintained
during all the tests. The resulting Mach num-
ber and Reynolds number at the blade tip were
MTip = 0.286 and ReTip = 2.12 × 106, respec-
tively. The forces and moments acting on the ro-
tor were measured by means of a six-component
balance nested inside the fuselage. A Hall effect
sensor produced one-per-revolution signal in order

to monitor the rotational frequency.

The obstacle model was a aluminium al-
loy parallelepiped, whose dimensions were
0.45 m ×0.8 m ×1.0 m. The building model was
equipped with 150 pressure taps, of which 31 lay
on the top plate, 21 lay on the side plate and 48
lay on the front plate. The remaining taps were
located on the other three faces, which were not
considered. The pressures were acquired by means
of four low-range 32-port scanners embedded
inside the building model.

The PIV system comprised a Litron NANO-L-
200-15 Nd:Yag double-pulse laser with an output
energy of 200 mJ and wavelength of 532 nm, and an
Imperx ICL-B1921M CCD camera with a 12-bit,
1952 × 1112 pixel array. The laser was positioned
on the floor so that the laser sheet was aligned with
the symmetry plane of both the obstacle and the
helicopter models. As shown in Figure 1, the PIV
measurement window was 300 mm ×400 mm and
it was placed in the symmetry plane of the prob-
lem (Y/R = 0). In order to achieve better reso-
lution of the image pairs, the measurement area
comprised two adjacent windows, one on top of
the other, with a small overlapping band between
them. A PIVpart30 particle generator by PIVTEC
with Laskin atomizer nozzles was used for the seed-
ing. The image-pairs analysis were carried out by
means of the PIVviev 2C software.



(a) Frontal view (b) Lateral view

Figure 2: Scheme of the helicopter/obstacle set up and reference system.

(a) Grid for ground effect evaluation (b) Grid for helicopter/building interference evaluation

Figure 3: Sketch of computational grids for a) ground effect evaluation without the building model, and
for b) helicopter/building model aerodynamic interference evaluation.

3 NUMERICAL SETUP

Numerical calculations were carried out using the
high-accuracy CFD code ROSITA coupled with
the low-accuracy HERA solver based on the strip
theory. In this framework, a steady-state approach
was employed and an AD model was used to repre-
sent the rotor effects instead of simulating the flow

around rotating blades. The use of the steady-
state assumption together with the AD model give
a strong reduction of both grid complexity and
computational times required with respect to the
unsteady approach. Blade loads prescribed on the
AD were computed using the aerodynamic solver
HERA that allowed to easily predict the rotor per-
formance.



3.1 Flow solver ROSITA

The CFD code ROSITA numerically integrates
the compressible Reynolds Averaged Navier-Stokes
(RANS) equations, coupled with the one-equation
turbulence model by [11]. Multiple moving multi-
block grids can be employed to build an overset
grid system using the Chimera technique. To al-
low the solution of the flow field in overset grid sys-
tems, the Navier-Stokes equations are formulated
in terms of the absolute velocity, expressed in a
relative frame of reference linked to each compo-
nent grid. The equations are discretised in space
by means of a cell-centered finite-volume imple-
mentation of the Roe’s scheme [12]. Second or-
der accuracy is obtained through the use of Mono-
tonic Upstream-Centered Scheme for Conservation
Laws (MUSCL) extrapolation supplemented with
a modified version of the Van Albada limiter, as
suggested by Venkatakrishnan [13]. The Gauss
theorem and a cell-centered discretization scheme
are used to compute the viscous terms of the equa-
tions. Time advancement is carried out with a
dual-time formulation [14], employing a 2nd order
backward differentiation formula to approximate
the time derivative and a fully unfactored implicit
scheme in pseudo-time. The equation for the state
vector in pseudo-time is non-linear and is solved by
sub-iterations accounting for a stability condition,
as shown by Hirsch [15] for viscous flow calcula-
tions. The generalized conjugate gradient (GCG)
is employed to solve the resulting linear system.
A block incomplete lower-upper preconditioner is
used in this context.

The connectivity between the different grids that
represent the whole flow field is computed using
the Chimera technique. The approach adopted in
ROSITA is derived from the one originally pro-
posed by Chesshire and Henshaw [16], with some
modifications to further improve robustness and
performance of the algorithm. During the tagging
procedure, the domain boundaries with solid wall
conditions are firstly identified and all points in
overlapping grids that fall close to these bound-
aries are marked as holes (seed points). Then, an
iterative algorithm identifies the donor and fringe
points and lets the hole points grow from the seeds
until they entirely fill the regions outside the com-
putational domain. Oct-tree and alternating dig-
ital tree (ADT) data structures are employed in
order to speed up the search of donor points.

When two or more overlapping surface grids
are present in the nested grid system, the so-
called ”zipper-grid” technique proposed by Chan
and Buning [17] is used. This technique consists in

eliminating the overlapped surface cells using tri-
angles to fill the gap. The integration of the aero-
dynamic loads is performed on the resulting hybrid
mesh.
The ROSITA solver is fully capable of running

in parallel on large computing clusters. The paral-
lel algorithm is based on the message passing pro-
gramming paradigm and the parallelization strat-
egy consists in distributing the grid blocks among
the available processors. Each grid block can be
automatically subdivided into smaller blocks by
the solver to obtain an optimal load balancing.

3.2 Rotor solver HERA

The helicopter rotor performance solver HERA al-
lows to evaluate the performance of a given rotor
flying in a certain condition. The code is based
on the classical blade element theory [18] that is
usually employed for the analysis of helicopter ro-
tors. As well known, the blade element approach
offers a simple, but sufficient accurate, method to
estimate the airloads on rotor blades [19]. In par-
ticular, it allows to find the time-averaged ariloads
at various points of the rotor disk once the time-
averaged induced velocity maps were known on the
rotor disk.
The equations implemented in the HERA code

are formally generalized to large angles. The airfoil
data necessary to the solver are previously stored
in tables for a wide range of angles of attack,
Reynolds and Mach numbers (two-dimensional
CFD results).

3.3 Coupling strategies

The CFD code ROSITA and the HERA solver were
coupled through a weak coupling algorithm. An
AD model embedded in ROSITA was used to re-
produce the effects of the rotor blades in the flow-
filed. Blade axial, tangential and radial aerody-
namic force components were prescribed on the
AD, a disk having the same diameter of the ro-
tor itself, and were computed using the HERA
solver that required the induced axial, tangential
and radial velocity maps as an input. The rotor
inflow is updated at each iteration depending on
the computed CFD flow-field. This procedure was
repeated until the rotor thrust variation resulted
lower than a prescribed tolerance. The conver-
gence was usually reached within 5-10 cycles. This
approach allowed to find more realistic load maps
on the rotor disk modifying the initial inflow pre-
scribed by the HERA solver using the induced ve-
locity maps provided by ROSITA. This method is



computationally efficient and allowed an accurate
prediction of the average flow-field and of the ro-
tor performance. With the aim of increasing the
computational stability of the coupling strategy, a
relaxation parameter was introduced in the calcu-
lation of the updated inflow maps by considering
a linear combination of the velocity components at
the last two cycles.

3.4 Numerical model

Steady coupled simulations were performed to
study the behaviour of a helicopter both in the
proximity of a building model or on a free surface.
The Cartesian reference system adopted for the
calculation is shown in Figure 2. The final com-
putational grids were composed by 4 structured
multi-block meshes, for a total number of about
8 × 106 elements. In particular, a squared back-
ground mesh reproducing the flow region above the
ground was discretised with a H topology and was
composed by a total number of 1.8 × 106 ele-
ments. The outer boundaries were located 42 R
from the grid centre and parallel to the ground and
13 R above the ground. An O-H grid multiblock
meshing topology was used to limit the global grid
size and to ensure a very good nodes distribution
and orthogonality in the proximity of the building
model surface. On the other hand, an O grid topol-
ogy was used to discretise the flow region around
the fuselage. Both the building model and fuselage
grids were composed by a total number of 3 × 106

elements. For all those cases in which the obstacle
was not considered, the building model grid was
replaced by a flow transition grid having the same
total number of elements. Finally, a cylindrical
grid of about 0.3 × 106 elements was used to
represent the AD. A no-slip boundary condition
was applied on the ground, on the building and on
the fuselage while farfiled conditions were imposed
on the other sides of the background mesh. The
nested grid systems employed for calculations are
reported in Figure 3.

4 RESULTS

4.1 Ground effect simulations

CFD simulations of the helicopter in ground effect,
without the obstacle, were carried out as a prelim-
inary validation test. The helicopter was placed
at different heights with respect to the ground, in
particular Z/R = 1, 1.6, 2.5, 5. The condition at
Z/R = 5, where the effects of the ground are neg-

ligible, was chosen as the reference condition with
respect to which all the load data are represented
in the following sections. This particular condition
will be referred as Out of Ground Effect (OGE)
condition from now on.
An example of rotor load convergence history

(helicopter placed at Z/R = 5 above the ground,
without the building) is reported in Figure 4(a) and
4(b) where the thrust coefficient CT and the torque
coefficient CQ of the rotor are shown as function
of the ROSITA/HERA coupling cycles. In these
pictures, numerical coefficients are also compared
with the corresponding values measured in the ex-
periment showing a good agreement between them.
Table 1 presents the comparison between the

measured and computed thrust coefficient, torque
coefficient and figure of merit for the OGE con-
dition (Z/R = 5). The thrust coefficient is very
well captured (the discrepancy with respect to the
experimental value is less than 1 %), while the
torque prediction and consequently the Figure of
Merit prediction is less accurate, but neverthe-
less acceptable. This might be due to the relative
low Tip Reynolds number of the experiment (and
therefore of the simulation, approximately 2 · 105),
which could prevent a very accurate prediction of
the viscous contribution to the rotor torque.

CT,OGE CQ,OGE FMOGE

Exp. 7.05 · 10−3 7.50 · 10−3 0.557
CFD 7.10 · 10−3 8.17 · 10−3 0.518
Error 0.7 % 8.9 % 7 %

Table 1: Thrust, torque coefficients and figure or
merit at Z/R = 5 (OGE). Comparison between
experimental [9] and numerical results.

The comparison between the measured and com-
puted thrust and torque coefficient for the ground
effect test is presented in Figure 5. As previously
stated, both the experimental and numerical re-
sults will be presented from now on divided by their
respective OGE values, in order to appreciate their
variation from the reference condition. As it can
be appreciated from Figure 5(a), the ground effect
is captured fairly well, as a gradual thrust increase
when the helicopter is closer to the ground. In par-
ticular, a 9 % increase prediction with respect to
the OGE value can be observed, versus the mea-
sured 13 %. The torque variation is quite limited
with respect to the thrust one (less than 3 %), but
the agreement between numerical and experimen-
tal results is nevertheless good.
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Figure 4: Thrust and torque coefficient evolution over the iteration cycles: comparison between measured
[9] and computed values.

The physics behind the ground effect seems to be
well captured by the numerical method, and this
is testified also by Figure 6, where the azimuth-
averaged induced velocity is presented. A grad-
ual reduction of the vertical induced velocity can
be observed as the helicopter is placed closer to
the ground, causing an increased blade angle of at-
tack and consequently an increased thrust, as pre-
scribed by the ground effect.

4.2 Helicopter-Obstacle interaction

The results of the CFD simulations for the
helicopter-obstacle interaction are presented in this
section. In particular, the helicopter was placed
in different positions at Z/R = 2 along the X-
direction with respect to the obstacle in the sym-
metry plane of the problem (Y/R = 0) in order to
simulate a slow horizontal approach to the obstacle
upper surface, which corresponds to Test 5 of Ref.
[9]. Figure 7 presents the position of the rotor cen-
tre for the different test condition of the numerical
and experimental investigations respectively. The
analysed configurations span from X/R = −1.07
(TN1), where the helicopter is placed above the
centre of the obstacle upper-surface, to X/R = 1
(TN6), where the helicopter is no longer over the
obstacle. The complete list of test points and avail-
able measurements is reported in table 2.

4.2.1 Airloads results

The comparison between the computed and mea-
sured rotor loads for all the considered test num-
ber are presented in Figure 8. Both the thrust
(Figure 8(a)) and torque (Figure 8(b)) coefficients
were divided by their respective OGE values as in
the previous section.

As it can appreciated from figure Figure 8(a),
the rotor undergoes a gradual ground effect reduc-
tion as it is moved from the top of the obstacle ,
X/R = −1.07, to the outermost position X/R = 1.
This trend is also well represented by the results
of the numerical simulations, even though a slight
discrepancy can be noticed, which was nevertheless
present also in the IGE test of Figure 5(a). The
variation of the thrust coefficient is well explained
also by Figure 9, where a gradual induced velocity
reduction can be appreciated for decreasing X/R,
i.e. when the helicopter is placed over the obstacle.
Torque variations appear to be well predicted by
the numerical simulations (Figure 8(b)), as in the
IGE test.

4.2.2 Flow field analysis

Figure 10 presents the comparison between the
computed flow fields and those obtained by means
of PIV. The PIV measurements were carried out in
the measurement window of Figure 1 placed in the
symmetry plane of the problem, for test number 2,
4 and 6, corresponding to X/R = −1, 0 and 1. The



TN X/R Y/R Z/R CFD Load Meas. Pressure Meas. PIV

TN1 -1.07 0 2 × ×

TN2 -1 0 2 × × × ×

TN3 -0.5 0 2 × ×

TN4 0 0 2 × × × ×

TN5 0.5 0 2 × ×

TN6 1 0 2 × × × ×

Table 2: Numerical test matrix and list of the available measurements for each test point.
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Figure 5: Rotor performance as function of rotor
distance from the floor Z/R. Comparison between
numerical and experimental results [9].
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Figure 7: Schematic of the experimental and nu-
merical investigation points and location of the
pressure taps on the obstacle. Each investigation
point represents the position of the rotor centre in
that particular configuration.
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Figure 8: Rotor performance as function of ro-
tor horizontal position with respect to the obstacle
X/R, at Z/R = 2. Comparison between numerical
and experimental results [9].

measured and computed flow fields are presented
in Figure 10 by means of the in-plane velocity mag-
nitude contours and in-plane streamlines patterns.
In general a fairly good agreement can be noticed
between the CFD and PIV flow-fields. The main
flow structures and their features appear to be well
captured by the CFD analysis, thus validating the
adopted numerical approach for this kind of aero-
dynamic interactions.

Figure 10(a) and 10(b) clearly show a high-speed
layer issued from the obstacle upper surface, when
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Figure 9: Azimuth-averaged induced velocity for
different rotor positions with respect to the build-
ing edge.

the helicopterip is positioned at X/R = −1. This
layer originates from the rotor rear-wake deflected
by the obstacle, which induces a large clockwise
recirculating region ahead of the front face due to
the separation at the obstacle edge. For the test
condition at X/R = 0 of Figure 10(c) and 10(d),
just half of the rotor wake impinges on the build-
ing model roof. A larger part of the rotor wake
starts to be deflected in this region which is evident
from the high-speed layer on the top-left part of the
measurement window, which then merges with the
rear rotor wake. The clockwise recirculation region
produced by the air blowing from the roof is still
present, but it is closer to the obstacle with respect
to the previous case. Eventually, for X/R = 1,
the rotor wake no longer impinges on the obsta-
cle upper surface. The front slipstream skims the
obstacle front surface and induces a large counter-
clockwise recirculation region that can be well ap-
preciated both in the experimental (Figure 10(f))
and numerical results (Figure 10(e)).

These substantial changes in the flow topology
obviously imply very different pressure patterns on
the obstacle. Figure 11 presents the comparison
between the computed and measured pressure coef-
ficients on the three considered obstacle faces. Due
to the lacking of a free-stream velocity, the pressure
coefficients were computed using the following for-
mula:

(1) Cp =
p− p∞
1

2
ρv2ind

,



where vind is the rotor induced velocity, that can
be estimated using the momentum theory as:

(2) vind = ΩR

√

CT,OGE

2
.

An overall good agreement can be found for all
the configurations. Starting from X/R = −1,
an high pressure region corresponding to the im-
pingement area of the rotor wake can be appre-
ciated in Figure 11(a) and 11(b). The front face
of the obstacle presents a slight depression. When
the rotor centre lies exactly on the building edge
(X/R = 0, Figure 11(c) and 11(d)), the pressure
distributions on the different faces of the building
indicate the presence of a complex flow structure
that was markedly non-symmetrical. The diago-
nal pattern on the front face is probably related to
the helicoidal structure of the rotor wake, which is
nevertheless well captured by the numerical simu-
lations. ForX/R = 1 ( Figure 11(e) and 11(f)), the
helicopter wake no longer affects the upper surface
of the obstacle. However an over-pressure region
can be appreciated on the front face due to the ro-
tor wake that, after being deflected by the ground,
impinges on the lower part of the obstacle.

5 CONCLUSIONS

The numerical assessment of the helicopter-
obstacle aerodynamic interaction in hovering
flight, in absence of external wind, has been pre-
sented in the present paper. Numerical calcula-
tions have been carried out by coupling the CFD
code ROSITA with the helicopter rotor aerody-
namic performance solver HERA. An actuator disk
was employed to represent the rotor in the flow-
field and a steady-state approach has been used
to carry out the CFD simulations. ROSITA and
HERA has been coupled through a weak coupling
strategy where the rotor inflow is updated at each
iteration depending on the computed CFD flow-
field. Such a method was computationally efficient
and allowed for accurately predicting both the av-
erage flow-field and the rotor performance.
The CFD simulations have been validated

through comparison with an experimental
database previously produced at Politecnico
Milano, comprising load measurements on the
rotor, pressure measurement on the obstacle and
time-averaged PIV measurements of the flow-field.
In general the loads acting on the rotor, the

flow structures resulting in this interaction and the
pressure patterns on the obstacle were predicted

fairly well, thus validating the adopted numerical
approach for this kind of aerodynamic interactions.
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(a) X/R = −1, CFD Results (b) X/R = −1 PIV measurements

(c) X/R = 0, CFD Results (d) X/R = 0 PIV measurements

(e) X/R = 1, CFD Results (f) X/R = 1 PIV measurements

Figure 10: In-plane velocity contours (m/s) and streamlines for different rotor positions with respect to
the obstacle edge. Comparison between the numerical simulations and the measured PIV velocity fields
[9].



(a) X/R = −1, CFD Results (b) X/R = −1 Experimental results

(c) X/R = 0, CFD Results (d) X/R = 0 Experimental results

(e) X/R = 1, CFD Results (f) X/R = 1 Experimental results

Figure 11: Pressure coefficient contours on the obstacle for different rotor positions with respect to the
obstacle edge. Comparison between the numerical simulations and the measured pressures [9].
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