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Abstract

A general framework for cost effective unsteady flow predictions of high resolution around full helicopter
configurations is formulated. Starting point is the Helmholtz decomposition of the velocity field in which the vortical
part is associated mainly to the wake whereas the potential (irrotational part) is associated to the flow induced by the
presence of moving solid boundaries. Reduction of computational cost to a minimum, is accomplished by combining
vortex blob approximation of the wakes with boundary integral representations of the potential part. High resolution is
achieved by introducing particle-mesh techniques in the wake and sub-grid evaluation of the boundary integral terms. In
the present paper the basic part of the methodology s described and numerical results are presented for the limiting case
of -incompressible and inviscid fluids. Viscous as well as compressibility effects can be introduced by domain
decomposition techniques, which are most suitable for taking into account such localised and close to the boundaries
flow particularities. These issues are also discussed and some preliminary results are presented.

1 INTRODUCTION

The flow problems associated to helicopters and tilt
rotor aircrafts constitute a separate category in CFD,
because of the dominant role of several independently
moving bodies and of sirong vortex-to-solid
interactions. To complete the picture, one should add
the flexibility of the blades, the controls as well as
noise which has always been an issue of major concern.
This constitutes the complete aeromechanical problem.
From an analysis point of view, the ultimate goal is the
definition of the suitable theoretical framework within
which aerodynamics, aeroelasticity and aeracoustics
can be treated in combined form. This perspective has
been pointed out by Morino [1] who proposes as
general framework the Poincare decomposition.
Alternatively one could use the Helmholtz
decomposition [2]. The difference of these two
theorems 1s in the rotational part of the flow which in
the Helmhotz decomposition is expressed as volume
convolution of the vorticity instead of getting it
indirectly as in the Poincare theorem [1]. This is a
fundamental difference, which forces all of the
subsequent analysis. At NTUA the Helmholtz
decomposition has been chosen for its direct link to
Vortex Methods (VMs) which to our experience can
provide powerful computational tools.

The most important issue when considering the
complete aeromechanical problem for multi-component
aircraft configurations is the computational cost. It is
true that current research developments concentrate
mostly on grid based CFD methods such as the finite
volume and finite element methods. Besides being
popular, CFD methods contain in principle all the
physics and so their only drawback is the cost. It is
expected that computer hardware will be able to
overcome the present barriers and that in future,
simulations of high resolution will be possible.
Meanwhile, fast engineering tools are needed and most
probably they will be always used for everyday
calculations even if CFD concludes its developments
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soon and successfully.

Key point towards cost effective modelling is
the proper use of the domain decomposition concept.
To this end the flow-field is decomposed into the near-
Jfield in which the regions close and around the solid
boundaries are contained, and the far-field which
contains the wakes of the different components. The
near-field will include any weak shock waves, the
boundary layer regions as well as the part of the wakes
in contact with the solid boundaries. The rationale for
such a decomposition is twofold:

a) Regarding numerics, there are basically two
possibilities: either use a grid based field method
or a grid-free Lagrangian vortex method. Field
methods are most suitable in handling boundary
conditions, flow non-linearities such as shock
waves and boundary layers, as well as turbulence
closure. Because of the finite extent of the grid,
specific inflow conditions are required. They can
be set either by extending the grid over a large
region and then set undisturbed conditions or by
matching with a far-field solution. Extension of
the grid is possible only at the expense of high
numerical diffusion of free vorticity leading to
suppression of the wake induced effects. This
leaves matching as the only reasonable choice. On
the other hand vortex methods are most suitable
in solving vortex convection problems in
particular because of their having minimum
numerical diffusion. This is due to their inherent
ability to concentrate the numerical points only in
regions of significant vorticity. However vortex
methods have major difficulties in handling
viscous boundary conditions and therefore they
are inappropriate for the near-field. All of the
above, makes the combination of a field method
for the near-field with a vortex method in the far-
field quite attractive.

b). The limiting case of incompressibie (or subsonic)



and inviscid flows has always played an important
role in aerodynamics. From an engineering point
of view, such an approximation besides giving a
first estimate of loads and of the flow in general,
for certain flight conditions, can be even a
reasconable compromise. In the past, a lot of work
was done on panel methods, recently renamed to
Boundary Element Methods (BEMSs). Extensions
to compressible flows were also realised based on
the full-potential equations [3, 4]. Finally, always
within the same general context, there exists work
on also including viscous effects based on
viscous-inviscid strong interaction theory {5, 6,
71. Common theoretical background for all these
works, is the theory of boundary integral
equations. The most attractive feature of this
theory is that it produces grid-free numerical
models which are for this reason, computationally
efficient. There is an extensive literature on all
aspects of boundary integral methods which is not
possible to review here. There is however one
important aspect which is usually - overlooked.
Boundary integral theory constitutes the suitable
theoretical tool for defining correct matching
pracedure between field and vortex methods [8,
9]. There are few works in this connection, all
dealing with 2D flows [8, 10]. We are not aware
of any work on 3D flows. Possibly this is because
all previous work concerned i — @ field methods

which are not extendible to 3D. Also worth
noticing is the lack of work on turbulent flows
even for 2D flows. This is probably because
almost all the work on turbulence closure has
been developed for 4-p and not yw-w

formulations. In the present paper boundary
integral methods are used in defining coupling
conditions of #— p field methods with vortex

methods.

Based on the above remarks, research work at
NTUA was directed towards the development of a
concise  prediction tool for multi-component
configurations with several options for the near-field
analysis all sharing the same far-field analysis
formulated by grid-free vortex methods. The code was
named GENUVP (=GENeral Unsteady Vortex Particle
code) because of its relation to vortex particle or vortex
biob approximations. In its current state, the basic
version of GENUVP, performs unsteady calculations
on multi-component configurations containing one or
more rotors [L1, 12]. The model also includes rigid
body controls and beam like elastic deformations of all
blades {13, 14]. Acoustic pressure predictions are
performed a posteriori using the aerodynamic results
and the Ffowcs-Williams Hawkings equation [15]. The
basic version uses boundary element methods (BEM)
for approximating the near-field,. There are also two
more versions still in the process of development. The
first uses a home-made Euler finite volume solver
(FI.UX3D) [16] whereas the second uses an also home-
made incompressible Navier Stokes solver equipped
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with the Spalart Almaras turbulence model (NS3D)
[17]. So far they have been successfully tested the first
in the case of the flow over a wing and the second in
the case of the flow over a wind turbine blade with
massive separation extending from the hub up-to about
half of its spar. The present paper focuses on the basic
version of GENUVP. However indicative results from
the other two versions are also presented.

2  MATHEMATICAL FORMULATION

2.1 Helmbholtz decomposition

Consider the unsteady flow of an incompressible and
inviscid fluid around a multi-component configuration
consisted of N, bodies. The bodies are allowed to
move independently, a necessary feature for helicopter
configurations. Let #€(X;¢),Xe€D,t>0 denole the
velocity of the fluid where D is the flow field. Then
according to Helmholtz decomposition theorem, & can
be split in two parts: an irrotational and a rotational
one. Usually the presence of solid boundaries is
included in the irrotational part &, whereas the
wakes are, as expected, included in the rotational part
By - S0,

(1)

where #,, denotes a given external field possibly

HOX ) = i, () + i (G )+ 0y, (X38)

varying in space and time. Green’'s theorem provides
the means to express i, through surface singularity

distributions suggesting the use of BEM's in
approximating this term. As for &, , Biot-Savart law

gives,

BEX(E, - F)

@

e (%, 38) = —=
D, {1 47:|x,, - x|

where D, (¢t} denotes the support of vorticity. From
(2), the use of VMs in approximating i, is straight-

forward. So decomposition (1) implies as suitable
numerical model the combination of BEMs with VMs,
The two parts in (1) must be linked to each other
through appropriate conditions which will feed u,,

with vorticity continuously in time. The exact form of
these conditions is discussed in section 2.4.
Methods the

2.2 Boundary Integral and

approximation of #_,,

Boundary Integral Methods are based on Green’s
theorem and are used in describing the kinematics of
fluid flows. Consider a flow field D extended to infinity
and bounded by a closed surface § containing all solid
boundaries together with their wakes. In potential
theory, wakes are introduced as vortex sheets, ie.
moving surfaces across which the velocity exhibits a
tangential discontinvity whereas pressure remains
continuous. In this context the scalar potential ¢

associated to a velocity field &, admits the following
representation:



- 1 d 1
£3) #(x,) = —| o(xX)——dS —| u{x)———dS
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where r={%,—%, V denotes the unit normal
to § with direction towards D and o, denote surface
distributions of the jumps of d¢/dv (sources) and
—¢ (dipoles) respectively. Differentiating (3) [18],

@ ) = [o@ds +| 7 x oz ds
< dmr % ar

where ¥ denotes the surface vorticity defined as
¥ =Vuxv. Since there is only the non-entry

boundary condition to satisfy for determining the two
unknowns o,u, an artificial interior problem is

specified which extends ¢ within §. Depending on

the character of the interior problem chosen, the
different formulations can be classified either as
indirect or as direct.

Indirect formulations were first introduced by
Hess {19, 18]. In all of the different existing variants,
non-lifting bodies are represented by sources, thin
lifting surfaces by dipoles and thick wings by a
combination of the two. In the last case, 4 is given

specific functional form leaving free only the values of
the circulation distribution which is determined by
proper use of the Kutta condition along the edge of the
wing. For lifting bodies active boundary is also the
wake which is introduced as a surface carrying dipoles.

Direct formulations were first introduced by
Morino [20] who assumed the volume within S to" be
stagnant. S0,

% . 1 2 1
® 0@ = L @rds+[ 6 Frae—ds
M ¥

In (5) Jdp/dv is given direcily by the non-entry
boundary condition whereas ¢, is determined as
solution of the integral equation obtained from (5) for
X, €8. Worth noticing is that Morino’s direct
potential formulation is the same for lifting and non-
lifting bodies. The difference will come from the wake
which imposes the existence of a discontinuity for ¢
along a line on the surface of any lifting body. For a
blade or 2 wing this line can coincide with the trailing
edee and the discontinuity is identical to the circulation
distribution also determined by the Kutta condition.
Similarly, the direct counterpart of (4) for the
velocity has the form:
r
473

{6) u(x,) = J'\:"(E)ﬁ(f) a5 +
5

F

Amr®

I(G(E)xﬁ(f))x ds
5

in which v.# is known from the boundary condition
leaving as unknown the tangential to § velocity v X .
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For X, € 5, the vector product of (6) with v(%,) gives

two integral equations one for each of the two unknown
components of V xi . The doubling of the size of the
problem is certainly a drawback in using the direct
velocity formulation. However the direct calculation of
the surface velocity renders this formulation most
suitable for coupling BEMs with either integral viscous
boundary layer models or with field methods. For
lifting bodies, again the wake is introduced as dipole
surface, which in the direct velocity formulation is
transformed into surface vorticity. More on the.wake of
lifting bodies and the conditions that guantify the
singularity distributions on it will be discussed in
subsequent sections. . ‘

Regarding the numerics of BEM’s there are
basically two approximation philosophies: either use
dense paneling with piecewize constant singularity
distributions [18,19], or introduce high order schemes
[21, 22, 23}. Low order schemes are easy to implement
but iead to high cost which in fact led some groups to
develop high order methods. Besides being more
complicated in coding- them, they do not match easily
with vortex methods, which have zero order accuracy.
Also high order panel methods have order mismatch
with standard finite volume methods, which use
piecewize constant approximations in space. Finally,
for lifting bodies-special writing of the Kutta condition
is needed [24]. For these reasons we decided to
proceed. with zero order BEM’s without disregarding
their high cost when paneling gets dense. Fortunately, it
15 possible to reduce significantly the cost by applying
sub-grid technigues.

As pointed out early by Hess [19], exact
integral evaluations are necessary only when the
distance between control point and the panel center is
small. In fact when the distance of the evaluation point
from the panel gets bigger than 4 times the maximum
diagonal of the panel, the integral evaluation can be
reduced to a point calculation. Reversing this result,
one can expect that the error will be also small if
distant panels are grouped into larger ones over which
the integrals are evaluated [25]. A strategy to such a
grouping has been implemented by introducing a
sequence of paneling at different levels of refinement
{(Fig.1). Calcuiations start at the lowest level {coarse
paneling). Depending on the distance between the
panel center and the evaluation point, the calculations
will either proceed with the integral evaluation over the
large panel or pass to the next and more refined ievel of
paneling. Consider a panel of surface §, which contains
n panels of the highest level in which the unknown
singularity X is defined. Let I; denote the value of the
integral evaluated over § for unitary singularity
strength. Then the collective contribution of the »
panels is approximated by:

@ 1= ZII%X,.
isk

where S; denotes the surface area of the i-th high level
panel. Depending on the number of unknowns the final
system is either solved directly or iteratively in which



(a) The three levels of paneling

control point

{b) The activation of the different levels

Figure 1 The sub-grid scheme for the evaluation of
the boundary integrals

case the matrix need not be stored. Thus panelings of
the order of several thousands can be used even on
ordinary Workstations.
23 Vortex Blob Approximations and the

management of the wake
Vortex methods were first introduced by Rosenhead
back in 1930 [26]. Until early 70’s, vortex ke
methods were applied in aeronantics as part of panel
methods to approximate the wake of lifting bodies
usually as a set of vortex filaments. Almost
simultanecusly Basu and Hancock [27] were the first to
introduce point vortices in order to predict the unsteady
flow around a moving airfoil, whereas Rehbach [28]
was the first to formulate a 3D point vortex method for
predicting unsteady separated flows over delta wings.
At the same period Chorin {29] published his
pioneering work on how vortex methods can be applied
to simulate the unsteady viscous flow around a
cylinder. An excellent review of 3D vortex methods
was written by [Leonard [30]. In 1982 Beale and Majda
publish the first complete work on the mathematical
theory of vortex methods [31]. Since then a lot of
papers have been published on vortex methods and
their .applications to all sorts of areas in fluid
mechanics which is impossible to review [32]. So the
presentation will be restricted to the type of method we
implemented in GENUVP.

Vortex methods are defined as one-point
quadrature numerical schemes in approximating the
volume integral in (2). To this end D, (f) is

decomposed into volume elements D, i ), je ) to

each of which a point vortex is defined so that the zero
and first moments of @ are conserved:
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Let .(_Jj( t} and Z ;{t) denote the intensity and the
position of the j-th vortex. Then,

® Q= Ia}‘(z;t)do,

Dy,
Q0% Z0) = [@(En 74D
D, ;
s0 that,
©  BEH= 2,0,(08F-Z,1),
PG
Q. i -Z
ﬁwakc (io ;t) = 4 (t) a (xﬂ 4 (t))

- 3
jedn 4nl£o -Z j(t)l

Because the velocity given by (9b) is highly singular,
instead of the Dirac function 8() in (9a), a smooth
approximation is used known as cut-off or regularizing
function which can be viewed as localized vorticity
distribution function. That is why such vortices are
called vortex blobs. Following, Beale and Majda [33],
{9b) is written as:

Q, (DR,

Uy (X38) = Z —Ffe(&)
J

jed@)

(10

f.(R;)=1~exp(R; /&)’ . Usnally ¢ is associated to the

numerical scales determined by the time step and the
erid size of the paneling.

Convection of free vorticity is carried out in
Lagnrangian description as defined by the
corresponding material equations:

where Ej =%-Z 7+ € denotes the cut-off length and

dZ, - dQ, 4=\ -
an - —r=aZin—2=(QVjuZn =58,
where D denotes the deformation tensor. For

compressible (barotropic) fluids, (I1lb) should be
modified to include density variations, by substituting

Q by Q/ p . In this case to each blob, besides the

intensity and the position, also the local density is
associated. The density is determined by solving the
continuity equation, again in Lagrangian form.
Conventional vortex methods involve direct
evaluation of the velocity and the deformation at every
blob position based on Biot Savart law. This means
that for N vortex blobs a complete time step requires N
point-to-point calculations. In engineering applications
N will increase continnously in time and so the
computational cost will grow exponentially leading at
large times to prohibitive levels. One way of having
reasonable cost, is the use of Particle-Mesh (PM)
techniques [34] which will reduce the cost to N.loghN
operations. The concept is simple: For a large number

of blobs, 1 and D are evaluated at the nodes of a
cartesian grid containing D, {(¢). Then local inter

polation is used to determine # and D at the exact
positions of the blobs. To this end, the vector potential

N



A of B, 18 introduced: VXE&,,, =A and the
corresponding Poisson equation:

(12) V*4A=-@, inD,

is solved by means of a Fourier type method
implemented by Daube [35]. This choice has been
made in order to keep the cost to a minimum. More
specifically at every time step the PM calculation
procedure involves the following steps:

The projection step.

Vorticity is evaluated over a cartesian mesh that
includes all vortex blobs, by projecting the intensity of
the vortex blobs located within a cell of the mesh to the
vertices of the cell:

. 1 = >
(13) @ ix "—'EBZQ.@{(xi.j.k _Zn)

where @; ;. is the nodal vorticity and X; ;; is the

position of node (i.j,k), 8D is the volume of the grid
cefl, and {{.) is the projection function. The
projection function has the form:

(14) §(x) = w(x)-w(y) w(z)

with w(.) being defined by one of the following
functions,

(x) = 1 —-hi25x5h/2
wE = 0 elsewhere

NGP (nerest grid point) scheme of zeroorder

1—H ~hi2<x<hi2
wx) =4 4
0 elsewhere
CIC (cloud incell) schemeof first order
(L(x* +3hx+ 2R +¢) 12k ~3R12S X <—h/2
w(x)zil—-(xz+c)/h2, -hi12<x<hi2
L ~3hx+ 2R 40} /207, h/2Sx<3h/2
| 0, elsewhere

TSC (triangular shape cloud) scheme of
second order

where / is the grid step and ¢ is a free parameter. A
fair compromise is the CIC scheme.

The solution step.

Equation (12) is discretized with standard central
differences leading to three heptadiagonal linear
systems,

(16)
A 248 0 Y Asije Aujeie — 2458 T A
AL + Ay’ +
;ii.j.kﬂ - 2;&',;'.:: + Ai.j.t—l -
2 =—00; ;4
Az b

The values of 4 at the boundary nedes of the grid, are
provided by point-to-point Biot-Savart calculations:

- Q,
(17) Ar'.j.k = Z

n 47 Zn “xi.j.k

To solve (16) first a two-dimensional Fourier transform
is performed resulting tri-diagonal linear systems. Then
the Thomas algorithm is applied. Finally a reverse two-
dimensional Fourier transform follows, which provides

the nodal values of 4. Once the nodal values of the
vector potential are obtained, standard central

differences are used to evaluate the velocity VX A

and the deformation vector d = (&V)i at the nodes of
the grid.

The interpolation step.

The velocity and the deformation of vorticity of each
vortex blob are calculated by means of the same
procedure used for interpolating the nodal values of
vorticity as follows:

(A8) iy = Do 1 LZ, F )
—= Jn = ng.j.kg(zn - ';':i\j‘k)

where #, and 4, denote the velocity and rate of
deformation of the nth vortex blob, whereas 4, ;, and

d, ;, denote the velocity and rate of deformation at

grid node 7jk Summation in (18) runs over the
neighbouring nodes according to the interpolation
scheme.

Accuracy in PM methods is resiricted by the
cell size. In order to improve the error estimate of PM
schemes, Anderson [36] proposed the introduction of
local corrections. Because of the 1/r character of the
Green function associated to (12), the PM
approximation at a point X, , will be correct as far as

concerns distant blobs. For those blobs contained in a
correction areq defined around X, , a correction Az is

added to #, as calculated by (18a). A is defined as

the velocity directly induced by the blobs contained in
the correction area minus their contribution already
included in the PM calculation.of i, , The second term

is estimated by subtracting their contribution to A at
the neighbouring nodes to X, before (18) is applied.

Experience showed that even corrected PM schemes
are not sufficiently accurate and therefore they should
not be applied to areas of major importance. In
GENUVP a mixed scheme has been followed which
excludes from the PM calculations areas close to the
solid boundaries. In these areas the Biot Savart law is
used. For example in the case of helicopters, the PM
region starts downstrearn the tail rotor and extends to
infinity.

2.4 The near-to-far field coupling conditions
For an inviscid flow, vorticity can be released into the
free flow along specific surface lines such as the



wake surface

B rd
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the shardwiss dipote disiribution

Figure 2 The dipole distribution on the wind and
along the wake

Figure 3 The wake eiement in the velocity direct
formulation

Figure 4 The generation of vortex blobs

railing edge and the tip of any Iifting body as well as a
a prescribed separation line. This process produces the
wake. In most panel approzimations, wakes are
introduced as vortex sheets, which refzin their surface
charagter, Depending on the formulation, the exwa
utknowns will be either the dipole intensity or the
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surface vorticity over the wake surface. In the first
case, the dipole intensity at the points of emission s
datermined by the zero presswe jump condition.
Kelvin's theorem then fixes this value for all
subsequent time, provided that the wake evolves in a
Lagnanglan way following the mean flow (See Fig. 2
where superscript # denotes the time step). In the
second case there are two unknowns (Fig.3). Again the
zera pressure jump is used but now together with the
divergence free condition of the surface vorticity. So
the surface vorticity of the part of the wake produced
during the current time step is determined. In
GENUVP, only the strip of wake penerated during the
current time step rétains its “surface”™ character (Fig. 4).
Subsequently, surface vorticity is treated in particle
form through integration. From every panel of the near
wake, one or more vortex blobs are pgenerated
depending on the desirable length scale. For
consistency reasonms with the general invariance
consirainis, the integration should conserve the zero
and first moments of vorticity as in (8) except that
instead of o, the surface vorticity ¥ is introduced.

This also holds when the wake is represented by
dipoles. In this case it is important to include in the
integration also the line vortex elements which appear
along the boundaries of the wake panels (Fig. 5).

Figure5 The integraticn scheme for generating
vartex blobs

In a number of applications, it is important to
alse include separation, A reasonable large-scale
approximation is possible by assuming that the
principle consequence of separation is the formation of



a pronounced shear layer. For an inviscid
approximation, this layer will reduce to a second vortex
sheet carrying the corresponding vorticity in condensed
form. Provided that the location of separation is
known, it is possible to determine the vorticity fed into
this second sheet by imposing a zero pressure jump
condition. The double wake concept was first
introduced for simulating the flow over a delta thin-
wing [37]. For thick airfoils Vezza and Galbraith [38]
formulated a method of this type based on vorticity
representations  whereas in [39] the source-dipole
method of Basu and Hancock was extended to unsteady
separated flows. Also in [39] a 3D thin wing model was
formulated for rotating blades in which vorticity is also
released from the leading edge at a rate determined by
coupling the whole calculation with a section-by-
section application of the ONERA stall model. In all
these works the location of separation is input
externally. In [40] a fully predictive method is
proposed for unsteady flows around airfoils, in which
separation is predicted by means of a strong viscous-
inviscid interaction scheme similar to the one Drela
formulated for steady flows [7].

=

{
5,

a) The doublo-waka medal in "vortex sheet” locm

n~2
it Hs " a1

c) The double wake model in hybrid form {shest madel
of the near wake and blob modal in the far wake)

Figure 6 The double-wake scheme in the case of a
source-dipole indirect formulation

Figure 6 shows schematically the double wake model
in the case of an indirect source-dipole formulation.
The bound dipole distribution is given a two-branch
form defined by two parameters w,, 1, . Both branches

are linear with respect to the surface length. The two
wakes will start from the trailing edge and the
separation point respectively. Continuity for the dipole
distribution is imposed at both emission points.
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According to Kelvin's theorem, the values of
4, 4, are fixed to their initial values at all subsequent

times. So the dipoie distribution over the two wakes is
fully defined by the history of the values of . u. . In

order to determine the extra unknown g, just

downstream of separation, the velocity normal to the
separation line is set to zero. Similarly a double wake
can be also defined for the direct velocity formulation
in which case the div free condition for the surface
vorticity should be applied also at the separation point.

2.5 Extension to aeroelastic analysis

Aeroelastic coupling requires in addition to the
stroctural model, two interfaces. The first will -
communicate to the aerodynamic part of the calculation
the deformations in order to deform the geometry of
the bodies as well as the deformation velocities which
will be added into the non-entry boundary conditions as
external velocity. The second will feed back to the
structural model the aerodynamic loads plus their
derivatives with respect to the deformation velocities
which will determine the aerodynamic damping of the
system. In rotor applications, a simple but powerful
structural model which is easy to implement, is the
beam approximation. Rigid body motions such as
rotation, pitch, teeter as well as any other control at the
hub, can be directly included. The model implemented
in GENUVP was first developed for wind turbine
blades [13, 14]. In considers flap and lead-lag bending,
torsion and radial tension. The calculation process
concerns time domain calculations during which at
every step the aerodynamic and structural calculations
are performed sequentially.

2.6 Extension to viscous flows
The main issue in coupling field with vortex methods is
the correct formulation of the coupling conditions. Let
S denote the solid boundary and D the flow-field,
which is decomposed into the near field D, and the far-
field D, separated by a closed surface §, (Fig 7). In D,,
a grid based Navier Stokes solver is used. On § the
non-slip boundary condition is applied whereas on S,
the velocity is assumed known. In order to determine
the velocity on 5,, one can use either a purely vortex
model or a boundary projection technique.

For the purely vortex model, (1) is applied over
the entire flowfield with &,,, denoting the body

velocity and #,,,, denoting the velocity induced by the

entire vorticity field. This part is calculated by the
particle-mesh technique. Of course the vorticity used in
this'calculation, will be that of the previous time step
and so the scheme will be explicit. Upon conclusion of
every time step vorticity is convected in the form of
blobs. Those found outside D;, are retained as vortex
blobs belonging to the far field.

In the boundary projection scheme, (1) is
applied in D, by adding to (6) the extra volume term
for the vorticity contained only in the far-field. As
explained earlier, expression (6), when applied on S,
provides for a given normal velocity distribution



Definition of vorticity boundary values
through absorpticn of incoming blebs
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Figure 7 The coupling of a grid-based method with a
vortex blob representation of the far field.

u,=i-v, the two tangential components i, w,of

fon S, This means that the only unknown is u,. Using
the definition of @, u, can be expressed in terms of
u,wand @. A surface Poisson equation is derived

which is integrated over S, So the only unknowns left,
are the surface values of @ . They can be determined
by integrating (11b) in a Lagrangian sense as in [10]:

(19) B(Ft +8) = B(F — u(F0)0) +

8t (0¥ — H(F 0 )VIH(E — BEF)58) + vt

where v.t. stands for the viscous terms. At the end of
every step vorticity is convected. During this process,
vortex particles from the far field can cross §, on their
way into the near field. In this case they are distributed
over the boundary nodes. Also vorticity from the near
field can cross S, on its way into the wake. In this case
the amount of vorticity which is leaving the near field,
is transformed into vortex blobs (Fig 7).

2.7 Extension te compressible flows

For compressible flows, a volume convolution term for
the velocity divergence should be added to (I). For
aerodynamic calculations and flows with weak shocks
only, this term will be important in the inner region
only, provided of course that Dy, is sufficiently large. In
this case the analysis presented in the previous section
can be followed with some modifications. In the purely
vortex model, the velocity divergence term should be
added in the convection velocity calculations of the
vorticity whereas the projection model will remain the
same since in D, compressibility effects are assumed
negligible.
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3  RESULTS & DISCUSSION

Figure 8 shows an early stage of the computations on a
full helicopter configuration using the basic version of
GENUVP. All components are included. Wakes are
produced by, the main and tail rotor blades, the end-
plates and the stabilisers.

Figure 8 Simulation of full helicopter configuration.
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Figures 9 and 10 give comparisons of predicted
pressure distributions against measurements obtained
on the BO105 main rotor blade in the DNW wind
tunnel {41]. A three level surface grid of about 10000
panels was used with 90 time steps per revolution.
Convergence to a periodic solution was attained after 7
full revolutions. A run of this type for the complete
configuration woultd last 5 days on a single processor
Workstation. The first case corresponds to a hover
flight situation whereas the second to a descent at 6°,
both at Ma=0.645. Results are presented at 0.75, 0.87
and 0.97 radial stations. In the hover case one azimuth
position is given, whereas in the descent case results
are shown at azimuth positions 330" and 30°
{advancing side) and at 240° (retrieving side). The
agreement with measurements is reasonable. There are
however differences especially at the 30° azimuth
position of the descent case which indicate that the time
step as well as the density of the vortex blobs during
BVI, need further refinement.

The next test concerns the HART experiment
{42]. In Figure 11 the calculated vortex trajectories
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. are  compared

to measurements. Although the
agreement is quite satisfactory, it is noted that for a
complete validation, comparisons should include also
velocities. This is a task under way within the future
main-tail rotor interaction tests for the BO105 planned
to take place in the DNW. )

In Figure 12 compressible results are presented
for the case of the ONERA M6 wing in steady flow
(Ma =0.8395, ¢=3.06%. In the inner region FLUX3D
was used overa grid of 280x40x27 extending to 5
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experiment

chords around the wing. In these calculations only the
vortex type of coupling was tested. The comparison is
quite favourable at least for FLUX3D. As regards the
testing of the coupling there is need for a detailled
parametric study and therefore the results from this
point of view should be regarded as preliminary.
Finally in Figure 13, results from again a steady
calculation are presented, this time in the case of an
incomopressible turbulent flow. The test refers to the
case of wind turbine measured by NREL in the USA
[43] for which the assumption of incompressibility is
certainly valid. The interesting feature in this test is that
at mean wind speed of 13m/s, the flow exhibits massive
separation over a large extent of the blade. In the inner

C11-10

QNEAA + MG Wing. Test 2308, mach=0 8335, alpha=3 08, gnd 280x40x27

FLUX3D s
mpasuiamants ¥

L]

04

A
¢ i /

3
M g

8 ; . _l_,rr.
| e

o a2 0.4 [:3:3 oa 1
*/Chord

(a) Section 2, y/b=0.44

V2 QNERA - ME Wing, Tast 2308, mach=0.8385, atpha= 08, grd 280x40x27

t
FLUX3D —
mpasuioments «

08

04

M )
& o ““H—,__?:.:r-‘

A

e o2 “ wchers °° a8 !

(b} Section 3, y/b=0.65

CNERA - 148 \¥ing. Tost 2303, macha0.8355, alpha=3.06, gnd 280x40x27

FLUX30 ——
mpaguromanty o

D]

o4

)

4 05
%Chard

(c) Section 4 y/b=0.8

ONEAA « M3 Wing, Tam 2308, macha0 8395, alphax3 06, gid 2B0x40x27

FLUX3D —
mpazulemonis «

o8

o4

D
NS

Chosg

{d) Section 6, y/b=0.90
Figurel2 Steady calculations around the ONERA M6
Wing

part covering the region around the blade, NS3D was
used. The grid in NS3D is curvilinear and the

o
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arrangement staggered. Also for the pressure, NS3D is
based on the SIMPLE algorithm, whereas for
turbulence closure the Spalart-Almaras model is used.
The coupling with an outer vortex type solution, which
again was based on the vortex type model, permits to
confine the grid near the blade (again of the order of 5
chord lengths) and yet include the wake induced
effects, which to a large extent regulate the flow. For
full convergence and for a grid of about 108 points, the
run lasts about 2 days on a single processor of a
modern workstation. This is a quite encouraging result
since full CFD calculations with multi-block techniques
extending the grid both upstream and downstream of
the rotor, as reported by NREL, need 10 points and
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Figure 13 Pressure coefficient distribution for the case
of a wind turbine operating at [3m/s wind
inflow.
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several days on high performance computers. As
regards the quality of results they are quite satisfactory.
There are however differences in the hub region. They
could be due to the absence of the hub in the numerical
stmulations and the artificial boundary condition
applied over the first inboard station.

4 'CONCLUSIONS

In the present paper Helmholtz decomposition was
used in formulating cost effective numerical schemes of
high resolution for unsteady flow simulations around
multi-component configurations.

First the case of incompressible and inviscid
flows was considered, for which Boundary Element
and Vortex methods were coupled. High resolution
under reasonable cost was accomplished by
introducing: (a) Particle-Mesh techniques in the wake,
and (b) Sub-grid quadrature for calculating the
boundary integrals. Due to its grid-free character, the
methed is suitable to also include aeroelastic and linear
acoustic couplings.

Next, extensions to compressible and/or viscous
flows were considered within the context of domain
decomposition methods. In this connection two ways
for coupling standard CFD methods in the near field
with vortex methods in the far field have been
proposed, based velocity integral relations of bourdary
element type.

A series of typical validation tests was presented
and predictions were compared to measured data. The
overall quality of the predictions is supportive of the
promising features of the whole methodology.
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