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Numerical M odelling of the Aerodynamic I nterference
between Helicopter and Ground Obstacles

Giulia ChiricoH, Luigi VigevanoEI and George N. Barakosﬁ

ABSTRACT

Helicopters are frequently operating in confined areas &tthe complex flowfields that develop in windy
conditions may result in dangerous situations. Tools tdyaeahe interaction between rotorcraft wakes and ground
obstacles are therefore essential. This work, within th&igcof the GARTEUR AG22 - “Forces on Obstacles
in Rotor Wake’, attempts to assess numerical models for this problem. ricpkar, a helicopter operating in the
wake of a building, one main rotor diameter above the grotiad,been analysed. Tests performed at Politecnico
di Milano provide a basis for comparison to validate CFD eodv Afterward, unsteady simulations have been
performed, with and without external wind. The helicoptestbeen modeled as steady and unsteady actuator
disk and fully resolved blade simulations have been cawigdo evaluate the accuracy of those simpler models.
The final goal is to find the more efficient aerodynamic modat ttaptures the wakes interaction so that real time
coupled simulations can be made. Previous studies havadglqgroved that the wake superposition technique
cannot guarantee accurate results if the helicopter i€ ¢toghe obstacle. The validity of that conclusion has been
investigated in this work to determine the minimum distaheéveen helicopter and building at which minimal
wake interference occurs.

NOMENCLATURE Latin
Acronyms A rotor area [rﬁ]
AD Actuator Disk c blade section chord [m]
CFD Computational Fluid Dynamics Cyp pressure coefficiert, = T%PA [-]
HMB2 Helicopter Multi Block CFD solver Cr thrust coefficient; = T, VA [-]
IGE In Ground Effect , Croce  thrust coefficient out of groﬂ?]d effect [-]
LIC Line Integral Convolution f body force in the UAD model [N]
OGE Out of Ground Effect L, length of the building in the: direction [m]
PIV Par_tlcle _Imag_e \_/eIOC|metry M., free-stream Mach number [-]
POLIMI Politecnico di Milano _ _ My p tip blade Mach number [-]
RANS Reynolc_is Averageq Navier—Stokes equations N, number of rotor blades [-]
RPM Revolutions Per Mmgte » pressure [Pa]
UAD Unsteady Actuator Disk Poo free-stream (far field) pressure [Pa]
URANS Unsteady RANS R rotor radius [m]
Rerrp  blade tip Reynolds numbeterp = Y£L2€ [-]
Greek Uil
oY normalisation factor of the UAD model [-] Reres reference Reynolds numb@erer = === [-]
¢ mean blade chord used in the UAD model [m] \U| velocity magnitude [m/s]
AP pressure jump of the AD model [Pa] Uso free-stream velocity [m/s]
AP* non dimensionalA P in the AD model [-] Vinp  rotorinduced velocity [m/s]
n Gaussian function used in the UAD model [-] w vertical velocity component [m/s]
o advance ratigu = £== [-]
Poo free-stream densit}3]
o solidity of the rotor
v rotor azimuth angle [deg]
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1. INTRODUCTION litecnico di Milano a series of experiments have been cdirrie
out by Gibertiniet al. [13]. The experimental setup consists

Helicopters are increasingly employed in confined areas forof a parallelepiped, of dimensioris45 m x 0.8 m x 1.0
search and rescue missions, urban transport or survellanc m, and a helicopter model, based on the MD-500, with a
offshore structure maintenance, etc., because of their hov scaled main rotor of radius375 m. The rig allows to change
ering capability, low speed flying and vertical take off and the horizontal distance from the obstacle, height from the
landing. In these situations, the helicopter operates nearground and roll attitude of the rotor. Different positions o
ground and/or obstacles and the complex flowfields that de-the helicopter with respect to the building have been tested
velop, specially in windy conditions, may result in dangeso  all without the wind. Steady (average values) pressures on
situations, as can be seen from the accident reports of thehe obstacle walls have been measured and PIV flow field
National Transportation Safety Board (NTSB) [2] or the In- surveys, on the building symmetry plane ahead of the front
ternational Helicopter Safety Team (IHST) [4]. Moreover, face, have been carried out.
the pilot has to deal with a high compensatory workload, per- An other experimental investigation with a small scale he-
formance issues, and handling qualities of the vehicle. Thelicopter in ground effect has been performed by Paquet
rotor wake may also induce unsteady forces on the obstaclegt al. [22] to develop the formulation of the aerodynamic
causing structural damage, and noise levels may increase di forces in non uniform flows. The balance measurements
comfort to the people residing or working in the area. allowed to propose an empirical formulation of the ratio be-
Tools that allow the analysis of the helicopter-obstacléava tween the rotor thrust IGE and OGE which accounts for the
interaction are therefore essential and ®@RTEUR Action  value of the thrust coefficient. Smoke visualisations have
Group 22 - “Forces on Obstacles in Rotor Wakafms to  been also carried out to measure trajectories and conwectio
generate more comprehensive experimental databases angklocities of the tip vortices.
develop a reliable and efficient numerical model of this phe- An other configuration has been studied in the literature: th
nomenon. helicopter in the vicinity of a “well-shaped” object. Lukia
This work contributes to the GARTEUR project investigating et al. [18], for example, analysed rotor and fuselage load-
numerically the interference between a building, simglifie ing, air flow and flying qualities of the helicopter by means
as a sharp parallelepiped, and a helicopter operating in itsof RANS computations using the AD method. Configura-
vicinity. Unsteady full-blade rotor simulations (high flie tions with simpler geometries have also been investigated
CFD) was first performed to validate the flow solver by means using a complete model of the helicopter with a finite ele-
of a comparison with experimental data. Secondly, the samement model based on the Galerkin method for the blades and
method was employed to evaluate the accuracy of simplera panel method for the fuselage. The results clearly show a
aerodynamic models. Simulations using the steady and Un-ery high asymmetry in the rotor loading and, in some cases,
steady Actuator Disk (AD/UAD) models were carried out, the presence of vortical structures similar to a vortex ong
while the actuator line technique was not considered b&caus a horseshoe vortex which can change significantly the rotor
of the high computational cost. The final goal of this researc |oading. It was also estimated a drop of the thrust and an
was to evaluate the potential of the CFD methods to simulateincrease of the required power of ab@ots.
the interaction at reasonable cost, finding the simplesiyer

namic model which captures the phenomenon so that efficient Al these studies already prove that the interaction with
simulations can be performed. The other objective was to in-ground obstacles may considerably affect the dynamicseof th
vestigate the validity of the superposition techniquesTiia  helicopter leading to dangerous situations. Our knowledge
Simple uncoupled method for Simulating the flowfield around of the phenomenon’ however, is not Comp|ete and a deeper
the two bodies to determine the minimum distance betweenjnyestigation is needed to guarantee the safety of hekcopt
them where the interaction can be considered negligible.  operations. These are the reasons behind the creation of the

GARTEUR AG22.
In the past years, several studies were carried out in the

direction of this paper. Quinlieven and Lorig [24] analysed
the behavior of the rotor operating in the wake of a large 2. CFD FLow SOLVER HM B2 AND

structure. Flow visualizations and a Blade Element Vortex AERODYNAMIC MODELS

model with corrections for contraction and skewness of the

wake and ground effect clearly show a development of a flow All calculations were performed using the parallel struetl
recirculation region behind the building and an alteratibn ~ CFD solver HMB2 (Helicopter Multi Block)[[[7. 31] of the
the rotor downwash distribution that suggest the existefice  University of Liverpool.

a mutual influence between rotorcraft and ground obstacles. HMB2 solves the dimensionless 3D Navier-Stokes equations
Polsky and Wilkinson[[23] investigated a similar configura- in integral form using the Arbitrary Lagrangian Eulerian
tion using MILES and accounting for the atmospheric bound- (ALE) formulation for time-dependent domains with moving
ary layer. A hovering rotor, modeled as AD, near a hangar Poundaries:
has been studied, analysing the effect of mesh densitgrdiff

ent turbulence models and different inflow wind conditions.

S =4 [ BVt

1
Predictions of downwash and outwash were compared with fav(t)(?i(ﬁ) - ?v(?)) - dS @)
experimental data showing a good agreement when large
meshes are used. where V(¢) is the time dependent control volum&y (¢)

Last year, within the activity of the GARTEUR AG22, at Po- its boundary, W the vector of the conservative variables



(p, pu, pv, pw,pE)T andF; andF, the inviscid and viscous model, in the actuator line technique [27] blades are repre-
fluxes. sented by lines, instead of a disc, along which body forces
The viscous stress tensor is usually approximated in HMB2 are distributed radially. At every time step of the unsteady
using the Boussinesq hypothesis [9]. Different turbulence simulation, the local flow field and local angles of attack are
models have been implemented into the flow solver: one computed from the movement of the blades. With tabulated
equation models of the Spalart-Allmaras familyl[28, 29] and airfoil data, the force per spanwise unit length is thenweti
two equations models d@f — w family [19,/20[34]. Algebraic  using a blade-element approach. In this way a more realistic
Reynolds stress models are also available. solution of the near wake is possible but the computational
The Navier-Stokes equations are discretised, on the multi-cost is significantly higher.

block grid, using a cell-centered finite volume approach. A A hybrid technique, the Unsteady Actuator Disk, has also
curvilinear co-ordinate system is adopted to simplify the f ~ been developed. The aim was to represent the blade pass-
mulation of the discretised terms, since body-conforming ing effect avoiding the complexity of the actuator line tech
grids are adopted. The system of equations that has to benique and the use of look-up tables for the aerodynamics. In

solved is then: this method, the load of the simpler AD model (momentum
d source) is applied to the disk with a “prescribed shape” tvhic
p (W, j1Vijk) +Rije=0 ) is rotating with the blades.

A description of the AD and UAD models implementation
whereW; ; i, is the vector of conserved variables in each cell, in the HMB2 flow solver is given below. It should be noticed
Vi,jx denotes its volume anl; ; , represents the flux resid-  that HMB2 is able to localise the computational cells which
ual. belong to the disk taking as input its radius, thicknesst roo
Osher’s upwind schemg [21] is used to resolve the convectivecut-out dimension, position and attitude (tilt and rollheFe-
fluxes for its robustness, accuracy and stability propertie fore, to place the disk in the computational domain, a pta}sic
The Monotone Upstream-centered Schemes for Conservatiogyrface in the mesh is not needed.

Laws (MUSCL) variable extrapolation methdd [33] is em-

ployed in conjunction to formally provide second-orderwacc :

racy. The van Albada limitef [32] is also applied to remove Actuator Disk

any spurious oscillations across shock waves. The integrat The implementation of the AD concept requires only the ad-

in time is performed with an implicit dual-time method to dition of source terms to the momentum and energy equations

achieve fast convergence. The linear system is solved @asing to impose the pressure jundpP across the rotor disk which

Krylov subspace algorithm, the generalised conjugateigrad depends on the thrust coefficiefit- and on the advance ra-

ent method, with a block incomplete lower-upper (BILU) [6] tio x. The flowfield around the blades is not resolved and no

factorisation as a pre-conditioner. computational cost is added to the Navier-Stokes equations

Several low-Mach number schemes have been implementedf a uniform model is considered, th®P in non-dimensional

in HMB2 to limit the loss of accuracy and round-off errors formis:

caused by the great disparity between convective and acoust AP* — T _ Crusa ) (3)

wave speeds in low-speed flows. In this work, in particular, PocUSA p?

the standard Roe scheme modified with the explicit Low- In forward flight the rotor load distribution is not uniforrma

Mach method developed by Riepker[25] has been used. a more accurate model is needed. In HMB2 the Shaidakov

Boundary conditions are set by using ghost cells on the exte-model [26] has therefore been implemented. In this model

rior of the computational domain. the source term is function of the azimuth angle

To obtain an efficient parallel method based on domain ; ,

decomposition, different methods are applied to the flow AP* = Py + Pygsin(V) + Py cos(27), (4)

solver [16] and the Message Passing Interface MPI tool is\yhere the coefficient®,, Pis and Pyc depend on rotor ra-

used for the communication between the processors. dius, attitude and thrust coefficient. Figlile 1 shows the-pre

sure jump distribution for the non uniform AD model. In Fig-

Regarding the aerodynamic methods to model the rotor, yre[2 the downwash distribution on the rotor disk plane is

there are two different approaches that can be used in CFDyepresented, for a typical forward flight condition, for tbot
The higher fidelity method models the blade with a discretisa models.

tion of their geometry on the computational grid. The sligdin
planes technique [30] was used to allow the communication .
between the moving rotor grid and the fixed background. The Unsteady Actuator Disk

other approach is the generalised AD mettiod [17] which rep-To introduce rotational effect of the blades and describe in
resents the blades by a disc that exerts a force on the flowmore detail the rotor wake the UAD model has been imple-
and acts as a momentum source/sink. The model providesnented in HMB2. A Gaussian functionis used to shape the
useful information about dynamic inflow and turbulent wake rotor load on the computational cells that belongs to the fict
states occurring for heavily loaded rotors but details a&h  tious blade.

unsteady loading on the individual blades, the root and theThe source term on the momentum equatjoin this case is

tip blades vortices and blade boundary layer are not mod-therefore in the form:

eled. The method therefore provides a good estimate of the N

performance but, regarding the wake, only the two super- f= Z <A1-APma> )
vortices are represented. To overcome the limits of the AD pt N




where N the number of cells belonging to the actuator disk ratios have been considered: = 0.05 andp = 0.15. For

and A; the cell areaAP is the pressure jump of the actuator
disk from the Momentum Theory. The solidity of the fic-
titious rotor is determined assuming that the planform ef th
blades is triangular until half of the rotor radius, to avodt
problems, and rectangular afterwards.

The contribution of the Gaussian distributigrof each blade
to the considered cell of the AD is defined as:

N 5,
m=> e (-155),
j=1

whereN, is the number of blades,is the blade’s mean aero-
dynamic chord angk; | is the arc between the cell center and
the actuator line.

To guarantee that the total thrust is the same of the comespo
dent AD, the factorr is used to normalise the source term at
each time step:

(6)

A

= — 7
S (A @

Thus, the cell distribution on the grid does not influence the

global effect of the rotor disk.
Weighting in this way the effect of each point of the actua-

a typical helicopter with a\lr;p = 0.6, these correspond
to a wind velocity around/,, = 10.21 m/s and30.63 m/s
respectively. The first wind speed, for example, occurs on
average once evefydays in Liverpool[[5], the second condi-
tion is more typical of an off-shore scenario. Since the same
My rp and Repyp of [13] were used, the two advance ratios
result inM,, = 0.0143, Reret = 334375 in the first case, and
M, = 0.0429, Reres = 1003125 in the second. A low-Mach
number correction [25] has been therefore employed in all
CFD simulations.

Because of the computational cost, it was decided to perform
only RANS and URANS computations, using thev [34]
turbulence model to close the equations. Preliminary tives
gations about the isolated building using different tueingle
models shown that thg-w can capture the main character-
istics of flowfield with the accuracy requested to study the
wakes interaction in the coupled problem. All unsteady simu
lations were performed with a resolutionloflegree for every
main rotor revolution, s860 steps were resolved.

tor disk, the presence of the blades is accounted for. Figure . .
B presents an example of the disk loading and the downwasHComputational Grids

distribution at different time steps of the unsteady sirtioia
Figure[4 shows a visualisation of the wake of the UAD via

The computational domain is a simple parallelepiped and the

isosurface of Q criterior [15]. It can be seen that the bladesfing| simulations preserve the real dimensions of the large

vortices are represented.

3. INVESTIGATION OF THE INTERACTION
HELICOPTER - OBSTACLE

Test Cases
Since the experiments of Gibertiet al. at POLIMI [13] have

chamber of the wind tunnel in Milan. In this way, no wall
effects are expected and the rotor and building wakes can
develop completely. The reference system hascthelane
aligned with the mid-span plane of the building model and
the zy plane aligned with the floor; the origin of the axis is
located on the floor at the mid-span of the building front face
(see Figur&ls (b)). The boundary conditions, see Figure,5 (a)
are then set as follows: on the roof and the lateral walls, as

been used for a comparison, the dimensions of the helicoptemell as on the inflow and the outflow surfaces, farfield con-
and the building considered are equal to those of the windditions can be applied because of the distance of the bgildin
tunnel models. The main rotor of the helicopter has a radiusand the rotor with respect to the boundaries; for the floor, a

R = 375 mm. The4 blades are rectangular, untwisted and
untapered with a chord = 32 mm, NACA 0012 airfoil and
a collective pitch fixed tol0°. A blade root cut-out equal
to the 15% of the radius has been assumed. A simplified

z symmetry plane boundary condition has been chosen, be-
cause we are not interested to the boundary layer here;dor th
building and the helicopter (blades, hub and, if it is présen
the fuselage), a solid wall condition is selected.

geometry of the hub has also been reproduced. The anguAll grids are structured multi-block and have been generate

lar velocity was equal t@480 RPM, which corresponds to
Mrrp = 0.286 and Rerrp = 214000. The tail rotor, as in
the wind tunnel tests, is not represented. In simulatiornk wi
fuselage, a ROBIN fuselage (ROtor-Body INteraction) [8]

using the ICEM Hexa tool of ANSYS [1]. Details of each
grid are reported in Figuid 5 and Tab[és 1 Bhd 2. The sliding
plane technique [30] has been used to allow the rotor rota-
tion in the case of simulations with fully-resolved bladssg

was used, properly scaled to have the same blockage effect oFigure[5 (d)) and to allow two different mesh densities in the
the one of the experiments. The considered obstacle, whichexternal part of the domain and in the region where the wakes

represents a standard building, is a simple parallelepipid
sharped edges and dimensions80% mm in the wind direc-
tion, 1000 mm in the transversal direction and height46f)

develop (see Figuid 5 (c)). This also allowed to use the same
grid, in the region of the building, for the simulations witie
actuator disk and those with the blades (see Table 1) to limit

mm. The dimensions of the obstacle are then comparablethe differences in the results because of the differentsgrid

with the rotor diameter.
To validate the flow solver, full-blades simulations in hove
without wind were first performed. Secondly, simulations

For the same reason the mesh density around the rotor and
the AD in the two grids (G-b and G-e of Tallé 2) was kept
similar. Finally, the CHIMERA techniqué [14] has been used

with external wind were carried out. The rotor was modeled together with the former in the simulations with the comglet

as AD or UAD; full-blades simulations were also computed

to evaluate the accuracy of the AD methods. Two advance

helicopter (see Figuid 5 (f)).



CFD Validation Numerical simulations with the full helicopter model (grid
G6, see TablE]1) are planned to see if this effect is related to
the presence of the fuselage.

Besides, a global agreement with the PIV results (see Figure
[@) can be also seen. The CFD captures the velocity distri-
bution and the flowfield structures observed during the wind
tunnel tests. It should remember the significant unsteadine
of the phenomenon. Regarding the averaged flowfield how-
ever, the position of the vortex core in the recirculationeo

is captured quite well.

The wind tunnel tests performed at POLIMI[13] allow a com-
parison of the numerical results with resolved blades @sgh
fidelity CFD method) with the experimental data. In particu-
lar, the test cask.2 of [13] has been selected: the helicopter
is in hover on the symmetry plane of the building at one diam-
eter above the ground, the rotor center laying exactly on the
building edge (Rotor positioa: [0.0,0.0, 2R], corresponding

to a distance of.8 R from the building roof).

The global flowfield that develops in this configuration is vi-
sualised in Figur€l6 via Linear Integral Convolution (LIC)
[10]. The interaction of the rotor wakes with the building is
clearly visible. The presence of the latter deformates tioe-*
mal” IGE rotor wake and a recirculation region exists around
the building. The rotor loading shows a strong asymmetry, . . .
thus the helicopter is not trimmed. Simulations including a Comparison between Different Aerodynamic Meth-
trimmer model are part of future work. Finally, from the anal ods

ysis of the thrust coefficient, we can also observed the par-

tial ground effect produced by the building on the helicopte 14 jnyestigate in detail the phenomenon of the wakes inter-
As expected and confirmed by the experiments of Gibertini 4¢tion petween helicopter and ground obstacles, unsteady
etal. [13], the additional thrust is proportional to the area gjmyjations were also performed in the presence of external
that is direct under the rotor (see Table 3). _ wind. The rotor was kept in the same positid®@, 0.0, 2R])

The comparison is focused on the pressu_re_coeﬁl@m_n and the fuselage was not present. The results reportedigere a
the building and on the flowfield characteristics behindxt, € ojated to the condition of advance ratio equalite: 0.05.

ploiting pressure taps and PIV measurements of POLIMI. The 1 instantaneous flowfield of the simulation with resolved
pressure coefficient in_[13] is nondimensionalised usirg th p|4qes is shown in Figufell0. Also in the presence of exter-
rotor induced velocity’;y p computed according to the Mo- 5 wind, the interaction between helicopter and buildigg i

mentum Theory[[17]: visible. The wake of the rotor limits the development of the
D — Poo recirculation region behind the building24]. The buildiim
Cp = vz (8) turn, influences the rotor loading, creating asymmetry and i
2PYIND ducing oscillations. If the helicopter is in this positiajiyen
Crocn the characteristics of the two wakes, the higher the advance
Vinp = Vrrpy/ T 9) ratio, the lower the interaction if the helicopter is in thissi-
tion

Since the geometry of hub and blade tip were simplified (seeThe results of the AD and UAD simulations are presented
FigurelB (e)) and the fuselage not represented, it was egbect j, Figures[T1l an@12, respectively. The non uniform AD
that the “numerical” rotor would not have the same perfor- model [26] was used for the steady AD computation (the
mance of the wind tunnel model. No attempt was made t0 pressure distribution on the rotor disk is reported in Fégur
trim the rotor to achieve the same thrust. A steady simutatio [y (@) and (b)). The input value afy in both computa-

of the isolated rotor in OGE was therefore first carried out tjions was chosen to correspond to the one obtained with
to quantify the difference. In particular, only one blade, & resolved blades simulations, to have a comparison at equal
5R above the ground, was considered and periodic boundaryip st Cr = 0.00465).

conditions were applied. A Froude boundary condition was Both actuator disk models allow to see the mutual interactio
used for the far-field. The resulting thrust coefficient was petween the two bodies: the existence of the recirculation
Croce = 0.0107 and the correspondent induced velocity zone and the asymmetry in the rotor loading are visible. The
Vinp = 7.12 m/s. It can be noticed that the rat&% is differences in the instantaneous flowfield between these com
in good agreement with the the data of Fradenbtirgh [12]. Theputation and the fully resolved blades simulation are evide
lower performance of the “numerical” rotor (see Tdble 4) can as we could expected since only the global effect of the ro-
be explained by the absence of the fuselage, as the balance dbr is represented. The much slower local vertical velocity
the experiment is nested inside it and thus the blockageteffe is thus explained. This implies that both the AD models do
is accounted for. not perturb the flow as much as the blades do and the limits
Figure[T shows the pressure coefficient distribution on the of the recirculation region are not as close to the building.
building, averaged over the last full rotor revolution. ligkre Therefore, both the AD models do not represent the flowfield
the comparison for the top face of the building is reported. with enough accuracy. However, it should be noticed that the
An overall good agreement between CFD and experiment carlUnsteady AD technique, for the case tested, achieves better
be seen regarding the top and the front faces of the building,results, since a component of rotational velocity is introetl
while regarding the lateral faces a large difference hasto b in the simulation. Instead, the steady AD presents a salutio
registered. The asymmetry in the experimental resultsfis di completely symmetric with respect to the plane since only
ficult to explain and is not captured by the CFD simulation. the two super-vortices are represented in the wake.

This aspect, therefore, should be investigated in mordldeta



4. WAKE SUPERPOSITION METHOD methods were used to represent the rotor: unsteady simula-
tions with fully resolved blades, Actuator Disk and Unstgad

The superposition method permits to predict the whole flow- Actuator Disk model were performed and the results were
field due to the presence of two bodies by adding directly the compared.
two separately computed flows. It consists of simulating the Experimental data from the wind tunnel at the Politecnico
helicopter by means of a simple rotor method (the Actuator di Milano [13] allowed a comparison for the hover case.
Disk in this case) and adding the velocities from a steady or The agreement of the pressure coefficient distribution en th
unsteady “frozen” obstacle wake. The overall solution ob- building and of the flowfield behind the building is over-
tained by the superposition method is therefore decoupked, all good and allowed the validation of the CFD flow solver
it neglects the effect that each flowfield causes onto ther.othe HMB2 [71/37].
As shown in this work, and already proved in Quinliven and Unsteady blades simulations with resolved blades allow for
Long [24] and Crozoret al. [11], the notion of coupling is  the visualisation of the complex flowfield which results from
important in the context of helicopter operations in “coafin  the interaction between the two aerodynamic wakes. Both the
areas”. For accurate results, two-way coupled simulafions  hover and forward flight results show the interaction betwee
cluding both obstacle-on-rotor and rotor-on-obstaclea#,  the two wakes. Coupled simulations helicopter-building ar
are needed. These simulations are computationally exggensi therefore needed to study this problem, as previous works
making difficult their use in real time simulators. Ther&for  (see [24] and[[11]) have also suggested. The superposition
since resolving the flowfield with the superposition mett®d i method, which is computationally cheaper to couple the two
much cheaper and faster, it is interesting to know when thiswakes, has proven to be inaccurate in the case of close prox-
method can guarantee accurate results and when cannot. Thienity between the two bodies. Simulations varying the dis-
objective is to determine the minimum distance between thetance between the building and the rotor modeled as a simple
helicopter and the building at which the mutual interfeenc  AD showed that the interference effect of the building on the
can be assumed negligible. rotor can be assumed negligible when the rotor is at around
With this purpose, simulations have been computed varying5R away from it; instead, the building is not effected by the
the rotor distance in the building wake (in particular, from  presence of the rotor if the latter is at a distance greater th
to 9 rotor radii away from the leeward edge). The global flow- 3R.
field obtained by coupled simulations has been compared toCoupled unsteady simulations with the Actuator Disk method
the correspondent obtained using the superposition tgglni  shows the existence of the interaction but are not able to cap
The latter is computed combining point by point the flowfield ture the phenomenon with sufficient accuracy. The rotor in

variables of the two decoupled simulations: the AD models is represented only via its integral effect and
_ N the effect of the rotation of the blades is not taken into ac-
P Superposition Method= =0t b“"d'”g Pisolatedrotor 13y count. The unsteadiness of the phenomenon is not captured

accurately and the resulting flowfield is symmetric, sinee th
method models only the two super-vortices of the wake but
not the individual blade vortices.

The Unsteady Actuator Disk model is a hybrid technique de-
rived from the Actuator Lin€[27] and mimics the presence of
the blades by shaping the load distribution on the disk using
a Gaussian function. Results showed better agreement with
simulations with resolved blades since the effect of thdéda
rotation is partially taken into account. However, alscsthi
method does not show the complexity of the flowfield that
generates from the interaction between the two wakes.

It should be noticed that the UAD simulation presents some
difficulties compared to the simple AD, due to the need of to
localise the cells that belong to the blade at each time step.

Pisolated building+ Pisolated rotor
P Superposition Method= 9 (11)

and, since the average velocityis the same in both simula-
tions,

/ /
U Superposition Method— U+ Uisolated building"’ Uisolated rotor (12)

whereu’ is the velocity perturbation. All the other variables
deriving from pressure, density or velocities (for examfie
vorticity) are recomputed using the new variables.

Results for a forward flying rotor at advance ratio(of)5,
are presented in terms of vorticity magnitude, non dimemsio

alised byU2,, in Figure[I3B. It can be observed that the super- : .
position method guarantees accurate results when theigsotor HOWeVver, the computational time of the UAD and AD meth-

around5R away from the building. At this distance, there- ©dS are comparable and are computationally cheaper than
fore, the interference between the two bodies can be assumegimuiations with fully resolved blades. An improvement of
negllglble Regarding the loads on the bUIldIng, the infaen this teghnlque can therEfOIre become the most efficient aero-
of the rotor on the structure vanishes for a distance of aboutdynamic model to study this phenomenon.

3R. Simulations at higher advance ratio, not reproduced here,

show similar trends.

6. FUTURE WORK
5. CONCLUSIONS
Future work seeks to investigate in more detail the effect of
This work, within the activity of th€&SARTEUR Action Group  the interaction between helicopter and building, both ftben
22 - “Forces on Obstacles in Rotor Wakestudies numeri-  point of view of the rotorcraft and of the structure. Firsins
cally an helicopter operating in the wake of the building, ulations fully resolving the blades including a ROBIN model
both in hover and in forward flight. Different aerodynamic of the fuselage are to be carried out to evaluate any fuselage



effects. The results could also help in the explanation ef th  [8] M. Behr. ROBIN Fuselage.

asymmetry registered in the experiments in POLIMI. Besides http://www.cats.rwth-aachen.de/library/researchftrotes
to better comprehend the effect of the flowfield on the rotor,
unsteady simulations including a trimmer can be performed. Last visit: 10/04/2015.

The results of these simulations can be compared with the re-
sult of multi-body dynamic code (for example FlightLab [3])

in which the “frozen” obstacle wake can be introduced before
Finally, different position of the helicopter can be analys

(a configuration with the rotorcraft windward or in a lateral

position with respect to the building can be interesting} an 10} B. Cabral and L.C. Leedom. Imaging vector fields us-
the effect of the relative dimensions rotor-building carats® ing line integral convolution.20th Annual Conference

studied. _ _ _ _ and Exhibition on Computer Graphics and Interactive
The UAD model can also be improved introducing a different Techniques - Anaheim, CA, USK993.

kernel function to better simulate the real radial disttid

[9] J. Boussinesq.Théorie de I'Ecoulement Tourbillonant
et Tumultueux des Liquides dans des Lits Rectilignes
a Grande Section, Tome I:llGaulthier-Villars, Paris,
France, first edition, 1897.

of the blade loading. [11] C.Crozon, R. Steijl, and G.N. Barakos. Numerical study
Regarding the building, a more detailed study of the pressur of helicopter rotors in a ship airwakelournal of Air-
coefficient distribution will be carried out, analysing the- craft, 51:1813-1832, 2014.

curacy of the AD models. Besides, future experiments within
the AG22 will provide unsteady pressure distribution on the
obstacle and a comparison could be made. An analysis of
the loads spectrum it is interesting to investigate alsdéf t
unsteady actuator disk model reproduces the blades pas§13] G. Gibertini, D. Grassi, C. Parolini, D. Zagaglia, and
ing. Finally, the effect of rounded edges around the bugdin A. Zanotti. Experimental investigation on the aerody-
should be studied. namic interaction between a helicopter and ground ob-
stacles.Journal of Aerospace Engineering014.

[12] A. Fradenburgh. The helicopter and the ground effect
machine. Symposium on Ground Effect Phenomena,
Princeton University1959.

[14] M. Jarwowsky, M.A. Woodgate, G. Barakos, and J. Ro-
kicki. Towards consistent hybrid overset mesh methods
for rotorcraft cfd. International Journal for Numerical
Methods in Fluids74:543-576, 2014.
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Tables

N° of N° of Cells  Dedicated

Grid ID Sub-Grids Geometry Blocks [million] CPUs
Gl AD/UAD rotor only 96 5.1 12
G2 single blade IGE 442 7.3 64

single blade OGE 618 8.5 64
G3 building only 1139 10.1 8
G4 G-a, G-b, G-c building + AD/UAD rotor 135 12.6 48
e R ZdCe building + rotor with blades 2014 28.7 128
G6 G-an_,hGg,_(C:;-g, building + rotor with blades + fuselage 2044 33.6 128

Table 1: Computational grids of the final simulations.

Sub-Grid ID Geometry N° of Blocks N° of Cells [million]
G-a building 66 54
G-a2 building 229 55
G-b AD background 58 7.1
G-c external background 11 0.2
G-d complete rotor 1 1856 21.5
G-e rotor background 81 1.6
G-f complete rotor 2 1328 22.4
G-g fuselage 476 5.6
G-h helicopter background 11 0.1

Table 2: Computational sub-grids.

Rotor on the Building Edge  Rotor In Ground Effect
Cr 0.0063 0.0131

Table 3: Thrust coefficient of the helicopter in hover abde=e¢dge of the buildind)(8 R from the building roof) and comparison
with the IGE simulation af.8 R above the ground.

Thrust Coefficient Torque Coefficient Figure of Merit
“Numerical Rotor” 0.0107 0.000884 0.625
Helicopter Model 0.0137 0.00146 0.561

Table 4: Comparison between performance indices of thedmkr of the experiments in POLIMI (test 1 6f [13]) and the
numerical simulation with fully resolved blades.
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Figure 1: Non uniform Actuator Disk [26] model in HMB2. Press distribution (wind parallel to the axis, positive in the
positive direction of this) for different thrust coefficieaind advance ratio. The model assumes a symmetric loadthgegpect
to the direction perpendicular to the wind, different foe #dvancing and the retreating side.



(b) Non uniform Actuator Disk]26].

(a) Uniform Actuator Disk.

0.022).

Figure 2: Actuator Disk models in HMB2. Vertical velocitystlibution in the plane of the disl.(= 0.05, Cp
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0.0092) at two different time steps of the simulation, on the lefittéhe correspondent Actuator disk showing as red points

the cells contained in the blade, on the right.

Figure 3: Unsteady Actuator Disk model implemented in HMB@tical velocity distribution in the plane of the disk & 0.05,

Cr



(c) Step3680 (Ypiade 0= 80 deg). (d) Step3720 (Upjade 0= 120 deg).

Figure 4: Unsteady Actuator Disk model implemented in HMB®ake vortical structures visualisatiop (= 0.05, Cr =
0.0092) at different time steps of the simulation. Isosurfaces ¢i&} colored with the vertical velocity component.
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(a) Full computational domain with boundary conditions agglio the prob{b) Detail of the building and the helicopter with the defimit of the frame of
lem. reference.

SLIDING PLANE
BETWEEN BACKGROUND BUILDNIG
AND BACKGROUND

SLIDING PLANE BETWEEN
THE BACKGROUND FO TH
THE BACKGROUND FOR

SLIDING PLANES
FOR THE EXTERNAL
BACKGROUND

(c) Structure of the assembled grid for the coupled simulatieith the rotor(d) Structure of the assembled grids of the coupled probleimfuily resolved
modeled as an Actuator Disk (G4). View of the full computatiaf@nain.  blades (grid G5). Detail of the building and the rotor.
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(e) Detail of the mesh of the rotor grid (grid G-d). A C-mesh isdisroundf) Topology of the CHIMERA [14] grid (grid G-g) to simulate ghcomplete
the blade and this is included in a larger H structure whids dip the rest  helicopter. Detail of the fuselage mesh and of the drum for¢ier grid
of the computational domain. A more detail description of thetrllbck  (surface of the sliding planes in blue). Only half of the dnis been gen-
topology used can be found in Stedji al. [31]. erated and then mirrored, ensuring a perfect symmetry.

Figure 5: Computational grid details. Dimensions, in teohsumber of cells and CPUs, are reported in Tables 1and 2.
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(a) Flowfield in thezz plane. (b) Flowfield in thery plane, just above of the building.

Figure 6: Full-blades simulation for hover with the rotoyiteg on the building edge at a distance of one diameter abwwe t
ground. Instantaneous flowfield§" rotor revolution,¥page 0= 0 deg), visualised via the Linear Integral Convolution method
[10], colored with the vertical velocity component.
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(@) Numerical simulation results, averaged on 1i&" rotor revolu- (b) Experimental data (test2 of [13]), averaged ovet0 observation seconds.
tion.

Figure 7: Pressure coefficient distribution on the buildimghover with the rotor at a distance of one diameter abogetbund
and with its center laying exactly on the building edge.
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Figure 8: Comparison of the pressure coefficient distrdsutin the top face of the building for hover with the rotor aistahce
of one diameter above the ground and with its center layiagtixon the building edge. Full-blade simulation resultsraged
on thel7*" rotor revolution vs experimental data (t&s? of [13]) averaged ovel0 observation seconds.

|U[ [m/s]

: Ul [m/s]
Eﬂ*“* 12
10

8

._ 6

& 4

i W AN 2

\i\“{\\ AR

A\ A . e
AU Y )

TR

I bk :\'\\\\

)n ] \

X

Figure 9: Flowfield behind the building on the symmetry pléorehover with the rotor at a distance of one diameter aboge th
ground and with its center laying exactly on the building@d@omparison between CFD results and experimental datia (te
5.2 of [13]). On the left, full-blades simulation results avged on thel 7*" rotor revolution. On the right, experimental data,

averaged over0 observation seconds.
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(a) Flowfield in thexz plane. (b) Flowfield in thexy plane, just above of the building.

Figure 10: Full-blades simulation for forward flight rotdr;a= 0.05 on the building leeward edge at a distance of one diameter
above the ground. Instantaneous flowfiglgf{ rotor revolution,Wp.qe o= 0 deg), visualised via the Linear Integral Convolution
method [10], colored with the vertical velocity component.
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(a) Flowfield in thexz plane.. (b) Flowfield in thexy plane, just above of the building.

Figure 11: AD simulation for forward flight rotor at = 0.05 on the building leeward edge at a distance of one diametefeabo
the ground. Instantaneous flowfield (aftefull rotor revolution), visualised via the Linear Integi@bnvolution method[10],
colored with the vertical velocity component.
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(a) Flowfield in thexz plane. (b) Flowfield in thexy plane, just above of the building.

Figure 12: UAD simulation for forward flight rotor at = 0.05 on the building leeward edge at a distance of one diametereabo
the ground. Instantaneous flowfield (aftefull rotor revolution), visualised via the Linear Integi@bnvolution method [10],
colored with the vertical velocity component.



(a) Isolated building. (b) Isolated actuator disk.

(e) Superposition solution, rotor centerlak from the leeward edge of th§) Coupled solution, rotor center afz from the leeward edge of the building.
building.

(g9) Superposition solution, rotor center 2k from the leeward edge of thg) Coupled solution, rotor center 2k from the leeward edge of the building.
building.

Figure 13: Analysis of the Superposition Method. Maps ofieiy, non dimensionalised by/2 . Rotor advance ratip = 0.05,
M., = 0.0143. The rectangular zone selected for the analysis beginsxdrone length before the building and covers the
flowfield until 10 building lengths downstream and it is discretised usifik 75 x 75 points.



(i) Superposition solution, rotor center a2 from the leeward edge of th§) Coupled solution, rotor center af? from the leeward edge of the building.
building.

(k) Superposition solution, rotor center @2 from the leeward edge of th@ Coupled solution, rotor center &R from the leeward edge of the building.
building.

(m) Superposition solution, rotor center@ak from the leeward edge of th@) Coupled solution, rotor centerai from the leeward edge of the building.
building.

Figure 13:continued -Analysis of the Superposition Method. Maps of vorticitynndimensionalised by/2 . Rotor advance
ratiou = 0.05, M., = 0.0143. The rectangular zone selected for the analysis beginsdrone length before the building and
covers the flowfield until0 building lengths downstream and it is discretised usihigk 75 x 75 points.



